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Abstract

Natriuretic peptides, including atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP) and C-type natriuretic peptide (CNP) act
through different receptors and at different potencies to affect cardiac myocyte function. We tested the hypothesis that these three peptides
would differentially reduce cardiomyocyte function through their effects on the cyclic GMP signaling pathway. Rabbit ventricular myocytes
were isolated and stimulated by electrical field stimulation. Cell function was measured using a video edge detector. ANP BNP or CNP at
107°, 1075, 1077 M were added to the myocytes. Intracellular cyclic GMP was determined using a radioimmunoassay in the absence or
presence of ANP, BNP or CNP. All natriuretic peptides decreased myocyte contractility in a similar concentration dependent manner.
Myocyte percentage shortening was significantly decreased with all peptides at 1077 M compared with baseline (ANP from 5.4+0.4 to
3.94+0.2%; BNP from 5.0+0.2 to 3.5+0.1%; CNP from 5.64+0.3 to 4.0+0.3%). Maximum rate of shortening and relaxation were also
decreased similarly and significantly. Intracellular cyclic GMP was significantly increased in myocytes treated with ANP, BNP or CNP
(Baseline 1.0+0.2, ANP 2.1+0.2, BNP 2.34+0.3, CNP 2.0+0.2 pmol/10° myocytes). Furthermore, inhibition of the cyclic GMP protein
kinase with KT5823 caused a reversal in the functional effects of CNP. We concluded that all natriuretic peptides had similar negative effects
on ventricular myocyte function and their effects were accompanied by increased cyclic GMP. Blockade the effect of CNP by a cyclic GMP
protein kinase inhibitor demonstrated that effects were mediated through the cyclic GMP signaling pathway.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Natriuretic peptides are a family of structurally related
peptides with potent diuretic, natriuretic, and vasorelaxant
activity. There are at least three members in natriuretic
peptide family that have major effects on the cardiovascular
system, atrial natriuretic peptide (ANP), brain natriuretic
peptide (BNP), and C-type natriuretic peptide (CNP) (Levin
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et al., 1998). All three peptides are expressed in heart. ANP
and BNP are produced mainly the atrium and ventricle,
respectively (D’Souza et al., 2004). The secretion of ANP
and BNP are triggered by wall pressure and stretch as well
as some hormones and neurotransmitters (De Bold et al.,
2001). CNP is predominantly located in central nervous
system, anterior pituitary, kidney and vascular endothelial
cells (Chen and Burnett, 1998; Fowkes and McArdle, 2000).

ANP and BNP are ligands for the natriuretic receptor
NPR1 (GC-A) and CNP binds to NPR2 (GC-B) (Tremblay
et al,, 2002). ANP has been reported to have a higher
affinity than BNP for NPR1 (D’Souza et al., 2004). Binding
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of the natriuretic peptides to their receptors activate a
particulate guanylyl cyclase that is part of the receptor,
leading to an elevation in intracellular cyclic GMP and a
subsequent cascade of events (Kuhn, 2004; Sharma, 2002).
There is also a clearance receptor NPR3 that binds all three
natriuretic peptides, but lacks a particulate guanylyl cyclase
domain. NPR1 is the most abundant type in large blood
vessels. ANP and BNP can regulate arterial blood pressure
and volume homeostasis and also have local antihypertro-
phic actions in the heart through NPR1. CNP has a paracrine
function in vascular regeneration and myocardial function
(Chen and Burnett, 1998; Pierkes et al., 2002). These
actions are related to the production of cyclic GMP (Kuhn,
2004; Sharma, 2002; Tremblay et al., 2002). In the heart,
cyclic GMP usually produces negative functional and
metabolic effects on cardiac myocytes (Gong et al., 1997;
Shah and MacCarthy, 2000; Zhang et al., 2002). However,
the effects of natriuretic peptides on cardiac myocyte
function are more controversial with reports of increases,
decreases and no change in myocyte function after admin-
istration of the various natriuretic peptides (D’Souza et al.,
2004; Hirose et al., 1998; Nir et al., 2001). Thus, natriuretic
peptides affect different receptors, have different potencies
and may have differential effects on cardiac function.

We tested the hypothesis that the natriuretic peptides,
acting through cyclic GMP, would have differential negative
functional effects on cardiac myocytes. In this study, we
compared ANP, BNP and CNP at same concentrations and
examined their effects on isolated ventricular myocytes from
the rabbit heart. We determined myocyte function and
changes in cyclic GMP levels. We also investigated if the
functional effects were associated with the cyclic GMP
signaling pathway by the action of the natriuretic peptides
on the cyclic GMP protein kinase. We found similar effects
for all three natriuretic peptides on myocyte function and the
level of cyclic GMP.

2. Materials and methods

This investigation was conducted in accordance with the
guide for the Care of Laboratory Animals (DHHS Pub-
lication 85-23, revised 1996) and was approved by our
Institutional Animal Care and Use Committee.

2.1. Ventricular myocyte dissociation

Ventricular myocytes were isolated from the hearts of
New Zealand white rabbits (n=8, 1.5-2.5 kg) as previously
described (Gong et al., 1997; Zhang et al., 2002). Briefly,
the rabbits were anesthetized with sodium pentobarbital (35
mg/kg) followed by the administration of heparin (10 units/
g body weight) intravenously using the circumflex ear vein.
The heart was immediately removed after an overdose of
pentobarbital (60 mg/kg) and retrograde perfused through
the aorta with minimal essential medium (MEM, Sigma)

supplemented with 10 mM taurine, 2 mM L-glutamic acid
and 20 mM HEPES, pH 7.2. After 5 min of perfusion with
MEM, the heart was perfused with MEM containing 0.1%
type II collagenase (Worthington) for 16 min. All perfusion
media were maintained at 37 °C and equilibrated with water
saturated oxygen.

After collagenase perfusion, the heart was removed from
the perfusion apparatus and the ventricle was cut into 8—10
pieces. The tissue suspension was further treated with MEM
containing 0.1% collagenase and 0.5% bovine serum
albumin (BSA), fraction V (Sigma) at 37 °C and gently
swirled at 2 cycles/s for 5 min. A slurry containing isolated
myocytes was decanted from the tissue suspension. The
isolated cells were washed three times in MEM containing
0.5% BSA and centrifuged at low speed (34xg) to
completely remove the collagenase and subcellular debris.
Incubation of the remaining tissue with collagenase was
repeated at least two more times. Myocyte viability was
assessed by maintenance of a rod-shaped morphology and
was between 50% and 70%. Yields were typically 10—
14x10° rod-shaped cells/heart.

2.2. Myocyte functional measurements

Individual ventricular myocytes were studied for func-
tion. Cells were suspended in 2 ml of 2 mM Ca** MEM
solution containing 0.5% BSA maintained at 37 °C in a
chamber that was fitted onto the stage of an inverted light
microscope (Zeiss Axiovert 125, Carl Zeiss). Two platinum
wires were placed on two parallel sides of the chamber and
were used to pace the myocytes by electric field stimulation
(1 Hz, 5 ms duration, voltage 10% above threshold, and
polarity altered with each pulse). Unloaded shortening of
selected cardiac myocytes was measured on-line using a
video edge-detector system (Crystal Biotech, model VED-
114, Patton Biomedical) and a camera which detected the
change of position of both edges of the cell. Data were
collected continuously. The output of the video edge
detector was fed into a television monitor and a desktop
computer and the data were subsequently analyzed. Cells
used to determine the functional parameters were healthy
and could react to different reagents throughout the course
of the experiment. Cell contraction measurements were
obtained on random cells in each preparation and each cell
was required to complete its protocol. Untreated cells
continued to contract at a constant level over the time
course of the experiment.

2.3. Determination of cyclic GMP level

Myocytes were collected, and incubated under electric
stimulation and gently swirled at 2 cycles/s at 37 °C for 5
min in absence or presence of 107" M ANP, 10~ M BNP,
or 1077 M CNP. At the end the incubation, myocyte
samples were centrifuged and pellets were frozen in liquid
nitrogen immediately and stored in —80 °C.
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Fig. 1. Ventricular myocyte percentage shortening before and after cells
were treated with ANP, BNP or CNP of 10~%, 10, 1077 M. Note the
similar dose dependent reduction in percent shortening with all the
natriuretic peptides. Values represent mean+S.E.M. (N=8 rabbits, 3 cells/
rabbit). *Significantly different from baseline.

To determine cyclic GMP levels, the myocytes were
warmed to 0 °C and homogenized in ethanol using a
Brinkmann Polytron (Westbury, NY) in an ice bath. The
homogenate was centrifuged at 30,000Xg for 15 min in a
Sorvall RC-5B centrifuge (Dupont, Wilmington, DE). The
supernatant was recovered. The pellet was resuspended in 1
ml of a 2 ethanol/1 water mixture and centrifuged as before.
The combined supernatants were evaporated to dryness in a
60 °C bath under a stream of nitrogen gas. The final residue
was dissolved in 1.5 ml assay buffer (0.05 mol/l sodium
acetate, pH 5.8, containing sodium azide). Cyclic GMP
levels were then determined using a radioimmunoassay
(Amersham Pharmacia). This assay measures the compet-
itive binding of ['**I]-labeled cyclic GMP to a cyclic GMP-
specific antibody. After construction of a standard curve,
cyclic GMP levels were determined and reported as
picomoles/10~> myocytes.

2.4. Experimental protocol

Ventricular myocytes were used in the following
protocol for cell functional measurements. In all groups,
myocytes in appropriate concentration were suspended in a
chamber with 2 ml of MEM containing 2 mM Ca®" and
0.5% BSA. After a 10-min stabilization period paced with
electrical field stimulation, baseline contraction data for an
individual myocyte were recorded. At 5-min intervals,
reagents were added to the medium and allowed to diffuse
to the cell while cell function was measured. ANP, BNP, or
CNP (Calbiochem) was added sequentially at concentra-
tions of 1077, 10~% 10~ M. In separate experiments (N=5
rabbits), KT5823 (Sigma), a cyclic GMP protein kinase
inhibitor, was given to myocytes treated with CNP of 10,
1078, 1077 M. A minimum of 10 consecutive contractions
were used for each data point. For each protocol, at least 3
cells in each animal were repeatedly measured. Measure-
ments obtained included resting cell length, absolute cell

shortening, maximal rate of shortening, rate of cell
relaxation, and calculated percentage of cell shortening.

2.5. Statistics

Results are expressed as means+S.E.M. A repeated mea-
sure analysis of variance (ANOVA) was used to compare
variables measured under the experimental and control con-
ditions. Duncan’s post hoc procedure was used to compare
differences between baseline and various treatments. In all
cases, a value of P<0.05 was accepted as significant.

3. Results

3.1. ANP, BNP and CNP dose-dependently decreased
ventricular myocyte contractility

We investigated the effects of the natriuretic peptides
ANP, BNP, and CNP on cardiomyocytes function. When
ANP 107°, 107%, 1077 M was added to the ventricular
myocytes, cell percentage shortening was significantly
decreased in a dose-dependent manner from 5.4+0.4% at
baseline to 3.940.2% in presence of 10~/ M ANP. BNP
10~7 M also decreased myocyte percentage shortening from
5.0+0.2% at baseline to 3.5+0.1% and CNP 10”7 M from
5.6%£0.3% to 4.0£0.3% (Fig. 1).

The natriuretic peptides reduced the maximum rate of
shortening of ventricular myocytes (Fig. 2). ANP signifi-
cantly reduced the maximum rate of myocyte shortening at
10~* M from 63.6+7.4 of base level to 50.7+3.7 pm/s. BNP
1077 M also decreased maximum rate of shortening from
60.9+3.7 to 49.5+3.3 um/s and CNP 10~’ M lowered ma-
ximum rate of shortening from 67.34+5.0 to 54.2+5.7 um/s.

Similarly, these natriuretic peptides reduced the max-
imum rate of relaxation of ventricular myocytes (Fig. 3).
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Fig. 2. Ventricular myocyte maximum rate of shortening before and after
cells were treated with ANP, BNP or CNP of 10~°, 10~%, 1077 M. Note the
similar dose dependent reduction in maximum rate of shortening with all
the natriuretic peptides. Values represent mean+S.E.M. (N=8 rabbits, 3
cells/rabbit). *Significantly different from baseline.
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Fig. 3. Ventricular myocyte maximum rate of relaxation before and after
cells were treated with ANP, BNP or CNP of 107, 1075, 1077 M. Note the
similar dose dependent reduction in maximum rate of relaxation with all the
natriuretic peptides. Values represent mean+S.E.M. (N=8 rabbits, 3 cells/
rabbit). *Significantly different from baseline.

ANP at 10~ M significantly reduced the myocyte maxi-
mum rate of relaxation from 61.2+6.9 of base level to
49.3+3.3 pm/s. BNP 10~7 M also decreased maximum rate
of relaxation from 60.0+3.5 to 47.8+3.3 um/s and CNP
107 M lowered maximum rate of relaxation from 65.0+3.7
to 53.2+5.7 pm/s.

3.2. ANP, BNP and CNP increased the intracellular cyclic
GMP level of ventricular myocytes

To determine whether the effects of the natriuretic
peptides were mediated through the cyclic GMP signaling
pathway, cardiac myocytes were treated with ANP, BNP and
CNP at 1077 M and the intracellular cyclic GMP level was
measured using radioimmunoassay. As shown in Fig. 4, all
the natriuretic peptides significantly increased the ventric-
ular myocyte intracellular cyclic GMP level. ANP 1077 M
raised the cyclic GMP level from 1.03+£0.16 at baseline to
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Fig. 4. Intracellular cyclic GMP levels of ventricular myocytes treated with
vehicle or 1077 M ANP, 1077 BNP, or 1077 M CNP. Note that all
natriuretic peptides significantly and similarly increased intracellular cyclic
GMP levels. Values represent mean*S.E.M. (N=6 rabbits,
~240,000%39,400 cells/rabbit). *Significantly different from control.
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Fig. 5. Effect of CNP and the cyclic GMP protein kinase inhibitor KT5823
on myocyte percent shortening. Note that CNP significantly lowered
percent shortening and KT5823 partially reversed this negative functional
effect. Values represent mean+S.E.M. (N=5 rabbits, 3 cells/rabbit).
*Significantly different from baseline.

2.13+0.22 pmol/10~> myocytes. BNP 10~" M and CNP
1077 M also increased cyclic GMP to 2.31+0.29 and
2.0340.21 pmol/10~> myocytes correspondingly (Fig. 4).

3.3. Effects of CNP on myocyte contractility act via the
cyclic GMP-dependent protein kinase

We further investigated whether the effects of the
natriuretic peptides on myocyte contractility acted through
cyclic GMP and the cyclic GMP-dependent protein kinase.
CNP reduced percent shortening in a group of myocytes.
Addition of KT5823, a specific inhibitor of the cyclic GMP
protein kinase, reversed the CNP induced effect in reducing
percent shortening of myocyte contraction (Fig. 5), demon-
strating involvement of the cyclic GMP signaling pathway.

4. Discussion

The natriuretic peptides act on different receptors and at
different potencies. The major finding of this study was that
we found that all three natriuretic peptides, ANP, BNP and
CNP, had similar effects on ventricular myocyte contrac-
tility, i.e. they all inhibited myocyte percentage shortening,
maximum rate of shortening and relaxation to a similar
degree. The effects of these natriuretic peptides were
accompanied by a similar rise in myocyte intracellular
cyclic GMP levels. Addition of a cyclic GMP protein kinase
inhibitor reversed the effects of CNP on myocyte contrac-
tility further demonstrating involvement of the cyclic GMP/
cyclic GMP protein kinase signaling pathway in the
functional changes produced by natriuretic peptides in
ventricular myocytes.

The use of isolated ventricular myocytes assured that
cells were homogenous, experimental conditions were
standardized and the results were related only to myocytes.
The yields were high with 50-80% of rod shaped healthy
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cells. The viability of the cells was confirmed by observing
their shape and contractile responsiveness. The cells were
able to contract for 30 min in the steady state (baseline
level) in absence of any reagents. With regard to the
functional measurements, we only chose cells that shortened
at least 4%. Functional measurements were performed on
three cells per group per heart. Using these isolated
ventricular myocytes, we studied the relative contractile
effects of the three natriuretic peptides.

Cyclic GMP, the intracellular signaling molecule com-
mon to nitric oxide and the natriuretic peptides, mediates an
important signal transduction pathway in the cardiovascular
system (Feil et al., 2003; Birschmann and Walter, 2004).
Previous work had shown that cyclic GMP can reduce
myocardial metabolism, inotropy and function (Gong et al.,
1997; Shah and MacCarthy, 2000; Zhang et al., 2002).
These negative functional effects of cyclic GMP in cardiac
myocytes are mainly mediated through actions of the cyclic
GMP-dependent protein kinase. The effects of cyclic GMP
may also be mediated by a cyclic GMP protein kinase-
independent interaction with other molecules in the cell,
such as cyclic GMP-gated cation channels and certain cyclic
AMP phosphodiesterases (Nascimento et al., 2001; Vila-
Petroff et al., 1999; Wollert et al., 2002).

Guanylyl cyclases exist as both soluble and particulate,
membrane-associated, enzymes that catalyze the conver-
sion of GTP to cyclic GMP. The particulate guanylyl
cyclase forms part of the receptors for the natriuretic
peptides. These natriuretic receptors are membrane bound
single chain transmembrane receptors that produce the
second messenger cyclic GMP through either intra- or
extracellular stimuli (Tremblay et al., 2002). The natriu-
retic receptors contain an intracellular catalytic guanylyl
cyclase domain, an adjacent kinase-like domain and an
extracellular (natriuretic peptide) ligand binding domain
(Van den Akker, 2001). Binding of natriuretic peptides to
their receptors induces a conformational change and
activates these receptors leading to the production of
cyclic GMP and the subsequent cascade of events.

The role of natriuretic peptides in the regulation of local
cardiac contractility is controversial (D’Souza et al., 2004).
Studies in genetic engineered mice demonstrate that the
ANP/NPR1 system plays an autocrine/paracrine role in the
heart, which inhibits cardiomyocyte growth and stimulates
diastolic relaxation (Kishimoto et al., 2001; Holtwick et al.,
2003). ANP has been reported to either have negative or no
functional effects in heart or cardiac myocytes (D’Souza et
al., 2004, Kuhn, 2004; Pierkes et al., 2002). Similar results
have been reported for BNP (D’Souza et al., 2004). CNP
has been shown to exert a biphasic, initially positive
inotropic and lusitropic, then negative inotropic effect in
isolated working mouse hearts (Wollert et al., 2003). Others
have reported both positive and negative myocyte functional
effects for CNP (Hirose et al., 1998; Nir et al., 2001). In our
study, we found a similar dose dependent decrease in
ventricular myocyte function with all three natriuretic

peptides. To our knowledge, this is the first reported
comparison of the cyclic GMP and functional effects of
these three natriuretic peptides in ventricular myocytes.
These differences may be related to species, dose or the
various cardiac preparations used.

ANP and BNP both stimulate the NPR1 receptor, but
ANP has been reported to be much more potent (D’Souza
et al.,, 2004; Kuhn, 2004; Vanderheyden et al., 2004).
However, this issue has not been studied in ventricular
myocytes. We found that both ANP and BNP had
approximately equal potency in increasing the level of
cyclic GMP and reducing myocyte function. These
peptides may play a complementary role in heart (Kuhn,
2004). CNP activates the NPR2 receptor (D’Souza et al.,
2004; Vanderheyden et al., 2004). CNP also increased
cyclic GMP and decreased myocyte function to a similar
extent as ANP and BNP. This suggests that the NPR1 and
NPR2 natriuretic peptide receptors have approximately
equal potency in affecting signal transduction in rabbit
ventricular myocytes.

The effects of the natriuretic peptides on myocardial
function are related to production of cyclic GMP and
activation of the cyclic GMP protein kinase (D’Souza et al.,
2004; Kuhn, 2004). In the present study, we found that the
negative functional effects of CNP were reversed by
blocking the cyclic GMP protein kinase. A putative
mechanism contributing to the contractile responses of the
natriuretic peptides and cyclic GMP is the cyclic GMP
protein kinase-dependent phosphorylation of phospholam-
ban and subsequent activation of the sarcoplasmic reticulum
Ca**-pump (Zhang et al., 2002). The cyclic GMP protein
kinase has been shown to be a downstream target activated
by the CNP/NPR2/cyclic GMP-signaling pathway in
cardiac myocytes. Cyclic GMP protein kinase-stimulated
phosphorylation of phospholamban and subsequent activa-
tion of the sarcoplasmic reticulum Ca®>" pump appears to
mediate the responses of CNP in murine heart (Wollert et
al., 2003). We showed that ANP, BNP and CNP at similar
concentrations all decreased rabbit cardiac myocyte con-
tractility and increased cyclic GMP levels. Our results
support the idea that effects of the natriuretic peptides are
mediated through the cyclic GMP protein kinase signaling
mechanisms.

Stimulation of cyclic GMP synthesis by ANP/NPR1 or
nitric oxide inhibits cardiomyocyte hypertrophy (Feil et al.,
2003). The natriuretic peptides are upregulated in heart
failure (Maisel et al., 2002). The plasma level of BNP has
been correlated with heart failure. Therefore, it has been
used as a diagnostic marker for heart failure (McCullough et
al., 2003). It has been further developed as for clinical
treatment of patients with congestive heart failure (Keating
and Goa, 2003; Bhatia et al., 2003). Mice lacking ANP or
the ANP receptor, NPR1, can develop pressure-independent
cardiac hypertrophy (John et al., 1995). The hypertrophic
response of cultured cardiac myocytes to adrenergic
stimulation is suppressed by ANP, nitric oxide, or cyclic
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GMP (Calderone et al., 1998). BNP has been used for
treatment of acute decompensated congestive heart failure.
Effects of BNP are associated with decreased preload and
afterload and increased cardiac output (Iyengar et al., 2004).
BNP and N-terminal BNP are also used to predict heart
failure state and prognosis better than ANP or N-terminal
ANP (Cowie et al., 1997; Maisel et al., 2002). Interestingly,
our data demonstrate a similar effect for all three natriuretic
peptides in terms of function and change in cyclic GMP.
This suggests that other peptides or receptor agonists might
also have a similar protective effect as BNP in acute
decompensated cardiac failure.

In summary, we found that the natriuretic peptides, ANP,
BNP and CNP, all decreased cell contractile function
including percentage shortening, maximum rate of short-
ening and relaxation to a similar degree. Their effects on
cardiac myocyte function were accompanied by doubling of
the myocyte intracellular cyclic GMP level. These similar
effects were observed despite the reported differences in
potencies and receptor activated by these natriuretic
peptides. Blockade of the cyclic GMP signaling pathway
through the use of a cyclic GMP protein kinase inhibitor
caused inhibition of effects of CNP. We conclude that the
similar negative functional effects of these natriuretic
peptides in ventricular myocytes are mediated through the
cyclic GMP-cyclic GMP protein kinase signaling pathway.
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