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Abstract
Rationale—Cyclic nucleotide phosphodiesterases (PDE) through the degradation of second
messenger cyclic guanosine monophosphate (cGMP) play critical roles in maintaining
cardiomyocyte homeostasis. Ca2+/CaM-activated cGMP-hydrolyzing PDE1 family may play a
pivotal role in balancing intracellular Ca2+/CaM and cGMP signaling, however its function in
cardiomyocytes is unknown.

Objective—Herein we investigate the role of Ca2+/CaM-stimulated PDE1 in regulating
pathological cardiomyocyte hypertrophy in neonatal and adult rat ventricular myocytes (NRVM
and ARVM) and in the heart in vivo.

Methods and Results—Inhibition of PDE1 activity using a PDE1 selective inhibitor IC86340
or downregulation of PDE1A using siRNA prevented phenylephrine (PE) induced pathological
myocyte hypertrophy and hypertrophic marker expression in neonatal (NRVM) and adult
(ARVM) rat ventricular myocytes. Importantly, administration of the PDE1 inhibitor IC86340
attenuated cardiac hypertrophy induced by chronic ISO infusion in vivo. Both PDE1A and PDE1C
mRNA and protein were detected in human hearts, however PDE1A expression was conserved in
rodent hearts. Moreover, PDE1A expression was significantly upregulated in vivo in the heart and
myocytes from various pathological hypertrophy animal models and in vitro in isolated NRVM
and ARVM treated with neurohumoral stimuli such as angiotensin II (Ang II) and ISO. Further,
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PDE1A plays a critical role in PE-induced reduction of intracellular cGMP and PKG activity, and
thereby cardiomyocyte hypertrophy in vitro.

Conclusions—These results elucidate a novel role for Ca2+/CaM-stimulated PDE1, particularly
PDE1A, in regulating pathological cardiomyocyte hypertrophy via a cGMP/PKG-dependent
mechanism, thereby demonstrating Ca2+ and cGMP signaling cross-talk during cardiac
hypertrophy.
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INTRODUCTION
Ca2+/CaM dependent signaling has been implicated in promoting pathological gene
expression involved in hypertrophy and heart failure through the activation of Ca2+/CaM-
dependent kinases, phosphatases, and ion channels1. Recently, a number of intrinsic
negative regulators of cardiac growth have been identified which activate cGMP-dependent
signaling2. Stimulation of cGMP synthesis through genetic upregulation of natriuretic
peptide receptor (GC-A) prevents neurohumoral or pressure overload induced hypertrophy3,
while disruption of cGMP synthesis results in enhanced hypertrophy and deteriorated
cardiac function4. Likewise, chronic inhibition of cGMP metabolism by a PDE5 inhibitor
prevents and reverses pressure overload induced cardiac hypertrophy5.

PDEs, by degrading cAMP and/or cGMP, regulate the amplitude, duration, and
compartmentation of intracellular cyclic nucleotide signaling. PDEs constitute a superfamily
of enzymes grouped into 11 broad families based on their distinct kinetic, regulatory, and
inhibitory properties. PDE family members are also differentially expressed in various
tissues and present within distinct sub-cellular domains. Together, these properties enable
PDE enzymes to regulate the spatio-temporal, intracellular cAMP and cGMP gradients in
response to various external stimuli. At least five PDE families, PDE1–5, have been
reported in the heart, of which PDE1 and PDE5 are most likely responsible for cGMP
hydrolysis. Logically alteration of cGMP-hydrolyzing PDE expression/activity may
contribute to a pathological imbalance observed during prolonged stress.

Ca2+/CaM-stimulated PDE1 family constitutes three gene products: PDE1A, PDE1B, and
PDE1C6. In vitro, PDE1A and PDE1B have been shown to preferentially hydrolyze cGMP
with greater affinity than cAMP, while PDE1C hydrolyzes cAMP and cGMP with equally
high affinity6. In vivo, PDE1A has been shown to preferentially hydrolyze cGMP in
VSMCs7, 8. Although a recent study has reported that PDE1C is highly expressed in the
human myocardium and present in human cardiomyocytes9, the physiologic and pathologic
roles of PDE1 in the heart are still unknown. Here, we identified both PDE1A and PDE1C
expression in human hearts, while PDE1A expression was more conserved in rodent hearts
and in NRVM and ARVM. Using various loss-of function strategies in isolated NRVM and
ARVM we demonstrated that PDE1A regulates cardiomyocyte hypertrophy, which is
dependent on modulating cGMP/PKG signaling. We further showed that the PDE1 selective
inhibitor IC86340 was able to reduce myocyte hypertrophy in an ISO-induced hypertrophy
mouse model. Moreover, we observed that PDE1A expression was significantly upregulated
in the heart and myocytes from various pathological hypertrophy rodent models and in
isolated cardiomyocytes treated with hypertrophic stimuli. Together, our findings suggest a
novel role for PDE1, particularly PDE1A, in regulating cardiomyocyte hypertrophic growth.

Miller et al. Page 2

Circ Res. Author manuscript; available in PMC 2010 November 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MATERIALS AND METHODS
Animal care and use was in accordance with institutional guidelines. Cardiac hypertrophy
was induced in vivo by chronic infusion of angiotensin II (Ang II) at 0.7 mg/kg/day for 2
weeks in Sprague-Dawley rats or isoproterenol (ISO) at 30 mg/kg/day for 1 week in C57Bl/
6J mice, as previously described10. TAC was performed in 8–10 week old male C57Bl/6J
mice as previously described10, 11. IC86340 (3 mg/kg/day) or vehicle was administered
daily via i.p injection.

An expanded Methods section is available in the online supplement.

RESULTS
PDE1 inhibitors reduce cardiomyocyte hypertrophy and hypertrophic gene expression in
cardiomyocytes

To determine the role of PDE1 in cardiomyocyte hypertrophy, we first used
pharmacological inhibitors of PDE1 in isolated NRVM. Treatment of NRVM with PDE1
inhibitor, IC863408 dose-dependently attenuated the PE-induced protein synthesis assessed
by leucine incorporation (Fig. 1A). A distinct PDE1 inhibitor, 8-MM-IBMX (8-
methoxymethyl-isobutylmethylxanthine)12 used at 20 µmol/L, elicited similar inhibitory
effects (data not shown). Furthermore, IC86340 treatment resulted in a substantial reduction
in the PE-induced myocyte surface area (Fig. 1B). Similarly, we observed that IC86340 also
blunted ISO-stimulated protein synthesis (data not shown). Based on previously reported
IC50 values of IC86340 on inhibiting different PDE family members (Supplemental Table),
the doses of IC86340 used in this study should preferentially hydrolyze PDE1.

The anti-hypertrophic effects of PDE1 inhibitor correlated with a reduction in the mRNA
levels of hypertrophic markers, such as atrial natriuretic peptide (ANP), brain natriuretic
peptide (BNP) (Fig. 1C and D). Moreover, we examined ANP expression via perinuclear
ANP immunostaining as described previously13 (Fig. 1E and F). We found that PE
markedly stimulated the percentage of ANP/actinin positive cells compared to the vehicle
control, while IC86340 treatment abrogated these effects. Together, these results implicate
PDE1 in regulating pathological myocyte hypertrophy in vitro.

PDE1 inhibitor prevents adult rat ventricular myocyte hypertrophy
We next examined the effects of PDE1 inhibition on ARVM hypertrophy by measuring
myocyte surface area, width/length of myocytes, and protein synthesis. Indeed, PDE1
inhibition with IC86340 in ARVM significantly reduced the PE-induced myocyte surface
area (Fig. 2A and B), myocyte width (Fig. 2C), and protein synthesis assessed by [3H]-
leucine incorporation (Fig. 2D).

PDE1 inhibitor reduced myocyte hypertrophy in vivo in ISO-induced mouse hypertrophy
model

To further examine whether PDE1 inhibition attenuates adult cardiac hypertrophy in vivo,
we administered the PDE1 inhibitor IC86340 in mice. We found that mice receiving daily
IC86340 treatment at the doses of 3 and 6 mg/kg/day had normal heart and body weights. A
small reduction of blood pressure ≈10–20 mmHg and no changes in heart rate were
observed (Supplemental Fig. S1), which is consistent with previous findings that PDE1
regulates vascular reactivity7, 14. Therein, we examined the effects of IC86340 on cardiac
hypertrophy using a mouse hypertrophy model induced by ISO infusion at 30 mg/kg/day for
7 days. It has been demonstrated that there is no correlation between ISO-induced cardiac
hypertrophy and blood pressure15. We found that ISO infusion significantly induced cardiac
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hypertrophy analyzed by gross heart morphology (Fig. 3A), heart weight/body weight (HW/
BW) ratio (Fig. 3B), and heart weight/tibia length (HW/TL) ratio (Fig. 3C), which were
attenuated by IC86340 treatment (3 mg/kg/day). Further, we found that ISO enlarged
cardiac myocyte cross-sectional area and ANP gene expression, which is significantly
reduced by IC86340 treatment (Fig. 3D–F). We determined the plasma level of IC86340 by
PDE assay to be approximately 12 µM (Supplemental methods). Taken together, these
results support the notion that PDE1 plays a critical role in ISO-induced cardiac hypertrophy
in vivo.

PDE1A, 1B and 1C are differentially expressed in adult human, rat, and mouse hearts, as
well as in NRVM and ARVM

To evaluate the presence of Ca2+/CaM-stimulated PDE1 enzymes in the heart and in
isolated cardiomyocytes, both mRNA and protein expression were examined in heart
samples from various species relative to known PDE1-expressing tissues such as brain and
testis. We observed PDE1A mRNA to be detected at nearly equivalent levels in human, rat
and mouse hearts, while PDE1C was primarily detected in human and mouse hearts, and
PDE1B was weakly detected overall in the heart (Fig. 4A–C). We observed that PDE1A
protein levels were comparable in hearts from different species whereas PDE1B was not
detectable in the hearts, consistent with the mRNA expression (Fig, 4D). However, mouse
heart elicited much lower PDE1C protein expression compared with human, inconsistent
with the mRNA expression level (Fig. 4D). The lower PDE1C protein in mouse heart is
unlikely due to antibody insensitivity since the antibody strongly recognized mouse testis
(Fig. 4D). Additionally, we observed PDE1A mRNA and protein in both NRVM and
ARVM at comparable levels to that in adult rat heart, while PDE1B and PDE1C expression
levels were significantly lower in these cells (Fig. 4E and F). Together these data indicate
that both PDE1A and PDE1C isoforms are present in human hearts, while PDE1A
expression is conserved in rodent hearts, particularly in rat cardiomyocytes.

Down-regulation of PDE1A expression inhibits cardiomyocyte hypertrophy in NRVM and
ARVM

To specifically determine the contribution of PDE1A in myocyte hypertrophy, we used gene
silencing to down-regulate PDE1A expression. PDE1A expression levels were significantly
down-regulated in NRVM by a PDE1A siRNA specifically targeting the N-terminal
sequence of rat PDE1A (Fig. 5A, inset). The negative control, a non-targeting control
siRNA had no effect on PDE1A protein levels. As a specificity control, we found that
PDE1A siRNA did not alter the expression of other PDE isoforms such as PDE1C and
PDE5A (data not shown). We found that treatment with PDE1A siRNA significantly
abrogated the PE-mediated increase in protein synthesis (Fig. 5A) and total myocyte surface
area compared to controls in NRVM (Fig. 5B). We obtained similar results in NRVM
treated with adenovirus encoding a different PDE1A shRNA, specifically targeting the C-
terminal sequence of rat PDE1A (Supplement Fig. S2). These findings coincided with
reduced ANP marker expression in NRVM (Fig. 5C). Downregulation of PDE1A followed
by IC86340 treatment reduced NRVM protein synthesis to similar levels while the PDE5
inhibitor sildenafil potentiated these effects, suggesting that IC86340 effects are attributed to
PDE1A (Fig. 5D). Ad-PDE1A shRNA also significantly downregulated PDE1A expression
in ARVM (Fig. 5E, inset), in which we observed blunted PE-induced protein synthesis (Fig.
5E) and total myocyte area (Fig. 5F).

Despite the relatively low PDE1C expression level in NRVM, lower PDE1C could be
functionally relevant in rat myocytes. Therefore we also examined the effect of PDE1C
siRNA in PE stimulated myocyte hypertrophy. We found that downregulation of PDE1C
expression via siRNA did not attenuate PE-stimulated cardiomyocyte hypertrophy

Miller et al. Page 4

Circ Res. Author manuscript; available in PMC 2010 November 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(Supplemental Fig. S3) or ANP gene expression (Supplemental Fig. S4). These results
suggest that PDE1A but not PDE1C specifically regulates PE-stimulated hypertrophic
growth.

PDE1A expression is upregulated with hypertrophic stimulation in vivo and in isolated
cardiomyocytes in vitro

In order to further assess the patho-physiological role of PDE1A in the heart we measured
PDE1A expression levels in the ventricle during pathological cardiac hypertrophy in vivo.
Interestingly, we observed an approximate 2-fold increase in PDE1A mRNA levels (Fig.
6A) and 2.5-fold increase in PDE1A protein levels (Fig. 6B) in mouse hearts with ISO
infusion (30 mg/kg/day) for 7 days relative to the vehicle control group. We also found
significant upregulation of PDE1A protein levels in mouse hearts after chronic pressure
overload via TAC for 3 weeks (Fig. 6C) and in rat hearts subjected to chronic Ang II
infusion (0.7 mg/kg/day) for 2 weeks (Fig. 6D).

To determine whether the PDE1A induction occurs in cardiomyocytes in vivo, we performed
immunohistochemical analyses of PDE1A in heart sections from control and hypertrophic
rodent hearts. As shown in figure 7A, we found that PDE1A staining is significantly
increased in the myocardium of hypertrophic hearts induced by TAC compared with sham
controls. Obviously, the increase of PDE1A was detected in cardiomyocytes although it may
not be exclusive (Fig. 7A, right panel). We obtained very similar observations in mouse
hearts with chronic ISO infusion (Fig. 7B) and rat hearts with Ang II infusion (Fig. 7C). The
specificity of the antibody was verified as shown in Supplemental Fig. S5.

To further determine whether this PDE1A induction occurs in isolated NRVM and ARVM.
We found that in NRVM, ISO treatment for up to 48 hours increased PDE1A protein levels
relative to control (Fig. 7D). Similarly, we observed ISO or Ang II treatment of ARVM for
24 hours resulted in increased PDE1A protein levels (Fig. 7E). Together, these data suggest
that PDE1A expression can be upregulated in cardiomyocytes via hypertrophic stimuli both
in vivo and in vitro.

The anti-hypertrophic effect of PDE1A is mediated by a cGMP/PKG-dependent mechanism
Intracellular cGMP levels were significantly decreased upon PE stimulation in NRVM,
which was prevented by the PDE1 inhibitor IC86340 or PDE1A shRNA (Fig. 8A and B).
However, the cAMP level was increased upon PE treatment and IC86340 did not
significantly change the cAMP level (Supplemental Fig. S6A). We next assessed cGMP-
activated PKG and cAMP-activated PKA activation. We found that PKG activity is
decreased upon PE stimulation, and IC86340 or PDE1A shRNA treatment diminished PE
effects and enhanced PKG activity (Fig. 8C), which was consistent with cGMP changes.
PKA activity however was not significantly altered by PDE1 inhibition (Supplemental Fig.
S6B).

We then investigated the involvement of PKG I. Inhibition of PKG activity by either Rp-8-
Br-PET-cGMPs or the peptide inhibitor DT-2, significantly blocked the inhibitory effect of
IC86340 on [3H]-leucine incorporation (Fig. 8E). To further confirm the involvement of
PKG, we downregulated PKG I expression using Ad-PKG I shRNA (Fig. 8F, inset). We
found that PKG I shRNA abolished the effects of IC86340 on myocyte hypertrophy (Fig.
8F), similar to the effects of PKG inhibitors. We also examined the role of PKA using an
adenovirus expressing the PKA inhibitor (PKI). We found that PKA inhibition via PKI
reduced PE-stimulated myocyte hypertrophy (Supplemental Fig. S7C), consistent with
previous findings that PKA activation is pro-hypertrophic16. Importantly, when PKA was
inhibited by PKI, IC86340 still reduced myocyte hypertrophy (Supplemental Fig. S6C).
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These results suggest that the anti-hypertrophic effects of PDE1 inhibition is mediated
through PKG I but not PKA activation.

DISCUSSION
Previous studies have demonstrated that intracellular Ca2+/CaM-dependent signaling
promotes maladaptive hypertrophic gene expression in cardiomyocytes through various
effectors such as the protein phosphatase calcineurin, Ca2+/CaM-dependent kinase II
(CaMKII), and transcription factors myocyte enhancer factor 2 (MEF2) and nuclear factor of
activated T-cells (NFAT)17. Endogenous cGMP-dependent signaling is able to negatively
regulate cardiac hypertrophy both in vitro and in vivo, by suppressing Gq/11 activation and
normalizing Ca2+ signaling5, 18. The present study identifies a novel function of Ca2+/CaM-
dependent PDE1 in regulating pathological cardiomyocyte hypertrophy. Given that PDE1 is
a Ca2+/CaM stimulated PDE capable of hydrolyzing cGMP, we hypothesized that PDE1
may play a pivotal role in the crosstalk of Ca2+ and cGMP signaling to promote cardiac
growth. We demonstrated that inhibition of PDE1 activity, particular PDE1A, blocked PE-
or ISO-induced attenuation of cGMP/PKG signaling and cardiomyocyte hypertrophy in
vitro. Administration of the PDE1 inhibitor IC86340 significantly also reduced cardiac
hypertrophy in a mouse hypertrophy model in vivo. Moreover, PDE1A expression was
significantly upregulated in the heart and myocytes from various pathological hypertrophy
animal models in vivo and in isolated NRVM and ARVM treated with neurohumoral stimuli
in vitro. Together these findings suggest that Ca2+, by activating PDE1A, decreases cGMP
levels and PKG activity and thus leads to potentiated cardiomyocyte hypertrophy.
Upregulation of PDE1A expression upon neurohumoral or biomechanical stress during
cardiac hypertrophy further enhances PDE1A activity and attenuates cGMP/PKG signaling
(proposed model in Supplemental Fig. S9).

The PDE1 family is comprised of Ca2+/CaM-stimulated PDEs, including PDE1A, 1B and
1C. It was previously shown that Ca2+/CaM-stimulated PDE1 represents the majority of the
cGMP-hydrolyzing PDE activity in the human myocardium, however this study did not
identify the cardiac cell type or the PDE1 isoform responsible for this activity19. An early
report by Bode et al supposed that Ca2+/CaM-stimulated PDE1 activity was absent from
isolated ARVM and restricted to the non-myocyte fraction of the whole rat ventricle20.
PDE1A mRNA expression and/or activity has been described in cardiac tissue from several
species including human21, bovine22, canine23, and rat24. Since most of these studies used
whole heart lysates, it is still unclear if these isoforms are attributed to cardiomyocytes or
other cardiac cell types. More recently, it has been shown that PDE1C is expressed in
cardiomyocytes of the human myocardium, while PDE1A protein was not detected in these
human heart samples9. Herein, we identified both PDE1A and PDE1C protein and mRNA in
human hearts (Fig. 4), with PDE1A expression conserved in rat and mouse hearts. In fact, a
previous study using immunoprecipitation and PDE assay demonstrated that PDE1A and
PDE1C represent approximately 80% and 20% of total PDE1 activity in the rat heart,
respectively25. The inconsistencies of PDE1A expression with previous reports may be
rationalized by differences in tissue sample preparation or antibody cross-reactivity.
Likewise, the discrepancy between PDE1C mRNA and protein level in mouse heart should
be further characterized.

To address the specific contribution of PDE1A and PDE1C in mediating the effects of
selective PDE1 inhibition on cardiomyocyte hypertrophy, we used siRNA specifically
targeting PDE1A and PDE1C in NRVM (Fig. 5 and Supplemental Fig. S3). These data
support a critical role for PDE1A but not PDE1C in mediating the anti-hypertrophic effect
of PDE1 inhibition in NRVM. The negligible effect of PDE1C downregulation on myocyte
hypertrophy may be due to the lower expression level of PDE1C (Supplemental Fig. S3) or
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may suggest an alternative role of PDE1C in rat myocytes. In fact, studies from cells highly
expressing endogenous PDE1C elicited increased intracellular cAMP upon inhibition of
PDE1C26, 27, suggesting that PDE1C is able to regulate cAMP signaling. However, specific
downregulation of PDE1A primarily elevated cGMP levels in both VSMCs8and
cardiomyocytes (Fig. 8, S6), suggesting PDE1A and PDE1C play distinct roles in
intracellular cyclic nucleotide signaling. Our data that IC86340 prevents adverse cardiac
hypertrophy in a mouse ISO infusion model suggest an important role for PDE1A in
regulating cardiac hypertrophy, however, we cannot entirely rule out the contribution of
PDE1C in mouse heart. Generation of PDE1A and PDE1C-deficient animal models will be
indispensable to further examine their respective roles in adult cardiomyocyte function in
vivo, which is currently under investigation.

PDE5 is another cGMP-hydrolyzing PDE expressed in cardiac tissues. Earlier reports
demonstrated a low level of expression of PDE5 in hearts from various species and isolated
cardiomyocytes19. Nonetheless, a recent study using PDE5A shRNA in isolated
cardiomyocytes demonstrated an important role for PDE5A in these cells28, which may
contribute to the cardioprotective effects elicited by sildenafil in preventing adverse cardiac
remodeling and dysfunction from pressure overload5. PDE5 and PDE1 enzymes are likely
coupled to distinct intracellular cGMP-dependent pathways and regulatory mechanisms. For
example, PDE5 activity is primarily stimulated upon NO induced cGMP/PKG activation,
which leads to a rapid decline in intracellular cGMP. Thus PDE5 plays an important role in
the negative feedback regulation of NO/cGMP signaling. However, PDE1 activity is
stimulated by Ca2+-elevating stimuli (i.e. Ang II, ET-1, and α-AR agonists), and PDE1-
dependent cGMP hydrolyzing activity is predominant during elevations in [Ca2+]i

29. In fact
we have observed that the effects of PDE1 inhibitor on cGMP elevation were Ca2+/CaM-
dependent (Supplemental Fig. S7). Thus PDE1 plays a critical role in the Ca2+-mediated
negative regulation of cGMP signaling30. However, the source of the Ca2+ to which PDE1
alters cGMP-dependent signaling is still not clear and is currently under investigation. We
also determined the additive or redundant effects of PDE1 and PDE5 on cardiomyocyte
hypertrophy. We found that both IC86340 and PDE5 inhibitor sildenafil individually
attenuated PE-induced NRVM hypertrophy, while the combination of PDE inhibitors
potentiated these effects (Supplemental Fig. S8). Moreover, we found that the inhibitory
effect of PDE1A shRNA on cardiomyocyte hypertrophy could be potentiated by sildenafil
but not IC86340 (Fig. 5D). These findings together suggest that PDE1A and PDE5A are
likely coupled to unique cGMP pools and PDE1A may regulate specific cGMP pools with
elevations of [Ca2+]i during hypertrophic stimulation. PKG appears to be a critical mediator
for the antihypertrophic effects resulted from both PDE1 (Fig. 8) and PDE5 inhibition31.
However, the role and mechanism of PKG in cardiac hypertrophy in vivo deserves further
investigation. In summary, the present findings elucidate a novel role of PDE1, particularly
PDE1A in regulating cardiomyocyte hypertrophy and myocardial remodeling during cardiac
disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

ABBREVIATIONS

Ang II angiotensin II

ANP atrial natriuretic peptide

ARVM adult rat ventricular myocytes
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CaM calmodulin

GC guanylyl cyclase

ISO isoproterenol

NRVM neonatal rat ventricular myocytes

PDE cyclic nucleotide phosphodiesterase

PE phenylephrine

PKA cAMP-dependent protein kinase

PKG cGMP-dependent protein kinase

RIA radioimmunoassay

TAC thoracic aortic constriction

VSMC vascular smooth muscle cells
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Figure 1. Effects of PDE1 inhibitor on pathological NRVM hypertrophy
(A) [3H]-leucine incorporation in NRVM pre-treated with IC86340 (5, 15, or 30 µmol/L) or
vehicle for 30 min, followed by PE (50 µmol/L) or vehicle (ctrl) stimulation for 24–48
hours. (B) Total cardiomyocyte surface area was averaged from 100 alpha-actinin immuno-
positive cells per condition. Myocytes were pretreated with IC86340 (30 µmol/L) or vehicle,
followed by PE (50 µmol/L) or vehicle (ctrl) stimulation for 48 hours. (C) RT-PCR results
showing ANP, BNP, skeletal alpha-actin, and GAPDH mRNA in NRVM pretreated with
IC86340 (30 µmol/L) or vehicle, followed by PE (50 µmol/L) or vehicle (ctrl) stimulation
for 24–48 hours. (D) Quantified RT-PCR results analyzed by densitometry in a linear range,
showing the mRNA levels of ANP and BNP relative to GAPDH. (E) Representative
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micrographs of myocytes treated as abovementioned. Cells were subjected to
immunostaining for ANP and sarcomeric alpha-actinin. Scale bar=50 µm. (F) ANP positive
cells were measured by cells with perinuclear ANP staining as a percent of total alpha-
actinin positive cells. (n=100 cells per condition). Values are mean±SD of triplicates. Data
were normalized to sample (vehicle alone) that was arbitrarily set to 1.0. Values are mean
±SD of at least three independent experiments performed in triplicates. #p<0.05 vs. vehicle
alone, *p<0.05 vs. vehicle+PE.
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Figure 2. Effects of PDE1 inhibitor on PE-induced ARVM hypertrophy
(A) Representative bright-field micrographs of myocytes treated with IC86340 (15 µmol/L)
or vehicle, followed by PE (10 µmol/L) or vehicle (control) stimulation for 24 hours. (B and
C) Changes in mean cell surface areas (B) and width (C) in ARVM pretreated with IC86340
(15 µmol/L), followed by PE (10 µmol/L) or vehicle (ctrl) stimulation for 24 hours. Data
represent the average of a minimum of 100 myocytes per condition. (D) [3H]-leucine
incorporation in ARVM treated as abovementioned. Data were normalized to the sample
(vehicle alone) that was arbitrarily set to 1.0. Values are mean±SD of three independent
experiments performed in triplicates. #p<0.05,vs. vehicle alone, *p<0.05 vs. vehicle+PE.
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Figure 3. Effects of PDE1 inhibitor on ISO-induced cardiac hypertrophy in vivo
(A) Representative gross heart images showing effects of PDE1 inhibitor on cardiac
hypertrophy. Scale bars: 5mm. Animals were infused with vehicle or ISO (30mg/kg/d) for 7
days, and administered vehicle (20% DMSO) or IC86340 (3 mg/kg/d) daily via i.p injection
for 10 days (3 days prior and 7 days during ISO infusion). (B) Quantified results of heart
weight/ body weight ratio (mg/g). (C) Heart weight/ tibia length ratio (mg/mm). (D)
Representative WGA-FITC (green) stained heart sections showing cardiomyocyte cross-
sectional area. Scale bars: 25µm. (E) Quantified results of cardiomyocyte cross-sectional
area (averaged from 200 random myocytes per section per animal). (F) Hypertrophic marker
ANP mRNA expression normalized to GAPDH analyzed by quantitative real-time RT-PCR.
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Data represent mean±SD from vehicle (n=16), ISO (n=12) and ISO+IC86340 (n=12).
#p<0.05,vs. vehicle alone, *p<0.05 vs. vehicle + ISO.
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Figure 4. PDE1 mRNA and protein expression in human, rat, and mouse ventricular tissues and
isolated cardiomyocytes
(A–C) RT-PCR results showing PDE1A, PDE1B, and PDE1C mRNA expression in adult
human, rat, and mouse heart tissue compared to indicated-controls (mouse brain for PDE1A
and 1B or mouse testis for PDE1C). RT-PCR data was quantified by densitometry in a linear
range from three independent samples, which were normalized to GAPDH mRNA levels
and expressed relative to human hearts (AU=arbitrary units). (D) Representative western
blot showing relative PDE1A, PDE1B, and PDE1C protein levels in human, rat, and mouse
hearts, compared to respective controls (Brain for PDE1A and PDE1B; Testis for PDE1C).
GAPDH was used to normalize protein loading. (E and F) PDE1 expression in isolated
neonatal and adult cardiomyocytes (NRVM and ARVM). RT-PCR showing relative
PDE1A, 1B, and 1C mRNA levels in NRVM, ARVM, and rat hearts, compared to
respective controls (E). Western blot depicting relative PDE1A, 1B, and 1C protein levels in
NRVM, ARVM, compared to rat hearts and respective controls. GAPDH was used to
normalize mRNA and protein expression.
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Figure 5. Effects of PDE1A down-regulation on PE-induced cardiomyocyte hypertrophy
(A) Protein synthesis assessed by [3H]-leucine incorporation in NRVM transfected with off-
targeting control siRNA or PDE1A siRNA followed by PE (50 µmol/L) or vehicle (ctrl)
stimulation for 24 hours. (Inset), Representative blot showing PDE1A protein expression in
NRVM transfected with control or PDE1A siRNA. (B) Total cell surface area of
cardiomyocytes treated with siRNA as abovementioned. (C) Representative RT-PCR results
showing ANP mRNA expression in NRVM treated with siRNA as abovementioned. Data
were quantified by densitometry in a linear range and normalized to GAPDH mRNA levels.
(D) [3H]-leucine incorporation in NRVM transduced with adenovirus expressing the shRNA
targeting LacZ (Ad-LacZ shRNA, as a negative control) or shRNA targeting PDE1A (Ad-
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PDE1A shRNA), and treated with vehicle, IC86340 (30 µM), or sildenafil (1 µM), followed
by PE (50 µmol/L) or vehicle (ctrl) stimulation for 24 hours. (E) [3H]-leucine incorporation
in ARVM transduced with adenovirus as abovementioned, followed by PE (50 µmol/L) or
vehicle (ctrl) stimulation for 24 hours. (Inset), Representative blot showing PDE1A protein
expression in ARVM treated with adenovirus as abovementioned. (F) Total cell surface area
of ARVM treated with adenovirus as abovementioned. Data were normalized to the sample
(ctrl+control siRNA or shRNA) that was arbitrarily set to 1.0. Values are mean±SD from six
(for A) or three (for C) independent experiments performed in triplicate, or triplicates from
the same experiment (for D and E, similar results were obtained from at least three
independent experiments). The total cell surface areas for (B and F) were averaged from 100
random alpha-actinin immuno-positive cells per condition.
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Figure 6. PDE1A expression is upregulated with cardiac hypertrophy both in vivo and in vitro
(A and B) RT-PCR (A) and Western blot (B) showing PDE1A mRNA and protein levels,
respectively, in ventricular tissues from mice subjected to vehicle or ISO infusion (30 mg/
kg/d) for 7 days. (C and D) Western blot showing PDE1A protein levels in ventricular
tissues from mice with pressure overload by TAC or sham operation for 3 weeks (C), or
from rats subjected to vehicle or chronic Ang II infusion (0.7 mg/kg/d) for 14 days (D). Bar
graphs represent quantitative results of blots analyzed by densitometry, showing PDE1A
levels relative to loading controls (GAPDH or Tubulin). Data were normalized to vehicle or
control treatment that was arbitrarily set to 1.0. Values are mean±SD (n=3 or 4). *p<0.05 vs.
vehicle or control.
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Figure 7. PDE1A expression is upregulated in cardiac myocytes during hypertrophy both in vivo
and in vitro
(A–C) Immunohistochemistry (IHC) staining demonstrates PDE1A expression in
myocardium of mouse hearts with pressure overload by TAC or sham operation for 3 weeks
(A), mouse hearts with vehicle or ISO infusion (30mg/kg/day) for 1 week (B), and rat hearts
with vehicle or AngII infusion (0.7 mg/kg/day) for 2 week (C). Inset images depict myocyte
specific PDE1A immunostaining. (D and E) Western blot showing PDE1A protein
expression in isolated NRVM treated with ISO (10 µmol/L) or vehicle (ctrl) for up to 48
hours (D), or in ARVM treated with ISO (1 µmol/L), Ang II (100 nmol/L), or vehicle (ctrl)
for 24 hours (E). Bar graphs represent quantitative results of blots analyzed by densitometry

Miller et al. Page 20

Circ Res. Author manuscript; available in PMC 2010 November 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



within a linear range, showing PDE1A levels relative to GAPDH loading controls. Data
were normalized to vehicle or control treatment that was arbitrarily set to 1.0. Values are
mean±SD (n=3 independent experiments for in vitro). *p<0.05 vs. vehicle or control.
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Figure 8. The effect of PDE1 inhibitor on cardiomyocyte hypertrophy is PKG-dependent
(A) Total cGMP levels measured by radioimmunoassay in NRVM pretreated with IC86340
(15 µmol/L) for 30 minutes or separately transduced with 100 MOI Ad-LacZ or Ad-PDE1A
shRNA for 48 hours, followed by PE (50 µmol/L) stimulation for 5 minutes. (B) Net PKG
activity (DT-2 inhibited) in NRVM treated as described above. (C) [3H]-leucine
incorporation in NRVM pretreated with the PKG inhibitor, Rp-8-Br-PET-cGMPS (50 µmol/
L) or DT-2 (250 nmol/L) for 30 minutes, in the presence of IC86340 (30 µmol/L) or vehicle,
followed by PE (50 µmol/L) or vehicle (ctrl) stimulation for 48 hours. (D) Protein synthesis
assessed via [3H]-leucine incorporation in NRVM transduced with 100 MOI Ad-PKG
shRNA or Ad-GFP shRNA. (Inset) Representative blot showing PKG I protein expression in
NRVM treated as described. Data were normalized to the sample (with vehicle or GFP-
shRNA alone) that was arbitrarily set to 1.0. Values are mean±SD of at least three
independent experiments performed in triplicates for A, C, and D, or triplicates in the same
experiment for B (similar observations confirmed by two independent experiments).
#p<0.05 vs. vehicle or control, *p<0.05 vs. vehicle+PE.
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