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1 C-type natriuretic peptide (CNP) and its receptor guanylyl cyclase (GC-B) are expressed in the
heart and modulate cardiac contractility in a cGMP-dependent manner. Since the distal cellular
signalling pathways remain unclear, we evaluated the peptide effects on cardiac function and calcium
regulation in wild-type (WT) and transgenic mice with cardiac overexpression of cGMP-dependent
protein kinase I (PKG ITG).

2 In isolated, perfused working WT hearts, CNP (10 nM) provoked an immediate increase in the
maximal rates of contraction and relaxation, a small increase in the left ventricular systolic pressure
and a decrease in the time of relaxation. These changes in cardiac function were accompanied by a
marked increase in the levels of Ser16-phosphorylated phospholamban (PLB).

3 In PKG ITG hearts, the effects of CNP on cardiac contractility and relaxation as well as on PLB
phosphorylation were markedly enhanced.

4 CNP increased cell shortening and systolic Cai
2þ levels, and accelerated Cai

2þ decay in isolated,
Indo-1/AM-loaded WT cardiomyocytes, and these effects were enhanced in PKG I-overexpressing
cardiomyocytes.

5 8-pCPT-cGMP, a membrane-permeable PKG activator, mimicked the contractile and molecular
actions of CNP, the effects again being more pronounced in PKG ITG hearts. In contrast, the cardiac
reponses to b-adrenergic stimulation were not different between genotypes.
6 Taken together, our data indicate that PKG I is a downstream target activated by the CNP/GC-B/
cGMP-signalling pathway in cardiac myocytes. cGMP/PKG I-stimulated phosphorylation of PLB
and subsequent activation of the sarcoplasmic reticulum Ca2þ pump appear to mediate the positive
inotropic and lusitropic responses to CNP.
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Introduction

The natriuretic peptide (NP) family consists of three structu-

rally related peptides: atrial natriuretic peptide (ANP), brain

natriuretic peptide (BNP), and C-type natriuretic peptide

(CNP) (Anand-Srivastava & Trachte, 1993). Natriuretic

peptides influence a variety of homeostatic processes by

stimulating the intracellular accumulation of cyclic GMP

(cGMP) through two different membrane-bound guanylyl

cyclase (GC) receptors: GC-A (specific for ANP and BNP) and

GC-B (specific for CNP) (Drewett & Garbers, 1994). ANP and

BNP are cardiac hormones produced predominantly by the

atrium and ventricle, respectively (De Bold et al., 2001), which

act primarily through GC-A to regulate arterial blood pressure

and volume status, and thus the maintenance of cardiovascular

homeostasis (Anand-Srivastava & Trachte, 1993; Drewett &

Garbers, 1994). On the other hand, CNP occurs in a wide

variety of tissues, in which it may act locally via GC-B as an

autocrine/paracrine regulator (Garbers, 1999).

All of the NPs and their receptors are expressed in the heart.

As mentioned, ANP and BNP are secreted from cardiomyo-

cytes; CNP is synthesized and secreted by the coronary
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endothelium and also by cardiac fibroblasts (Suga et al., 1992;

Horio et al., 2003). GC-A and GC-B are located on cardiac

myocytes and fibroblasts as well as in coronary vessels (Lin

et al., 1995). It is postulated that, in addition to their endocrine

actions on distant tissues, NPs modulate contractility and

growth of cardiomyocytes and proliferation of cardiac

fibroblasts in an autocrine/paracrine manner (Calderone

et al., 1998; Tamura et al., 2000; Holtwick et al., 2003). Since

the direct effects of NPs on cardiac contractility remain

controversial, we recently further characterized this issue. We

demonstrated that ANP does not directly affect the contrac-

tility of isolated perfused work-performing mouse hearts, but

that CNP exerts marked cGMP-mediated positive inotropic

and lusitropic effects (Pierkes et al., 2002).

In general, the increase in intracellular cGMP concentra-

tions may lead to the activation of several downstream

mediators such as cyclic nucleotide phosphodiesterases

(PDEs), cGMP-regulated ion channels, and cGMP-dependent

protein kinases (PKG) (Lohmann et al., 1991). At least two

cGMP-regulated PDE isoforms (PDE2 and PDE3), which

hydrolyze cAMP, are expressed in mammalian heart (Méry

et al., 1993). Of the two known PKG isoforms (PKG I and

PKG II), only the type I form is expressed in cardiomyocytes

(Wollert et al., 2002). Our recent observations in isolated

perfused murine hearts suggested that a putative mechanism of

the immediate contractile responses to the CNP/GC-B system

involves cGMP/PKG I-dependent phosphorylation of phos-

pholamban (PLB) and subsequent activation of the sarcoplas-

mic reticulum Ca2þ pump (Pierkes et al., 2002). However, a

direct role of PKG I as a downstream mediator of the CNP/

GC-B/cGMP system in the heart was not definitively demon-

strated.

To further investigate the role of PKG I as a potential

mediator of the cardiac contractile effects of CNP, we

generated a new transgenic mouse line with targeted over-

expression of PKG I in cardiac myocytes (PKG ITG).

Remarkably, the inotropic and lusitropic effects of CNP on

isolated work-performing hearts, as well as CNP effects on

Ca2þ transients and contractility in isolated ventricular

cardiomyocytes from PKG ITG mice, were markedly enhanced.

Additionally, the stimulatory actions of CNP on PLB

phosphorylation were significantly increased in PKG ITG

cardiomyocytes. 8-para-chlorophenylthio-cGMP (8-pCPT-

cGMP), a membrane-permeable PKG activator, mimicked

the contractile and molecular actions of CNP, the effects again

being more pronounced in PKG ITG hearts. Taken together,

these observations demonstrate that PKG I is the target

activated by the CNP/GC-B/cGMP system, which mediates

the cardiac contractile responses to CNP.

Methods

Generation of PKG I-transgenic mice

Transgenic mice expressing human PKG I alpha (Tamura

et al., 1996) under the control of the 5.5 kb murine a-myosin
heavy chain (aMHC) promoter (Gulick et al., 1991) were

generated to drive transgene expression in adult atrial and

ventricular cardiac myocytes. In brief, a BamHI site was

introduced by PCR mutagenesis 14 bp upstream of the ATG

start codon of human PKG I cDNA (Figure 1a). A 2149 bp

PKG I cDNA fragment was then released by BamHI and ClaI

digestion (ClaI site 116 bp downstream of the PKG I stop

codon) and cloned into the MaeIII site in the third noncoding

exon of the aMHC locus (Figure 1a). The transgene was

linearized and pBluescript (Stratagene) vector sequences were

removed by NotI digestion. Transgenic B6D2/F1/Crl founder

mice were generated by standard procedures at the Center for

Molecular Biology, University of Heidelberg, Germany.

Founder mice were mated with wild-type C57BL/6 mice to

establish three independent lines of PKG ITG mice. Transgenic

mice were identified by genomic PCR: forward primer

(CATAGGCTACGGTGTAAAAGAGGC) located in the

aMHC gene locus (145 bp upstream of the PKG I start codon)

and reverse primer (TACTCCACCGGGTACATACAATCC)

located 368 bp downstream of the PKG I start codon

(Figure 1a). PKG I overexpression in the heart was confirmed

by Western blotting, using a polyclonal antiserum raised

against recombinant human PKG I (Figure 1b) (Markert et al.,

1995). Male PKG ITG mice, 5–6 months old, from transgenic

line 2 and their nontransgenic, wild-type (WT) littermates were

used in this study. The investigation conforms with the Guide

for the Care and Use of Laboratory Animals, as published by

the U.S. National Institutes of Health (NIH Publication No.

85-23, revised 1996), and was approved by the local animal

care committees.

Measurement of contractile parameters in isolated work-
performing heart preparations

Analysis of cardiac function was performed as described

previously (Kuhn et al., 2002; Pierkes et al., 2002). In brief,

isolated hearts from WT and PKG ITG mice were perfused

with Krebs–Henseleit (KH) buffer through the pulmonary

vein and left atrium, in an anterograde, fluid-ejecting mode.

Fluid was ejected from an aortic cannula against a hydrostatic

fluid column set at a height to yield a mean aortic pressure

(afterload) of 50mmHg. Aortic outflow and atrial inflow were

continuously monitored via canulating ultrasonic flowprobes

Figure 1 Generation of transgenic mice overexpressing PKG I
alpha in cardiac myocytes. (a) Human PKG I cDNA was placed
under the control of murine aMHC promoter. PKG ITG mice were
identified by genomic PCR amplification of a 513 bp fragment.
Forward (FP) and reverse primers (RP) are indicated. (b) Protein
expression of PKG I (76 kDa) was determined in cardiac ventricles
of WT and in PKG ITG mice by Western-blot analysis using specific
antisera and a peroxidase-labelled goat anti-rabbit antibody in an
ECL detection system. To obtain immunoreactive signals in the
linear range, 20 mg protein from WT hearts and 2 mg protein from
PKG ITG hearts were loaded. PKG I expression was significantly
upregulated in PKG ITG compared to WT ventricles by B46-fold
(mean7s.e.m., n¼ 13 per genotype, *Po0.01 vs WT).
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(Transonic Systems Inc., Ithaca, U.S.A.). Atrial inflow

(venous return, preload) was adjusted to 5mlmin�1 using a

roller pump (B30mlmin�1 g�1 heart weight). Coronary flow

was calculated as the difference between preload and aortic

flow. Aortic pressure, left atrial pressure, and left intraven-

tricular pressure were continuously measured via catheters

filled with KH buffer, and connected to pressure transducers

(Harvard Apparatus, Inc., distributed by FMI GmbH,

Seeheim, Germany). All hearts were compared under exactly

identical loading conditions: preload¼ 5mlmin�1 (left atrial

pressure¼ 772mm Hg) and afterload¼ 50mmHg and cardiac

minute work of 250mlmin�1mmHg. Heart rate, the first

derivatives of left intraventricular pressure, þ dP/dt and �dP/
dt (in mmHg s�1), as well as the time to peak pressure and time

to relaxation (in ms), were calculated (A Mon 2.1 program,

Ingenieurbüro Jäckel, Hanau, Germany) (Kuhn et al., 2002;

Pierkes et al., 2002).

Experimental protocols

After a 20min equilibration period with KH buffer, either

CNP (10 nM), 8-pCPT-cGMP (100mM) or the b1-adrenorecep-
tor agonist isoproterenol (100 nM) were continuously infused

via the coronary arteries for 50min. Control hearts of each

genotype were infused with KH buffer for the same time

period (70min). To study the effect of test agents on

intracellular PLB phosphorylation, at the end of each

experiment, the isolated perfused working hearts were quickly

stopped by shock freezing both ventricles in liquid nitrogen.

The frozen ventricles were then extracted for Western-blot

analysis.

Western-blot analysis

To determine the expression level of PKG I and PLB, as well

as the effect of CNP, 8-pCPT-cGMP, and isoproterenol on

PLB phosphorylation, frozen ventricles from isolated hearts

infused with these agents or with KH buffer (controls) were

homogenized and analyzed by Western blot as described

(Pierkes et al., 2002). The antibodies used were against PKG I

(Markert et al., 1995), total PLB (PLB A-1 antibody), and

PLB phosphorylated at serine-16 (PLB-PS-16 antibody)

(Fluorescience Ltd, Leeds, U.K.) (Pierkes et al., 2002).

Detection was with an ECL system (Amersham-Pharmacia,

Freiburg, Germany) and results were quantitated by densito-

metry (ImageQuant software; Molecular Dynamics, Krefeld,

Germany).

Isolation of ventricular cardiomyocytes for measurements
of intracellular Ca2þ transients and single-cell
contractility

Ventricular myocytes from WT and PKG ITG mouse hearts

were isolated using an established protocol (Kirchhefer et al.,

2001). Hearts were fixed to a Langendorff apparatus and were

retrogradely perfused via the aorta for 5min with a Ca2þ -free

solution (solution A) composed of (in mM) 140 NaCl, 5.8 KCl,

0.5 KH2PO4, 0.4 NaH2PO4, 0.9 MgSO4, 10 HEPES, and 11.1

glucose (pH 7.1), followed by perfusion for 30min with

solution A supplemented with 0.2mgml�1 collagenase (type 1,

Cell Systems Biotechnologie, St Katharinen, Germany). The

Ca2þ concentration was gradually increased during digestion

to 100 mM. After enzymatic digestion, hearts were perfused for
10min with solution A. Subsequently, cardiac ventricles were

cut into several pieces and subjected to gentle agitation

through a nylon mesh to separate the myocytes. Cardiomyo-

cytes were then incubated for 5min at room temperature with

solution A containing in addition 2.5mM CaCl2, 50mg l
�1

ascorbic acid (solution B), and 25 mM Indo-1/AM. The cells

were then equilibrated with solution B without dye for 45min

before starting measurements. For measurements of Ca2þ

transients and contractile parameters, cardiomyocytes were

transferred to the well of a perfusion chamber located on the

stage of an inverted microscope (Nikon Diaphot 200, Nikon,

Tokyo, Japan) and constantly superfused with solution B.

They were stimulated at 0.5Hz with platinum electrodes

placed on the sides of the experimental chamber. Indo-1

fluorescence was recorded from single myocytes at room

temperature using a dual-emission microfluorescence system

(Photon Technologies Inc., South Brunswick, NJ, U.S.A.).

Excitation was at 365 nm, and the emitted fluorescence was

recorded at 405 and 495 nm. The ratio of fluorescence at the

two wavelengths was used as an index of cytosolic Ca2þ

concentration. Simultaneously, cardiomyocyte dimensions and

shortening were visualized on a monitor (SONY PVM 97,

SONY, Tokyo, Japan) connected to a video edge detector

(VED 105, Crescent Electronics, South East Sandy, UT,

U.S.A.), which was interfaced to a video camera (SONY

Camera Module XC-75, SONY, Tokyo, Japan) attached to

the inverted microscope. After 15min of baseline recording,

the effects of CNP (0.3 mM) or the membrane-permeable

cGMP analogue, 8-pCPT-cGMP (10 mM) were tested by

continuous superfusion of the cells for 30min. Initial experi-

ments showed that lower CNP concentrations had no

consistent effect on calcium handling, which is in accordance

with published studies also evaluating CNP effects on isolated

cardiomyocytes (Brusq et al., 1999). This might be related to

the generally deleterious effects of enzymatic digestion on cell

membrane receptors, as has been shown for other membrane

and extracellular proteins (Oxhorn et al., 2002). Data were

collected at 20Hz, and acquisition and processing were

supported by Felix 1.1 software (Photon Technologies Inc.,

South Brunswick, NJ, U.S.A.).

Chemicals

Human CNP (same sequence as rat) was obtained from

Calbiochem-Novabiochem (Bad Soden, Germany), 8-pCPT-

cGMP from Biolog (Bremen, Germany), and isoproterenol

was from Sigma-Aldrich Chemie GmbH (Deisenhofen, Ger-

many). Indo-1/AM was supplied by Molecular Probes (Leiden,

The Netherlands).

Statistics

Results are presented as means7s.e.m. The agent-induced

changes in cardiac contractile parameters were normalized by

expression as % of baseline (before infusion of chemicals).

Student’s t-test was used for comparison of data, except that

the serial changes in cardiac function measured during infusion

of agents were tested with a repeated-measures ANOVA

followed by Student–Newman–Keuls multiple comparisons

test (GraphPad InStat software). Results were considered

statistically significant in all analyses at Po0.05.
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Results

Baseline contractile parameters are similar for WT and
PKG ITG hearts

As shown by Western-blot analyses, PKG I protein was

overexpressed by 4673.7-fold in the cardiac ventricles of PKG

ITG mice as compared to WT mice (Figure 1b). This did not

affect heart weights and heart/body weight ratios, which were

not different between the two genotypes (Table 1). Table 1 also

shows the contractile parameters of isolated hearts from WT

and PKG ITG mice in the work-performing preparation under

baseline conditions. All basal parameters of cardiac function

were similar for the two genotypes.

Enhanced contractile responses to CNP in isolated
perfused PKG ITG hearts

Infusion of 10 nM CNP into isolated WT working hearts

during 50min provoked an immediate increase in the maximal

rates of contraction (þ dP/dt) and relaxation (�dP/dt), a
small increase in the left ventricular systolic pressure and a

decrease in the time to relaxation (Figure 2). These effects

started immediately after addition of CNP, reached their

maximum at B10min and then, except for the time to

relaxation, slowly reversed to baseline at about 40min. The

time to relaxation was maximally shortened at 20min of CNP

infusion, and then started to increase but remained below

baseline during the whole experimental period. The chrono-

tropy of WT hearts did not significantly change during 50min

of infusion with CNP (Figure 3). Coronary flow was

progressively increased by CNP toB14078% of pretreatment

values within 50min (Figure 3).

In isolated PKG ITG hearts, the positive inotropic and, in

particular, the positive lusitropic actions of CNP were

markedly enhanced as compared to WT hearts (Figure 2).

The inotropic effect was transient and reversed to baseline

within 40–50min. In contrast, the time to relaxation remained

markedly shortened (positive lusitropism) during the whole

experiment. These changes in contractility were accompanied

by a slowly developing weak positive chronotropic effect

(Figure 3). The CNP-induced increase in coronary flow was

similar to that of WT hearts (Figure 3).

Control WT and PKG ITG hearts infused with vehicle (KH

buffer) alone revealed no significant changes in contractile

function over a 50min observation time (n¼ 5; data not

shown), indicating that the reversal of the CNP effects does

not reflect a spontaneous deterioration of heart function, but

indeed represents specific actions of CNP.

Effects of 8-pCPT-cGMP and isoproterenol on cardiac
contractile parameters

8-pCPT-cGMP, a membrane-permeable, PDE-resistant, selec-

tive activator of cGMP-dependent protein kinases (Butt et al.,

1992), mimicked the effects of CNP on cardiac contractility

and relaxation. As observed for CNP, the inotropic and

lusitropic responses to 8-pCPT-cGMP (100 mM) were more

pronounced in PKG ITG compared to WT hearts (Figure 4).

These cardiac contractile responses started immediately after

addition of 8-pCPT-cGMP and peaked earlier in PKG ITG (at

1min) as compared to WT hearts (at 5min). Thereafter, the

positive inotropic and lusitropic effects slightly reversed but

remained clearly over the baseline during the whole experi-

mental period. The 8-pCPT-cGMP-induced increase in coronary

flow was slightly but not significantly lower in PKG ITG hearts.

Heart rates were not significantly affected in either genotype

(Figure 4).

To test whether the inotropic and lusitropic responses of

PKG ITG hearts were indeed selectively enhanced in response

to cGMP-elevating agents, the cAMP-mediated responses to

the b1-adrenoreceptor agonist isoproterenol (100 nM) were

tested. As shown in Figure 5, isoproterenol elicited marked

positive chronotropic, inotropic, and lusitropic effects, which

peaked within 5min of infusion and were similar for both WT

and PKG ITG hearts. These contractile changes were accom-

panied by a slight, nonsignificant increase in coronary flow

(Figure 5).

CNP and 8-pCPT-cGMP-induced phosphorylation of
PLB is increased in PKG ITG ventricles

To investigate the mechanism of the inotropic and lusitropic

effects of CNP, the expression and Ser16 phosphorylation

(PLB-PS-16) of the sarcoplasmic reticulum (SR)-regulatory

protein PLB were quantified in the isolated perfused hearts by

Western-blot analysis. The expression levels of total PLB were

not different in PKG ITG as compared to WT ventricles

(Figure 6a–d). The PLB-Ser16 phosphorylation-specific anti-

body detected almost no signal in the ventricles of vehicle

(KH)-treated WT hearts, and a weak but clearly more

pronounced signal in vehicle-perfused PKG ITG hearts

(Figure 6a). A strong increase in PLB-PS-16 was detected in

isolated working hearts perfused with 10 nM CNP for 50min

(Figure 6b). Phosphorylation at Ser16 was 3.4-fold greater in

PKG ITG hearts as compared to WT hearts treated with CNP

(Figure 6b; *Po0.05). The cGMP-analog 8-pCPT-cGMP

mimicked the effects of CNP, the responses being enhanced

in PKG ITG ventricles (Figure 6c). Notably, CNP and 8-pCPT-

cGMP-dependent phosphorylation also decreased the electro-

mobility of total PLB in the PKG ITG as compared to WT

hearts (Figures 6b, c), which is probably due to

Table 1 Baseline parameters of isolated hearts from
WT and PKG ITG mice in the work-performing mode

Baseline parameters WT PKG ITG

Heart weight (mg) 17972 18272
Heart/body weight ratio (mg g�1) 6.370.2 6.470.3
CF (mlmin�1 g�1) 16.871.0 16.970.5
HR (b.p.m.) 36078 37176
Mean aortic pressure (mmHg) 51.370.1 52.170.3

Intraventricular pressure (mmHg)
Systolic 8771.4 8771.5
Diastolic �0.970.8 �0.370.9
Time to peak pressure (ms) 34.370.6 35.070.4
Time to relaxation (ms) 46.370.5 44.571.0
+dP/dt (mmHg s�1) 3067721 3105717
�dP/dt (mmHg s�1) 2559774 2669787

Perfusion conditions: preload of 30mlmin�1 g�1 (intra-atrial
pressure of 772mmHg), afterload of 50mmHg aortic
pressure. CF: coronary flow; HR: heart rate; +dP/dt,
maximal rate of contraction; �dP/dt, maximal rate of
relaxation. Values are means7s.e.m. (n¼ 27 per genotype).
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phosphorylation-evoked changes in protein conformation (Li

et al., 1998). In contrast, the effects of isoproterenol on PLB

phosphorylation and electromobility were not different be-

tween the two genotypes (Figure 6d).

CNP increases Cai
2þ transients and contractility of

isolated adult ventricular cardiomyocytes

The stimulatory effects of CNP and 8-pCPT-cGMP on PLB

phosphorylation and the observation that these effects were

enhanced in PKG ITG hearts suggested a direct modulatory

cGMP/PKG I-mediated effect of CNP on intracellular Ca2þ

homeostasis. We therefore measured cytoplasmic Ca2þ tran-

sients and contractility in isolated ventricular myocytes from

Figure 2 Enhanced inotropic and lusitropic effects of CNP in PKG ITG hearts. Time course of the effects of CNP (10 nM) on
maximal rates of contraction (þ dP/dt) and relaxation (�dP/dt), maximal left ventricular systolic pressure and time to relaxation in
isolated working wild-type (WT, open circles) and PKG ITG (filled circles) hearts. CNP was added at time zero (arrow) and infused
for 50min in all panels. Data are expressed as % of baseline (at 0min) and represent the mean7s.e.m. from eight experiments per
genotype. *Po0.05 vs baseline (at 0min), }Po0.05 vs WT.

Figure 3 Time course of the effects of CNP (10 nM) on coronary
flow and heart rate in isolated working WT (open circles) and PKG
ITG (filled circles) hearts. CNP was added at time zero (arrow) and
infused for 50min in both panels. Data are expressed as % of
baseline (at 0min) and represent the mean7s.e.m. from eight
experiments per genotype. *Po0.05 vs baseline (at 0min).

Figure 4 Peak effects of 8-pCPT-cGMP (100 mM) on heart rate
(HR), left ventricular systolic pressure (LVPmax), maximal rates of
contraction (dP/dtmax) and relaxation (dP/dtmin), time to relaxation
(Timerelax) and coronary flow (CF) in isolated working wild-type
(WT) and PKG ITG (filled columns) hearts. Data are expressed as %
change vs baseline and represent the mean7s.e.m. from nine
experiments per genotype. *Po0.05 vs baseline (at 0min), }Po0.05
vs WT.
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WT and PKG ITG hearts. Myocytes were loaded with Indo-

1AM and stimulated at 0.5Hz. Baseline diastolic Ca2þ levels

were similar in cells from PKG ITG compared with WT mice

(Tables 2 and 3). Also, the baseline values for the peak Ca2þ -

transient amplitude and the time to 50% decay were similar in

both genotypes (Tables 2 and 3). CNP (0.3 mM) and 8-pCPT-
cGMP (10 mM) did not affect diastolic Ca2þ levels, but

provoked a significant increase in the peak amplitude of the

Ca2þ transient, together with an accelerated Ca2þ decay in

both WT and PKG ITG cardiomyocytes (Tables 2 and 3;

Figure 7). These responses were observed immediately after

addition of the test agents, reached their maximum at 10min,

and then remained stable for the whole experimental period

(30min) (Figure 7a). As shown in Tables 2 and 3, both effects

were significantly enhanced in PKG ITG cardiomyocytes.

To determine whether the increased [Ca2þ ]i responses of

PKG ITG cardiomyocytes to CNP and 8-pCPT-cGMP

influenced contractility, we simultaneously measured cardio-

myocyte shortening using a video edge-detection system. As

depicted in Tables 2 and 3, the resting maximal cell shortening

and time to relaxation were similar for cardiomyocytes from

both genotypes. CNP and 8-pCPT-cGMP significantly in-

creased cell shortening and decreased the time of relaxation,

and these responses were significantly enhanced in PKG ITG

cardiomyocytes as compared to WT (Tables 2 and 3;

Figure 7b). The time course of these contractile changes was

parallel to Cai
2þ changes (maximal at 10min, then remained

stable for the whole 30min experimental period) (see Figure 7,

original tracings).

Discussion

The present study extends previous observations of our own

and other groups in isolated perfused ‘working hearts’ and

ventricular preparations (Beaulieu et al., 1997; Hirose et al.,

1998; Brusq et al., 1999; Pierkes et al., 2002), showing that

CNP directly increases contractility and accelerates the

relaxation of isolated electrically paced adult mouse cardio-

myocytes. These positive inotropic and lusitropic effects were

concomitant with increased PLB phosphorylation, increased

amplitude of Cai
2þ transients, and an increased rate of Cai

2þ

decay, suggesting that acceleration of SR Ca2þ uptake and

increased availability of Ca2þ for contraction, both secondary

to PLB phosphorylation, are major mechanisms of the positive

inotropic and lusitropic effects of CNP. Interestingly, the

effects of CNP on contractility and Cai
2þ homeostasis were

mimicked by the PKG activator 8-pCPT-cGMP, and sig-

nificantly enhanced in transgenic mice with cardiomyocyte-

selective overexpression of PKG I, indicating that PKG I

serves as a critical downstream target for CNP.

The CNP/GC-B-evoked elevation of intracellular cGMP in

cardiac myocytes can potentially influence several different

pathways stimulating contractility and relaxation in a calcium-

dependent way, including the activation of PKG I, and

inhibition of phosphodiesterase (PDE3) activity, with conse-

quent increases in cAMP levels (Lohmann et al., 1991;

Figure 5 Peak effects of isoproterenol (100 nM) on heart rate (HR),
left ventricular systolic pressure (LVPmax), maximal rates of
contraction (dP/dtmax) and relaxation (dP/dtmin), time to relaxation
(Timerelax) and coronary flow (CF) in isolated working WT and
PKG ITG (filled columns) hearts. Data are expressed as % change vs
baseline and represent the mean7s.e.m. from five experiments per
genotype. *Po0.05 vs baseline (at 0min).

Figure 6 Enhanced baseline PLB phosphorylation as well as
increased effects of CNP and 8-pCPT-cGMP on PLB phosphoryla-
tion at Ser16 (PLB-PS-16) in PKG ITG hearts. Top, Western blots
showing the expression of total PLB as well as PLB-PS-16 in isolated
working WT and PKG ITG ventricles treated with KH vehicle (a),
10 nM CNP (b), 100 mM 8-pCPT-cGMP (c) or 100 nM isoproterenol
(d). Bottom, relative amount of total PLB and PLB-PS-16
expression (normalized to WT). In vehicle-perfused hearts, the basal
signal for PLB-PS-16 was significantly increased in PKG ITG hearts
(a; n¼ 5). All test agents, CNP (b; n¼ 8), 8-pCPT-cGMP (c; n¼ 9),
and isoproterenol (d, n¼ 5), evoked a marked increase in PLB
phosphorylation. The responses to CNP and 8-pCPT-cGMP but not
to isoproterenol were significantly greater in PKG ITG ventricles
(mean7s.e.m., *Po0.05 vs WT).
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Table 2 Effects of CNP (0.3 mM) on Cai2+ transients
and contractile parameters of isolated cardiomyocytes

Cai
2+ transients WT PKG ITG

Baseline
Diastolic ratio (405/495 nm) 1.4370.02 1.4370.02
Cai

2+ peak amplitude 0.1770.01 0.1770.01
Time to 50% decay (ms) 141.0710.8 153.4721.4

CNP
Diastolic ratio (405/495 nm) 1.4270.03 1.4470.02
Cai

2+ peak amplitude 0.2270.03* 0.2870.03*}

Time to 50% decay (ms) 106.7711.3* 7977.8*}

Contractile parameters

Baseline
Lmax (mm) 107.175.3 117.576.5
Lmin (mm) 104.775.4 113.476.5
Cell shortening (%) 2.2970.3 3.370.6
Time to 90% relaxation (ms) 464776 465763

CNP
Lmax (mm) 106.075.5 115.277.2
Lmin (mm) 102.275.6 104.177.7
Cell shortening (%) 3.8870.7* 9.771.58*}

Time to 90% relaxation (ms) 217734* 124713*}

Indo-1 signals were determined in isolated ventricular
cardiomyocytes from WT and PKG ITG mice. The contractile
measurements were performed by edge detection. Isolated
myocytes were paced at 0.5Hz. Lmax indicates the maximal
myocyte length, and Lmin the minimal myocyte length. The
maximal magnitude of contraction was normalized to Lmax
and expressed as percentage of shortening. Values represent
the mean7s.e.m. (n¼ 13 cells from each of eight mice per
genotype). *Po0.05 vs baseline, }Po0.05 vs WT.

Table 3 Effects of 8p-CPT-cGMP (10 mM) on Cai
2+

transients and contractile parameters of isolated
cardiomyocytes

Cai
2+ transients WT PKG ITG

Baseline
Diastolic ratio (405/495 nm) 1.4470.03 1.3570.03
Cai

2+ peak amplitude 0.1770.02 0.1970.02
Time to 50% decay (ms) 150.0713.8 157.4723.4

8p-CPT-cGMP
Diastolic ratio (405/495 nm) 1.4370.04 1.3370.04
Cai

2+ peak amplitude 0.2470.03* 0.3470.04*}

Time to 50% decay (ms) 124.775.3* 8478.2*}

Contractile parameters

Baseline
Lmax (mm) 129.876.3 120.577.8
Lmin (mm) 127.076.4 118.477.6
Cell shortening (%) 1.770.11 1.870.4
Time to 90% relaxation (ms) 5937146 557771

8p-CPT-cGMP
Lmax (mm) 129.076.4 119.577.6
Lmin (mm) 125.876.4 113.177.4
Cell shortening (%) 2.570.27* 5.470.54*}

Time to 90% relaxation (ms) 4057136 201737*}

Indo-1 signals were determined in isolated ventricular
cardiomyocytes from WT and PKG ITG mice. The contractile
measurements were performed by edge detection. Isolated
myocytes were paced at 0.5Hz. Lmax indicates the maximal
myocyte length, and Lmin the minimal myocyte length. The
maximal magnitude of contraction was normalized to Lmax
and expressed as percentage of shortening. Values represent
the mean7s.e.m. (n¼ 6 cells from each of five mice per
genotype). *Po0.05 vs baseline, }Po0.05 vs WT.

Figure 7 Representatives examples of effects of CNP (0.3 mM) on intracellular Ca2þ transients (indo-1 405/495 ratio) (a) and
simultaneous contraction (cell shortening) (b) in WT and PKG ITG cardiomyocytes. Right panels show respective single traces
before (basal) and during CNP treatment.
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Vandecasteele et al., 2001). It is also potentially feasible that

high levels of cGMP could induce changes in contractility via

direct crossactivation of cAMP-dependent protein kinase

(PKA), as has been reported in smooth muscle cells (Ruiz-

Velasco et al., 1998; Sausbier et al., 2000). To distinguish the

effects of PKG I from those of other potential cGMP

mediators, we created a new mouse model with targeted

overexpression of PKG I in cardiomyocytes. As shown, the

effects of CNP on contractility and relaxation, PLB phospho

rylation, and intracellular Ca2þ regulation were markedly

enhanced in PKG ITG cardiomyocytes, suggesting that PKG I

can mediate these CNP effects. In support of this, 8-pCPT-

cGMP, which direcly activates PKG I but lacks effects on

PDEs (Butt et al., 1992), induced contractile and molecular

changes similar to those evoked by CNP. Again, the effects of

8-pCPT-cGMP were more pronounced in PKG ITG as

compared to WT hearts. In contrast, the contractile and

molecular responses to cAMP-mediated b-adrenergic stimula-
tion did not differ between WT and PKG I-overexpressing

hearts, showing that the responses of the latter were selectively

enhanced in response to agents increasing intracellular cGMP.

As mentioned, the inotropic responses of isolated working

hearts to CNP were reversible over time, in spite of continuous

treatment with the peptide. Since the lusitropic and vasodilat-

ing responses to CNP were stable, desensitization of GC-B is

unlikely to account for this observation. Future studies will be

directed to elucidate the responsible mechanisms.

Notably, Ser16 phosphorylation of PLB was already

increased in vehicle-perfused PKG ITG hearts as compared to

WT, which is probably due to the endogenous release of some

cGMP/PKG I-activating hormone (natriuretic peptides, NO)

within the isolated, intact working hearts. In spite of this, the

basal cardiac function of the two genotypes was similar,

indicating either that this slight increase in PLB phosphoryla-

tion was not sufficient to alter SR calcium handling, or that

compensatory changes in other cardiac regulatory pathways

prevented consecutive changes in cardiac function. Phospho

rylation of PLB by PKG I has been detected in isolated cardiac

SR (Raeymaekers et al., 1988; Huggins et al., 1989). Moreover,

a recent study in tracheal smooth muscle showed that the PKG

I-signalling complex is directly associated with PLB, suggest-

ing that these proteins interact specifically at the SR (Koller

et al., 2003). However, the regulatory effects of PKG I on PLB

phosphorylation and ultimately on Ca2þ uptake by the SR

in vivo remain unclear and controversial (Huggins et al., 1989).

Although PLB phosphorylation was observed after stimula-

tion of intracellular cGMP synthesis with ANP in smooth

muscle tissue (Sarcevic et al., 1989) and cultured neonatal rat

cardiomyocytes (Sabine et al., 1995), or with CNP in rat and

murine hearts (Brusq et al., 1999; Pierkes et al., 2002), the

possibility that cGMP-dependent modulation of the cAMP/

PKA pathway was involved was not definitively excluded in

these previous reports. Our study provides strong evidence that

CNP/cGMP-activated PKG I can phosphorylate PLB in intact

hearts, leading to a marked stimulation of SR Ca2þ handling,

cardiac contractility, and relaxation.

Our observations are in contrast to some studies reporting

PKG I-mediated negative inotropic effects of synthetic cGMP

analogs and cGMP-elevating agents such as nitric oxide (NO)

(Layland et al., 2002; Wegener et al., 2002). The mechanism

behind the negative inotropic action of PKG I may involve

troponin I phosphorylation and a subsequent desensitization

of myofilament Ca2þ responsiveness (Pfitzer et al., 1982; Shah

et al., 1994; Kaye et al., 1999) and/or inhibition of L-type Ca2þ

channel activity (Méry et al., 1991; Sumii & Sperelakis, 1995).

The reasons for differing inotropic effects are unclear, but

could involve differences in the species used, or the experi-

mental protocol. It is also possible that CNP-stimulated

endogenous cGMP in cardiomyocytes can stimulate PKG I

localized in intracellular compartments (i.e. near to the SR),

which are not always activated by the NO donors used in other

studies. For instance, cardiomyocyte receptors for natriuretic

peptides seem to be mostly confined to plasmalemmal caveolae

(Doyle et al., 1997), suggesting that this close proximity to the

SR–T-tubule connection could directly target CNP-stimulated

cGMP to PKG I localized in or near to the SR. Interestingly, it

was recently shown that the subcellular localization of

different nitric oxide synthases (NOS) to distinct micro

domains of cardiomyocytes (endothelial NOS near L-type

Ca2þ channels, neuronal NOS near the SR) is responsible for

the observation that NO signals can have dual stimulatory

(nNOS) and inhibitory (eNOS) effects on cardiac contractility

(Barouch et al., 2002). Thus, it is conceivable that spatial

confinement of different GCs within distinct microdomains of

cardiomyocytes allows cGMP to locally regulate different

effector molecules and, ultimately, to have dual effects on

cardiac contractile functions.

As shown, CNP not only affected cardiac contractility but

also increased coronary flow in intact perfused murine hearts.

Interestingly, recent studies have shown that CNP-induced

vasodilation is mediated both through direct effects on the

GC-B receptor expressed in vascular smooth muscle cells (Lin

et al., 1995) and also by activation of Gi-coupled NPR-C

receptors, which then lead to cellular hyperpolarization

(Chauhan et al., 2003). In our study, the vasodilating effects

of CNP were not different in hearts from WT and PKG ITG

mice, whereas the effects on cardiac contractile functions were

markedly enhanced in the latter. This demonstrates that the

positive inotropic and lusitropic actions of CNP are directly

related to the activation of the GC-B receptors and PKG I

expressed in cardiomyocytes, and not indirectly provoked by

any CNP-induced increases in myocardial perfusion flow.

Furthermore, in a previous study, we demonstrated that the

NPR-C specific ligand cANP(4– 23) does not affect cardiac

contractility and coronary flow in this experimental setup,

ruling out CNP effects through this receptor (Pierkes et al.,

2002).

Our results, together with those from other reports, indicate

that cGMP can have both positive and negative inotropic

effects, depending on the type of hormone and receptor GC

involved in cGMP formation, the rate and cardiomyocyte

microdomain in which cGMP is synthesized, and/or the

presence of b-adrenergic stimulation. In particular, our studies
indicate that CNP, which can be secreted by cardiac

endothelial cells or fibroblasts, can increase cardiac SR

calcium uptake and release in a cGMP/PKG I-mediated

fashion, and thereby stimulate cardiac contractile and relaxing

functions.
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