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Abstract: In mouse cardiomyocytes, the expression of two subfamilies of the calcium/calmodulin-
regulated cyclic nucleotide phosphodiesterase 1 (PDE1)—PDE1A and PDE1C—has been reported.
PDE1C was found to be the major subfamily in the human heart. It is a dual substrate PDE and can
hydrolyze both 3′,5′-cyclic adenosine monophosphate (cAMP) and 3′,5′-cyclic guanosine monophos-
phate (cGMP). Previously, it has been reported that the PDE1 inhibitor ITI-214 shows positive inotropic
effects in heart failure patients which were largely attributed to the cAMP-dependent protein kinase
(PKA) signaling. However, the role of PDE1 in the regulation of cardiac cGMP has not been directly
addressed. Here, we studied the effect of PDE1 inhibition on cGMP levels in adult mouse ventricular
cardiomyocytes using a highly sensitive fluorescent biosensor based on Förster resonance energy
transfer (FRET). Live-cell imaging in paced and resting cardiomyocytes showed an increase in cGMP
after PDE1 inhibition with ITI-214. Furthermore, PDE1 inhibition and PDE1A knockdown amplified
the cGMP-FRET responses to the nitric oxide (NO)-donor sodium nitroprusside (SNP) but not to
the C-type natriuretic peptide (CNP), indicating a specific role of PDE1 in the regulation of the
NO-sensitive guanylyl cyclase (NO-GC)-regulated cGMP microdomain. ITI-214, in combination
with CNP or SNP, showed a positive lusitropic effect, improving the relaxation of isolated myocytes.
Immunoblot analysis revealed increased phospholamban (PLN) phosphorylation at Ser-16 in cells
treated with a combination of SNP and PDE1 inhibitor but not with SNP alone. Our findings reveal a
previously unreported role of PDE1 in the regulation of the NO-GC/cGMP microdomain and mouse
ventricular myocyte contractility. Since PDE1 serves as a cGMP degrading PDE in cardiomyocytes
and has the highest hydrolytic activities, it can be expected that PDE1 inhibition might be beneficial
in combination with cGMP-elevating drugs for the treatment of cardiac diseases.

Keywords: PDE1; cGMP; cardiomyocyte; FRET

1. Introduction

Cyclic nucleotide phosphodiesterases (PDEs) play an essential role in cyclic nucleotide
signaling by degrading 3′,5′-cyclic adenosine monophosphate (cAMP) and 3′,5′-cyclic
guanosine monophosphate (cGMP). A total of 21 genes encode for 11 PDE superfamilies
(PDE1-PDE11) with >100 isoforms [1–3].

The calcium (Ca2+)/calmodulin regulated PDE1 is a dual substrate PDE, degrading
cAMP and cGMP. Of the three existing PDE1 subfamilies, PDE1A and PDE1C are expressed
in heart and vessels, PDE1B is primarily expressed in the brain. The three subfamilies vary
in their cyclic nucleotide affinity. Whereas PDE1A is >20 times more selective for cGMP, and
PDE1B also preferentially hydrolyzes cGMP, PDE1C hydrolyzes both nucleotides equally
well [3,4]. In larger mammalian and human hearts, PDE1C is predominately expressed,
whereas PDE1A is the dominant isoform expressed in small rodents [4–6].
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Recently, the potent and highly selective PDE1 inhibitor ITI-214 has been devel-
oped [7]. It was first explored in humans for neurocognitive diseases (NCT01900522
and NCT03257046). More recently, it was studied in patients with heart failure and reduced
ejection fraction, where it showed positive inotropic effects (NCT03387215) [8]. These
inotropic–vasodilator effects in patients were similar to those found in a study performed
on dogs and rabbits by Hashimoto et al. [4], where they were connected to cAMP signaling.
Recently, Muller at al. [5] demonstrated in primary guinea pig myocytes that the positive
inotropic effects of PDE1 inhibition with ITI-214 were attributable to cAMP-dependent
protein kinase A (PKA) signaling. In all those studies, the contraction responses to ITI-214
were shown to be PKA-dependent, suggesting that cAMP is the major downstream signal-
ing regulator. However, the precise localization of PDE1-regulated cAMP microdomains
has not been shown [5]. Furthermore, the regulation of cardiac cGMP has not been directly
addressed and the potential role for cGMP remains unexplored.

Here, we tested the hypothesis that cardiac PDE1 can also regulate specific cGMP
microdomains. We have so far been able to demonstrate an unknown role of PDE1 in the reg-
ulation of the nitric oxide (NO)-sensitive guanylyl cyclase (NO-GC) cGMP microdomains
and mouse ventricular myocyte contractility.

2. Materials and Methods
2.1. Chemicals and Kits

CNP was purchesed from Bachem (Bubendorf, Switzerland), Fura-2 (F1221) from
Thermo Scientific (Waltham, MA, USA), IBMX from AppliChem (Darmstadt, Germany),
ITI 214 from MedChemExpress (Monmouth Junction, NJ, USA), phosphatase and protease
inhibitors from Roche (Basel, Switherland), and SNP and all other chemicals from Sigma-
Aldrich (Deisenhofen, Germany).

2.2. Animals

Animal work with both female and male mice aged between 8 and 20 weeks was
carried out according to national and international animal welfare guidelines and approved
by the local animal welfare authority of BGJ Hamburg (approval number ORG_1010,
ORG_1113).

For cGMP-FRET measurements, transgenic mice expressing the cGMP biosensor
red-cGES-DE5 under the control of the α-myosin heavy chain (αMHC) promoter on the
C57BL6/J background [9] were used.

For PDE3 knockout (KO), mice with the cardiomyocyte-specific conditional knockout
of PDE3A (PDE3Ad/dCre+) on the C57BL6/J background [9] were used.

2.3. Cardiomyocyte Isolation

Adult ventricular cardiomyocytes were isolated as described previously [9].

2.4. Live Cell Imaging

FRET measurements were carried out as previously described [9]. Briefly, isolated
cardiomyocytes plated onto laminin-coated coverslips were excited with 400 nm LED
(pE-100). A DV2 Dual View beamsplitter with a 565 dcxr dichroic mirror and 520/30 and
D630/50 emission filters (Teledyne Photometrics, Tucson, AZ, USA) was used to split
emission light into donor and acceptor channels. An OptiMOS CMOS camera (Teledyne
Photometrics, Tucson, AZ, USA) was used for recording. Measurements were performed at
room temperature, and images were taken every 5 s.

For pacing experiments, cells were stimulated at 1 Hz and 20 V with a Myopacer cell
stimulator (IonOptix, Westwood, MA, USA) as previously described [10]. After 3 min of
the equilibration period, FRET measurements were begun.

Micro Manager 1.4.5 software was used for image acquisition.
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2.5. IonOptix

Freshly isolated cardiomyocytes were plated on laminin-coated glass-bottom cham-
bers and incubated at 37 ◦C for an hour before Fura-2 loading (5 µM, 20 min). After
several washes, cells were field-stimulated at 1 Hz and 20 V. In the paced cells, contrac-
tion/relaxation parameters and calcium transients, including relaxation and Ca2+ reuptake
values (T50), were analyzed in >10 cells/mice using high-throughput IonOptix system.

2.6. Cardiomyocyte Stimulation and Immunoblot Analysis

Freshly isolated cardiomyocytes were stimulated for 10 min at room temperature in
1.5 mL reaction tubes. After harvesting, cells were lysed in RIPA buffer (150 mM NaCl,
1% triton, 0.1% SDS, 0.5% sodium deoxycholate, 50 mM tris pH 8.0, and phosphatase and
protease inhibitors and then sonicated (3 × 15 s, 30%). After adding 4× Laemmli loading
dye, samples were boiled for 5 min at 95 ◦C. Proteins were size separated on 15% poly-
acrylamide gels using SDS polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
onto PVDF membrane (Biorad, Feldkirchen, Germany) using the tank blot method.

For immunodetection, P-PLN (dilution 1:5000, Badrilla A010-12) and T-PLN (dilution
1:2500, abcam 126174) were used as specific primary antibodies. Images were analyzed
with ImageJ 1.44 software.

2.7. siRNA-Mediated Silencing of PDE1

For siRNAs, on-target plus siRNA SMART pools from Dharmacon (mouse PDE1A,
L-047396-01-0005, and mouse PDE1C, L-041116-01-0005) were used.

For transfection with siRNA, freshly isolated cardiomyocytes were plated on laminin-
coated coverslips. At 2 h after plating, cardiomyocytes were transfected with siRNA (25 nM
siRNA per well) using DharmaFECT transfection reagent (Dharmacon, Horizon Discovery,
Waterbeach, UK, #T-2001-02), according to the manufacturer’s instructions. Cells were used
for FRET experiments 48 h after transfection.

2.8. Statistics

GraphPad Prism 9 (version 9.3.0) was used for statistical analysis. Data are presented
as mean ± SEM. Normal distribution was tested via D’Agostino’s and Pearson’s tests.
For a small sample number (n < 8), normal distribution was tested with the Kolmogorov–
Smirnov test. Normally distributed data were analyzed using an unpaired or paired t-test,
or one-way ANOVA followed by Sidak’s multiple comparisons test. Measurements taken
from several cells from different mice were assessed with a nested t-test or nested ANOVA.
Values of p < 0.05 were considered statistically significant.

3. Results

To analyze the effect of PDE1 inhibition on cGMP levels in adult mouse ventricular
cardiomyocytes, we performed cGMP live cell imaging in cells expressing the FRET-based
cGMP biosensor red-cGES-DE5 [9]. Live-cell FRET measurements showed an increase
in intracellular cGMP in response to the selective PDE1 inhibitor ITI-214 applied alone
(Figure 1A,C).

PDE1 is a Ca2+/calmodulin regulated PDE and the binding of Ca2+/calmodulin to
PDE1 stimulates cyclic nucleotide hydrolysis [3]. To assess how Ca2+ fluctuations during
excitation–contraction coupling in cardiomyocytes impact PDE1 activity, we measured
cGMP-FRET responses to PDE1 inhibition in paced cardiomyocytes. Therefore, we used an
electric field stimulation protocol which leads to consistent Ca2+ transients but does not
interfere with normal FRET measurements [10]. Treatment with ITI-214 alone showed rela-
tively small cGMP-FRET responses with no significant differences in paced cardiomyocytes
as compared to resting cells (Figure 1B,C).
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Figure 1. PDE1 inhibition increases cGMP-FRET in murine ventricular myocytes. (A,B) Represen-
tative raw fluorescence cell images in both fluorophore channels of the red-cGES-DE5 sensor and
cGMP-FRET responses to PDE1 inhibition with ITI-214 (1 µM) alone. Representative traces showing
the effect in resting (A) and paced (B) myocytes. (C) Quantification of cGMP-FRET responses to
basal PDE1 inhibition shown in (A,B). Number of measured cardiomyocytes/mice were as follows:
resting, 26/9; paced, 17/7.

Cardiac cGMP is compartmentalized in several subcellular microdomains by local pools
of PDEs and GCs, including NO-GC and membrane-bound or particulate GCs, which are
receptors for natriuretic peptides [11,12]. To analyze the effect of PDE1 on the particulate
GC-generated cGMP, we performed cGMP-FRET measurements using PDE1 inhibitor ITI-214
after prestimulation with submaximal concentrations of the C-type natriuretic peptide CNP.
In resting myocytes, CNP stimulation raised cytosolic cGMP as expected. The subsequent
addition of ITI-214 further increased cGMP levels. Additionally, we treated the cells with the
pan-PDE inhibitor IBMX to induce maximal cGMP-FRET response (Figure 2A). To investigate
whether electric field stimulation has any effect on cGMP-FRET response to ITI-214 after
prestimulation with CNP, we performed the same FRET protocol in paced cardiomyocytes.
Our measurements showed no significant differences in cGMP-FRET response to ITI-214 after
CNP prestimulation between resting and paced cardiomyocytes (Figure 2A,C).

Next, we investigated whether PDE1 plays a direct role in the regulation of cGMP
generated by particulate GC. Therefore, we measured the CNP-induced cGMP-FRET response
in resting and paced cardiomyocytes after the inhibition of PDE1 with ITI-214, followed by
IBMX (Figure 2B). The quantification of cytosolic FRET responses revealed no significant
change in CNP-induced cGMP-FRET response following PDE1 inhibition either in resting or in
paced cardiomyocytes compared to CNP response without PDE1 preinhibition (Figure 2B,C).
Interestingly, the ITI-214 response after CNP was significantly increased compared to ITI-214
without CNP prestimulation in both resting and paced cells (Figure 2C).

Cardiomyocyte cGMP can also be generated by NO-sensitive GC (NO-GC). Therefore,
we further investigated the effect of PDE1 on NO-GC/cGMP signaling using the NO-donor
sodium nitroprusside (SNP) to stimulate NO-GC and measured cGMP-FRET response to
ITI-214 after SNP-prestimulation in resting and paced cardiomyocytes. As already shown
in several studies [13,14], SNP alone only led to a negligible increase in cGMP-FRET in both
resting and paced cardiomyocytes (Figure 3A,C). ITI-214 after SNP raised cytosolic cGMP
in resting and paced myocytes, which can be further increased by IBMX. In paced cells, the
ITI-214 response after SNP was significantly increased compared to resting cells (Figure 3A,C).
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Figure 2. PDE1 is not directly involved in the regulation of the cGMP pool generated by particulate
guanylyl cyclase. (A) Representative FRET traces for the cGMP-FRET response in resting and paced
myocytes to PDE1 inhibition with ITI-214 (1 µM) after stimulation with natriuretic peptide CNP
(30 nM) followed by the pan-PDE inhibitor IBMX (100 µM). (B) Representative FRET traces for the
cGMP-FRET response in resting and paced myocytes treated with ITI-214 (1 µM) followed by CNP
(30 nM) and IBMX (100 µM). (C) Quantification of the FRET responses shown in (A,B). Number of
measured cardiomyocytes/mice were as follows: CNP resting and ITI-214 after CNP resting = 12/6;
CNP paced and ITI-214 after CNP paced = 18/4; ITI-214 resting and CNP after ITI-214 resting = 15/5;
ITI-214 paced and CNP after ITI-214 paced = 9/3. Data in (C) were analyzed using nested t-test,
* p < 0.05.

Next, we investigated whether PDE1 plays a direct role in the regulation of the NO-
GC/cGMP pool. Therefore, we performed cGMP-FRET measurements where we first blocked
PDE1 with ITI-214, which raised cGMP levels, as already shown previously (Figures 1 and 2),
and then stimulated the cells with the NO-donor SNP followed by IBMX. Strikingly, SNP
after ITI-214 led to a ~2-fold increase in cGMP-FRET compared to SNP alone in both resting
and paced myocytes (Figure 3B,C). These findings suggest a functional role of PDE1 in the
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regulation of the NO-GC/cGMP microdomain. In paced myocytes, ITI-214 response after
SNP was significantly increased compared to ITI-214 without SNP prestimulation (Figure 3C).
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Figure 3. PDE1 is involved in the regulation of the cGMP pool generated by NO-GC. (A) Representa-
tive FRET traces for the cGMP-FRET response in resting and paced myocytes to PDE1 inhibition with
ITI-214 (1 µM) after stimulation with NO-donor sodium nitroprusside (SNP, 50 µM), followed by
the pan-PDE inhibitor IBMX (100 µM). (B) Representative FRET traces for cGMP-FRET response in
resting and paced myocytes treated with ITI-214 (1 µM) followed by SNP (50 µM) and IBMX (100 µM).
(C) Quantification of FRET responses shown in (A,B). Number of measured cardiomyocytes/mice
were as follows: SNP resting and ITI-214 after SNP resting = 14/4; SNP paced and ITI-214 after SNP
paced = 13/5; ITI-214 resting and SNP after ITI-214 resting = 11/4; ITI-214 paced and SNP after
ITI-214 paced = 8/4. Data in (C) were analyzed via a nested t-test, * p < 0.05, ** p < 0.01, *** p < 0.001.

cGMP/cGMP-dependent protein kinase I (PKG also known as cGKI) mediated the
phosphorylation of phospholamban (PLN), and subsequent activation of the sarcoplasmic
reticulum Ca2+-ATPase (SERCA2a) activity exerted positive lusitropic effects in rodent
hearts [15–17]. Hence, we further investigated the effect of PDE1 inhibition in combination
with CNP or SNP on Ca2+ transients (Figure 4A,B), Ca2+ re-uptake kinetics (Figure 4C) and
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sarcomere shortening (Figure 4D,E) and relaxation (T50) (Figure 4F) in isolated myocytes.
Interestingly, ITI-214, in combination with both CNP and SNP, but not alone, showed clear
positive lusitropic effects, improving the relaxation of isolated myocytes (Figure 4).
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Figure 4. ITI-214 in combination with CNP or SNP shows positive lusitropic effects in isolated myocytes.
(A) Representative Ca2+ transients from cardiomyocytes treated with C-type natriuretic peptide CNP
(100 nM) or CNP in combination with PDE1 inhibitor ITI-214 (1 µM). (B) Representative Ca2+ transients
from cardiomyocytes treated with the NO-donor SNP (50 µM) or SNP in combination with the PDE1
inhibitor ITI-214 (1 µM). (C) Analysis of Ca2+ re-uptake kinetics (T50) from experiments shown in (A,B).
(D) Representative traces (mean of five cells) of sarcomere shortening from cardiomyocytes treated
with natriuretic peptide CNP (100 nM) or CNP in combination with PDE1 inhibitor ITI-214 (1 µM).
(E) Representative traces (mean of five cells) of sarcomere shortening from cardiomyocytes treated with
NO-donor SNP (50 µM) or SNP in combination with PDE1 inhibitor ITI-214 (1 µM). (F) Relaxation (T50) in
isolated myocytes treated with CNP (100 nM) or CNP in combination with ITI-214 (1 µM), SNP (50 µM) or
SNP in combination with ITI-214, or ITI-214 (1 µM) alone. Number of measured cardiomyocytes/mice
were as follows: basal = 49/5; CNP = 35/5; CNP + ITI-214 = 25/5; SNP = 50/8; SNP + ITI-214 = 41/7;
ITI-214 = 19/5. Data in (C,F) were analyzed using an unpaired t-test, * p < 0.05, ** p < 0,01, ## p < 0.01 vs.
basal, ### p < 0.001 vs. basal, § < 0.05 vs. ITI-214, §§ < 0.01 vs. ITI-214, §§§ < 0.001 vs. ITI-214.
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PKG can increase SERCA2a activity through the phosphorylation of PLN at Ser-16,
thereby increasing cytosolic Ca2+ re-uptake [15,16,18]. In order to test whether PDE1 in-
hibition affects PLN phosphorylation (at Ser-16) after stimulation of pGC/cGMP/cGKI-
or NO-GC/cGMP/cGKI-signaling axis, we performed the immunoblot analysis of my-
ocytes treated with a combination of CNP and PDE1 inhibitor and CNP alone or SNP and
PDE1 inhibitor and SNP alone. As expected, cells treated with CNP showed a significant
increase in PLN phosphorylation (Ser-16) compared to untreated controls. Also, ITI-214
alone slightly but significantly increased PLN phosphorylation (Ser-16) as compared to the
control. The combination of CNP and ITI-214 further increased the phosphorylation of PLN
compared to CNP or ITI-214 alone (Figure 5A). Interestingly, whereas SNP alone did not
increase PLN phosphorylation (Ser-16), the combination of SNP and ITI-214 significantly
increased the phosphorylation of PLN (Ser-16) compared to untreated control and ITI-214
alone (Figure 5B).
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and SNP stimulation. (A) Isolated cardiomyocytes were stimulated with CNP (10 nM), ITI-214 (1 
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quantification of phospholamban phosphorylation at Ser-16 (P-PLN). Samples were normalized to 
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Figure 5. Inhibition of PDE1 amplifies phospholamban (PLN) phosphorylation at Ser-16 upon CNP
and SNP stimulation. (A) Isolated cardiomyocytes were stimulated with CNP (10 nM), ITI-214
(1 µM), and the combination of CNP (10 nM) + ITI-214 (1 µM). Representative immunoblots and
the quantification of phospholamban phosphorylation at Ser-16 (P-PLN). Samples were normalized
to total phospholamban (T-PLN). Quantification from n = 8 mice is shown. (B) Representative
immunoblots and quantification of P-PLN in isolated murine myocytes stimulated with SNP (50 µM),
ITI-214 (1 µM), and SNP (50 µM) + ITI-214 (1 µM). Samples were normalized to T-PLN. Quantification
from n = 9 mice is shown. Data in (A,B) were analyzed using one-way ANOVA followed by Sidak’s
multiple comparisons test, ** p < 0.01, *** p < 0.001.

ITI-214 is a picomolar PDE inhibitor with excellent selectivity over other PDE fam-
ilies [7]. Its inhibitory constant (PDE1A Ki = 34 pmol; PDE1B Ki = 380 pmol; PDE1C
Ki = 37 pmol) has >1000-fold selectivity for the nearest other PDE family (PDE4D Ki = 33 nM)
and 10,000–300,000-fold selectivity towards all other PDE enzyme families [19].

In murine cardiomyocytes, PDE3A is the main PDE responsible for the regulation of
basal and stimulated cGMP degradation [9], and also in human cardiomyocytes, PDE3A
is the most abundant PDE expressed [20]. PDE3A was shown to control PLN-SERCA2a
activity by acting in a SERCA2a-PLN-A-kinase anchoring protein 18 (AKAP18) multiprotein
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complex [21–23]. In order to ensure that the increase in PLN phosphorylation by ITI-
214 (as seen in Figure 5) was not caused by ITI-214 affecting PDE3A activity, we used
cardiomyocytes from mice with a cardiomyocyte-specific deletion of PDE3A using the
Cre/loxP system [9] and then analyzed PLN phosphorylation. Immunoblot analysis in
PDE3Ad/dCre+ cardiomyocytes revealed increased PLN phosphorylation at Ser-16 in cells
treated with either CNP, ITI-214, or a combination of both (Figure 6). Cells treated with a
combination of SNP and PDE1 inhibitor but not with SNP alone showed increased PLN
phosphorylation at Ser-16 compared to untreated controls and cells treated with ITI-214
alone (Figure 6). This supports our hypothesis that PDE1 is involved in the regulation of
particulate GC/cGMP/PKG-signaling.
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responsible for the regulation of the NO-GC/cGMP microdomain, we selectively silenced 
PDE1A, PDE1C, or both subfamilies together in mouse cardiomyocytes using siRNA and 
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Figure 6. Inhibition of PDE1 amplifies phospholamban phosphorylation at Ser-16 upon CNP and SNP
stimulation in PDE3A KO mice. (A,B) Isolated cardiomyocytes from homozygous PDE3A KO mice
(PDE3A+/+/Cre+) were stimulated with CNP (10 nM), ITI-214 (1 µM), and CNP (10 nM) + ITI-214
(1 µM) (A) or SNP (50 µM), ITI-214 (1 µM), and SNP (50 µM) + ITI-214 (1 µM) (B). Representative
immunoblots and the quantification of phospholamban phosphorylation at Ser-16 (P-PLN) and total
phospholamban (T-PLN). Samples were normalized to T-PLN. Quantification from n = 5 mice for
(A,B) are shown. Data in (A,B) were analyzed using one-way ANOVA followed by Sidak’s multiple
comparisons test, * p < 0.05, ** p < 0.01, *** p < 0.001, n.s.—not significant.

In order to address the question of which PDE1 subfamily—PDE1A or PDE1C—is
responsible for the regulation of the NO-GC/cGMP microdomain, we selectively silenced
PDE1A, PDE1C, or both subfamilies together in mouse cardiomyocytes using siRNA and
performed cGMP-FRET measurements (Figure 7, Supplementary Figure S1). Interestingly,
the knockdown of PDE1A significantly reduced cGMP-FRET response to ITI-214 after stimu-
lation with NO-donor SNP (Figure 7B,E). Whereas silencing PDE1C alone had no significant
effect on ITI-214 FRET response, the combined silencing of PDE1A and PDE1C showed an
even greater, almost complete inhibition of ITI-214 response after SNP (Figure 7C,E). This
indicates that both PDE1A and PDE1C together regulate the NO-GC/cGMP microdomain
in mouse cardiomyocytes.
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Figure 7. PDE1A and PDE1C in concert regulate the NO-GC/cGMP microdomain. (A–D) Representa-
tive FRET traces for the cGMP-FRET response in resting myocytes after siRNA treatment with Ctr (A),
PDE1A (B), PDE1C (C), and PDE1A + 1C (D) siRNA to PDE1 inhibition with ITI-214 (1 µM) after stim-
ulation with NO-donor sodium nitroprusside (SNP, 50 µM), followed by the pan-PDE inhibitor IBMX
(100 µM). (E) Quantification of ITI-214 FRET responses after stimulation with SNP shown in (A–D).
Number of measured cardiomyocytes/mice were as follows: Ctr siRNA = 6/3; PDE1A siRNA = 6/3;
PDE1C siRNA = 8/3; PDE1A + 1C siRNA = 7/3. Data in (E) were analyzed using one-way ANOVA
followed by Sidak’s multiple comparisons test, * p < 0.05, ** p < 0.01, n.s.—not significant.

4. Discussion

In the present investigation, we used a FRET-based cGMP live-cell imaging approach
with a highly sensitive sensor red-cGES-DE5 to show that PDE1 inhibition by ITI-214 could
unmask the effect of the NO-GC/cGMP pathway in adult mouse ventricular myocytes
(Figures 1–3). To the best of our knowledge, this is the first time that a direct, immedi-
ate effect of PDE1 inhibition on cGMP levels stimulated by NO donors in adult murine
ventricular myocytes could be shown.
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Previously, ITI-214 was used in several studies to investigate its effect on heart fail-
ure in heart failure models [4,5,8]. In the first publication, ITI-214 was administered to
heart failure dogs and rabbits to analyze pressure–volume relationships in vivo [4]. This
treatment resulted in acute inotropic, lusitropic, and arterial vasodilatory effects. Interest-
ingly, unlike inotropic effects from β-adrenergic receptor stimulation or PDE3 inhibition,
these inotropic effects were not accompanied by an increase in Ca2+ transient amplitude.
However, they occurred mainly via cAMP modulation coupled to adenosine A2B receptor
(A2BR) signaling rather than β-adrenergic signaling. At the same time, it was also shown
that ITI-214 was able to elevate cAMP in isolated rabbit cardiomyocytes in the presence
of forskolin when compared with forskolin alone. Later, as the possible mechanism to
explain the positive inotropic response to PDE1 inhibition with ITI-214, it was reported that
in primary guinea pig myocytes, ITI-214 could enhance myocyte contractility through a
PKA-dependent increase in CaV1.2 (L-type calcium channel) conductance without alter-
ing SERCA2a or Na+/Ca2+ exchanger function [5]. Interestingly, PDE1 was found to be
localized in close functional proximity of CaV1.2 channels, which are known to reside in
caveolin-rich membrane microdomains where NO-GC is also located [5].

ITI-214 is the highly selective inhibitor for PDE1 subtypes; however, it has similar
affinities for PDE1A and PDE1C [19]. Therefore, at present, it is not possible to distinguish
completely which PDE1 subtype—1A or 1C—plays a role in ITI-214 effects in vivo. In
our study, we used the siRNA-mediated silencing of both PDE1 subfamilies to study their
relative roles in the regulation of cGMP dynamics in the NO-GC/cGMP microdomain.
Despite the fact that PDE1C is the main Ca2+/calmodulin-stimulated PDE in myocytes and
PDE1A is expressed at very low levels, PDE1A seems to be an important regulator of local
cGMP and its effect is amplified by PDE1C. It is possible that both PDE1A and PDE1C,
which obviously act in concert to regulate cGMP levels, localize in close proximity to NO-
GC, and therefore, the down-regulation of both subfamilies could produce a complete effect.
Further studies are needed to study their exact subcellular localization and interaction with
macromolecular complexes. Importantly, since PDE1C is a predominant PDE1 subfamily
in the human heart and has a higher hydrolytic activity compared to PDE1A hydrolytic
activities (about 1/20–1/50) [3], ITI-214 effects on NO/cGMP and CNP/cGMP in myocytes
from humans and larger mammals could be mainly due to its inhibition of PDE1C.

However, several studies were performed using PDE1C KO mice showing a connection
between PDE1C and the cAMP/PKA signaling pathway but not the cGMP/PKG pathway.
Knight et al. [24] showed, in adult mouse cardiomyocytes, that PDE1C deficiency (through
pde1c gene deletion) or inhibition (with IC86340) attenuated myocyte death and apoptosis,
which was linked to cAMP/PKA and PI3K/AKT signaling. Two years later, the same
group could identify the specific cAMP signaling pathway modulated by PDE1C and
determine the mechanism by which PDE1C is activated. They showed that PDE1C is
found in a multiprotein complex together with the transient receptor potential–canonical
channel member 3 (TRPC3) and A2R. Thereby, PDE1C, activated by TRPC3-derived Ca2+,
antagonizes A2R-cAMP signaling and promotes cardiomyocyte death/apoptosis [25].

Since PDE1C is the main PDE1 isoform expressed in larger mammals, including
humans, and the inotropic responses found in the respective studies were PKA-dependent,
it was claimed that cAMP is the primary regulated cyclic nucleotide by PDE1. However, the
precise localization of PDE1-regulated cAMP microdomains remained uninvestigated, and
besides cAMP, PDE1C is known to degrade cGMP with similar affinities. It is possible that
PDE1C acts as a potential integrator at the interface of cAMP-, cGMP-, and Ca2+-mediated
signals in cardiomyocytes [26]. Furthermore, not only PDE1C but also PDE1A, which
is >20 times more selective for cGMP, is expressed in larger mammals and humans [4,6].
So far, the regulation of cardiac cGMP by PDE1 has not been directly addressed and the
potential role for cGMP remains unanswered.

While in this study, the preinhibition of PDE1 did not affect the amplitude of CNP-
induced cGMP-FRET response in resting and paced cardiomyocytes (Figure 2C), it was able
to increase the SNP-induced cGMP-FRET response by ~2-fold (Figure 3C). These findings
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suggest a direct functional role of PDE1 in the local restriction of NO-GC-generated cGMP.
However, it needs to be mentioned that, here, we used only the cytosolic FRET sensor
red-cGES-DE5 [9] for our FRET measurements. Particulate GCs were localized to the
cardiomyocyte membrane. Even though it is known that CNP leads to far-reaching cGMP
signals in the cell [27], it would be interesting to investigate the effect of PDE1 inhibition
using the cGMP biosensor pmDE5 targeted to the caveolin-rich membrane domain in
myocytes [27].

PDE1 is a Ca2+/calmodulin-regulated PDE. Interestingly, we saw no significant dif-
ferences in FRET-response to ITI-214 alone or ITI-214 after CNP-prestimulation between
resting and paced myocytes (Figure 2), suggesting the low impact of rapidly changing
Ca2+ concentrations on pGC-generated cytosolic cGMP. However, investigating the cGMP-
pool generated by NO-GC, we saw significantly increased ITI-214 FRET response after
SNP prestimulation in paced cells compared to resting cells (Figure 3). This supports
our hypothesis that PDE1 plays an important role in the regulation of the NO-GC/cGMP
microdomain (Figure 8).
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Figure 8. Schematic illustration of the proposed role of PDE1 in the regulation of the NO-GC/cGMP
microdomain and mouse ventricular myocyte contractility. Cardiac cGMP is compartmentalized
in subcellular microdomains by local pools of PDEs and GC, including NO-GC and pGC. PDE1A
in concert with PDE1C compartmentalizes NO-GC-generated cGMP. Additionally, PDE1 controls
cGMP/PKG signaling at the sarcoplasmic reticulum, thereby regulating myocyte contractility.

In a study published by our group a few years ago, we investigated the interactions
of Ca2+ fluctuations during cardiomyocyte contraction with real-time cAMP dynamics
in cardiomyocytes expressing the cAMP FRET biosensor Epac1-camps in the cytosol and
the subsarcolemmal microdomains [10]. While we could not detect any significant dif-
ference between resting and paced cardiomyocytes in the cAMP-FRET response to the
PDE1 inhibitor 8-methoxymethyl-3-isobutyl-1-methylxanthine (8-MMX) after isoprenaline
treatment, the prestimulation of cells with the direct adenylyl cyclase activator forskolin
significantly increased PDE1 contribution to cAMP hydrolysis in paced myocytes com-
pared to resting myocytes. This effect could be mimicked by the preincubation of resting
cardiomyocytes with Ca2+ elevating agents such as thapsigargin and calcium ionophore,
suggesting the calcium-dependent nature of this response [10].

Immunoblot analysis revealed significantly increased PLN phosphorylation at Ser-16
in myocytes treated with a combination of SNP and PDE1 inhibitor but not with SNP
alone (Figure 5), which was not PDE3-related (Figure 6). Together with our myocyte
contraction data showing that ITI-214 in combination with SNP but not SNP alone has



Cells 2023, 12, 2759 13 of 15

positive lusitropic effects (Figure 4), these results support our FRET data showing that
PDE1 is involved in the local restriction NO-GC-generated cGMP.

While in our study, ITI-214 alone was able to significantly increase PLN phosphoryla-
tion at Ser-16 (Figure 5), Muller et al. [5] was not able to detect any significant elevation of
PLN phosphorylation by ITI-214 alone. There could be several reasons for this. We used
mouse cardiomyocytes in our study, whereas Muller et al. used myocytes from guinea pigs,
which differ in their PDE1 isoform expression. Furthermore, to probe for PLN phosphory-
lation, Muller et al. incubated the myocytes for 5 min with drug solutions [5], whereas we
chose 10 min as the incubation time in our study.

Further investigations will be needed to show whether the administration of ITI-
214 in vivo could produce changes in the cGMP pathway. Importantly, based on our
present study, a combination of drugs, such as PDE1C inhibitor and cGMP-elevating
drugs, is needed to test therapeutic effects. There is a known danger that the combined
application of cGMP-elevating drug and cGMP-PDE inhibitors could produce severe side
effects. For example, using sildenafil, targeting PDE5 in blood vessels, together with
nitroglycerin (NO/GC/cGMP production also in blood vessels) is not recommended, since
these medications together could cause a sharp drop in blood pressure.

However, potentially PDE1C-specific inhibitors could be a good choice for combined
application with cGMP-elevating drugs in humans, such as GC activators or stimulators.
It has been shown that PDE1C is not expressed in the human aorta [28], and thus, effects
of this treatment on blood pressure cannot be expected. On the other hand, PDE1C was
shown to be induced in isolated proliferating human smooth muscle cells, which could
occur, for example, during the development of atherosclerotic plaque. Therefore, the
application of the PDE1C inhibitor under those pathological conditions could also be
beneficial. In contrast, PDE1A is expressed ubiquitously in multiple tissues with high level
expression in smooth muscle cells. Therefore, specific PDE1A inhibitors cannot be used as
cardio-specific drugs [28].

5. Conclusions

In conclusion, we have demonstrated a so far unknown role of PDE1 in the regulation
of the NO-GC/cGMP microdomain linked to ventricular myocyte contractility. Our data
suggest that PDE1 inhibition could be beneficial in combination with cGMP-elevating
drugs for the treatment of cardiac diseases.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cells12232759/s1. Supplementary Figure S1. Control of siRNA-
mediated silencing.

Author Contributions: Conceptualization, S.D.R. and V.O.N.; methodology, N.I.B., H.S. and R.K.;
investigation, N.I.B., V.O.N. and S.D.R.; writing—original draft preparation, N.I.B., V.O.N. and S.D.R.;
writing—review and editing, all authors. All authors have read and agreed to the published version
of the manuscript.

Funding: This work was supported by the Deutsche Forschungsgemeinschaft, grant FOR2060, and
the Gertraud und Heinz Rose-Stiftung.

Institutional Review Board Statement: The animal organ isolation and cell harvest protocols were
approved by the BGJ Hamburg (ORG_1010 and ORG_1113).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article or the Supplementary Materials.
Raw data and materials are available from the authors upon reasonable request.

Acknowledgments: We thank Viktoria Hänel for her excellent technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/cells12232759/s1
https://www.mdpi.com/article/10.3390/cells12232759/s1


Cells 2023, 12, 2759 14 of 15

References
1. Conti, M.; Beavo, J. Biochemistry and physiology of cyclic nucleotide phosphodiesterases: Essential components in cyclic

nucleotide signaling. Annu. Rev. Biochem. 2007, 76, 481–511. [CrossRef] [PubMed]
2. Baillie, G.S.; Tejeda, G.S.; Kelly, M.P. Therapeutic targeting of 3’,5’-cyclic nucleotide phosphodiesterases: Inhibition and beyond.

Nat. Rev. Drug Discov. 2019, 18, 770–796. [CrossRef]
3. Bender, A.T.; Beavo, J.A. Cyclic nucleotide phosphodiesterases: Molecular regulation to clinical use. Pharmacol. Rev. 2006, 58,

488–520. [CrossRef] [PubMed]
4. Hashimoto, T.; Kim, G.E.; Tunin, R.S.; Adesiyun, T.; Hsu, S.; Nakagawa, R.; Zhu, G.; O’Brien, J.J.; Hendrick, J.P.; Davis, R.E.; et al.

Acute Enhancement of Cardiac Function by Phosphodiesterase Type 1 Inhibition. Circulation 2018, 138, 1974–1987. [PubMed]
5. Muller, G.K.; Song, J.; Jani, V.; Wu, Y.; Liu, T.; Jeffreys, W.P.D.; O’Rourke, B.; Anderson, M.E.; Kass, D.A. PDE1 Inhibition

Modulates Ca(v)1.2 Channel to Stimulate Cardiomyocyte Contraction. Circ. Res. 2021, 129, 872–886. [PubMed]
6. Miller, C.L.; Oikawa, M.; Cai, Y.; Wojtovich, A.P.; Nagel, D.J.; Xu, X.; Xu, H.; Florio, V.; Rybalkin, S.D.; Beavo, J.A.; et al. Role of

Ca2+/calmodulin-stimulated cyclic nucleotide phosphodiesterase 1 in mediating cardiomyocyte hypertrophy. Circ. Res. 2009,
105, 956–964. [CrossRef]

7. Li, P.; Zheng, H.; Zhao, J.; Zhang, L.; Yao, W.; Zhu, H.; Beard, J.D.; Ida, K.; Lane, W.; Snell, G.; et al. Discovery of Potent and
Selective Inhibitors of Phosphodiesterase 1 for the Treatment of Cognitive Impairment Associated with Neurodegenerative and
Neuropsychiatric Diseases. J. Med. Chem. 2016, 59, 1149–1164. [CrossRef]

8. Gilotra, N.A.; DeVore, A.D.; Povsic, T.J.; Hays, A.G.; Hahn, V.S.; Agunbiade, T.A.; DeLong, A.; Satlin, A.; Chen, R.; Davis, R.; et al.
Acute Hemodynamic Effects and Tolerability of Phosphodiesterase-1 Inhibition With ITI-214 in Human Systolic Heart Failure.
Circ. Heart Fail. 2021, 14, e008236. [CrossRef]

9. Bork, N.I.; Kuret, A.; Cruz Santos, M.; Molina, C.E.; Reiter, B.; Reichenspurner, H.; Friebe, A.; Skryabin, B.V.; Rozhdestvensky, T.S.;
Kuhn, M.; et al. Rise of cGMP by partial phosphodiesterase-3A degradation enhances cardioprotection during hypoxia. Redox
Biol. 2021, 48, 102179. [CrossRef]

10. Sprenger, J.U.; Bork, N.I.; Herting, J.; Fischer, T.H.; Nikolaev, V.O. Interactions of Calcium Fluctuations during Cardiomyocyte
Contraction with Real-Time cAMP Dynamics Detected by FRET. PLoS ONE 2016, 11, e0167974. [CrossRef]

11. Zhang, M.; Kass, D.A. Phosphodiesterases and cardiac cGMP: Evolving roles and controversies. Trends Pharmacol. Sci. 2011, 32,
360–365. [CrossRef] [PubMed]

12. Kuhn, M. Molecular Physiology of Membrane Guanylyl Cyclase Receptors. Physiol. Rev. 2016, 96, 751–804. [CrossRef] [PubMed]
13. Menges, L.; Krawutschke, C.; Fuchtbauer, E.M.; Fuchtbauer, A.; Sandner, P.; Koesling, D.; Russwurm, M. Mind the gap (junction):

cGMP induced by nitric oxide in cardiac myocytes originates from cardiac fibroblasts. Br. J. Pharmacol. 2019, 176, 4696–4707.
[CrossRef]

14. Calamera, G.; Li, D.; Ulsund, A.H.; Kim, J.J.; Neely, O.C.; Moltzau, L.R.; Bjornerem, M.; Paterson, D.; Kim, C.; Levy, F.O.; et al.
FRET-based cyclic GMP biosensors measure low cGMP concentrations in cardiomyocytes and neurons. Commun. Biol. 2019,
2, 394. [CrossRef]

15. Pierkes, M.; Gambaryan, S.; Boknik, P.; Lohmann, S.M.; Schmitz, W.; Potthast, R.; Holtwick, R.; Kuhn, M. Increased effects of
C-type natriuretic peptide on cardiac ventricular contractility and relaxation in guanylyl cyclase A-deficient mice. Cardiovasc. Res.
2002, 53, 852–861. [CrossRef]

16. Wollert, K.C.; Yurukova, S.; Kilic, A.; Begrow, F.; Fiedler, B.; Gambaryan, S.; Walter, U.; Lohmann, S.M.; Kuhn, M. Increased effects
of C-type natriuretic peptide on contractility and calcium regulation in murine hearts overexpressing cyclic GMP-dependent
protein kinase I. Br. J. Pharmacol. 2003, 140, 1227–1236. [CrossRef] [PubMed]

17. Brusq, J.M.; Mayoux, E.; Guigui, L.; Kirilovsky, J. Effects of C-type natriuretic peptide on rat cardiac contractility. Br. J. Pharmacol.
1999, 128, 206–212. [CrossRef]

18. Frantz, S.; Klaiber, M.; Baba, H.A.; Oberwinkler, H.; Volker, K.; Gabetaner, B.; Bayer, B.; Abebetaer, M.; Schuh, K.; Feil, R.; et al.
Stress-dependent dilated cardiomyopathy in mice with cardiomyocyte-restricted inactivation of cyclic GMP-dependent protein
kinase I. Eur. Heart J. 2013, 34, 1233–1244. [CrossRef]

19. Snyder, G.L.; Prickaerts, J.; Wadenberg, M.L.; Zhang, L.; Zheng, H.; Yao, W.; Akkerman, S.; Zhu, H.; Hendrick, J.P.;
Vanover, K.E.; et al. Preclinical profile of ITI-214, an inhibitor of phosphodiesterase 1, for enhancement of memory performance
in rats. Psychopharmacology 2016, 233, 3113–3124. [CrossRef]

20. Richter, W.; Xie, M.; Scheitrum, C.; Krall, J.; Movsesian, M.A.; Conti, M. Conserved expression and functions of PDE4 in rodent
and human heart. Basic. Res. Cardiol. 2011, 106, 249–262. [CrossRef]

21. Beca, S.; Ahmad, F.; Shen, W.; Liu, J.; Makary, S.; Polidovitch, N.; Sun, J.; Hockman, S.; Chung, Y.W.; Movsesian, M.; et al.
Phosphodiesterase type 3A regulates basal myocardial contractility through interacting with sarcoplasmic reticulum calcium
ATPase type 2a signaling complexes in mouse heart. Circ. Res. 2013, 112, 289–297. [CrossRef]

22. Ahmad, F.; Shen, W.; Vandeput, F.; Szabo-Fresnais, N.; Krall, J.; Degerman, E.; Goetz, F.; Klussmann, E.; Movsesian, M.;
Manganiello, V. Regulation of sarcoplasmic reticulum Ca2+ ATPase 2 (SERCA2) activity by phosphodiesterase 3A (PDE3A) in
human myocardium: Phosphorylation-dependent interaction of PDE3A1 with SERCA2. J. Biol. Chem. 2015, 290, 6763–6776.
[CrossRef] [PubMed]

https://doi.org/10.1146/annurev.biochem.76.060305.150444
https://www.ncbi.nlm.nih.gov/pubmed/17376027
https://doi.org/10.1038/s41573-019-0033-4
https://doi.org/10.1124/pr.58.3.5
https://www.ncbi.nlm.nih.gov/pubmed/16968949
https://www.ncbi.nlm.nih.gov/pubmed/30030415
https://www.ncbi.nlm.nih.gov/pubmed/34521216
https://doi.org/10.1161/CIRCRESAHA.109.198515
https://doi.org/10.1021/acs.jmedchem.5b01751
https://doi.org/10.1161/CIRCHEARTFAILURE.120.008236
https://doi.org/10.1016/j.redox.2021.102179
https://doi.org/10.1371/journal.pone.0167974
https://doi.org/10.1016/j.tips.2011.02.019
https://www.ncbi.nlm.nih.gov/pubmed/21477871
https://doi.org/10.1152/physrev.00022.2015
https://www.ncbi.nlm.nih.gov/pubmed/27030537
https://doi.org/10.1111/bph.14835
https://doi.org/10.1038/s42003-019-0641-x
https://doi.org/10.1016/S0008-6363(01)00543-0
https://doi.org/10.1038/sj.bjp.0705567
https://www.ncbi.nlm.nih.gov/pubmed/14609817
https://doi.org/10.1038/sj.bjp.0702766
https://doi.org/10.1093/eurheartj/ehr445
https://doi.org/10.1007/s00213-016-4346-2
https://doi.org/10.1007/s00395-010-0138-8
https://doi.org/10.1161/CIRCRESAHA.111.300003
https://doi.org/10.1074/jbc.M115.638585
https://www.ncbi.nlm.nih.gov/pubmed/25593322


Cells 2023, 12, 2759 15 of 15

23. Lygren, B.; Carlson, C.R.; Santamaria, K.; Lissandron, V.; McSorley, T.; Litzenberg, J.; Lorenz, D.; Wiesner, B.; Rosenthal, W.;
Zaccolo, M.; et al. AKAP complex regulates Ca2+ re-uptake into heart sarcoplasmic reticulum. EMBO Rep. 2007, 8, 1061–1067.
[CrossRef] [PubMed]

24. Knight, W.E.; Chen, S.; Zhang, Y.; Oikawa, M.; Wu, M.; Zhou, Q.; Miller, C.L.; Cai, Y.; Mickelsen, D.M.; Moravec, C.; et al. PDE1C
deficiency antagonizes pathological cardiac remodeling and dysfunction. Proc. Natl. Acad. Sci. USA 2016, 113, E7116–E7125.
[CrossRef] [PubMed]

25. Zhang, Y.; Knight, W.; Chen, S.; Mohan, A.; Yan, C. Multiprotein Complex With TRPC (Transient Receptor Potential-Canonical)
Channel, PDE1C (Phosphodiesterase 1C), and A2R (Adenosine A2 Receptor) Plays a Critical Role in Regulating Cardiomyocyte
cAMP and Survival. Circulation 2018, 138, 1988–2002. [CrossRef] [PubMed]

26. Leroy, J.; Fischmeister, R. Inhibit a Phosphodiesterase to Treat Heart Failure? Circulation 2018, 138, 2003–2006. [CrossRef]
27. Subramanian, H.; Froese, A.; Jonsson, P.; Schmidt, H.; Gorelik, J.; Nikolaev, V.O. Distinct submembrane localisation compartmen-

talises cardiac NPR1 and NPR2 signalling to cGMP. Nat. Commun. 2018, 9, 2446. [CrossRef]
28. Rybalkin, S.D.; Yan, C.; Bornfeldt, K.E.; Beavo, J.A. Cyclic GMP phosphodiesterases and regulation of smooth muscle function.

Circ. Res. 2003, 93, 280–291. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/sj.embor.7401081
https://www.ncbi.nlm.nih.gov/pubmed/17901878
https://doi.org/10.1073/pnas.1607728113
https://www.ncbi.nlm.nih.gov/pubmed/27791092
https://doi.org/10.1161/CIRCULATIONAHA.118.034189
https://www.ncbi.nlm.nih.gov/pubmed/29871977
https://doi.org/10.1161/CIRCULATIONAHA.118.036325
https://doi.org/10.1038/s41467-018-04891-5
https://doi.org/10.1161/01.RES.0000087541.15600.2B

	Introduction 
	Materials and Methods 
	Chemicals and Kits 
	Animals 
	Cardiomyocyte Isolation 
	Live Cell Imaging 
	IonOptix 
	Cardiomyocyte Stimulation and Immunoblot Analysis 
	siRNA-Mediated Silencing of PDE1 
	Statistics 

	Results 
	Discussion 
	Conclusions 
	References

