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Abstract

Rationale: Cyclic adenosine monophosphate (cAMP) activation of protein kinase A (PKA) 

stimulates excitation-contraction coupling, increasing cardiac contractility. This is clinically 

achieved by beta-adrenergic receptor stimulation (b-ARs) or inhibition of phosphodiesterase 

type-3 (PDE3i), though both approaches are limited by arrhythmia and chronic myocardial 

toxicity. Phosphodiesterase type-1 inhibition (PDE1i) also augments cAMP and enhances 

contractility in intact dogs and rabbits. Unlike b-ARs or PDE3i, PDE1i-stimulated inotropy 

is unaltered by b-AR blockade and induces little whole-cell Ca2+ ([Ca2+]i) increase. Positive 

inotropy from PDE1i was recently reported in human heart failure. However, mechanisms for this 

effect remain unknown.

Objective: Define the mechanism(s) whereby PDE1i increases myocyte contractility.

Methods and Results: We studied primary guinea pig myocytes that express the PDE1C 

isoform found in larger mammals and humans. In quiescent cells, the potent, selective PDE1i 
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(ITI-214) did not alter cell shortening or [Ca2+]i whereas b-ARs or PDE3i increased both. When 

combined with low-dose adenylate cyclase stimulation, PDE1i enhanced shortening in a PKA­

dependent manner but unlike PDE3i, induced little [Ca2+]i rise nor augmented b-ARs. b-ARs or 

PDE3i reduced myofilament Ca2+ sensitivity, and increased SR Ca2+ content and phosphorylation 

of PKA-targeted serines on troponin-I, myosin binding protein C, and phospholamban. PDE1i 

did not significantly alter any of these. However, PDE1i increased Cav1.2 channel conductance 

similarly as PDE3i (both PKA-dependent), without altering NCX current density. Cell shortening 

and [Ca2+]i augmented by PDE1i were more sensitive to Cav1.2 blockade and premature or 

irregular cell contractions and [Ca2+]i transients less frequent than with PDE3i.

Conclusions: PDE1i enhances contractility by a PKA-dependent increase in Cav1.2 

conductance with less total [Ca2+]i increase, and no significant changes in SR [Ca2+], myofilament 

Ca2+-sensitivity, or phosphorylation of critical EC-coupling proteins as observed with b-ARs 

and/or PDE3i. PDE1i could provide a novel positive inotropic therapy for heart failure without the 

toxicities of b-ARs and PDE3i.
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INTRODUCTION

Heart failure with depressed systolic function is a leading cause of morbidity and mortality 

that affects tens of millions of patients worldwide1. Current therapeutics focus on reducing 

volume overload with diuretics and blocking β-adrenergic receptor (b-AR) and angiotensin 

stimulation. Methods to increase contractility have historically mimicked b-AR agonism to 

increase cyclic adenosine monophosphate (cAMP) that activates protein kinase A (PKA). 

Although new methods that directly enhance sarcomere function have also been developed2, 

current approved methods remain the b-AR agonist dobutamine or phosphodiesterase type-3 

(PDE3) inhibitor milrinone that blocks cAMP hydrolysis. The inotropic effects from either 

are less potent in failing hearts due to downregulation of b-AR signaling and adenylyl 

cyclase activity3, and common use of b-AR blockade further curtails their impact in many 

heart failure patients4. Importantly, both approaches also raise intracellular calcium and are 

pro-arrhythmic, constraining their use to acute indications5–7. Safe and effective alternatives 

remain lacking.

PDE1 is a dual cyclic nucleotide phosphodiesterase highly expressed in the mammalian 

heart. It is unique among the PDEs because it requires calcium/calmodulin for its activation. 

There are 3 isoforms, with PDE1C being most prominently expressed in larger mammalian 

and human hearts, versus PDE1A found in small rodents. This is relevant as PDE1C exhibits 

balanced selectivity for cAMP and cGMP, whereas PDE1A favors cGMP hydrolysis8, 9. In 

2018, we first reported that a pan-isoform PDE1 inhibitor (ITI-214) increases contractility 

and reduces vascular resistance in conscious dogs with normal or failing hearts, and in intact 

rabbits8. These effects were independent of b-AR co-stimulation (b-ARs) or blockade, or to 

changes in heart rate. Moreover, PDE1 inhibition (PDE1i) regulated cAMP differently than 

b-ARs or PDE3 inhibition (PDE3i), increasing myocyte contraction with less intracellular 
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Ca2+ concentration ([Ca2+]i) rise. These findings spawned a 2021 Phase Ib-IIa placebo­

controlled acute study of ITI-214 in humans with stable heart failure and reduced ejection 

fraction10 that found inotropic-vasodilator effects similar to those in dogs and rabbits8.

The mechanisms by which PDE1i augments contractility, however, remain unknown. 

PKA activation by b-ARs increases Cav1.2 (L-type calcium channel) conductance by 

phosphorylating a regulating peptide – Rad11, 12. Concomitantly, PKA phosphorylation 

of phospholamban (PLN) disinhibits the sarcoplasmic reticulum (SR) Ca2+ ATPase 

(SERCA2a) to increase SR calcium uptake and calcium-induced calcium release13, 14. 

PDE3A localizes to the SR where it regulates cAMP-PKA stimulation13, 15, and its 

inhibition further augments SERCA2a activity. Collectively, these changes increase peak 

calcium transients and quicken their decline, improving contraction and relaxation. At the 

sarcomere, PKA also phosphorylates troponin I (TnI) to desensitize myofilaments to calcium 

enhancing relaxation while blunting inotropy, and myosin binding protein C (MYBP-C), 

accelerating crossbridge kinetics and enhancing b-ARs contraction16, 17.

Given that calcium transients appear less augmented by PDE1i 8, we speculated that 

intracellular cAMP-PKA modulation and its downstream consequences differ between 

PDE1i and b-ARs or PDE3i. The current study tested this hypothesis using guinea pig 

myocytes that also express the PDE1C isoform as in rabbits and humans. We find that 

the primary impact of PDE1i is to increase Cav1.2 conductance without increasing PLN, 

TnI, or MYBP-C phosphorylation and correspondingly, without altering SR calcium load or 

myofilament calcium sensitivity. The result is enhanced inotropy with less [Ca2+]i rise or 

premature/irregular beats than found with b-ARs and/or PDE3i.

METHODS

Data Availability.

The data that support the findings of this study, are available from the corresponding author 

upon reasonable request. Except for ITI-214 that was provided directly from Intracellular 

Therapies Inc. under a research agreement, our study used commercially available reagents 

that are each identified here and in the Major Resources Table. ITI-214 powder is available 

for non-human research from MedChemExpress (Cat. No.: HY-12501A).

Reagents.

The following pharmaceuticals were used: ITI-214 (provided under agreement with Intra­

Cellular Therapies Inc, NY), cilostamide, forskolin, rolipram (Tocris), caffeine, nitrendipine 

(Millipore Sigma), Rp-cAMPS and Rp-8-CPT-cAMPS (Cayman Chemical), all but Rp-8­

CPT-cAMPS dissolved in 0.1% DMSO (the latter in 0.5% DMSO). The following 

antibodies were used: PDE1A (Sc-50480, Santa Cruz Biotechnology), PDE1C (Ab14602, 

Abcam), GAPDH (5174, Cell Signaling), phospho-Ser23/24 (4004) and total TnI (4002, 

both Cell Signaling), phospho-Ser273, -Ser282, -Ser302 and total MYBP-C (gifts from 

Dr. Sakthivel Sadayappan, University of Cincinnati), phospho-Ser16 (MA3–922, Badrilla) 

and total PLN (MA3–922, ThermoFisher Scientific). To obtain single band detection 

with PDE1C Ab, we used 0.1% KPL (SeraCare) as the blocking buffer. For all other 
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immunoblots, we used Odyssey Blocking Buffer (Li-Cor) 1:1 in TBST. Please reference the 

Major Resources Table for further details.

Animals.

Guinea pigs (N=74, males, 350–500 g, ~2–3 month-old) were used in this study. Males 

were used, as we did not establish any gender-dependent differences upon PDE1 isoform 

expression pattern. All animal study procedures were performed in accordance with the 

Guide to the Care and Use of Laboratory Animals and approved by the Johns Hopkins 

University IACUC.

Myocyte cell isolation.

The protocol used for myocyte isolation is described in detail elsewhere18. Briefly, animals 

were anesthetized with pentobarbital, and hearts rapidly removed via thoracotomy. The aorta 

was cannulated on a Langendorff apparatus fitted with a heating jacket circulating water 

at 37°C, and retrograde-perfused for 5 minutes at 8 ml/min with Tyrode’s solution. The 

perfusate was then switched to Tyrode’s solution containing collagen type 2 (Worthington) 

and protease type 14 (Sigma-Aldrich) for 7 minutes. The solution was switched to a 

modified Kraft-Bruhe (KB) buffer for 5 minutes. The left ventricle was minced and filtered 

(200μm) to yield single cells. Myocytes rested in KB buffer19 for an hour before being 

placed in supplemented M199 ACCIT medium20.

Sarcomere shortening and Ca2+ transients.

Changes in cell sarcomere shortening and Ca2+ transients were measured within 7 hours of 

cell isolation, using a customized IonOptix system8. All recordings were performed at 37°C, 

with pacing stimulation at 1Hz. Cells were loaded using 2μM Fura-2-AM for 15 minutes 

and then washed for at least 30 minutes. Fura-2 was excited at 340 and 380nm alternating at 

250Hz and emission recorded at 510nm by a single PMT. Background was subtracted from 

Fura-2 readings and the results filtered with a Lowpass Butterworth Filter (cutoff frequency 

of 10Hz, 2 poles). Ten-15 transients were signal averaged for analysis. The fluorescence 

ratio value is shown as F/F0 (fluorescence normalized to baseline 340/360). Baseline 

recordings were made in Tyrode’s with 0.1% DMSO, before stimulation with various agents 

as described in results. Cells falling within mean ± 2SD for three baseline parameters: 

pre-stimulation, peak percent change, and time to return to 50% baseline were included for 

further analysis. To determine the role of PKA in PDE1i or PDE3i mediated response, cells 

were first pre-incubated with 100μM Rp-8-CPT-cAMPS for 35–45 minutes21.

To assess SR Ca2+ content ([Ca2+]SR), caffeine studies were undertaken as described22. 

Caffeine (10mM) was introduced via a needle placed adjacent to the cell. The filtered raw 

calcium data were fit to single- (systolic transients) or bi- (caffeine transients) exponential 

decay using a custom MatLab (MathWorks 2018) script. The peak Ca2+ transient was 

determined as the difference in Fmax-baseline; the decay tau values for the last five paced 

transients and caffeine-induced release were compared.
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Myofilament force-pCa relationship in skinned myocytes.

Myocytes were incubated in 0.3% Triton X-100 in isolation buffer with protease inhibitor 

(Sigma-Aldrich) and phosphatase inhibitor (PhosSTOP, Roche) for 20 minutes at 10°C 

as described23. After washing in isolation buffer, cells were attached with UV-activated 

adhesive (Norland Products) to a force transducer-length controller (Aurora Scientific). 

Sarcomere length was set at 2.1μm by micromanipulators (Siskiyou Corporation) as 

measured by digital 2D fast Fourier transform of images (IPX-VGA210, Imperx). 

Tension was equal to force divided by myocyte cross sectional area. Active tension-Ca2+ 

relationships were generated by varying Ca2+ concentration from 0 to 46.8 μM. Tension 

-log[Ca2+] relations were fit to the Hill equation yielding maximal tension (Tmax), Ca2+ 

sensitivity (EC50), and Hill coefficient24. Tension-pCa relationships were normalized to 

Tmax.

Cell electrophysiology.

Whole-cell patch clamping was used to measure the Na/Ca exchanger (INCX) or Cav1.2 

(ICa) current at 34±1°C, as reported25, 26. For NCX: pulses (300ms in duration) were 

applied from +100 to −100mV in 20mV steps from a holding potential of −40mV. Each 

cell was recorded under four different conditions as follows: 1) in control bath solution 

containing 0.1% DMSO, 2) in the presence of indicated drugs without, then 3) with NiCl2 

(5mM), and 4) in control solution with NiCl2. Nickel-insensitive currents were subtracted 

from the corresponding control or drug recordings to derive the nickel-sensitive INCX. The 

pipette (intracellular) solution consisted of (in mM): 120 CsCl, 20 HEPES, 5 Mg2+-ATP, 5 

1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid (BAPTA), 3 CaCl2 at pH 7.25. 

The bath (extracellular) solution consisted of (in mM): 130 NaCl, 10 HEPES, 10 glucose, 

5 CsCl, 2 CaCl2, 1 MgCl2, pH 7.4, and included 10μM of nitrendipine and thapsigargin to 

respectively inhibit Cav1.2 and SERCA.

ICa was identified by its sensitivity to nitrendipine (10μM). Depolarizing voltage pulses 

(300ms in duration) to potentials ranging −70 to 60 mV, in 10 mV steps, were applied from 

a holding potential of −80mV. A pre-pulse to −40mV of 50ms was applied before each step 

to inactivate Na+ currents. The pipette solution contained (in mM): 120 CsCl, 10 HEPES, 

10 tetraethylammonium (TEA) chloride, 1.0 MgCl2, 1.0 NaGTP, 5.0 phosphocreatine, 3.0 

CaCl2, 10 EGTA; pH 7.2 with 1N CsOH. For PKA inhibition, Rp-cAMPS (100μM) was 

included in the pipette. The bath solution was consisted of (in mM): 137 NaCl, 10 HEPES, 

10 glucose, 1.8 CaCl2, 0.5 MgCl2, and 25 CsCl, with pH 7.4 with NaOH.

Western blots.

To probe for PLN phosphorylation, myocytes were incubated with DMSO or various 

drugs in Tyrode’s with 1.8mM Ca2+ in a cell suspension for five minutes, rotating at 

room temperature. Cells were homogenized (Lysis Buffer, Cell Signaling) using beads 

and mechanical shearing at 30Hz for 2 min (Retsch). The lysates were clarified using 

centrifugation (2000×g, 10min) and assayed for protein content (BCA Assay, Thermo­

Fisher). For sarcomeric proteins, cells were first plated on laminin-coated 6-well plates. 

The M199 ACCIT media was replaced with identical serum-free media 30 minutes before 

drug incubation. Cells were treated with DMSO or indicated drugs dissolved in serum-free 
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media and incubated for 10 minutes at room temperature. Sarcomere fractions were isolated 

and quantitated as reported23. Proteins were separated on gel electrophoresis, followed by 

hybrid wet transfer onto nitrocellulose. 12% gels were used for PLN; 4–15% gels were 

used for PDE1A, PDE1C, GAPDH, TnI and MYBP-C. Li-Cor Imager was used to scan and 

quantitate densitometry values.

Statistical analysis.

Data are plotted along with median and 25/75% in the form of violin plots, or as 

mean+/−SEM in bar graphs. For analyses with n≥6 per group, normality was tested using 

D’Agostino-Pearson test. If passed, a parametric analysis, most often 1- or 2-way ANOVA 

with Šídák’s multiple comparisons was used. For all other conditions, non-parametric tests 

(Kruskal Wallis with Dunn’s multiple comparisons test) were used. The specific test type 

and its results are provided in each figure legend. The Online Table I and II provide 

further details including complete statistical test output, and number of animals and cells 

used in each assay. We did not specifically incorporate a group factor for the animal from 

which myocytes were isolated as an independent covariate in the statistical tests. This is 

justified for the following reasons. First, all the guinea pigs were healthy and of similar 

age and sex (male), and the isolation protocol performed was identical for each. Second, 

the variance in myocyte shortening and calcium transients were similar independent of 

the number of animals used for any given assay (generally 4 or more). As noted above, 

only myocytes with baseline characteristics falling within 2SD of the mean were used for 

analysis which further reduced inter-preparation variance. All exact P values are provided 

throughout the text, figures, and legends, and statistical results table. P≤0.05 was considered 

as statistically significant. All supporting materials and data will be made available upon 

reasonable request.

RESULTS

Effects of PDE1i on cAMP-stimulated contraction in guinea pig myocytes.

As PDE1 isoform expression had not been previously reported in guinea pig, we first 

assessed this by Western blot and found both PDE1A and PDE1C are constitutively 

expressed (Online Figure I) with ratios similar to rabbit and human8. Figure 1A–C shows 

myocyte sarcomere shortening and Ca2+ transients in vehicle (0.1% DMSO) and within 5 

min exposure to PDE1i ITI-214 (214, 1 μM), PDE3i cilostamide (Cil, 1μM), PDE4i rolipram 

(Rol, 10μM), or isoproterenol (Iso, 1nM). Both Iso and Cil significantly increased cell 

shortening and Ca2+ transients by amounts that were statistically similar. By contrast, neither 

Rol nor 214 induced significant changes over baseline. This lack of PDE1i effect on both 

responses in quiescent guinea pig myocytes is similar to prior findings reported in rabbit 

myocytes8. The lack of PDE4i response is similar to myocyte data from larger mammals that 

unlike mouse or rat have a more dominant role for PDE3 versus PDE4 on EC coupling27. 

A late Ca2+ elevation and sustained shortening as shown in Figure 1A with Cil is fairly 

common in guinea pig myocytes28 and due to Na+-Ca2+ exchanger (NCX) activity in the 

reverse mode29.
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As we and others had found inotropic effects from PDE1i require some basal cAMP 

stimulation 8, 30, we next compared PDE1i or PDE3i effects in cells pre-treated with a 

low priming dose of the adenylate cyclase stimulator - forskolin (Fsk, 10 or 100 nM, 

Online Figure IIA). Example sarcomere and Ca2+ tracings with 10nM Fsk are displayed in 

Figure 1D, and group data at both doses in Figures 1E and F. PDE1i significantly increased 

shortening with borderline trend to increase peak Ca2+ transients (P=0.06, P=0.1 with 10nM 

or 100nM Fsk, respectively). By contrast, PDE3i significantly increased both at either Fsk 

dose. We chose 1μM 214 based on prior studies8 and given its nanomolar-range IC50, 

but also tested if higher doses of ITI-214 (5, 10 μM) in combination with Fsk yielded 

greater responses. Significant increases in sarcomere shortening were observed at each 

dose, but they were not statistically different from each other (e.g. no discernable dose 

response; Online Figure IIB, P=0.37, Kruskal-Wallis with Dunn’s post-hoc test). Peak Ca2+ 

significantly increased at 5 or 10 μM, but when compared to each other and 1 μM, the 

changes were not significantly different (P=0.34). ITI-214 at 10 μM in the absence of Fsk 

did not significantly change either parameter.

To test whether inotropic enhancement by PDE1i requires PKA activation, we inhibited 

the kinase using Rp-8-CPT-cAMPS (100μM). This had no significant impact on resting 

sarcomere shortening but it significantly slowed relaxation rate (Online Figure IIC). In cells 

then treated with either Fsk+214 or Fsk+Cil, PKA inhibition prevented increased contraction 

(Figure 1G) and faster relaxation (Online Figure IID). These data support an obligatory role 

for PKA in the contraction effects from either PDE inhibitor.

Lastly, we tested if PDE1i or PDE3i differentially impact β-AR stimulated sarcomere 

shortening or Ca2+ transients. Both parameters significantly increased with Iso and this 

was further amplified by co-administration of PDE3i but not PDE1i (Figure 2A, 2B). Taken 

together, these data reveal distinct responses in myocyte function and Ca2+ responses to 

PDE1i versus PDE3i, yet a similar dependence on PKA activation.

Effects of PDE1i on myofilament tension-Ca2+ relations.

Beta-ARs results in phosphorylation of TnI at Ser23/24, causing a rightward shift of the 

myocyte tension-Ca2+ dependence (myofilament desensitization) without changing maximal 

tension31. This is parameterized by myofilaments requiring a greater [Ca2+] to generate 50% 

of the maximal force (EC50). Since PDE1i augmented contraction with little Ca2+ change, 

we speculated it may sensitize or at least not desensitize the myofilaments. We tested this 

in isolated myocytes incubated with Iso (50nM), Fsk (10nM) + 214 (1μM), or vehicle 

(DMSO), then chemically skinned and mounted on a force-length apparatus to measure 

tension-Ca2+ relations. Iso significantly shifted this relation rightward, increasing EC50 from 

a mean of 2.4 to 4.6 μM, whereas PDE1i did not shift the relation or alter average EC50 

(Figure 3A, 3B). Maximal Ca2+-activated tension and cooperativity (Hill coefficient) were 

not significantly altered with either intervention (Table 1).

The lack of altered tension-Ca2+ dependence suggested that PDE1i may not result in PKA 

phosphorylation of myofilament proteins such as TnI. We tested this by immunoblotting 

lysates from myocytes exposed to the same stimuli, normalizing results to the maximal 

response obtained with Fsk+IBMX (100μM). Whereas Iso significantly increased TnI 
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phosphorylation, Fsk+214 did not (Figure 3C). PKA phosphorylation of MyBP-C also 

augments contractility following β−ARs32, and while Iso significantly increased MyBP-C 

phosphorylation at all three primary PKA-targeted sites Ser273, Ser282, and Ser302, Fsk+214 

did not (Figure 3D). Together, these results demonstrate major differences in myofilament 

modulation and downstream protein phosphorylation comparing PDE1i + Fsk to β-ARs.

Effects of PDE1i on [Ca2+]SR and phospholamban phosphorylation.

The SR is a major intracellular source of Ca2+ that b-ARs leverages to increase [Ca2+]i. 

Here, we tested the effects of PDE1i on [Ca2+]SR and SERCA and its regulator PLN. 

Myocytes in Fsk (10nM), 214 (1μM), Fsk+214, or Cil (1μM), or vehicle were paced at 0.5 

Hz, pacing then stopped, and a caffeine (10μM) bolus applied locally to trigger SR Ca2+ 

release. Fig 4A displays example Ca2+ traces for caffeine-induced SR Ca2+ release analysis. 

PDE3i, but not PDE1i (with or without Fsk), increased [Ca2+]SR compare to DMSO vehicle 

control (Fig 4B).

In paced cells, SERCA2a is primarily responsible for the rapid Ca2+ decay rate33. We 

assessed this rate by averaging values from the last five paced transients just prior to caffeine 

exposure. The rate was significantly increased only with PDE3i (Figure 4C). The decay 

from peak Ca2+ after caffeine-induced release exhibits a bi-exponential course, reflecting 

contributions of NCX-mediated removal of [Ca2+]i and then Ca2+ buffers as the latter is 

mostly saturated at initial high [Ca2+]i
33. We found neither the initial nor subsequent decay 

rates were significantly changed by any of the stimuli (Fig 4D). To examine NCX current 

density, we performed patch clamp studies. Neither 214 nor Fsk alone significantly altered 

the NCX current-voltage dependence as compared to DMSO vehicle (Online Figure III). 

Though Fsk+214 significantly increased inward current at membrane voltages <−60mV, the 

reversal potential was also shifted rightward, suggesting activation of another current in this 

negative voltage range. These data indicate PDE1i does not alter [Ca2+]SR or NCX current 

density.

PKA-mediated PLN phosphorylation at Ser16 plays a major role in enhancing SR Ca2+ 

uptake. We therefore examined if Iso and Fsk+214 differ with respect to this post­

translational modification. Myocytes exposed to Iso (50nM) showed a consistent, significant 

rise in Ser16 phosphorylation that was not observed from Fsk+214 (Fig 4C). This was 

further explored in cells treated with PDE1i or PDE3i alone, or in combination with 

non-saturating levels of Iso or Fsk (Figure 4D, 4E). In all conditions, PDE3i significantly 

elevated PLN phosphorylation over the prior baseline, whereas this was not so with PDE1i. 

Thus, unlike β-ARs, PDE1i+Fsk does not significantly alter post-translational modification 

of TnI, MYBP-C, or PLN.

Cav1.2 channel current increases similarly with PDE1i or PDE3i.

The lack of myofilament or SR modifications by Fsk+PDE1i led us to test its effects upon 

the primary voltage-sensitive Ca2+ channel, Cav1.2. Cav1.2 current density was identified 

by its suppression with nitrendipine as measured by the voltage clamp technique (Fig 5A). 

Representative current traces are shown for Fsk+214 and Fsk+Cil (Fig 5B). The current­

voltage plot was not significantly altered by Fsk or 214 alone compared to vehicle. However, 
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the combination of the two significantly increased the current density (Fig 5C) by a similar 

magnitude to that in response to Fsk+Cil. Both were blocked by nitrendipine (10 μM). We 

further tested if this current rise was PKA dependent by repeating the study after dialyzing 

cells with Rp-cAMP (100μM). PKA inhibition blocked the effects of PDE1i and PDE3i (Fig 

5D).

While Fsk combined with either PDE1i or PDE3i statistically enhanced Cav1.2 similarly, 

only the latter condition augmented SR Ca2+ release. This suggested Fsk+214 Ca2+ 

transients and shortening would be more sensitive to Cav1.2 blockade. We tested this 

by applying nitrendipine over a dose range (Online Figure IV) prior to co-treating cells 

with either vehicle (DMSO), Fsk+214, or Fsk+Cil. Both Fsk+214 and Fsk+Cil increased 

shortening (Fig 6A and B) and peak Ca2+ transients (Fig 6D and E) that then exhibited a 

significant dose-dependent decline with nitrendipine. However, the decline was steeper with 

Fsk+214 by analysis of covariance, supporting greater sensitivity to Cav1.2 blockade (Fig 

6C and D).

Comparison of PDE1i and PDE3i on Ca2+/contraction irregularities.

Increased [Ca2+]SR and/or release is viewed as a potential cause for arrhythmia and is 

attributed to pro-arrhythmia with both b-ARs and PDE3i. As PDE1i did not significantly 

alter [Ca2+]SR (unlike PDE3i), we hypothesized cells exposed to this inhibitor with or 

without Fsk would exhibit less irregularity in Ca2+ cycling and corresponding contractions 

as compared with PDE3i. Myocytes were treated with PDE1i or PDE3i in the presence of 0, 

10, or 100 nM Fsk, and examined for rhythm stability (fixed amplitude and rate under paced 

conditions) or irregularity (both parameters showing variability despite pacing). Figure 7A 

shows example tracings and Figure 7B summary data for the relative percent of cells with 

stable versus irregular contractions. PDE3i elicited significantly more irregular contractions 

and aftercontractions with corresponding changes in Ca2+ and shortening, as compared to 

PDE1i. This was apparent without Fsk (81% vs 5%, p<0.0001), and persisted despite Fsk 

co-stimulation.

DISCUSSION

Selective PDE1i augments cardiac myocyte contractility by distinct mechanisms as 

compared to PDE3i or β-ARs. Inhibition of PDE1 or PDE3, combined with cAMP synthesis 

activation, similarly enhances Cav1.2 current density and increases myocyte contraction. 

However, PDE1i minimally impacts [Ca2+]SR and correspondingly displays greater negative 

sensitivity to nitrendipine-induced Cav1.2 blockade. Furthermore, unlike β-ARs, PDE1i 

neither augments phosphorylation of TnI at PKA sites nor desensitizes myofilaments to 

Ca2+. PDE1i also does not increase PLN phosphorylation, consistent with the lack of 

[Ca2+]SR increase. Lastly, PDE1i triggers fewer irregular Ca2+ release and contraction events 

versus PDE3i. The differences between these stimuli and their downstream effectors are 

summarized in Figure 8. These findings support a novel method to augment myocyte 

contraction with potential translational relevance10.
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Evidence for distinct PDE1 vs PDE3 cAMP regulation.

Intrinsic acute increases in cardiac contractility are mostly due to neurohumoral stimulation 

of cAMP-PKA signaling, and this signaling is in turn countered by the activity of cAMP­

targeting PDEs. Each PDE exhibits different compartmentalized signaling and substrate 

specificity34. PDE3 binds cAMP in the nM range35, whereas PDEs 1 and 4 operate in μM 

ranges36. As intracellular cAMP concentration is ~1 μM37, PDE3i is expected to readily 

increase PKA signaling and enhance cell contractility. By contrast, although PDE1i in vivo 
augments contractility, in isolated cells devoid of adrenergic tone, cAMP must first be 

elevated to observe inotropy as shown here in guinea pig and previously in mouse and 

rabbit9, 38.

Spatial compartmentalization of PDEs allows for microdomain regulation of cAMP-PKA 

signaling39. PDE3 is found at the plasma membrane40 and also at the SR where it controls 

local Ca2+ uptake15. PDE1 also displays immunofluorescence staining along Z- and M-lines 

in human myocytes41. However, PDE1 accounts for only 14% of microsomal PDE activity 

against cAMP as compared to 78% in the cytoplasmic fraction. This contrasts with PDE3, 

which contributes 69% of cAMP esterase activity in microsomal fractions of myocytes from 

large mammalian hearts which includes the SR41. These spatial differences may well explain 

why PDE1i does not phosphorylate PLN or modulate [Ca2+]SR.

PDE3i or PDE1i increased Cav1.2 current similarly, placing both PDEs within caveolin­

enriched microdomains of the sarcolemma,42, 43 where this channel resides44. The 

requirement of PDE1 activity on Ca2+-calmodulin that is itself triggered by Cav1.2 

activation raises the intriguing possibility that PDE1 is a negative regulator of Cav1.2 current 

by reducing its stimulation by cAMP-PKA. However, unlike PDE1i, PDE3i amplifies Ca2+ 

and shortening stimulated by Iso, revealing substantial differences in their interaction with 

β-AR agonism. This suggests that while proximate to the channel, the two PDEs likely 

reside in different nanodomains. Beta-adrenergic stimulated Cav1.2 current requires Rad 

phosphorylation to relieve its constitutive suppression of ICa
11, 12. Proximity protein analysis 

identified several PDE4 isoforms, PDE3A, and PDE1C as all being near Cav1.2 11. PDE1C 

is also found in a complex with adenosine A2 receptors and the non-selective cation channel 

transient receptor potential cation channel 3 (TRPC3), where it plays a role in cytoprotective 

signaling45. This is intriguing as TRPC3 conductance is also nickel insensitive, and so could 

be the source of increased inward non-NCX current we observed with Fsk-214.

PDE1i control of myocyte contraction.

These new findings have clinical relevance as ITI-214 was recently tested in humans with 

heart failure in a study that revealed inotropic and vasodilator effects with negligible rhythm 

disturbance10. Our prior study in rabbits found PDE1i induces less Ca2+ rise than PDE3i 

or β-ARs8, findings we confirm here in the guinea pig. The new data further now reveal 

PDE1i modulation is PKA dependent and targets Cav1.2 without altering SERCA2a or 

NCX function. Inotropy was accompanied by a slight rise in peak [Ca2+]i that did not 

reach statistical significance. While any rise in [Ca2+]i would be expected to increase SR 

stores, the level appears too low to be detected with the whole cell detection assay we 

used, and is at least significantly lower than induced by PDE3i. Even without significant 
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SR Ca2+ release, the rise in Cav1.2-mediated Ca2+ entry can be sufficient to stimulate 

contraction. PDE1i did not concomitantly lower myofilament Ca2+ sensitivity, a finding 

further supported by its lack of TnI phosphorylation. As Ca2+ desensitization is normally 

observed with Iso, this means with PDE1i, increased myofibrillar force can be achieved at 

a lower [Ca2+]i. In addition, Cav1.2 accounts for ~30% of the total Ca2+ rise in guinea pig 

myocytes46, similar to levels found in larger mammals and humans. This means a given 

change in Cav1.2 current can be more influential than might be in rat or mouse, in which the 

SR dominates and sarcolemmal Ca2+ influx contributes <10% to the total transient. While 

NCX current density was unaltered, the exchanger would still be expected to transport an 

increase in intracellular Ca2+ in the forward mode to restore the net balance. There are other 

potential mediators including mitochondrial Ca2+ uptake, the sarcolemmal Ca2+ ATPase, 

and intracellular Ca2+ buffers, though these handle smaller amounts of Ca2+. Together our 

data support a PDE1i mediated increase in sarcolemmal Ca2+ cycling.

PDE3i induced premature and irregular Ca2+ release and associated extra contractions 

in myocytes, consistent with its known pro-arrhythmic effects. While some irregularity 

was also observed with PDE1i, this was less frequent. To date, studies with ITI-214 in 

humans with Parkinson’s disease or dilated cardiomyopathy have not found pro-arrhythmic 

effects10, 47, nor does the compound trigger arrhythmia in intact dogs (± heart failure) or 

in rabbits8. This contrasts to heart failure studies using PDE3i, which trigger increased 

arrhythmias even upon acute exposure48, 49. Whether this applies to chronic treatment with a 

PDE1i remains to be tested.

Limitations.

Our study leaves several questions unanswered. The precise localization of the PDE1­

regulated cAMP microdomains, and identity of the proteins directly impacted by its 

inhibition remain unknown. Active studies employing locally targeted fluorescent resonance 

energy transfer probes and proximity labeling and phospho-proteomics hope to address this 

knowledge gap. As mentioned, it remains possible that some modest SR Ca2+ uptake occurs 

but was not detected in our measurement of change in [Ca2+]i with Fura-2. Measurement of 

[Ca2+]SR release using an intra-SR sensor or one targeted to the SR membrane might reveal 

low amplitude changes. Lastly, while the contraction/Ca2+ responses were PKA dependent 

and so indicate cAMP is the primary regulated species, a potential role for cGMP remains. 

PDE1A, which preferentially hydrolyzes cGMP >20x more than cAMP, is also expressed 

in larger mammals and humans. ITI-214 is not PDE1 isoform selective50 since the catalytic 

site is highly homologous among the isoforms. However, cGMP elevation has not been 

demonstrated to augment Cav1.2, with one study reporting the opposite effect51.

Conclusions.

PDE1i increases Cav1.2 activity in a PKA-dependent manner, increasing myocyte 

contraction in cells pre-stimulated with adenylyl cyclase activator. Unlike PDE3i, PDE1i 

modulation occurs independent of b-ARs. Moreover, PDE1i neither phosphorylates PLN, 

TnI, or MYBP-C, nor alters [Ca2+]SR load or myofilament Ca2+ sensitivity. The data 

support a regulatory role of PDE1 on Cav1.2, with inotropic effects likely augmented by 

a lack of concomitant myofilament Ca2+ desensitization. The integrated result is cAMP/
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PKA-dependent inotropy with less Ca2+ and less rhythm disturbance. Future studies should 

clarify the use of PDE1i as a heart disease therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NOVELTY AND SIGNIFICANCE

What Is Known?

• Stimulation of beta-1 adrenergic receptors (b1-AR) or inhibition of 

phosphodiesterase type 3 (PDE3) augments cAMP to activate protein kinase 

A (PKA), and both approaches are clinically used to acutely enhance 

ventricular contractility in patients with heart failure.

• However, each approach also increases myocyte calcium to achieve their 

effects, and this is associated with a pro-arrhythmic effect that has limited 

their use.

• In large mammals including humans, inhibiting the dual cyclic-nucleotide 

regulating phosphodiesterase PDE1 augments ventricular contractility, and in 

experimental studies, this occurs with a rise in cyclic AMP but less whole cell 

calcium increase than from b1-AR stimulation or PDE3 inhibition.

What New Information Does This Article Contribute?

• PDE1 inhibition augments myocyte contractility in a PKA dependent manner 

by increasing CaV1.2 channel activity but unlike PDE3 inhibition, does not 

alter sarcoplasmic reticular calcium storage or cycling.

• Unlike b1-AR, PDE1 inhibition does not increase phosphorylation of 

phospholamban, troponin I, or myosin binding protein C at PKA targeted 

sites and does not reduce myofilament calcium sensitivity to calcium.

• Myocytes exhibit far less irregular calcium cycling and associated arrhythmia 

in response to PDE1 inhibition as compared to PDE3 inhibition.

We previously reported that PDE1 inhibition augments ventricular contractility in intact 

dogs and rabbits but with less rise in myocyte whole cell calcium as compared to 

b1-AR stimulation or PDE3 inhibition. PDE1 inhibition did not amplify cardiac or 

myocyte inotropy from b1-AR, unlike PDE3 inhibition. However, the mechanism for 

inotropy by PDE1 inhibition remained unknown. Here, we show PDE1 inhibition 

induces a PKA-dependent increase in calcium conductance via the L-type calcium 

channel (CaV1.2) but has negligible impact on calcium uptake and storage into the 

sarcoplasmic reticulum (SR), unlike PDE3 inhibition that increases both. Phospholamban 

phosphorylation increases with isoproterenol and PDE3 inhibition but not PDE1 

inhibition. Moreover, whereas b1-AR desensitizes myofilaments to calcium associated 

with PKA phosphorylation of troponin I, this also does not occur with PDE1 inhibition. 

This means that contractility can be increased with less intracellular myocyte calcium 

rise. Lastly, myocytes display less irregular calcium release and associated arrhythmia 

to PDE1 versus PDE3 inhibition. ITI-214, the PDE1 inhibitor employed in this study 

was recently tested in humans with Parkinson’s disease and stable heart failure, the latter 

finding positive inotropy with no significant heart rhythm change. Further chronic studies 

in heart failure patients are warranted.
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Figure 1. PDE1i stimulates contraction at less Ca2+ rise than PDE3i in guinea pig.
A) Representative sarcomere shortening (upper) and Ca2+ transients (lower) from 

cardiomyocytes treated with a selective inhibitor to PDE1 (214; 1μM), PDE3 (cilostamide 

- Cil; 1μM), PDE4 (rolipram - Rol; 10μM), or isoproterenol (Iso; 1nM) each in 0.1% 

DMSO versus DMSO alone. B, C) Summary data pairing before and after drug (clear and 

shaded background, respectively); repeated measures 2-way ANOVA and Sidak’s multiple 

comparison test (MCT) within each drug (P values shown). D) Impact of PDE1 vs PDE3 

inhibition in presence of 10nM Fsk versus Fsk alone. E, F) Group data showing change 

from baseline for this experiment using either 10 or 100 nM Fsk; Kruskal-Wallis test 

within each Fsk dose; Dunn’s MCT P-values shown. G) Change in sarcomere shortening 

in absence or presence of PKA inhibitor (Rp-8-CPT-cAMPS, 100μM) in same treatment 

groups shown in panels D-F. Ordinary 2-way ANOVA with Sidak’s MCT for effect of PDE 

inhibitor ±PKA inhibitor. Interaction of PDEi and PKA inhibitor effects were P=0.047 and 

P=0.0035 for Fsk+214 and Fsk+Cil, respectively.
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Figure 2. PDE1-i vs PDE3-i modulation of β-AR-stimulated signaling.
Guinea pig myocytes were treated with sub-maximal isoproterenol (Iso; 0.025nM) alone, or 

with Cil or 214. Changes in the peak A) sarcomere shortening and B) Ca2+ transients are 

plotted, with p-values indicating paired Student’s t-test results. The change from baseline is 

plotted to the right; P values are for a Kruskal-Wallis test with Dunn’s MCT.
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Figure 3. Effects of PDE1i upon myofilament-Ca relationship and PKA-mediated 
phosphorylation of TnI or MYBP-C.
Guinea pig myocytes were treated with DMSO, Iso (50nM), or Fsk (10nM) + 214 

(1μM) before being skinned. A) A normalized curve showing the myofilament force­

pCa relationship; n=9, 9, 3. B) Summary EC50 (Ca2+ at 50% maximal activation) for 

each condition. P-values are Mann-Whitney U test with 2-comparison correction. C) 
Representative western blot of phosphorylated and total troponin I (TnI) at Ser23/24 or 

myosin binding protein-C (MyBP-C) at Ser273, Ser282 and Ser302 for myocytes treated as 

Muller et al. Page 19

Circ Res. Author manuscript; available in PMC 2022 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



indicated. D) The phospho/total densitometry values as indicated were normalized to a 

maximal response from Fsk (25μM) + IBMX (100μM). Kruskal-Wallis test with Dunn’s 

MCT among DMSO, Iso and Fsk+214.
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Figure 4. Effects of PDE1i upon SR Ca2+ content or phospholamban (PLN) phosphorylation at 
Ser16.
Guinea pig myocytes treated with: DMSO (vehicle), Fsk (10nM), 214 (1μM), Fsk+214 

(1μM), or Cil (1μM), were paced. Then pacing was stopped and cells were exposed to 

a bolus of caffeine (10mM) to assess SR Ca2+ content. A) Representative Ca2+ traces 

are shown in grey with exponential decay fits overlaid in black. Ticks indicate pacing; 

arrows indicate caffeine spritz. B) Grouped average changes in the peak Ca2+ transients 

and tau values for systolic and caffeine transients are plotted; Kruskal-Wallis with Dunn’s 
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MCT vs DMSO. C) Representative western blot of phosphorylated (Ser16) and total PLN 

for myocytes treated with Iso at near maximal dose (50nM), Fsk (10nM) + 214 (1μM) 

or Fsk + IBMX, with quantitation to the right (phospho/total PLN densitometry value 

normalized to that of Fsk+IBMX; Kruskal-Wallis with Dunn’s MCT among DMSO, Iso 

and Fsk+214). D) Western blots and E) corresponding quantitation showing change in Ser16 

phospho/total PLN in response to PDE inhibition at baseline (left; normalized to DMSO) 

or in combination with: non-saturating dose of Iso (1nM; center; normalized to Iso+Cil) or 

Fsk (10nM; right; normalized to Fsk+Cil). Kruskal-Wallis with Dunn’s MCT vs normalized 

group for left and center; ordinary 1-way ANOVA with Bonferroni MCT vs normalized 

group for the right graph.
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Figure 5. The L-type Ca2+ channel Cav1.2 current increases upon PDE1 or 3 inhibition.
Cells were stimulated with the indicated drugs, and the inward current measured using the 

whole-cell voltage clamp protocol. Nitrendipine (10μM) was used to confirm Cav1.2 as 

the primary source of the current. A) The voltage-clamp protocol with representative trace 

showing change upon Fsk+Cil treatment and sensitivity to nitrendipine. B) Representative 

current-time traces for Fsk+214 and Fsk+Cil. C) Averaged peak current density versus 

membrane voltage. *p<0.05, $p<0.001, #p<0.0001 against DMSO; †p<0.0001 against 

Fsk+214, ordinary 2-way ANOVA with Tukey’s MCT comparing DMSO vs Fsk+214 vs 

Fsk+Cil; see Online Table I for exact p values. D) The peak current density in cells 

stimulated with indicated drugs before or 8–10 minutes after dialysis with PKA inhibitor 

- Rp-cAMPS (100μM); ordinary 2-way ANOVA with Sidak’s MCT.
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Figure 6. Positive inotropy from PDE1i has greater sensitivity to Cav1.2 blockade than that from 
PDE3i.
Myocytes were pre-treated with nitrendipine (Nitr) before further stimulation with Fsk+214 

or Fsk+Cil. A,B) Sarcomere shortening with Nitr at either 0.01μM or 3 μM. P values in 

bar graphs from Friedman test with Dunn’s MCT within each 3-condition group between 

all pairs. C) Fold-change in sarcomere shortening (%SS) from PDE inhibitor versus DMSO 

alone plot versus Nitr dose on log-log scale. Linear fit and 95% CI values are shown. 

P-value for difference in slope of two relations by ANCOVA. D, E) Peak Ca2+ transient 

for same treatments shown in panels A and B, with same statistical test used. ††p=0.0048, 

†p=0.042 vs respective Nitr+Fsk+Cil group, RM 2-way ANOVA with Holm-Sidak’s post­

hoc analysis, comparing Nitr ± Fsk+214 or ± Fsk+Cil. F) Fold change in peak Ca2+ versus 

Nitr dose for both PDE inhibitors plot and analyzed as in panel C. P value is difference in 

intercept.
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Figure 7. PDE3i stimulates greater irregularity of Ca2+ release and contraction over PDE1i.
Myocytes treated with 214 or Cil in the presence of Fsk (0, 10, 100 nM) were scored as 

normal or irregular. A) Representative sarcomere length (SL) and Ca2+ transient tracings for 

cells responding to 214 or Cil in the presence of Fsk (10nM). B) The percentage of cells in 

irregular contractions (grey) or normal (white) for indicated conditions; Fisher’s exact test, 

with n numbers indicated in parenthesis.
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Figure 8. Schematic of the proposed working model.
While both PDEs 1 and 3 hydrolyze cAMP, they do so in distinct microdomains. A) 

G-protein coupled receptor signals to Gs protein to increase cAMP production. PKA 

activation subsequently increases Cav1.2 activity, allowing Ca2+ entry and cell shortening. 

PDE1C is at this domain, hydrolyzing sarcolemmal cAMP. B) PDE3A hydrolyzes both 

the sarcolemmal and a different pool of cAMP at the SR. At the sarcolemma, PDE3A- 

hydrolyzes cAMP that is produced by β-AR stimulation. PKA-mediated Cav1.2 activity 

leads to increased SR Ca2+ reuptake, because of PDE3A’s functions at the SR. At the SR, 

PDE3A controls cAMP/PKA signaling. PKA phosphorylation of PLN releases its inhibition 

of SERCA-mediated Ca2+ reuptake. This augments Ca2+-induced Ca2+ release to augment 

cell shortening. Abbreviations: sarcolemmal membrane (SM), G-protein coupled receptor 

(GPCR), β-adrenergic receptor (β-AR), stimulatory G protein (Gs), adenylyl cyclase (AC), 

phosphodiesterase 1C (PDE1C), phosphodiesterase 3A (PDE3A), protein kinase A (PKA), 

sarcoplasmic reticulum (SR), SR Ca2+ ATPase (SERCA), phospholamban (PLN), ryanodine 

receptor (RyR).
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Table 1.

Myofilament parameters in skinned guinea pig myocytes

DMSO Iso Fsk+214

Fmax 20 ± 1.9 23 ± 3.6 16 ± 2.4

EC 50 2.4 ± 0.12 4.6 ± 0.69 2.8 ± 0.57

Hill's coefficient 5.5 ± 1 3.3 ± 0.58 3.9 ± 0.69
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