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Aims Intimal hyperplasia is a common feature of vascular remodelling disorders. Accumulation of synthetic smooth mus-
cle cell (SMC)-like cells is the main underlying cause. Current therapeutic approaches including drug-eluting stents
are not perfect due to the toxicity on endothelial cells and novel therapeutic strategies are needed. Our preliminary
screening for dysregulated cyclic nucleotide phosphodiesterases (PDEs) in growing SMCs revealed the alteration of
PDE10A expression. Herein, we investigated the function of PDE10A in SMC proliferation and intimal hyperplasia
both in vitro and in vivo.

....................................................................................................................................................................................................
Methods
and results

RT-qPCR, immunoblot, and in situ proximity ligation assay were performed to determine PDE10A expression in
synthetic SMCs and injured vessels. We found that PDE10A mRNA and/or protein levels are up-regulated in cul-
tured SMCs upon growth stimulation, as well as in intimal cells in injured mouse femoral arteries. To determine the
cellular functions of PDE10A, we focused on its role in SMC proliferation. The anti-mitogenic effects of PDE10A on
SMCs were evaluated via cell counting, BrdU incorporation, and flow cytometry. We found that PDE10A deficiency
or inhibition arrested the SMC cell cycle at G1-phase with a reduction of cyclin D1. The anti-mitotic effect of
PDE10A inhibition was dependent on cGMP-dependent protein kinase Ia (PKGIa), involving C-natriuretic peptide
(CNP) and particulate guanylate cyclase natriuretic peptide receptor 2 (NPR2). In addition, the effects of genetic
depletion and pharmacological inhibition of PDE10A on neointimal formation were examined in a mouse model of
femoral artery wire injury. Both PDE10A knockout and inhibition decreased injury-induced intimal thickening in
femoral arteries by at least 50%. Moreover, PDE10A inhibition decreased ex vivo remodelling of cultured human sa-
phenous vein segments.

....................................................................................................................................................................................................
Conclusions Our findings indicate that PDE10A contributes to SMC proliferation and intimal hyperplasia at least partially via an-

tagonizing CNP/NPR2/cGMP/PKG1a signalling and suggest that PDE10A may be a novel drug target for treating
vascular occlusive disease.
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1. Introduction

Intimal hyperplasia (also referred to as neointimal hyperplasia) character-
ized by thickening of the tunica intima of a blood vessel, is a common fea-
ture of vascular remodelling disorders such as post-angioplasty
restenosis,1,2 bypass graft stenosis,3 and accelerated atherosclerosis.4,5 It
contributes to gradually narrowed vessel lumen, reduced blood flow,
and eventually ischaemia. Activation and subendothelial accumulation of
smooth muscle cell (SMC)-like cells are the main underlying cause of inti-
mal hyperplasia.6 Unlike normal quiescent SMCs (known as contractile
SMCs) that reside in the media layer of healthy vessel walls, these acti-
vated and proliferative SMCs are called synthetic SMCs.7 They form a
new layer between the lumen and the internal elastic lamina, which is of-
ten called the neointima. The proliferation of SMCs under stimulation by
growth factors and cytokines in response to vascular injury can contrib-
ute to 90% of the ultimate intima proliferation.8 Current therapeutic
approaches including commonly used drug-eluting stents targeting cell
growth still have issues such as in-stent stenosis and delayed re-endothe-
lialization,9–11 especially among high-risk patients.12 Therefore, more ef-
fective therapeutic strategies are still in urgent demand.

Though cyclic nucleotide-dependent signalling pathways are well
known for maintaining the vascular tone and regulating the contraction
and relaxation of SMCs,13 they also take part in synthetic SMC prolifera-
tion and neointimal formation under pathological conditions.14–16

Previous studies have shown that cAMP or cGMP regulates SMC growth

by activating the direct downstream effectors of cyclic nucleotide signal-
ling such as cAMP-dependent protein kinase (PKA)15 and cGMP-
dependent protein kinase (PKG).17 The cyclic nucleotide phosphodies-
terase (PDE) superfamily plays a pivotal role in modulating cyclic nucleo-
tide signalling as a fine tuner. Among all 11 PDE protein families, PDE1,18

PDE3,19 PDE4,20 and PDE521 have been reported to regulate SMC pro-
liferation and vascular remodelling. A number of PDE family-specific
inhibitors have been in clinical trials or clinical uses for treating other dis-
eases22; thus research on the functions of PDEs in vascular pathophysiol-
ogy may lead to novel applications of these inhibitors in vascular
disorders.

PDE10A is the single member of PDE10 protein family, and it catalyzes
both cAMP and cGMP hydrolysis. The literature on PDE10A has been
focused on psychiatric and neurological disorders23–25 because
PDE10A26 expression is enriched in the striatal region of the brain under
normal conditions.27–30 Interestingly, PDE10A expression is up-
regulated in a number of pathological conditions, which plays a causative
role in the pathogenesis of the diseases. For example, PDE10A expres-
sion was increased in several cancer cells such as colorectal31 and non-
small cell lung cancer cells.32 Inhibition of PDE10A suppressed growth of
these tumour cells in vitro. We have recently shown that PDE10A ex-
pression is significantly increased in human and mouse failing hearts.33

Genetic ablation or pharmacological inhibition of PDE10A significantly
attenuated pathological cardiac remodelling and dysfunction induced by
chronic pressure overload or neurohormonal stimulation, suggesting a
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critical role of PDE10A up-regulation in related cardiac diseases.33 To
understand how individual PDE isozymes contribute to SMC pathogene-
sis in vascular remodelling, we performed preliminary studies to find
PDEs whose expression increased in proliferative SMCs. We identified
PDE10A as one of the PDEs significantly up-regulated in growing SMCs.
In the current study, we aimed to determine the role of PDE10A in syn-
thetic SMCs in vitro, in a mouse model of vascular remodelling in vivo, as
well as human saphenous vein (HSV) remodelling ex vivo. In addition, we
characterized the mechanistic action of PDE10A on synthetic SMC
growth.

2. Materials and methods

Expanded methods are available in the Supplementary material online.

2.1 Femoral artery wire injury model
Animal husbandry and all surgical procedures are in accordance with the
guidelines of the University Committee on Animal Resources (UCAR) at
the University of Rochester, and in compliance with the ‘Principles of
Laboratory Animal Care’ (NIH publication No. 85-23, revised 1985) and
the ‘Guide for the Care and Use of Laboratory Animals’ (8th edition,
National Academies Press, Washington, DC, USA, 2011). The PDE10A
knockout and wild-type mice were all home bred, while the mice used
for MP-10 administration was purchased from the Jackson lab. To com-
pare PDE10A knockout and wild-type mice, 12 weeks old male or fe-
male littermates on a C57BL/6 background were chosen. The femoral
artery wire injury was performed as previously described. Mice were
anaesthetized by inhalation of 2% isoflurane. The left common femoral
artery and its branches were dissected under a dissecting microscope.
The femoral artery is looped proximally with 6-0 nylon suture and the
branches were looped distally. Then a transverse arteriotomy was per-
formed on the muscular branch, followed by insertion of a spring wire
(0.38 mm in diameter, C-SF-15-15, COOK) towards the iliac artery. The
wire was left inside for 1 min before being retrieved. The muscular
branch was ligated at the point of bifurcation with 8-0 silk suture. The
blood flow was restored and the skin incision was closed. Four weeks af-
ter surgery, mice were anaesthetized by intraperitoneal injection of a
cocktail of ketamine (80 mg/kg) and midazolam (0.6 mg/kg), and perfused
with saline. Then mice were perfused with 10% neutral buffered formalin
(10% NBF) and undergone cervical dislocation as the final euthanasia
method. The sham and injured femoral arteries were fixed in 10% NBF
overnight and then embedded in paraffin. Cross-sections were obtained.
To examine MP-10 treatment, 12 weeks old male C57BL/6 mice were
randomly assigned into two groups. The experiment group was treated
with MP-10 (10 mg/kg/day) in 40% (w/v in saline) 2-hydroxypropyl-b-cy-
clodextrin (HP-b-CD) subcutaneously, and the control group with the
vehicle HP-b-CD alone. The MP-10 we used was shared by Pfizer Inc. in
this animal model. The treatment started 3 days before the injury and
continued for 4 weeks post-injury. Other mice not subjected to tissue
harvesting were euthanized by carbon dioxide inhalation and cervical
dislocation.

2.2 Proximity ligation assay
Proximity ligation assay (PLA) is a method to detect proteins in proximity.
Two primary PDE10A antibodies (Santa Cruz, sc-515023 and Novus
Biologicals, NB300-645) raised in mice and rabbits that recognize different
epitopes of the PDE10A protein were used. Two PLA probes as second-
ary antibodies were conjugated to specific single-stranded

oligonucleotides. Then the signal was amplified by rolling DNA polymeri-
zation, which was followed by hybridization with fluorescent-labelled com-
plementary oligonucleotide probes. The DuolinkTM In Situ Red Starter Kit
Mouse/Rabbit (DUO92101, Sigma-Aldrich) was used. Paraffin-embedded
tissue sections were deparaffinized and rehydrated. Tissue antigen retrieval
was conducted with citric acid buffer. Then samples were blocked and in-
cubated with primary antibodies. Samples were washed in wash buffer A
and incubated with PLA probes. Then samples were washed again in wash
buffer A and incubated with the ligase and ligase buffer. After being washed
in buffer A and incubated with the polymerase and rolling circle amplifica-
tion buffer for 100 min at 37�C, samples were washed in wash buffer B
and mounted with a mounting solution containing DAPI.

2.3 Cell growth assay
Rat aortic SMCs between passages 10–15 were used throughout the
whole study. These SMCs were originally purchased commercially.
Experiments were carried out with these cells at different times in at
least three independent experiments. Cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) medium containing 10% foetal bovine
serum (FBS) and 1% 100 U/mL penicillin/streptomycin. For testing
PDE10A inhibition, cells were serum-deprived for 2 days, pretreated
with vehicle or MP-10 for 30 min, and then stimulated with 2% FBS for
2 days. Then cell numbers were counted. For examining PDE10A
shRNAs, rat SMCs were transduced with lentiviruses carrying control or
PDE10A shRNAs and serum-starved for 3 days, followed by 2% FBS
stimulation for 2 days. The MP-10 used in in vitro assays was purchased
from Selleckchem (S1032).

2.4 BrdU incorporation assay
Cells were serum-deprived and pretreated with MP-10 or shRNAs as
above. After starvation and pretreatment, cells were stimulated by 2%
FBS with 10 lM BrdU for 24 h. Then cells were fixed by 4% paraformal-
dehyde and immunostained for BrdU (ab74545, Abcam) and DAPI. The
percentage of BrdU positive cells was counted.

2.5 TUNEL assay
Cells were serum-starved for 2 days and pretreated with vehicle or MP-
10 for 30 min. Cells were stimulated with 2% FBS for 14 h. H2O2 was
added as a positive control. Then cells were stained with in situ cell death
detection kit (12156792910, Roche). Briefly, cells were fixed, permeabi-
lized, and incubated with TUNEL reaction mixture.

2.6 Propidium iodide staining and flow
cytometry
The staining was performed following the instructions of the propidium
iodide flow cytometry kit (ab139418, Abcam). Briefly, cells were har-
vested in single-cell suspension and fixed in 66% ethanol. After being
rehydrated in PBS, cells were stained with 0.05 mg/mL propidium iodide
and 550 U/mL RNase for 30 min. Then cells were analysed by a flow cy-
tometer with 488 nM laser excitation.

2.7 HSV ex vivo culture
HSV discards after coronary artery bypass graft (CABG) surgery were
collected from Strong Memorial Hospital (Rochester, NY, USA). They
are exempted from human subject restrictions by Research Subjects
Review Board (RSRB) at the University of Rochester Medical Center.
The study was carried out in accordance with the principles outlined in
the Declaration of Helsinki. The HSV segments were cultured as
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..previously described with some modifications. The segments were
opened longitudinally and cut transversely into 0.5 cm lengths. Each
piece was pinned on a piece of surgical mesh and cultured with its lumi-
nal surface facing up in a well of 12-well plates with RPMI 1640 medium
containing 15% FBS with vehicle (DMSO) or 20lM MP-10. The medium
and MP-10 were replaced every other day. After 2 weeks, samples were
washed, fixed in 10% NBF overnight, and embedded in paraffin.

2.8 Statistical analysis
All data are presented as mean ± standard error of the mean. Statistical
analysis was performed using GraphPad Prism 8 software. The
D’Augostino and Pearson omnibus normality test were used to test the
normality of in vivo and ex vivo data. The Shaprio–Wilk normality test was
adopted for in vitro data including these with n = 3/group. If the data fol-
lowed a normal distribution, a parametric test was carried out, but with
a Welch’s correction if the variance is unequal; otherwise, a non-
parametric test was performed. For comparison of normalized data to
the reference, a one-sample Student’s t-test was performed. To com-
pare two data groups, a Student’s unpaired t-test was used for a para-
metric test or a Mann–Whitney U test was performed for a
nonparametric test. When it came to three or more groups, a one-way
analysis of variance (ANOVA) followed by Bonferroni’s post hoc test or a
Welch’s ANOVA with Dunnett’s T3 multiple comparison test was used

for a parametric test, or a Kruskal–Wallis test with Dunn multiple com-
parisons was conducted for a non-parametric test.

3. Results

3.1 PDE10A expression is up-regulated by
serum or PDGF in cultured rat SMCs
We first examined changes in PDE10A expression when cultured SMCs
were treated with mitogenic stimuli such as serum or platelet-derived
growth factor (PDGF)-BB. Rat SMCs were starved for 2 days and then
incubated with FBS for different times. We found that PDE10A mRNA
was up-regulated by FBS with a peak at 3 h (Figure 1A). Consistently,
PDE10A mRNA up-regulation was also observed in SMCs stimulated by
PDGF-BB (Figure 1B). Consistent with the increase in mRNA expression,
PDE10A protein expression also increased (Figure 1C and D). We also
found that the PDE10A level was low in various types of contractile vas-
cular SMCs but was largely enhanced in corresponding growing/syn-
thetic SMCs (Supplementary material online, Figure S1). Due to the non-
specific issues of the currently available PDE10A antibodies in immunos-
taining of vascular tissues, we performed in situ PLAs to detect PDE10A
proteins with two different PDE10A antibodies. We found that PDE10A
protein expression was significantly increased in the intima and media
areas of wire-injured mouse femoral arteries compared to the control

Figure 1 PDE10A expression level is increased in growing SMCs in vitro and SMC-like cells in intimal lesions in vivo. (A) RT-qPCR results showing relative
PDE10A mRNA levels in rat SMCs stimulated with FBS for different amounts of time. Cells were starved for 2 days before being treated with 10% FBS. n = 3
for each group. A one-sample t-test was performed to determine the significance of the fold change. (B) RT-qPCR results showing PDGF-induced PDE10A
expression in rat SMCs. Cells were serum-deprived for 2 days and then treated with 10 ng/mL PDGF-BB for 3 h. A one-sample t-test was conducted. n = 3
for each group. (C) Immunoblots showing PDE10A and GAPDH levels of rat SMCs with FBS stimulation. Cells were starved for 2 days and then incubated
with 10% FBS for 6 h. (D) Quantitative results of (C). n = 3 for each group. The signal of PDE10A bands was first normalized to the input and then normalized
to the group without FBS treatment. A one-sample t-test was performed. n = 3 for each group. (E) Representative images of the proximity ligation assay on
PDE10A expression in cross-sections of wire-injured mouse femoral arteries. The left femoral arteries were injured and the right femoral arteries served as
sham controls. Femoral arteries were harvested 4 weeks after the surgery. Yellow dash lines indicate the internal and external elastic laminae. A, adventitia; I,
intima; M, media. Similar observations were obtained from tissue samples from at least three different mice. Scale bar = 20lm. All data are shown as mean ±
SEM.
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.ones (Figure 1E, left panels). The staining specificity was confirmed in fem-
oral arteries from PDE10A knockout (PDE10A-KO) mice (Figure 1E,
right panels) and in negative controls treated with each primary antibody
alone (Supplementary material online, Figure S2).

3.2 PDE10A inhibition reduces synthetic
SMC proliferation but does not trigger
significant cell death
To determine whether PDE10A directly regulates SMC growth, we per-
formed cell growth assays by inhibiting PDE10A activity with a PDE10A-

Figure 2 The effects of PDE10A inhibition or knocking down on SMC proliferation or death. (A) Cell numbers of rat SMCs after being starved for 2 days
and then stimulated by 2% FBS in the presence of different doses of MP-10. A Welch’s ANOVA with Dunnett’s T3 multiple comparisons test was per-
formed. n = 3 for each group. (B) Cell numbers of rat SMCs with PDE10A knockdown by two different pairs of shRNAs, after being starved and stimulated
with FBS. Cells were treated with lentivirus-mediated shRNAs 3 days before FBS stimulation. A Welch’s ANOVA with Dunnett’s T3 multiple comparisons
test was carried out. n = 6 for each group. (C) RT-qPCR results showing the efficiency of PDE10A knockdown. The expression level of PDE10A was normal-
ized to the control shRNA group. One-sample t-tests were performed. n = 3 for each group. (D) Representative immunofluorescent images of BrdU positive
rat SMCs treated with vehicle or MP-10 (5lM). Cells were starved for 2 days and then stimulated by 2% FBS. (E) Quantitative data showing relative ratios of
BrdU positive SMCs. The ratios were normalized to the group without FBS stimulation. An unpaired Student’s t-test with Welch’s correction was conducted
to compare the FBS-stimulated proliferation without and with MP-10. n = 4 for each group. (F) Relative ratios of BrdU positive SMCs after PDE10A silencing
by shRNAs. A one-way ANOVA with Bonferroni’s multiple comparisons test was applied. n = 3 for each group. (G) Representative images of TUNEL stain-
ing of rat SMCs after 5 lM MP-10 treatment. Red signals indicate apoptotic cells. H2O2 was used as a positive control. (H) Quantitative data of the TUNEL
staining in (G). The percentages of TUNEL positive cells against DAPI (total cells) were calculated. A Kruskal–Wallis test was performed. n = 3 for each
group. Scale bar = 50lm. All data are shown as mean ± SEM. ns, not significant.
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Figure 3 Cell cycle arrest of SMCs induced by PDE10A inhibition or silencing. (A) Percentages of rat SMCs in different phases of a cell cycle after being
treated with MP-10. Rat SMCs were starved for 2 days, followed by 2% FBS stimulation. The blue boxes indicate cells in the G1/G0 phase, the yellow boxes
show cells in the S phase and the green colour is for cells in the G2/M phase. (B) Percentages of S-phase cells after being treated with MP-10 in addition to
FBS. A Welch’s ANOVA with Dunnett’s T3 multiple comparisons test was performed. n = 3 for each group. (C) Percentages of S-phase cells after being stim-
ulated by PDGF (10 ng/mL) and treated with MP-10. A Welch’s ANOVA with Dunnett’s T3 multiple comparisons test was conducted. n = 3 for each group.
The percentages of cells in (D) all phases or in (E) S-phase alone after cells being knocked down of PDE10A and stimulated via 10 ng/mL PDGF. Cells were
transduced by lentiviruses expressing different PDE10A shRNAs 3 days before PDGF stimulation. A Welch’s ANOVA with Dunnett’s T3 multiple compari-
sons test was implemented. n = 3 for each group. (F) Western blot showing the expression of cyclin D1 at different time points after SMCs were starved and
then stimulated by 2% FBS with vehicle or 5 lM MP-10. The upper part shows the relative quantification results, while the lower part exhibits the represen-
tative images of immunoblot staining of cyclin D1, CDK4, CDK6, and a-tubulin. Unpaired Student’s t-tests were conducted on comparison within each time
point. n = 3–4 for each group. All data are shown as mean ± SEM.
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.
selective inhibitor, MP-10 (Mardepodect, PF-2545920), or by knocking
down PDE10A mRNA with lentivirus-mediated expression of PDE10A
shRNAs. In a cell number counting assay, we found that MP-10 was capa-
ble of dose-dependently suppressing the increase of SMC numbers after
FBS stimulation (Figure 2A). MP-10 alone without FBS did not significantly
affect SMC growth (data not shown). Two different pairs of PDE10A
shRNAs also decreased SMC numbers (Figure 2B) with a knockdown ef-
ficiency of roughly 75% (Figure 2C and Supplementary material online,
Figure S3A). Next, we performed the BrdU incorporation assay that is
widely used to study cellular proliferation, as BrdU (a thymidine ana-
logue) can be incorporated into DNA of actively dividing cells. We ob-
served that MP-10 significantly reduced the percentage of BrdU positive
cells (Figure 2D and E), as did PDE10A shRNAs (Figure 2F). Similar anti-
proliferative effects of MP-10 were also observed in cultured human cor-
onary artery SMCs, human aortic SMCs, HSV SMCs, and mouse aortic
SMCs (Supplementary material online, Figure S4). Surprisingly, MP-10 did
not cause severe cell death as shown by the TUNEL (Figure 2G and H) or
trypan blue staining (Supplementary material online, Figure S5).
Additionally, we examined the effects of PDE10A deficiency on SMC mi-
gration by the scratch wound healing assay but only observed a mild de-
crease (roughly 15%) in migration with PDE10A shRNAs (data not
shown). We thus focused on the role of PDE10A in SMC proliferation.

3.3 PDE10A inhibition arrests the cell cycle
of SMCs at G1-phase with a reduction of
cyclin D1
To further dissect the function of PDE10A in regulating SMC prolifera-
tion, we performed flow cytometry with propidium iodide staining,
which measures the percentage of cells in each phase of a cell cycle: G1/
G0, S, and G2/M phases. First, we synchronized the cell cycle by serum
starvation and then stimulated cell growth with FBS in the presence of
different doses of MP-10 (Figure 3A). We found that S-phase was the
most affected phase due to MP-10 treatment (Figure 3A), and MP-10
dose-dependently decreased the percentage of S-phase cells (Figure 3B).
A similar cell cycle inhibition was also observed when we switched to
PDGF-BB, a key growth factor implicated in intimal hyperplasia (Figure
3C). Similarly, the cell cycle arrest was also observed in SMCs treated
with PDE10A shRNAs (Figure 3D and E). Cyclin D1 is an essential protein
for cell cycle progression from G1-phase to S-phase.34 Upon MP-10
treatment, cyclin D1 expression was significantly diminished (Figure 3F).
However, other cell cycle proteins such as Cdk4 and Cdk6 did not
change significantly (Figure 3F).

3.4 PDE10A regulates SMC proliferation
through cGMP/PKG1a signalling
PDE10A can hydrolyse both cAMP and cGMP.27–30 We found that both
cAMP and cGMP levels were elevated in SMCs by MP-10 (Figure 4A and
B). The most well-known cAMP and cGMP effector molecules impli-
cated in SMC growth are the PKA and PKG. We, therefore, examined
the roles of PKA and PKG in the anti-mitotic effect of the PDE10A inhibi-
tor MP-10. We found that the inhibitory effect of MP-10 on SMC prolif-
eration was not significantly changed upon inhibiting PKA by PKI
peptides (Figure 4C). However, a PKG inhibitor, DT-2, appeared to par-
tially block the inhibitory effect of MP-10 on SMC proliferation (Figure
4D). PKG1 is the only PKG gene expressed in SMCs, but there are two
PKG1 isoforms PKG1a and PKG1b generated by alternative splicing.
The major difference between those two isoforms comes from the end
of the N-terminal sequence, which may mediate their targeting to

different subcellular compartments.35 To functionally distinguish those
two isoforms, we designed siRNA specifically targeting PKG1a or
PKG1b (Figure 4E and F and Supplementary material online, Figure S3B
and C). We found that PKG1a siRNA was able to abolish the inhibitory
effect of MP-10 on SMC proliferation (Figure 4G), suggesting that PKG1a
activation mediates the anti-proliferating effects of PDE10A inhibition. In
contrast, we found that PKG1b siRNA itself elicited anti-proliferative
effects (Figure 4H), suggesting PKG1b activation may promote SMC
proliferation.

3.5 PDE10A-mediated regulation of SMC
proliferation involves CNP and guanylate
cyclase NPR2
There are two types of enzymes that synthesize cGMP in SMCs, soluble
guanylate cyclases (sGCs) in the cytosol and particulate guanylate
cyclases (pGCs) on the plasma membrane. Blocking sGCs with ODQ
did not notably affect SMC proliferation (Supplementary material online,
Figure S6). There are two types of natriuretic peptide receptors (NPR1
and NPR2) possessing intrinsic pGC activities. We found that the level of
NPR2 was much higher than NPR1 in cultured SMCs (Figure 5A), thus
we focused on NPR2. We found that the anti-proliferative effect of MP-
10 was abolished under the condition when NPR2 was knocked down
by an siRNA (Figure 5B and C and Supplementary material online, Figure
S3D). It has been reported that the NPR2 ligand C-natriuretic peptide
(CNP) is synthesized in synthetic SMCs and may act as an autacoid.36,37

We, therefore, determined the role of SMC CNP by knocking down the
synthesis of the CNP precursor (gene name NPPC) (Figure 5D). We
found that NPPC siRNA suppressed the inhibitory effect of MP-10 on
SMC proliferation (Figure 5E). In addition, MP-10 and CNP showed addi-
tive effects on SMC proliferation (Figure 5F).

To determine the potential interaction of PDE10A and NPR2, confo-
cal microscopy and co-immunoprecipitation were performed.
Overexpression of EGFP-tagged PDE10A2 isozyme (the major isoform
in SMCs) and mCherry-tagged NPR2 in 293A cells or SMCs showed an
overlap of the signals on the plasma membrane (Figure 5G and H). It has
been reported that PDE10A2 is localized close to the cell membrane via
palmitoylation.38 The co-immunoprecipitation experiment showed that
Flag-tagged PDE10A could be pulled down together with HA-tagged
NPR2 in 293A cells (Figure 5I). These results suggest that PDE10A2 is lo-
calized proximately to NPR2 and negatively regulates CNP/NPR2/cGMP
signalling.

3.6 PDE10A knockout ameliorates wire
injury-induced intimal hyperplasia in mice
To determine whether PDE10A directly contributes to neointimal for-
mation, we performed left femoral artery (LFA) wire injury in global
PDE10A-KO mice compared to PDE10A wild-type (PDE10A-WT) con-
trol mice on the C57BL/6J background. This PDE10A-KO line has nor-
mal growth rates and feeding patterns, as well as normal nursing and
mating behaviours.39 The right femoral artery (RFA) was used as the
sham control. Modified Verhoeff-van Gieson (VVG) staining was per-
formed on cross-sections of paraffin-embedded femoral artery samples.
The black-stained internal elastic lamina and external elastic lamina (EEL)
define two anatomical boundaries between intima-media and media-
adventitia (Figure 6A). The injured LFAs of PDE10A-WT mice developed
a thick intimal layer between the lumen and the internal elastic lamina,
while the sham RFAs had no visible layer of intima. However, in
PDE10A-KO mice, intimal thickening was much less than in PDE10A-
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WT mice. The quantitative results from the average of 5 LFA cross-
sections at 300mm intervals from each animal revealed a significantly re-
duced intimal area (Figure 6B), an unaffected medial area (Figure 6C), and
a decreased ratio of intima/media (Figure 2D) in male PDE10A-KO mice
compared to male PDE10-WT mice. We obtained similar results be-
tween PDE10A-WT and PDE10A-KO female mice (Figure 2E–G). We
did not observe significant differences in the length of the EEL between
injured femoral arteries of male WT and KO mice (Supplementary mate-
rial online, Figure S7A). However, there was a slight decrease (�10%) in
the EEL length between female WT and KO mice (Supplementary mate-
rial online, Figure S7B). Interestingly, injured femoral arteries of both
PDE10A-WT and PDE10A-KO mice showed similar full coverage of en-
dothelial cells 4 weeks after the injury (data not shown).

3.7 PDE10A inhibitor MP-10 attenuates
wire injury-induced intimal thickening
in vivo
To examine the pharmacological effects of inhibiting PDE10A on intimal
hyperplasia, we treated mice with MP-10 systemically. MP-10 has been
tested in both clinical trials in treating schizophrenia23,40 and
Huntington’s disease24 and studies of cancer cell growth in vitro.31,32

Only male mice were used in this study since we did not observe gender
differences in PDE10A-mediated regulation of intimal thickening (Figure
6B–G). We pretreated animals with vehicle or MP-10 (10 mg/kg/day)
subcutaneously 3 days before the surgery and continued the administra-
tion for 4 weeks (Figure 7A). This dose of MP-10 has established efficacy
in mice in previously published studies.40,41 We found that MP-10 treat-
ment developed less neointima than the vehicle group. The quantitative
results further revealed that intimal areas (Figure 7B) but not medial areas
(Figure 7C) were reduced in the MP-10-treated group compared to the
vehicle-treated group, and the ratio of intima/media was also reduced
(Figure 7D). There was no significant difference in the EEL length between
injured femoral arteries of vehicle- or MP-10-treated group
(Supplementary material online, Figure S7C). The results from MP-10 are
comparable with those from PDE10A-KO.

3.8 PDE10 inhibition attenuates human
saphenous vein remodelling ex vivo
To further determine the role of PDE10A in human vascular remodel-
ling, we used HSV samples. HSV is often used in CABG surgery for
patients with coronary artery disease, though the risk of in-graft stenosis
and graft failure increases gradually post-surgery.3,11 When cultured ex
vivo, HSV spontaneously undergoes remodelling, which represents a
great system to test pharmacological reagents on human vessels.42,43

After HSV segments were cultured ex vivo for 2 weeks, the thickness of
intima and media was increased, and MP-10 treatment reduced the thick-
ening of the vein wall (Figure 7E). We cultured HSV discards from 17
patients who underwent CABG surgery and found that remodelling and
wall thickening of those HSV segments were significantly inhibited by
MP-10 treatment (Figure 7F–H). PCNA, a cell proliferating marker, was
found to be suppressed by MP-10 in cultured segments (Figure 7I and J).
The results of individual vessel remodelling can be seen in
Supplementary material online, Figure S8.

Figure 4 PDE10A modulated SMC proliferation involves cGMP sig-
nalling pathway. (A) cAMP ELISA results showing the change of cAMP
concentration after rat SMCs were treated with 5 lM MP-10. An un-
paired Student’s t-test was performed. n = 3 for each group. (B) cGMP
concentration changes after MP-10 treatment revealed by cGMP
ELISA. An unpaired Student’s t-test with Welch’s correction was con-
ducted. n = 3 for each group. (C) Percentages of S-phase cells after be-
ing stimulated by 10 ng/mL PDGF and treated with 2.5 lM MP-10 and
10lM PKI (a PKA inhibitor). Cells were starved for 2 days before
PDGF stimulation. A Welch’s ANOVA with Dunnett’s T3 multiple
comparison test was performed to determine the effects of MP-10 and
PKI on SMC proliferation. n = 3 for each group. (D) Percentages of S-
phase cells treated with 2.5 lM MP-10 and 5 lM DT-2 (a PKG inhibi-
tor). A Welch’s ANOVA with Dunnett’s T3 multiple comparisons test
was applied. n = 3–4 for each group. (E) RT-qPCR results showing the
mRNA levels of PKG1a and PKG1b after knocking down PKG1a in rat
SMCs. The expression levels were normalized to negative control
siRNA groups. One-sample t-tests were performed to determine the
knockdown efficiency. n = 3 for each group. (F) RT-qPCR results show-
ing the levels of PKG1a and PKG1b after PKG1b silencing. One-sample
t-tests were conducted. n = 3 for each group. (G) Percentages of S-
phase cells treated with control or PKG1a siRNA and 2.5 lM MP-10. A
Welch’s ANOVA with Dunnett’s T3 multiple comparisons test was ap-
plied. n = 4 for each group. (H) Percentages of S-phase cells treated
with PKG1b siRNA and 2.5 lM MP-10. A Welch’s ANOVA with
Dunnett’s T3 multiple comparisons test was applied. n = 3 for each
group. All data are shown as mean ± SEM. ns, not significant.
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Figure 5 PDE10A-modulated SMC proliferation is associated with CNP/NPR2 signalling pathway. (A) Relative mRNA levels of NPR1 and NPR2 in rat
SMCs. An unpaired Student’s t-test with Welch’s correction was performed. n = 3 for each group. (B) RT-qPCR showing the level of NPR2 in SMCs treated
with control or NPR2 siRNA. The expression level was normalized to the control siRNA-treated group. A one-sample t-test was performed to determine
the knockdown efficiency. n = 3 for each group. (C) Percentages of S-phase cells treated with 2.5 lM MP-10, NPR2 siRNA, or both. A Welch’s ANOVA
with Dunnett’s T3 multiple comparisons test was applied. n = 3 for each group. (D) RT-qPCR results showing the level of NPPC (encoding a precursor of
CNP) in SMCs treated with control or NPRC siRNA. The mRNA level was normalized to the control siRNA-treated group. A one-sample t-test was per-
formed to determine the knockdown efficiency. n = 3 for each group. (E) Percentages of S-phase cells treated with 2.5 lM MP-10, NPPC siRNA, or both. A
Welch’s ANOVA with Dunnett’s T3 multiple comparisons test was applied. n = 3 for each group. (F) Percentages of rat SMCs in the S-phase after being
treated with 2.5 lM MP-10, 1 lM CNP, or both. A Welch’s ANOVA with Dunnett’s T3 multiple comparisons test was performed. n = 3 for each group.
(G and H) Confocal microscopic images (left panels) showing the signals of EGFP-tagged PDE10A (green) and mCherry-tagged NPR2 (red) overexpressed
in 293A cells (G) or rat SMCs (H). Scale bar = 10lm (G) or 20lm (H). The intensities of green and red signals across the cell were measured (right panels).
(I) Immunoblot showing PDE10A and NPR2 from co-immunoprecipitation. Flag-tagged PDE10A and HA-tagged NPR2 were overexpressed in 293A cells.
All data are shown as mean ± SEM. n = 3 for each group. ns, not significant.
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4. Discussion

In this study, we demonstrated PDE10A was up-regulated in both cul-
tured SMCs and injured mouse arteries. We found inhibiting PDE10A
led to decreased SMC proliferation and cell cycle arrest at G1-phase.
Our data also showed that PDE10A at least partially controlled SMC

growth by modulating the cGMP/PKG signalling pathway that is likely
connected to CNP/NPR2. Importantly, both genetic depletion and phar-
macological inhibition of PDE10A decreased wire injury-induced neointi-
mal formation in mice. Moreover, PDE10A inhibition also attenuated the
remodelling of HSV segments ex vivo. Therefore, our results indicate that
PDE10A induction plays a causative role in SMC-like cell proliferation

Figure 6 Neointimal formation in femoral arteries of PDE10A-WT and PDE10A-KO mice after wire injury. (A) Representative histological images of
cross-sections of femoral arteries from male WT and KO mice. The right femoral arteries were undergone wire injury and the left femoral arteries served
as sham controls. Elastin in the internal and external laminae was stained black. (B) Intimal area, (C) medial area, and (D) the intima/media ratio of femoral ar-
teries of male WT and KO mice. Five sections, 300mm apart, were measured and averaged for each animal. An unpaired Student’s t-test was used for com-
paring the intima area. Mann–Whitney tests were used for the medial area and the intima/media ratio. n = 19 mice for WT and n = 21 mice for KO.
(E) Intimal area, (F) medial area, and (G) the intima/media ratio of femoral arteries of female WT and KO mice. An unpaired Student’s t-test was used for
comparing the media area. Mann–Whitney tests were used for the intima area and the intima versus media ratio. n = 18 mice for WT and n = 15 mice for
KO. Scale bar = 50lm. All data are shown as mean ± SEM.
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Figure 7 Neointimal formation in wire-injured mouse femoral arteries and remodelling of HSV segments after vehicle or MP-10 treatment.
(A) Representative histological images of cross-sections of sham and injured femoral arteries of control or MP-10-treated mice. Vehicle (40% HP-b-CD) or MP-
10 (10 mg/kg/day) was administrated subcutaneously, which started 3 days before the surgery and lasted for 4 weeks. Scale bar = 50lm. (B) Intimal area, (C) me-
dial area, and (D) the intima/media ratio of mice 4 weeks after the surgery. An unpaired Student’s t-test was used for comparing the media area. Mann–Whitney
tests were used for the intima area and the intima/media ratio. n = 13 mice for vehicle treatment and n = 15 mice for MP-10 treatment. (E) Representative images
showing HSV wall thicknesses from HSV segments without culture, or with culture in the presence of vehicle or MP-10 (20lM). HSV segments were cultured
in 15% FBS for 2 weeks. Samples were stained by the combined Verhoeff’s elastic and Masson’s trichrome method. Scale bar = 100lm. (F–H) The quantitative
data showing thickness of the intimal layer (F), the medial layer (G), or the combined (intima þ media) layer (H) of HSV samples from 17 patients after CABG.
Thickness from three different locations of each section, and five sections, 500mm apart, of each sample, were measured and averaged. The total thickness of
both the intima and the media layers was calculated and normalized to the uncultured control group. Paired Student’s t-tests were performed.
(I) Immunohistochemical staining of PCNA in HSV samples. Scale bar = 50lm. (J) The quantitative data showing the fold change of the PCNA signal in HSV sam-
ples. Paired Student’s t-tests were performed. n = 7 (randomly chosen from 17 patient samples). All data are shown as mean ± SEM.
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and contributes to injury-induced intimal hyperplasia. Our study also
suggests that PDE10A may represent a novel therapeutic target for vas-
cular disorders associated with SMC overgrowth. It has long been be-
lieved that synthetic SMC-like cells in neointimal lesions are derived
from the phenotypic modulation of medial SMCs. Recent lineage-tracing
models have revealed that those synthetic SMCs may come from clonal
expansion of progenitor-like cells,44 including SCAþ medial SMCs and
SCAþGLIþ adventitial cells, which largely contribute to injury-induced
intimal hyperplasia and atherosclerotic plaques in mouse models.45–47

However, regardless of origins, our results suggest PDE10A in synthetic
SMCs is critical in cell proliferation and neointima formation. Moreover,
we are aware that the protective effects of PDE10A deficiency or inhibi-
tion on antagonizing intimal hyperplasia may not be exclusively contrib-
uted by SMCs. It is possible that PDE10A is expressed in other cell types
of injured vessels, including but not limited to endothelial cells (ECs), fi-
broblast, and/or immune cells all of which are also important in vascular
remodelling.48,49 In addition, PDE10A in other tissues may modulate vas-
cular remodelling indirectly. Therefore, cell-type-specific PDE10A defi-
cient mice will be needed to further address the individual cellular
contributions of PDE10A in vascular disorders.

Previous studies reported that PDE10A was highly expressed in tis-
sues such as the brain and the testis.28–30 PDE10A was not reported in
vascular tissues due to the low expression level in healthy vessels. We
found its expression was significantly enhanced in pathological vascular
models. After the femoral artery wire injury, the greatest induction of
PDE10A occurred in the intima area where synthetic SMCs are the pre-
dominant cell type. These results provided some evidence for cell and
tissue-specificity of targeting PDE10A in vasculopathy without affecting
normal vascular functions. PDE10A up-regulation in the diseased states
has also been reported in a number of other peripheral tissues. For ex-
ample, PDE10A was highly induced in mouse and human failing hearts,
and inhibition of PDE10A was able to rescue cardiac hypertrophy and
dysfunction.33 PDE10A inhibition was also found to ameliorate pulmo-
nary hypertension.50 PDE10A was highly expressed in brown adipose
tissue, and chronic inhibition in diet-induced obese mice was found to
cause weight loss and improved insulin sensitivity.51 In colon and lung tu-
mour cells, PDE10A was also highly expressed, and its inhibition re-
pressed cultured tumour cell growth.31,32 Therefore, the expression and
function of PDE10A deserve to be further investigated under different
diseased states. How PDE10A is up-regulated in growing SMCs and in-
jured vessels remains unclear. The PDE10A gene has a very large 1st in-
tron (�100 kb) and many human disease-associated PDE10A SNPs from
genome-wide association studies are found in this intron, e.g. bipolar dis-
orders,52 executive functioning resilience,53 conduct disorder,54

asthma,55 and hypothyroidism.56,57 Bioinformatic analysis revealed many
evolutionally conserved regions between humans and rodents in the in-
tron (data not shown), suggesting the critical role of this intron in
PDE10A gene regulation.

Several PDEs have been shown to regulate cGMP-mediated signalling
in SMCs. For example, we have previously found that PDE1A, preferen-
tially hydrolyzing cGMP, is predominantly cytoplasmic in medial contrac-
tile SMCs but is nuclear in synthetic SMCs of intimal lesions.58

Cytoplasmic PDE1A regulates myosin light chain phosphorylation and
promotes SMC contraction,58 while nuclear PDE1A stimulates synthetic
SMC growth and survival.58,59 PDE1A is activated by Ca2þ/CaM,60 which
makes PDE1A important in Ca2þ-mediated regulation of cGMP.61

However, the in vivo function of PDE1A in animal models of vascular
remodelling remains to be explored. In the current study, our findings
suggest that PDE10A regulates SMC proliferation by modulating cGMP/

PKG signalling. However, their roles in SMC survival are different:
PDE1A inhibition triggers SMC death,44 while PDE10A inhibition does
not have effects on SMC viability. The sources of cGMP that are regu-
lated by PDE1A and PDE10A are likely different. PDE1A is localized in
the nucleus of synthetic SMCs, suggesting its role in regulating nuclear
cGMP signalling. However, PDE10A is anchored to the plasma mem-
brane and coupled to CNP/NPR2. Another cGMP-PDE in SMCs is
PDE5A. PDE5A is highly expressed in contractile SMCs and plays a criti-
cal role in negatively regulating NO/cGMP-mediated vasodilation.62

PDE5 inhibition was also reported to inhibit SMC proliferation and at-
tenuate pulmonary hypertension, and it has been shown to prevent neo-
intimal formation in a rabbit carotid artery anastomosis model,63 but it
had no effects on intimal hyperplasia induced by carotid artery ligation
surgery in mice.64 These findings suggest that different cGMP-
hydrolyzing PDEs with different enzymatic and regulatory properties as
well as distinct subcellular localization and interacting molecules, thus
play unique roles in vascular SMCs.

Our findings in the current study suggest that PKG1a and PKG1b ex-
ert different effects on SMC proliferation: PKG1a is anti-proliferative
while PKG1b is pro-proliferative in vitro. Although the role and underly-
ing mechanism of PKG1 in cGMP-mediated regulation of contractile
SMC relaxation are well-established,65 the roles of PKG1 in synthetic
SMCs remain controversial. PKG1 has been shown to be down-
regulated in synthetic SMCs compared to contractile SMCs.65

Overexpressing a constitutively active catalytic domain of PKG1, which
is shared by both PKG1a and PKG1b, reduced neointimal formation in
balloon-injured rat carotid arteries, while overexpression of full-length
PKG1b did not.66 It has also been reported that SMC-specific knockout
of PKG1 did not affect neointimal formation induced by ligation or endo-
thelial denudation,64 but contributed to the progress of atherosclero-
sis.67 These discrepancies in the literature of PKG1 in different vascular
disorders might be explained by the distinct functions of PKG1a and
PKG1b in SMCs as well as contributions from other types of cells. The
different functions of PKG1a or PKG1b in SMCs might result from their
distinctive subcellular localizations and unique interacting protein part-
ners due to their different N-terminal sequences. Thus, the precise roles
of PKG1 need to be further investigated in an isozyme-specific manner.

In the striatum of a mouse brain, PDE10A inhibition has been shown
to promote dopamine receptor-mediated cAMP/PKA signalling,68,69 or
nNOS/cGMP/PKG signalling.70 In tumour cells, PDE10A inhibition has
been shown to stimulate cGMP/PKG signalling, which antagonizes b-cat-
enin-mediated transcription and promotes cancer cell apoptosis.31 We
failed to detect the effect of PDE10A inhibition on b-catenin signalling in
SMCs (data not shown). We observed both increases in cAMP and
cGMP levels in SMCs by PDE10A inhibition (Figure 4A and B). Our find-
ings suggest that PDE10A-mediated regulation of CNP/NPR2/cGMP/
PKG signalling plays a key role in PDE10A regulation of SMC prolifera-
tion. However, the role of cAMP elevation due to PDE10A inhibition
remains unknown. Our result from the PKA blocker PKI does not sup-
port the role of PKA in PDE10A-mediated SMC proliferation (Figure 4C).
In addition to PKA, the exchange protein directly activated by cAMP
(Epac) is another cAMP effector. Previous studies have shown that
Epac1 deficiency or pharmacological inhibition attenuated SMC prolifer-
ation or migration in vitro and suppressed neointimal formation
in vivo.71,72 These results suggest that Epac1 activation is associated with
increased SMC growth and vascular hyperplasia, which does not support
the contribution of Epac1 to the inhibitory effects of PDE10A inhibition/
deficiency on SMC proliferation and vascular remodelling. There are two
different Epac isozymes: Epac1 and 2. It remains unclear about the
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differences between Epac1 and 2 in vascular SMCs. A previous study
also reported that simultaneous activation of PKA and Epac (perhaps
Epac1) elicited synergistic inhibitory effects on SMC proliferation
in vitro,73 suggesting a requirement for the activation of PKA and Epac by
cAMP together. Nevertheless, the roles of PDE10A-mediated cAMP sig-
nalling in SMCs remain to be determined in the future.

It is known that the NO/sGC/cGMP/PKG signalling regulates contrac-
tile SMC contraction,74 and there is also evidence that this signalling is
anti-proliferative75 and pro-apoptotic76 in synthetic SMCs. However, we
did not observe the involvement of sGCs in PDE10A-regulated SMC
proliferation. It is well known that CNP, which is synthesized and re-
leased by ECs, binds and activates NPR2 on SMCs and thus inhibits cell
proliferation.77,78 However, CNP has also been found in SMCs, indepen-
dent of the endothelium.36,37 In fact, the level of CNP was increased in
SMCs in the absence of ECs in injured vessels.79 It seems CNP regulates
SMC growth in both paracrine and autocrine manners, which explains
that the addition of exogenous CNP only showed mild anti-mitogenic
effects on cultured SMCs (Figure 5F). It was reported recently that male
mice heterozygous for NPR2 depletion developed less neointima than
WT mice after carotid artery ligation.80 Therefore, it will be interesting
to determine if an NPR2 agonist and a PDE10A inhibitor can have
additive effects in suppressing intimal hyperplasia in vivo. Our co-
immunostaining and co-immunoprecipitation studies indicate PDE10A
and NPR2 can be spatially close on the plasma membrane. However, fu-
ture studies are needed to further determine the endogenous protein in-
teraction of these proteins in vivo.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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Translational perspective
Coronary artery disease is currently the leading cause of death worldwide. Smooth muscle cells (SMCs) are a major contributor to angioplasty re-
stenosis, graft stenosis, and accelerated atherosclerosis. Current therapeutic approaches including drug-eluting stents targeting cell growth still have
limitations. By combining studies on cultured SMCs in vitro, animal surgical models in vivo, and a human organ culture model ex vivo, we revealed an
important role of PDE10A in modulating SMC proliferation and injury-induced intimal thickening. Given that PDE10A has been proven to be a safe
drug target, its inhibition may represent a novel therapeutic strategy for vascular diseases associated with intimal hyperplasia.
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