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Natriuretic peptides (NPs) are best known for their ability to regulate blood vessel tone and kidney function
whereas their electrophysiological effects on the heart are less clear. Here, we measured the effects of BNP
and CNP on sinoatrial node (SAN) and atrial electrophysiology in isolated hearts as well as isolated SAN
and right atrial myocytes from mice. BNP and CNP dose-dependently increased heart rate and conduction
through the heart as indicated by reductions in R–R interval, P wave duration and P–R interval on ECGs. In
conjunction with these ECG changes BNP and CNP (100 nM) increased spontaneous action potential frequency
in isolated SAN myocytes by increasing L-type Ca2+ current (ICa,L) and the hyperpolarization-activated current
(If). BNP had no effect on right atrial myocyte APs in basal conditions; however, in the presence of isoproterenol
(10 nM), BNP increased atrial AP duration and ICa,L. Quantitative gene expression and immunocytochemistry
data show that all threeNP receptors (NPR-A, NPR-B andNPR-C) are expressed in the SAN and atrium. The effects
of BNP and CNP on SAN and right atrial myocytes were maintained in mutant mice lacking functional NPR-C
receptors and blocked by the NPR-A antagonist A71915 indicating that BNP and CNP function through their
guanylyl cyclase-linked receptors. Our data also show that the effects of BNP and CNP are completely absent
in the presence of the phosphodiesterase 3 inhibitor milrinone. Based on these data we conclude that NPs
can increase heart rate and electrical conduction by activating the guanylyl cyclase-linked NPR-A and
NPR-B receptors and inhibiting PDE3 activity.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Natriuretic peptides (NPs) constitute a family of hormones that
have a number of important effects in the cardiovascular system [1,2].
This family includes atrial (ANP), B-type (BNP) and C-type (CNP) NPs,
which elicit their physiological effects by binding to specific NP re-
ceptors (NPRs) denoted NPR-A, NPR-B and NPR-C [2,3]. NPR-A (which
binds ANP and BNP) and NPR-B (which only binds CNP) are particulate
guanylyl cyclase (GC) receptors that increase intracellular cGMP upon
agonist binding. The cGMP produced downstream of NPR-A/B can
modulate several targets including protein kinase G (PKG) and phos-
phodiesterases 2 and 3 (PDE2 and PDE3) [2,4]. NPR-C, which binds
all NPs, is not directly linked to a GC enzyme, but rather is coupled
to the activation of inhibitory G proteins (Gi) [5,6].
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NPs are powerful regulators of the cardiovascular system and are
best known for their ability to regulate intravascular volume and arterial
pressure through their effects in the kidneys (natriuresis, diuresis) and
on vascular tone [2,7]. In this way NPs can importantly regulate cardiac
output by affecting loading conditions on the heart. In contrast, the
direct effects of NPs on ion channel function in the myocardium, par-
ticularly within the sinoatrial node (SAN), are much less well under-
stood. Synthetic natriuretic peptides are in use [8] or in development
[9] for the treatment of heart failure, thus it is essential to understand
how these hormones directly modulate cardiac function.

Recently we demonstrated that CNP can slow heart rate (HR) by
decreasing L-type Ca2+ current (ICa,L) in isolated SAN myocytes [10,11].
These effects were shown to be dependent on activation of NPR-C and
were only seen in the presence of a saturating dose (1 μM) of the
β-adrenergic receptor (β-AR) agonist isoproterenol (ISO). On the other
hand some studies have shown that NPs can increase HR and/or
SAN activity in vivo and/or in isolated atrial preparations [12–14].
These variable responses may be related to a lack of understanding
of how different NPRs contribute to physiological responses in dif-
ferent conditions. Given that HR is a critical determinant of cardiac
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output there is clearly a need to better understand how NPs affect
cardiac chronotropy.

HR is determined intrinsically by the rhythmic spontaneous ac-
tivity of specialized pacemaker myocytes in the SAN [15–18]. Critical
to pacemaker activity, the SANmyocyte gradually depolarizes during
the diastolic period until the threshold for the next AP is reached.
This gradual depolarization is called the diastolic depolarization
(DD) and is the fundamental feature of the SANmyocyte that enables
pacemaker activity. Several ionic mechanisms have been shown to
play a role in the generation of the DD. These include, among others,
the hyperpolarization-activated current (If) carried by HCN chan-
nels, T- and L-type Ca2+ currents (ICa,T and ICa,L), a delayed rectifier
K+ current (IKr) and an inward Na+–Ca2+ exchange current (INCX)
driven by the release of Ca2+ from the sarcoplasmic reticulum (SR)
[17,18]. Atrial myocytes, on the other hand, do not display spontane-
ous APs. Instead they are stimulated to fire APs from a stable resting
membrane potential when spontaneously generated APs exit the
SAN and depolarize the surrounding atrial myocardium.

The purpose of this study was to determine the effects of BNP and
CNP on HR and electrical conduction in isolated hearts in basal condi-
tions and to determine the molecular mechanism of these effects in
isolated SAN and working atrial myocytes. Our studies provide new
insight into the mechanisms by which NPs regulate pacemaker activ-
ity and chronotropic responses in the heart. By using BNP and CNP as
agonists we were able to assess the role of all three NPRs in these
effects.

2. Materials and methods

An expandedMethods section is available in the Online Supplement.

2.1. Animals

This study utilized male wildtype C57Bl/6 mice (Charles River) and
mutant mice lacking functional NPR-C receptors (NPR-C−/−; The
Jackson Laboratory) [19] between the ages 10 and 14 weeks. Exper-
imental procedures were in accordance with the regulations of The
Canadian Council on Animal Care and were approved by Dalhousie
University.

2.2. Experimental approaches

Experimental approaches included ECG recordings in Langendorff-
perfused hearts [10,20], action potential (AP) and ionic current mea-
surements on isolated SAN and atrial myocytes using the patch-clamp
technique [21], gene expression analysis in SAN and right atrial tissue
using quantitative PCR [22], and immunocytochemistry on isolated
SAN and atrial myocytes [23].

2.3. Statistical analysis

All summary data are presented as means±SEM. Data were ana-
lyzed using a paired Student's t-test, or one-way/two-way ANOVAs
with Tukey's or Student–Newman–Keuls’ posthoc analysis. Pb0.05 was
considered significant.

3. Results

3.1. Effects of BNP and CNP on HR and electrical conduction

Initial experiments measured the effects of BNP and CNP on HR
and electrical conduction by measuring ECGs in Langendorff-perfused
mouse hearts. Representative ECG recordings (Figs. 1A and B) and
time course experiments (Figs. 1C and D) demonstrate that BNP and
CNP (500 nM) rapidly and reversibly increased HR. To assess the dose
dependence of these effects BNP and CNPwere applied at doses ranging
from 1 nM to 1000 nM (Figs. 1E and F). BNP significantly increased HR
at all doses except the lowest (1 nM) dose. The EC50 values for BNP
and CNP were 304±42 nM and 319±49 nM respectively.

BNP and CNP also increased conduction across the atria and through
the atrioventricular (AV) node, as indicated by P wave duration and PR
interval analysis (Supplemental Table 1). Application of BNP (500 nM)
shortened (Pb0.05) the P wave duration from 9.8±0.7 ms to 8.3±
1.3 ms and the PR interval from 51.7±3.1 to 37.8±0.9 ms while CNP
(500 nM) shortened (Pb0.05) the P wave duration from 10.4±0.6 to
8.3±0.3 and the PR interval from 39.2±2.6 to 28.2±1.1 ms. The ef-
fects of BNP and CNP on ECG parameters were also dose dependent
(not shown).
3.2. Effects of BNP and CNP on isolated SAN myocyte spontaneous APs

The ability of NPs to increase HR in isolated hearts is indicative
of intrinsic effects on the SAN; therefore, spontaneous APs were
measured in isolated SAN myocytes during acute application of
NPs. Consistent with the isolated heart experiments, BNP and CNP
(100 nM) increased spontaneous AP frequency (Figs. 2A and B) in
SAN myocytes. On average BNP increased (Pb0.05) SAN myocyte
AP frequency (Fig. 2C) from 148.5±5.5 to 180±4.5 APs/min in asso-
ciation with an increase (Pb0.05) in the slope of the DD (Fig. 2D)
from 31±1.7 to 48.3±1.3 mV/s. BNP had no effect (P=0.88) on
the MDP (−66.3±0.9 mV in control vs. −66.3±0.7 mV in BNP;
Fig. 2E). CNP increased (Pb0.05) spontaneous AP frequency (Fig. 2F)
from 140.5±12.2 to 167.5±13 APs/min. Application of CNP also in-
creased (Pb0.05) the DD slope (Fig. 2G) from 25.8±4.6 to 43.1±
7.2 mV/s without changing (P=0.72) the MDP (−65.3±2 in control
vs.−65.5±2.4; Fig. 2H). Analysis of additional spontaneous AP param-
eters is presented in Supplemental Tables 2 and 3. These data show that
BNP and CNP also prolonged (Pb0.05) APD50 from 48.3±4.8 to 54.3±
4.1 ms and 40.6±3.6 to 48.5±4.4 ms, respectively. BNP and CNP did
not significantly alter AP upstroke velocity (Vmax) or the AP overshoot
(OS).
3.3. Effects of BNP and CNP on ionic currents in isolated SAN myocytes

We next tested the effects of BNP and CNP on ionic currents
known to contribute prominently to the DD phase of the AP in SAN
myocytes including ICa,L and the hyperpolarization-activated current
If [15,16,18]. ICa,L in SAN myocytes is dependent on both CaV1.2 and
CaV1.3 channels [24,25] and we used voltage clamp protocols that
measure the contribution of both Ca2+ channel isoforms to ICa,L (see
supplemental methods) [21,24,26]. Summary current–voltage (I–V)
relationships illustrate that BNP (100 nM; Fig. 3C) increased (Pb0.05)
peak ICa,L from –4.4±0.6 to −6.1±0.5 pA/pF while CNP (100 nM;
Fig. 3D) increased (Pb0.05) peak ICa,L from −4.3±0.3 to −5.9±
0.3 pA/pF. The effects of NPs on SAN myocyte ICa,L were further studied
by performing steady state conductance analysis. BNP increased (Pb0.05)
maximum ICa,L conductance (Gmax) from 127.7±5.1 to 148.6±2.4 pS/pF
and shifted the V1/2(act) from −17.7±1.9 to −20.8±0.8 mV (Fig. 3E).
CNP increased (Pb0.05) ICa,L Gmax from 117±3.7 to 160.2±2.2 pS/pF
while shifting the V1/2(act) from−16.4±1.4 to−19.1±0.6 mV (Fig. 3F).

We next measured the effects of NPs on If. Representative If re-
cordings (measured during 2 s voltage clamp steps to −120 mV;
Figs. 4A and B) and summary I−V relationships (measured as the
peak current density at the end of 2 s voltage clamp steps between
−30 and −160 mV; Figs. 4C and D) demonstrate that BNP and CNP
(100 nM) similarly increased (Pb0.05) If density. In association with
these increases in If density BNP and CNP shifted (Pb0.05) the V1/2(act)

from −112.4±2.3 to −99.3±0.9 mV and −109.4±1.9 to −101.6±
1.4 mV, respectively (Figs. 4E and F). The slope factor (k) was not al-
tered by BNP and CNP (P=0.189).



Fig. 1. Effects of BNP and CNP on HR in Langendorff-perfused mouse hearts. (A and B) Representative ECG recordings (1 s duration) in control conditions, following the application
of BNP or CNP (500 nM), and after peptide wash off. (C and D) Time course of the effects of BNP and CNP (500 nM) on HR. (E and F) Summary dose–response curves for the effects of
BNP and CNP (1 nM–1000 nM) on HR. n=4–5 hearts for each peptide at each concentration; *Pb0.05 by one-way ANOVA with a Tukey posthoc test. See Supplemental Table 1 for
analysis of additional ECG parameters.
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3.4. Effects of BNP on right atrial myocytes

Based on our ECG data showing changes in atrial conduction we
also measured the effects of BNP (100 nM) on APs and ICa,L in right
atrial myocytes. In contrast to SAN myocytes, BNP had no effect on
right atrial myocyte APs in basal conditions (Fig. 5A). Summary
data in Fig. 5C demonstrate that neither AP duration (APD) at 50% re-
polarization (APD50; 7.4±1.1 ms in control vs. 7.3±1.1 ms in BNP;
P=0.23) or 90% repolarization (APD90; 36.3±7.7 ms in control vs.
35.7±7.7 ms in BNP; P=0.73) were changed in the presence of BNP.

We then tested the effects of BNP on atrial APs in the presence of
a submaximal dose of the β-AR agonist isoproterenol (ISO; 10 nM).
Unlike in basal condition, application of BNP (100 nM) in the pres-
ence of ISO prolonged APD (Fig. 5B). As illustrated in Fig. 5D ISO
Fig. 2. Effects of BNP and CNP on spontaneous action potential firing in isolated sinoatrial
control conditions, following application of BNP or CNP (100 nM) and after peptide wash o
cation of BNP or CNP are also illustrated in panels A and B (bottom). Summary bar graphs ill
slope of the diastolic depolarization (D and G) and maximum diastolic potential (E and H)
Tukey posthoc test.
and BNP each progressively increased (Pb0.05) APD50 (13.6±0.8 ms
in control, 25.2±1.8 ms in ISO, 31.2±2.2 ms in ISO+BNP) and APD70

(23.7±0.7 ms in control, 43.3±2ms in ISO, 51.3±2.6 ms in ISO+
BNP). APD90 was increased by ISO (Pb0.05) and although BNP tended
to further prolong APD90 this did not reach statistical significance
(P=0.23; Fig. 5D).

In association with the prolongation of the AP, BNP (100 nM) also
increased right atrial ICa,L in the presence of ISO (10 nM; Figs. 5E and
F). Once again, atrial ICa,L was recorded from a holding potential of
−60 mV in order to record CaV1.2 and CaV1.3-dependent ICa,L [27].
On average, peak atrial ICa,L was increased (Pb0.05) from −3.5±0.2
to −9.7±0.7 pA/pF in ISO. Application of BNP in the presence of
ISO further increased (Pb0.05) ICa,L to −11.7±0.7 pA/pF. Steady
state ICa,L conductance analysis (Fig. 5G) demonstrates that ISO
node myocytes. (A and B) Representative spontaneous AP recordings (5 s duration) in
ff. Dotted lines are at 0 mV. Two consecutive APs in control conditions and after appli-
ustrating the effects of BNP and CNP (100 nM) on spontaneous AP frequency (C and F),
. n=8 SAN myocytes for each peptide; Pb0.05 vs. control by one-way ANOVA with a
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Fig. 3. Effects of BNP and CNP on L-type Ca2+ current (ICa,L) in isolated sinoatrial node myocytes. (A and B) Representative ICa,L recordings in control conditions, following the
application of BNP or CNP (100 nM) and after peptide wash off. The voltage clamp protocol used (inset) allows measurement of CaV1.2 and CaV1.3 dependent ICa,L (see Materials
andmethods). (C and D) Summary I–V relationships for the effects of BNP and CNP (100 nM) on SANmyocyte ICa,L. (E and F) Summary ICa,L conductance density plots for BNP and
CNP (100 nM). See Section 3.3 for details. n=6 SAN myocytes for each peptide; Pb0.05 vs. control by paired Student's t-test at each membrane potential.
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increased (Pb0.05) Gmax from 101.6±5 to 200.1±17 pS/pF and
shifted (Pb0.05) the V1/2(act) from−8.3±0.9 to−13.8±1.2 mV. Ap-
plication of BNP in the presence of ISO further increased (Pb0.05) Gmax

to 239.1±16 and hyperpolarized the V1/2(act) to −14.9±1.4 mV. The
time course of the effects of ISO and BNP on atrial ICa,L is presented in
Supplemental Fig. 3.

3.5. Expression of natriuretic peptide receptors in the SAN and right
atrium

In order to determine the molecular mechanism for the effects of
NPs on SAN and atrial myocyte electrophysiology mRNA expression
for each NPR was measured in SAN and right atrial tissue samples
using quantitative PCR. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as a reference gene. Samples were confirmed to
be from the appropriate region of the myocardium based on the high
expression of HCN4 and low expression of ANP in the SAN compared
to the atrium (Supplemental Fig. 1A) as described previously [22]. Sup-
plemental Fig. 1B demonstrates that mRNA for Npr1, Npr2 and Npr3
(the genes corresponding to NPR-A, NPR-B and NPR-C) are all present
in the SAN and atrial myocardium. Npr1 was more highly (Pb0.05)
expressed in SAN compared to right atrium, whereas Npr3 was more
highly expressed (Pb0.001) in the right atrium compared to the SAN.
Npr2 expression did not differ (P=0.06) between SAN and right atrial
samples. These data further demonstrate that within the SAN Npr1
was more highly expressed than Npr2 (Pb0.05) and that within the
right atrium Npr3 was more highly expressed (Pb0.001) than Npr1
and Npr2.

Immunocytochemistry using specific antibodies was performed
to confirm that NPR proteins were expressed specifically in isolated
SAN and right atrial myocytes. Supplemental Fig. 2 demonstrates
that spindle shaped myocytes isolated from the SAN stained posi-
tively for HCN4 while working myocytes from the right atrial ap-
pendage stained positively for ANP as expected [23]. In agreement

image of Fig.�3


Fig. 4. Effects of BNP and CNP on the hyperpolarization-activated current (If) in isolated sinoatrial node myocytes. (A and B) Representative If recordings at −120 mV (inset) in
control conditions, following the application of BNP or CNP (100 nM) and after peptide wash off. (C and D) Summary I–V relationships for the effects of BNP and CNP (100 nM)
on If. (E and F) If activation curves in control conditions and following the application of BNP or CNP. See Section 3.3 for details. n=8 SAN myocytes in the BNP group and 9
SAN myocytes in the CNP group; Pb0.05 vs. control by paired Student's t-test at each membrane potential.
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with the qPCR data described above, SAN and right atrial myocytes
from the same isolations also stained positively for NPR-A, NPR-B
and NPR-C.

3.6. Effects of BNP and CNP in NPR-C−/− mice

The ability of BNP and CNP to increase ICa,L in SAN and atrial
myocytes was somewhat surprising because we have previously
demonstrated that CNP can decrease ICa,L (prestimulated with a
maximal 1 μM dose of ISO) by activating NPR-C [10,11,28]. To eval-
uate the role of NPR-C in the present experimental conditions we
used mutant mice lacking functional NPR-C receptors (NPR-C−/−).
Application of BNP (100 nM) increased spontaneous AP frequency
in SAN myocytes from NPR-C−/− mice to a similar extent as wild-
type mice (Fig. 6A). On average, BNP increased (Pb0.05) AP frequency
from 147±11.3 to 175±11.4 APs/min in association with an increase
(Pb0.05) in the DD slope (Figs. 6B and C) and APD50 (Supplemental
Table 2). CNP had comparable effects to BNP whereby spontaneous AP
frequency was increased (Pb0.05) in NPR-C−/− myocytes from 152±
9.3 to 184±10.5 APs/min along with increases (Pb0.05) in DD slope
and APD50 (Figs. 6D and E; Supplemental Table 3). Consistent with their
effects on AP frequency BNP and CNP (100 nM) increased (Pb0.05)
ICa,L and If in NPR-C−/− SAN myocytes as effectively as in wildtype
mice (Fig. 6).

Similar results were obtained in isolated right atrial myocytes
from NPR-C−/− mice (Supplemental Fig. 4) whereby BNP (100 nM)
still effectively increased ICa,L in the presence of ISO (10 nM). These
data suggest that NPR-C is not responsible for the stimulatory effects
of BNP and CNP in the SAN in basal conditions or atrial myocytes in
submaximal doses of ISO. In agreement with this conclusion we
found that application of the NPR-C selective agonist cANF [10,29]
had no effect on isolated hearts (500 nM dose) or SAN myocytes
(100 nM dose) in basal conditions (data not shown).

Supplemental Fig. 1C demonstrates that the expression of Npr1
and Npr2 (corresponding to NPR-A and NPR-B proteins) is not altered
in NPR-C−/− right atrial/SAN tissue indicating that the expression of
the GC-linked NPRs is not remodeled in mice lacking functional NPR-C
receptors. This is consistent with our electrophysiological data demon-
strating that the effects of BNP and CNP in NPR-C−/−myocytes are very
similar to wildtypes.
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Fig. 5. Effects of BNP on right atrial myocyte action potentials and L-type Ca2+ current. The effects of BNP (100 nM) were studied in baseline conditions and in the presence of a
submaximal dose of the β-adrenergic receptor agonist isoproterenol (ISO; 10 nM). Representative stimulated atrial myocyte APs illustrating the effects of BNP in baseline conditions
(A) and in the presence of ISO (B). Dotted lines are at 0 mV. (C) Summary of the effects of BNP on right atrial AP duration in baseline conditions (n=15 myocytes). (D) Summary of
the effects of BNP on right atrial AP duration in cells prestimulated with ISO (n=12 myocytes). (E) Representative right atrial ICa,L recordings in control conditions, in the presence
of ISO and following application of ISO+BNP. The voltage clamp protocol used (inset) allows measurement of CaV1.2 and CaV1.3 dependent ICa,L. (F) Summary right atrial myocyte
ICa,L I–V relationships in control conditions, in the presence of ISO and following application of BNP in the presence of ISO (n=15 right atrial myocytes). (G) Summary ICa,L conduc-
tance density plots demonstrating the effects of ISO and BNP on ICa,L activation kinetics. See Section 3.4 for details. *Pb0.05 vs. control, +Pb0.05 vs. ISO by one-way ANOVA with a
Student–Newman–Keuls posthoc test.
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3.7. Effects of BNP in the presence of the NPR-A antagonist A71915

We next focused on the possibility that the GC-linked NPRs are
responsible for the NP effects described above by examining the
effects of BNP on SAN and atrial myocytes in the presence of the
NPR-A antagonist A71915 (500 nM) [30,31]. As illustrated in
Fig. 7A the effect of BNP on spontaneous AP frequency was
completely antagonized by A71915 (which had no effect on AP fir-
ing itself). Summary data (Fig. 7B; Supplemental Table 2) illustrate
that spontaneous AP frequency was 150±9.8 APs/min in control
conditions, 147±8.5 APs/min in A71915 and 153±7.2 APs/min in
A71915+BNP (P=0.97). DD slope and all other AP parameters,
were unaffected (P=0.98) by A71915 or BNP (Fig. 7C, Supplemental
Table 2). Figs. 7D–G illustrate that, consistent with our AP measure-
ments, A71915 completely blocked the ability of BNP to increase ICa,L
and If in SAN myocytes. Supplemental Fig. 5 illustrates that A71915
also completely antagonized the ability of BNP to increase ICa,L in right
atrial myocytes in the presence of ISO (10 nM). These data demonstrate
that the stimulatory effects of BNP on SAN myocytes (basal conditions)
and right atrial myocytes (submaximal doses of ISO) are NPR-A
dependent.

3.8. Effects of BNP and CNP in the presence of the phosphodiesterase 3
inhibitor milrinone

NPR-A (which binds BNP) and NPR-B (which binds CNP) both ac-
tivate GCs that increase intracellular cGMP [2,3]. cGMPmodulates the
activity of several signaling molecules that could mediate the effects
of BNP and CNP on ion channels in the SAN and atria. For example,
cGMP activates PKG and PDE2 and inhibits PDE3 [2,4]. PKG has been
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Fig. 6. Effects of BNP and CNP on isolated sinoatrial node myocytes isolated from mutant mice lacking functional NPR-C receptors (NPR-C−/−). (A) Representative spontaneous AP
recordings (5 s duration) in control conditions, following application of BNP (100 nM) and after wash off of BNP. Summary bar graphs illustrate the effects of BNP and CNP (100 nM)
on spontaneous AP frequency (B and D) and diastolic depolarization slope (C and E) in NPR-C−/− mice (n=7 SANmyocytes for each peptide). (F) Representative ICa,L recordings at
−10 mV in SAN myocytes from NPR-C−/− mice in control conditions, in the presence of BNP, and after BNP washout. (G and H) Summary of the effects of BNP and CNP on ICa,L
density at −10 mV in NPR-C−/− SAN myocytes (n=5 SAN myocytes for each peptide). (I) Representative If recordings at −120 mV in SAN myocytes from NPR-C−/− mice in con-
trol conditions, in the presence of BNP, and after BNP washout. (J and K) Summary of the effects of BNP and CNP on If density at −120 mV in NPR-C−/− SAN myocytes (n=5 SAN
myocytes for each peptide). *Pb0.05 vs. control by one-way ANOVA with a Tukey posthoc test.
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shown to decrease ICa,L in cardiomyocytes [32–34] and activation of
PDE2 also reduces ICa,L by increasing the hydrolysis of cAMP [35,36].
Inhibition of PDE3 by cGMP, on the other hand, reduces the hydroly-
sis of cAMP, which leads to an increase in ICa,L [37–39]. Since our data
show that BNP and CNP increase ICa,L in an NPR-A/NPR-B-dependent
fashion we hypothesized that these effects involve PDE3. This was
evaluated by applying BNP or CNP in the presence of the PDE3 inhib-
itor milrinone (Mil, 10 μM) [40,41].

As illustrated in Fig. 8A the ability of BNP (100 nM) to increase
spontaneous AP frequency in SAN myocytes was completely absent
in cells that were pretreated with Mil (10 μM). On average, Mil in-
creased (Pb0.05) AP frequency from 138±3.5 to 180±13.9 APs/min
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Fig. 7. Effects of BNP on sinoatrial node myocytes in the presence of the NPR-A antagonist A71915. (A) Representative spontaneous AP recordings in control conditions, in the pres-
ence of A71915 (500 nM) and following application of BNP (100 nM) in the presence of A71915. (B and C) Summary data showing the lack of effect of BNP on spontaneous AP
frequency and diastolic depolarization slope after NPR-A blockade with A71915 (n=5 SAN myocytes). (D and E) Representative recordings and summary data (n=5 SAN myo-
cytes) illustrating the lack of effect of BNP on ICa,L at −10 mV in the presence of A71915. (F and G) Representative recordings and summary data (n=5 SAN myocytes) illustrating
the lack of effect of BNP on If at −120 mV in the presence of A71915. Data were analyzed by one-way ANOVA with a Tukey posthoc test.
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(Fig. 8B) and DD slope from 27.7±2.7 to 48±6.5 mV/s (Fig. 8C). Appli-
cation of BNP in the presence of Mil had no further effect (P=0.99) on
AP frequency (182±13 APs/min) or DD slope (45.9±6.7). Very similar
effects were observed when CNP was applied in the presence of Mil
(Figs. 8D and E).

Consistent with these AP data BNP and CNP had no effect on ICa,L
or If in SAN myocytes treated with Mil (Fig. 8). ICa,L and If density
were increased (Pb0.05) by Mil; however, application of
BNP(P=0.89) or CNP (P=0.75) in the presence of Mil caused no fur-
ther change in these currents. The effects of Mil (10 μM) and BNP
(100 nM) were also evaluated in right atrial myocytes in the presence
of ISO (10 nM; Supplemental Fig. 6). These data demonstrate that ISO
increased (Pb0.05) atrial ICa,L from −2.1±0.1 to −5.8±0.7 pA/pF
and application of Mil in the presence of ISO further increased
(Pb0.05) ICa,L to −7.3±0.6 pA/pF; however, BNP applied in the pres-
ence of Mil and ISO had no effect (P=0.60) on atrial ICa,L
(−7.4±0.6 pA/pF).

Together these data suggest that NPs affect SAN and atrial elec-
trophysiological properties in these conditions in a PDE3-
dependent fashion. To further test this hypothesis two additional ex-
periments were performed in isolated right atrial myocytes. First the
effects of Mil (10 μM) on atrial ICa,L were measured in basal

image of Fig.�7


Fig. 8. Effects of BNP and CNP on sinoatrial node myocytes in the presence of the phosphodiesterase 3 inhibitor milrinone. (A) Representative spontaneous AP recordings (5 s
duration) in control conditions, in the presence of Mil (10 μM) and after application of BNP (100 nM) in the presence of Mil. Summary bar graphs illustrating the effects of
BNP and CNP (100 nM) on spontaneous AP frequency (B and D) and diastolic depolarization slope (C and E) following inhibition of PDE3 with Mil (n=5 SAN myocytes for
BNP and 7 SAN myocytes for CNP). (F) Representative ICa,L recordings at −10 mV in SAN myocytes in control conditions, in the presence of Mil, and after application of BNP
in the presence of Mil. (G and H) Summary of the effects of BNP and CNP on SAN myocyte ICa,L density at −10 mV following application of Mil (n=5 SAN myocytes for each
peptide). (I) Representative If recordings at−120 mV in SANmyocytes in control conditions, in the presence ofMil, and after application of BNP in the presence ofMil. (J and K) Summary
of the effects of BNP and CNP on If density at−120 mV in the presence of Mil (n=5 SANmyocytes for each peptide). *Pb0.05 vs. control by one-way ANOVA with a Tukey posthoc test.
BNP and CNP had no effect on SAN AP firing, ICa,L or If in the presence of Mil.
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conditions (Supplemental Fig. 7). Unlike SAN myocytes (Fig. 8) Mil
had no effect (P=0.43) on basal atrial ICa,L indicating that atrial myo-
cytes do not have constitutive PDE3 activity. This may explain the
lack of effect of BNP on atrial myocytes in basal conditions (see Dis-
cussion). Second, we confirmed that the absence of a BNP effect in
the presence of ISO and Mil was not due to atrial ICa,L having reached
a state of maximum conductance before application of BNP by show-
ing that atrial ICa,L in the presence of ISO and Mil can be further in-
creased (Pb0.05) by applying the broad spectrum PDE inhibitor
IBMX (100 μM; Supplemental Fig. 8).

image of Fig.�8


1132 J. Springer et al. / Journal of Molecular and Cellular Cardiology 52 (2012) 1122–1134
4. Discussion

The present investigation shows that BNP and CNP can potently
increase HR and electrical conduction in basal conditions. These
effects are associated with increases in the frequency of spontane-
ous AP firing in isolated SAN myocytes due, at least in part, to in-
creases in ICa,L and If (two currents known to contribute prominently
to the DD [18]). BNP and CNP were used as agonists so that the roles
of all three NPRs could be assessed. Our data show that in basal con-
ditions BNP and CNP primarily elicit their effects via the GC-linked
NPR-A and NPR-B receptors because the effects of BNPwere completely
antagonized by the NPR-A antagonist A71915 (which prevents ANP
and BNP from increasing cGMP [30,42]). Furthermore, BNP and CNP
both increased AP frequency in SAN myocytes from NPR-C−/− mice
as effectively as in wildtype myocytes. Although we have not directly
measured changes in cGMP, it is well established that activation of
NPR-A and NPR-B results in increased cGMP levels in the heart
[2,43], thus it is suggested that the functional electrophysiological
changes we have observed coincide with changes in cGMP down-
stream of NPR-A and NPR-B activation.

Although NPRs are known to be expressed in the heart [44,45], our
study provides the first quantitative assessment of NPR expression in
the SAN in comparison to the working right atrial myocardium. De-
spite somedifferences in NPRmRNA expression (Npr1wasmore highly
expressed than Npr2 in SAN myocytes) our functional data in isolat-
ed hearts and isolated SANmyocytes show that BNP and CNP elicited
very comparable effects suggesting that there is sufficient NPR-A
and NPR-B protein expression in SAN myocytes to produce similar
amounts of GC activation. Furthermore, although the expression of
Npr1 and Npr2 was relatively low in atrial myocytes, our immunocy-
tochemical data confirm that NPR-A and NPR-B proteins are present
in atrial myocytes and our functional data clearly suggest that there
is sufficient receptor expression to enable NPs to elicit electrophysi-
ological effects in the heart.

The effects of BNP were also measured in right atrial myocytes
based on the ability of BNP (and CNP) to speed conduction through
the atria and AV node in basal conditions. Interestingly, BNP had no
effect on atrial APs in basal conditions; however, in the presence of
a submaximal (10 nM) concentration of ISO BNP prolonged atrial AP
duration and increased ICa,L by a similar mechanism to the SAN. These
data suggest that the increase in conduction across the atria in basal
conditions may occur due to the increase in HR and SAN activity, but
that in the presence of ISO NPs may also affect atrial conduction due
to direct effects on ICa,L that alter atrial AP duration.

NP signaling is complex because cGMP can modify the activity
of several signaling proteins including PKG, PDE2 and PDE3 [2,3].
Our efforts to identify the molecular mechanism by which BNP and
CNP increase HR and electrical conduction suggest that PDE3, which
is well known to be inhibited by cGMP [37,38,46] is a critical target
of NPs. This conclusion is based on several observations including:
(1) the effects of BNP and CNP on isolated SAN myocytes (basal condi-
tions) and atrial myocytes (in submaximal doses of ISO) are completely
lost following inhibition of PDE3withMil. (2) Mil itself has very similar
stimulatory effects to BNP and CNP in SANmyocytes (basal conditions)
and atrial myocytes (in submaximal doses of ISO). (3) PDE3 inhibition
with Mil has no effect on atrial ICa,L in basal conditions indicating that
atrial myocytes do not have constitutive PDE3 activity. This means
that in these conditions there is no PDE3 activity for BNP to target,
which may explain why BNP had no effect on atrial myocytes in basal
conditions. In contrast, SAN myocytes do possess constitutive PDE3 ac-
tivity (as indicated by the ability of Mil to increase AP firing and ionic
currents in basal conditions), which is consistent with prior studies
showing constitutive PDE3 activity in rabbit SAN [47]. This difference
in PDE3 activity between SAN and atrial myocytes results in a differen-
tial sensitivity of ion channels in these two regions of the myocardium
to NPs in basal conditions. (4) the lack of effect of BNP on ICa,L in atrial
myocytes is not due to the channel reaching a maximum conductance
state before application of BNP because the nonspecific PDE inhibitor
IBMXwas able to increase ICa,L in atrial myocytes that had been treated
with ISO andMil. This demonstrates that BNP cannot increase ICa,L in the
presence of Mil due to the specific blockade of PDE3.

Based on these data we propose that BNP and CNP increase HR
and electrical conduction by activating their GC-linked NPR-A and
NPR-B receptors, increasing intracellular cGMP and inhibiting
PDE3. Inhibition of PDE3 would be expected to result in an increase
in intracellular cAMP [37,38]. Consistent with this hypothesis sever-
al studies have shown that NPs can inhibit PDE3 activity and alter
cAMP signaling in the cardiovascular and other systems
[14,43,48,49]. ICa,L and If are modulated by cAMP [18] via PKA phos-
phorylation (ICa,L) or by direct cyclic nucleotide binding to HCN
channels (although HCN channel activity may also be modulated
by PKA [50]). Interestingly, our data show that NPs increase If densi-
ty even at membrane potentials as negative as−160 mV. Since prior
studies in rabbit SAN demonstrate that cAMP affects If by shifting the
position of the activation curve without increasing maximum con-
ductance [51] it is possible that the voltages at which cAMP no lon-
ger increases If in mouse SAN are more negative than in the rabbit.
Indeed, we have previously observed increases in If at −160 mV
upon application of ISO in mouse SAN myocytes [21]. Alternatively,
given the complexity of NP signaling, it is possible that BNP and
CNP have additional cAMP independent effects on HCN channels
that further increase If. Additional experiments will be necessary
to evaluate these possibilities.

There are several other ion channels and Ca2+ handling mecha-
nisms that contribute to HR regulation in the SAN, which are cAMP
sensitive. For example, the SR Ca2+ release/INCX mechanism that is
active during the DD is modulated by PKA [17] and repolarization of
the AP in SAN myocytes is at least partially dependent on a delayed
rectifier K+ current (IKr) that is sensitive to cAMP [52]. It is possible
that these also contribute to the effects of NPs on HR and electrical
conduction.

Activation of NPR-A/B increases cGMP that can activate PKG and
PDE2 in addition to inhibiting PDE3 [2] and studies have shown that
PDE2 and PKG are involved in mediating or regulating NP effects in
ventricular myocytes [53,54]. Which cGMP sensitive target dominates
a physiological response may depend on a number of factors includ-
ing the basal and stimulated levels of GC and adenylyl cyclase and
the abundance and subcellular localization of the relevant signaling
molecules, which can result in compartmentation of cGMP signaling
[38,53]. NPs can also activate NPR-C, which is coupled to the activa-
tion of Gi proteins [5,6]. Although the present study clearly demonstrates
NPR-C is not active in basal conditions we previously demonstrated that
CNP can decrease HR by inhibiting ICa,L in SAN myocytes [10,11] follow-
ing activation of NPR-C in the presence of a maximum dose (1 μM)
of ISO. Future studies will be needed to determine the conditions
in which PKG and PDE2 are modulated by NPs in the SAN and atrial
myocardium and how the GC-linked NPR-A and NPR-B receptors
and NPR-C function together to determine overall physiological
responses.

In summary, the present study provides novel insight into the
mechanisms by which NPs regulate heart rate and electrical conduc-
tion, which include direct effects within the specialized pacemaker
myocytes of the SAN as well as the working atrial myocardium.
NPs are powerful regulators of cardiac performance with great
promise for therapeutic use in cardiac disease states. Our findings
advance our understanding of how NPs directly regulate HR, which
is a critical determinant of cardiac output, and show that BNP and
CNP primarily signal through NPR-A and NPR-B, but not NPR-C in
basal conditions. These effects involve crosstalk between cGMP
and cAMP via PDEs which is emerging as an important regulatory
mechanism in the heart in normal and pathophysiological condi-
tions [55].
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The natriuretic peptides BNP and CNP increase heart rate and electrical conduction by 

stimulating ionic currents in the sinoatrial node and atrial myocardium following 

activation of guanylyl cyclase-linked natriuretic peptide receptors 

 

Online Supplement 

 

Supplemental Methods 

Animals 

 This study utilized male wildtype C57Bl/6 mice (Charles River) and mutant mice lacking 

functional NPR-C receptors (NPR-C
-/-

). The NPR-C
-/-

 mice were obtained from The Jackson 

Laboratory (strain B6;C-Npr3
lgj

/J) and backcrossed into the C57Bl/6 line for more than 6 

generations. This mouse contains a 36 base pair deletion (position 195-232) that results in the 

production of a nonfunctional NPR-C protein truncated by 12 amino acids in the extracellular 

domain [1]. All mice used in experiments were between the ages of 10-14 weeks. NPR-C
-/-

 mice 

were genotyped using ear punch biopsies. All experimental procedures were in accordance with 

the regulations of The Canadian Council on Animal Care and were approved by the Dalhousie 

University animal care committee.  

 

Electrocardiography in isolated hearts 

 ECGs were recorded in isolated Langendorff-perfused hearts as described previously [2]. 

In brief, mice were administered a 0.2 ml intraperitoneal injection of heparin (1000 IU/ml) to 

prevent blood clotting. Following this, mice were anesthetized by isoflurane inhalation and then 

killed by cervical dislocation. The heart was excised into Tyrode’s solution (35ºC) consisting of 

(in mmol/L) 140 NaCl, 5.4 KCl, 1.2 KH2PO4, 1.0 MgCl2, 1.8 CaCl2, 5.55 glucose, and 5 HEPES, 

with pH adjusted to 7.4 with NaOH and cannulated via the aorta for retrograde aortic perfusion. 
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Hearts were perfused with oxygenated Tyrode’s solution at a flow rate of 2.5 ml/min and 

allowed to stabilize for at least 10 min.  

 ECGs were acquired using needle electrodes (Grass Technologies) a Gould ACQ-7700 

amplifier and the Ponemah Physiology Platform software (Data Sciences International). Standard 

ECG waves and intervals, including R-R interval, P wave duration, P-R interval, and Q-T 

interval, were analyzed.  

 

Isolation of mouse sinoatrial node and right atrial myocytes 

The procedures for isolating single pacemaker myocytes from the sinoatrial node (SAN), 

as well as working right atrial myocytes from the mouse have been described previously [3-6] 

and were as follows. Mice were administered a 0.2 ml intraperitoneal injection of heparin (1000 

IU/ml) to prevent blood clotting. Following this, mice were anesthetized by isoflurane inhalation 

and then killed by cervical dislocation. The heart was excised into Tyrode’s solution (35ºC) 

consisting of (in mmol/L) 140 NaCl, 5.4 KCl, 1.2 KH2PO4, 1.0 MgCl2, 1.8 CaCl2, 5.55 glucose, 

and 5 HEPES, with pH adjusted to 7.4 with NaOH. The sinoatrial node (SAN) region of the heart 

was isolated by separating the atria from the ventricles, cutting open the superior and inferior 

venae cavae, and pinning the tissue so that the crista terminalis could be identified. The SAN 

area is located in the intercaval region adjacent to the crista terminalis. This SAN region was cut 

into strips, which were transferred and rinsed in a ‘low Ca
2+

, Mg
2+

 free’ solution containing (in 

mmol/L) 140 NaCl, 5.4 KCl, 1.2 KH2PO4, 0.2 CaCl2, 50 taurine, 18.5 glucose, 5 HEPES and 1 

mg/ml bovine serum albumin (BSA), with pH adjusted to 6.9 with NaOH. SAN tissue strips 

were digested in 5 ml of ‘low Ca
2+

, Mg
2+

 free’ solution containing collagenase (type II, 

Worthington Biochemical Corporation), elastase (Worthington Biochemical Corporation) and 
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protease (type XIV, Sigma Chemical Company) for 30 min. Then the tissue was transferred to 5 

ml of modified KB solution containing (in mmol/L) 100 potassium glutamate, 10 potassium 

aspartate, 25 KCl, 10 KH2PO4, 2 MgSO4, 20 taurine, 5 creatine, 0.5 EGTA, 20 glucose, 5 

HEPES, and 0.1% BSA, with pH adjusted to 7.2 with KOH. The tissue was mechanically 

agitated using a wide-bore pipette. This procedure yielded individual SAN myocytes with 

cellular automaticity that was recovered after readapting the cells to a physiological 

concentration of Ca
2+

. The identical enzymatic procedure was used on tissue dissected from the 

right atrial appendage to isolate working right atrial myocytes. 

SAN myocytes were identified by their small spindle shape and ability to beat 

spontaneously in the recording chamber when superfused with normal Tyrode’s solution. When 

patch-clamped, SAN myocytes always displayed spontaneous action potentials and the 

hyperpolarization-activated current, If. The capacitance of single SAN myocytes was 20 – 35 pF. 

In contrast, working cardiomyocytes from the right atrium were larger than SAN myocytes, had 

stable resting membrane potentials, only fired action potentials in response to depolarizing 

current injection, and had membrane capacitances in the range of 40 – 65 pF.  

 

Solutions and electrophysiological protocols 

Spontaneous action potentials (APs) and stimulated APs were recorded using the 

perforated patch-clamp technique [7] on single SAN and right atrial myocytes. The 

hyperpolarization-activated current (If) and L-type Ca
2+

 currents (ICa,L) were primarily recorded 

by voltage clamping single SAN or right atrial myocytes using the patch-clamp technique in the 

whole cell configuration [8] although If was sometimes recorded using the perforated patch-
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clamp technique. APs and membrane currents were recorded at room temperature (22-23 ºC), 

which must be noted when comparing these data to the isolated heart ECG experiments. 

For recording APs and If the recording chamber was superfused with a normal Tyrode’s 

solution (22 – 23ºC) containing (in mmol/L) 140 NaCl, 5 KCl, 1 MgCl2, 1 CaCl2, 10 HEPES, 

and 5 glucose, with pH adjusted to 7.4 with NaOH. The pipette filling solution for If contained 

(in mmol/L) 135 KCl, 0.1 CaCl2, 1 MgCl2, 5 NaCl, 10 EGTA, 4 Mg-ATP, 6.6 Na-

phosphocreatine, 0.3 Na-GTP and 10 HEPES, with pH adjusted to 7.2 with KOH. Amphotericin 

B (200 µg/ml) was added to this pipette solution to record APs or If with the perforated patch 

clamp technique. BaCl2 (1 x 10
-4

 mol/L) was added to the superfusate when recording If, in order 

to eliminate any inward rectifier K
+
 current that could be present at low levels in some SAN 

myocytes [4].  

For recording ICa,L SAN  and atrial myocytes were superfused with a modified Tyrode’s 

solution (22 – 23ºC) containing the following (in mmol/L) 140 NaCl, 5.4 TEA-Cl, 3 CaCl2, 1 

MgCl2, 10 HEPES, and 5 glucose with pH adjusted to 7.4 with NaOH. The pipette solution for 

ICa,L contained (in mmol/L) 135 CsCl, 0.1 CaCl2, 1 MgCl2, 5 NaCl, 10 EGTA, 4 Mg-ATP, 6.6 

Na-phosphocreatine, 0.3 Na-GTP and 10 HEPES, with pH adjusted to 7.2 with CsOH. To block 

voltage gated Na
+
 currents (INa) when recording ICa,L cells were treated with lidocaine (0.3 mM) 

or, in some cases, all external Na
+
 was replaced with Cs

+
.  This approach was used in order to 

record SAN and atrial ICa,L from a holding potential of -60 mV due to the expression of CaV1.2 

and CaV1.3 in these cells [9-11]. 

Micropipettes were pulled from borosilicate glass (with filament, 1.5 mm OD, 0.75 mm 

ID, Sutter Instrument Company) using a Flaming/Brown pipette puller (model p-87, Sutter 

Instrument Company). The resistance of these pipettes was 4 – 8 MΩ when filled with recording 
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solution. Micropipettes were positioned with a micromanipulator (Burleigh PCS-5000 system) 

mounted on the stage of an inverted microscope (Olympus IX71). Seal resistance was 2 – 15 

GΩ. Rupturing the sarcolemma in the patch for voltage clamp experiments resulted in access 

resistances of 5 – 15 MΩ. Series resistance compensation averaged 80 – 85% using an Axopatch 

200B amplifier (Molecular Devices). For perforated patch clamp experiments access resistance 

was monitored for the development of capacitative transients upon sealing to the cell membrane 

with Amphotericin B in the pipette. Typically, access resistance became less than 30 MΩ within 

5 min of sealing onto the cell, which was sufficient for recording spontaneous APs in current 

clamp mode. Data were digitized using a Digidata 1440 and pCLAMP 10 software (Molecular 

Devices) and stored on computer for post hoc analysis. 

Spontaneous AP parameters, including the maximum diastolic potential (MDP), the slope 

of the diastolic depolarization (DD slope), the maximum AP upstroke velocity (Vmax), the AP 

overshoot and the AP duration at 50% repolarization (APD50) were analyzed as described 

previously [4,12]. The DD slope was measured by fitting a straight line to the initial linear 

portion (~two-thirds) of this AP component [12]. 

Activation kinetics for If were determined by normalizing tail currents at each voltage to 

the maximum current level at -160 mV and fitting the data to the Boltzmann function: 

I/Imax=1/(1+exp[(Vm-V1/2)/k]) where Vm is the potential of the voltage clamp step, V1/2 is the 

voltage at which 50% activation occurs and k is the slope factor. ICa,L activation kinetics were 

determined by calculating chord conductance (G) with the equation G=I/(Vm-Erev), where Vm 

represents the depolarizing voltages and Erev is the reversal potential estimated from the current-

voltage relation of ICa,L. Maximum conductance (Gmax) and V1/2 of activation for ICa,L were 

determined using the following function: G={(Vm-Vrev)}{Gmax}{-1/[(1+exp((Vm-V1/2)/k))+1]}. 
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The voltage clamp protocols and examples of If and ICa,L recordings used to generate I-V 

relationships and to perform activation analysis are illustrated in Supplemental Fig. 9. If I-V 

relationships were determined from the peak current density at the end of the 2 s voltage clamp 

steps. The resultant I-V relationships, including apparent reversal potential, are highly 

comparable to those we [5,6,13] and others [4,14,15] have measured in previous studies using 

similar protocols. 

 

Quantitative PCR 

Quantitative gene expression studies were performed using an approach similar to 

Marionneau et al. [16] in which SAN and right atrial tissue samples were separately dissected for 

mRNA analysis. In order to have sufficient RNA 5 SAN samples were pooled for each 

individual trial as described previously [16]. Tissue samples were flash frozen in liquid nitrogen 

following dissection. 

Intron spanning primers were designed for Npr1, Npr2 and Npr3 (genes corresponding to 

NPR-A, NPR-B and NPR-C) as well as GAPDH (reference gene) and tested using Amplify 3 

(software for simulating and testing polymerase chain reactions). Following synthesis (Sigma 

Genosys) primers were reconstituted to 100 µM in nuclease free water and stored at -20 C until 

experimental use.  Primer sequences were as follows: Npr1: forward 5`-

CGAAGCTTCCAAGGTGTGACAGG-3`; reverse 5`-GACACAGCCATCAGCTCCTGGG-3`; 

amplification product 152 base pairs. Npr2: forward 5`-GGGGACTTTCAGCCCGCAGC-3`; 

reverse 5`- GTGGAGTTTTATCACAGGATGGGTCG-3`; amplification product 150 base pairs. 

Npr3: forward 5`-CGAGCGAGTGGTGATCATGTGTG-3`; reverse 5`-

CTCCACGAGCCATCTCCGTAGG-3`; amplification product 147 base pairs. GAPDH: forward 
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5`-GTGCCAGCCTCGTCCCG-3`; reverse 5`-CCATGTAGTTGAGGTCAATGAAGGG-3`; 

amplification product 151 base pairs.  

RNA was extracted in PureZOL 
TM

 RNA isolation reagent according to kit instructions 

(Aurum
TM  

total RNA fatty
 
and fibrous tissue kit, BioRad).  SAN tissue was eluted in 30 µl of 

elution buffer (provided) and right atrial RNA was eluted in 40µl from the spin column.  RNA 

concentrations were determined using a Qubit fluorometer (Invitrogen) and first strand synthesis 

reactions were performed using the iScript
TM

 cDNA synthesis kit (BioRad) according to kit 

directives with 0.5ug RNA template for right atrial samples.  SAN samples were not quantified 

as initial screening indicated that RNA template concentrations in these samples were limiting.  

Instead, all 30 µl of the RNA extract obtained from SA node samples were used in first strand 

synthesis.  A260/280 readings were also performed to evaluate the purity of RNA extractions 

prior to first strand synthesis. Lack of genomic DNA contamination was verified by reverse 

transcription (RT)-PCR using a no RT control. 

SYBER green RT-qPCR was used to assess gene expression in 5 distinct pools of tissue. 

Following RNA extraction cDNA was synthesized for right atrial tissue and SAN tissue samples.  

20 µl SYBR reactions were performed with 1 µl cDNA template used in right atrial samples and 

2 µl cDNA template in SAN samples. (Varying concentrations were used to obtain data that 

crossed threshold for both sample types at similar cycles). Reactions were carried out using a 

CFX96 Real-Time PCR Detection System (BioRad). Amplification conditions were as follows: 

95⁰C for 2 min to activate Taq polymerase, 35 cycles of denaturation at 95⁰C for 30 sec, 

annealing using a gradient from 53-61⁰C for 30 sec and extension at 72⁰C or 1 min 30 sec. Melt 

curve analysis was performed from 65-95⁰C every 0.5⁰C increments.  
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Single amplicons with appropriate melting temperatures and sizes were detected. Data 

were expressed in the form 2
-CT 

x 100 versus GAPDH for all tissue samples.  CT values > 32 

were eliminated due to lack of reproducibility [16]. Primers were used at a concentration of 

10µM. 

 

Immunocytochemistry 

 NPR protein expression in SAN and right atrial myocytes was assessed by 

immunocytochemistry using approaches similar to those described previously [17]. For the 

detection of NPR proteins, goat anti-NPR-A polyclonal antibody (US Biologicals) was used at 

1:250, rabbit anti-NPR-B polyclonal antibody (US Biologicals) was used at 1:50 and rabbit anti-

NPR-C polyclonal antibody (US Biologicals) was used at 1:250. For HCN4 detection, rabbit 

anti-HCN4 polyclonal antibody (Alomone Labs) was used at 1:50. Secondary antibodies used in 

this experiment were rabbit anti goat Alexa Fluor 488 conjugated polyclonal antibody 

(Invitrogen) and goat anti rabbit Alexa Fluor 488 conjugated polyclonal antibody (Invitrogen). 

Secondary antibodies were used at 1:250. 

50 µl of freshly isolated SAN or right atrial myocyte cell suspension was placed onto 

0.1% poly-L-lysine coated slides and allowed to settle for 30 min. Cells were gently rinsed with 

0.01 M phosphate buffered saline (PBS),  pH 7.4,  fixed with 4 % paraformaldehyde for 8 min at 

4⁰C then rinsed once more with 1x PBS. 

Cells were washed with 0.01 M PBS for 15 min followed by a 10 min wash in 0.01M 

PBS containing 0.1% Triton X-100 then another 10 min wash in 0.01 M PBS. Cells were 

blocked with 1:20 horse serum in 0.01 M PBS for 30 min at room temperature, followed by a 5 

min rinse in 0.01 M PBS. Cells were then incubated with primary antibody diluted in 1% BSA in 
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PBS over night at 4⁰C. Slides were rinsed again for 15 min with 0.01 M PBS then incubated with 

secondary antibody diluted in 0.01 M PBS for 1 h at room temperature in the dark. Slides were 

washed for 15 min in 0.01 M PBS then for 5 min in ddiH2O before being mounted using Hard 

Set mounting media (Vector Labs). Images were captured using a Zeiss LSM 510 confocal 

microscope. 

 

Pharmacological compounds 

 BNP, CNP, cANF and A71915 were obtained from Bachem, dissolved in water, and 

stored in small aliquots (-80°C) until added to Tyrode’s solution for experimental use. 

Isoproterenol, milrinone and IBMX were obtained from Sigma Chemical Company. ISO was 

dissolved in water while the PDE inhibitors were dissolved in dimethyl sulfoxide (DMSO; final 

concentration 0.01%). 
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Supplemental Results 

 

Supplemental Table 1. Effects of BNP and CNP on ECG parameters in isolated 

 Langendorff-perfused hearts. 

 Control BNP 

(500 nM) 

Washout Control CNP 

(500 nM) 

Washout 

HR 348±14 437±23* 346±15 379±27 469±15* 377±25 

R-R  

Interval 

177.4±6.0 147.6±4.6* 178±6.6 168.4±13.0 129.6±4.1* 169.8±14.3 

P wave  

duration 

9.8±0.7 

 

8.3±1.3* 

 

9.7±0.8 10.4±0.6 8.3±0.3* 10.4±0.7 

P-R  

Interval 

51.7±3.1 37.8±0.9* 53.5±2.6 39.2±2.6 28.2±1.1* 40.6±2.7 

Q-T  

Interval 

65.4±9.5 57.9±8.7* 65.8±9.5 54.2±3.8 44.8±2.5* 54.6±4.2 

HR, heart rate. P-R interval was measured from the start of the P wave to the peak of the QRS 

complex. Q-T interval was measured from the start of the QRS complex to the end of the T 

wave. Data are means ± SEM; n = 4 hearts for 100 nM group, n = 4 hearts for 300 nM group and 

n = 5 hearts for 500 nM group. *P<0.05 vs. control by one way ANOVA with a Tukey posthoc 

test.  
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Supplemental Table 2. Effects of BNP on spontaneous action potential parameters in 

isolated SAN myocytes. 

 WT mice NPR-C
-/-

 mice WT mice WT mice 

n 8 7 5 5 

 group Control BNP 

 

Control BNP Control A71915 A71915 

+ BNP 

Control Mil Mil + 

BNP 

Beating rate 

(APs/min) 

148 ± 

4.5 

183 ± 

6.3* 

147 ± 

11.3 

175 ± 

11.4* 

150 ± 

9.8 

147 ± 

8.5 

153 ± 

7.2 

138 ± 

3.5 

180 ± 

13.9
†
 

182 ± 

13.0
†
 

MDP (mV) -66.3 ± 

0.9 

-66.3 ± 

0.8 

-61.4 ± 

1.8 

-62 ± 

1.7 

-67.5 ± 

1.5 

-68.8 ± 

1.6 

-68.2 ± 

1.8 

-67 ± 

4.0 

-67.3 ± 

1.7 

-67.6 ± 

2.0 

DD slope 

(mV/s) 

31.0 ± 

1.7 

48.3 ± 

1.3* 

27.6 ± 

0.9 

42.8 ± 

3.5* 

35.2 ± 

6.1 

33.6 ± 

4.4 

33.8 ± 

4.8 

27.7 ± 

2.7 

48 ± 

6.5
†
 

45.9 

±6.7
†
 

Vmax (V/s) 21.2 ± 

10.7 

24.6 ± 

12.9 

13.3 ± 

7.4 

10.4 ± 

3.8 

13.6 ± 

9.0 

14.9 ± 

14.1 

15.2 ± 

10.2 

15.2 ± 

3.2 

18.3 ± 

5.7 

19.9 ± 

3.4 

OS (mV) 14.2 ± 

2.4 

14.5 ± 

2.0 

5.0 ± 

0.7 

5.8 ± 

1.2 

9.4 ± 

1.5 

10.6 ± 

3.3 

8.9 ± 

5.3 

3.9 ± 

0.5 

5.4 ± 

0.5 

4.6 ± 

0.6 

APD50 (ms) 48.3 ± 

4.8 

54.3 ± 

 4.1* 

54.5 ± 

2.8 

60.1 ± 

2.8* 

60.5 ± 

8.1 

56.8 ± 

8.2 

57.9 ± 

5.4 

50 ± 

0.4 

56.8 ± 

0.5
†
 

58.7 ± 

0.5
†
 

WT, wildtype; NPR-C
-/-,

 NPR-C mutant mice; n, sample size; MDP, maximum diastolic 

potential; DD slope, diastolic depolarization slope; Vmax, maximum AP upstroke velocity; OS, 

overshoot; APD50, AP duration at 50% repolarization; Mil, milrinone. BNP was applied at 100 

nM, A71915 (NPR-A antagonist) was applied at 500 nM, Mil (PDE3 inhibitor) was applied at 10 

µM. Data are means ± SEM; *P<0.05 vs. control by paired Student’s t-test; †P<0.05 vs. control 

by one way ANOVA with a Tukey posthoc test.   
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Supplemental Table 3. Effects of CNP on spontaneous action potential parameters in 

isolated SAN myocytes. 

 WT mice NPR-C
-/-

 mice WT mice 

n 8 8 7 

 group Control CNP Control CNP Control Mil Mil + CNP 

Beating rate 

(APs/min) 

141 ± 12.2 168 ± 13* 152 ± 9.3 184 ± 10.5* 158 ± 4.7 195 ± 4.8
†
 192 ± 5.1

†
 

MDP (mV) -65.3 ± 2.0 -65.5 ± 2.4 -64.3 ± 2.2 -64 ± 2.1 -67.7 ± 4.0 -67.7 ± 0.6 -67.3 ± 0.5 

DD slope (mV/s) 25.8 ± 4.6 43.1 ± 7.2* 25.4 ± 1.8 49.6 ± 2.8* 38.3 ± 5 56.4 ± 4.3
†
 55.6 ± 4.4

†
 

Vmax (V/s) 13.3 ± 5.3 13.8 ± 5.9 26.2 ± 5.9 22 ± 4.6 13.4 ± 3.0 16.9 ± 3.2 14 ± 3.2 

OS (mV) 4.9 ± 1.3 5.8 ± 2.1 10.6 ± 0.9 7.4 ± 1.5 8.2 ± 1.9 10.1 ± 1 9.9 ± 1.3 

APD50 (ms) 40.6 ± 3.6 48.5 ± 4.4* 55 ± 6.4 61.1 ± 4.4* 51.3 ± 4.9 59 ± 4.9
†
 58.4 ± 5

†
 

WT, wildtype; NPR-C
-/-,

 NPR-C mutant mice; n, sample size; MDP, maximum diastolic 

potential; DD slope, diastolic depolarization slope; Vmax, maximum AP upstroke velocity; OS, 

overshoot; APD50, AP duration at 50% repolarization; Mil, milrinone. CNP was applied at 100 

nM, Mil (PDE3 inhibitor) was applied at 10 µM. Data are means ± SEM; *P<0.05 vs. control by 

paired Student’s t-test; †P<0.05 vs. control by one way ANOVA with a Tukey posthoc test.  
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Supplemental Figure 1: Quantitative mRNA expression of natriuretic peptide receptors in SAN 

and right atrial myocardium. (A) Samples were confirmed to be from the SAN or right atrium by 

the characteristic pattern of expression of HCN4 and ANP in these regions. SAN tissue shows 

high expression of HCN4 and very low expression of ANP whereas the right atrium shows very 

low HCN4 expression and very high ANP expression. Note scale break on Y-axis. (B) 

Expression of Npr1, Npr2 and Npr3 mRNA (which correspond to NPR-A, NPR-B and NPR-C 

proteins respectively) relative to GAPDH. Each Npr mRNA was detected in SAN and right atrial 

tissue. Data are means ± SEM; n=5 trials, *P<0.05 vs. Npr2 within SAN samples. 
+
P<0.001 vs. 

Npr1 and Npr2 within right atrial samples. ^P<0.05 vs. right atrium for Npr1. 
#
P<0.001 vs. right 

atrium for Npr3. Data were analyzed using a two way ANOVA with Tukey’s posthoc test. (C) 

Expression of Npr1 and Npr2 in whole right atrial samples (also containing the SAN) in wildtype 

and NPR-C
-/-

 mice. Expression of Npr1 and Npr2 were not altered in mice lacking functional 

NPR-C receptors; n=3 trials.  
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Supplemental Figure 2: Expression of natriuretic peptide receptor proteins in isolated SAN and 

right atrial myocytes. Spindle shaped SAN myocytes were isolated from the SAN region and 

shown to stain positively for HCN4 while working myocytes from the right atrial appendage 

stained positively for ANP. Groups of cells from the same isolations were then stained for NPR-

A, NPR-B or NPR-C using specific antibodies. Omission of primary antibody (Neg) produced no 

non-specific staining. These data confirm that all three NPRs are expressed in SAN and atrial 

myocytes. Scale bars are 20 µM.  
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Supplemental Figure 3: Representative time course plot illustrating the effects of ISO and BNP 

on right atrial ICa,L measured at 0 mV. ISO (10 nM) increased ICa,L and subsequent application of 

BNP (100 nM) further augmented ICa,L. The effects of BNP and ISO were both reversible upon 

washout.   
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Supplemental Figure 4: Effects of BNP on ICa,L in the presence of ISO in right atrial myocytes 

isolated from mutant mice lacking functional NPR-C receptors (NPR-C
-/-

). (A) Representative 

ICa,L recordings at 0 mV in right atrial myocytes from NPR-C
-/-

 mice in control conditions, in the 

presence of ISO (10 nM), and after application of BNP (100 nM) in the presence of ISO. (B) 

Representative time course of the effects of ISO and BNP on ICa,L in NPR-C
-/-

 right atrial 

myocytes. (C) Summary of the effects of ISO and BNP on ICa,L density at 0 mV in NPR-C
-/-

 right 

atrial myocytes. Data are means ± SEM; n=8 myocytes; *P<0.05 vs. control, 
+
P<0.05 vs. ISO by 

one way ANOVA with a Student-Newman-Keuls posthoc test. These data demonstrate that the 

ability of BNP to increase right atrial ICa,L in the presence of ISO is not dependent on NPR-C.  
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Supplemental Figure 5: Effects of BNP on ICa,L in the presence of ISO in right atrial myocytes 

following NPR-A blockade with A71915. (A) Representative ICa,L recordings at 0 mV in right 

atrial myocytes in control conditions, in the presence of ISO (10 nM), in the presence of ISO and 

A71915 (500 nM) and after application of BNP (100 nM) in the presence of ISO and A71915. 

(B) Representative time course of the effects of ISO, A71915 and BNP on ICa,L in right atrial 

myocytes. (C) Summary of the effects of ISO, A71915 and BNP on ICa,L density at 0 mV in right 

atrial myocytes. Data are means ± SEM; n=8 myocytes; *P<0.05 vs. control by one way 

ANOVA with a Student-Newman-Keuls posthoc test. These data demonstrate that the effect of 

BNP on ISO stimulated atrial ICa,L is completely antagonized by A71915 suggesting BNP elicits 

its effect by activating NPR-A. 

  



18 

 

 

Supplemental Figure 6: Effects of BNP on ICa,L in the presence of ISO in right atrial myocytes 

following blockade of phosphodiesterase 3 with milrinone. (A) Representative ICa,L recordings at 

0 mV in right atrial myocytes in control conditions, in the presence of ISO (10 nM), in the 

presence of ISO and Mil (10 µM) and after application of BNP (100 nM) in the presence of ISO 

and Mil. (B) Representative time course of the effects of ISO, Mil and BNP on ICa,L in right atrial 

myocytes. (C) Summary of the effects of ISO, Mil and BNP on ICa,L density at 0 mV in right 

atrial myocytes. Data are means ± SEM; n=7 myocytes; *P<0.05 vs. control, 
+
P<0.05 vs. ISO by 

one way ANOVA with a Student-Newman-Keuls posthoc test. These data demonstrate that Mil 

increases ISO stimulated atrial ICa,L to a similar extent as BNP and that BNP  no longer has any 

effect ICa,L following PDE3 blockade. 
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Supplemental Figure 7: Effects of the phosphodiesterase 3 inhibitor milrinone on right atrial 

ICa,L in basal conditions. (A) Representative ICa,L recordings at 0 mV in right atrial myocytes in 

control conditions and in the presence of Mil (10 µM). (B) Representative time course of the 

effects of Mil on ICa,L in right atrial myocytes. (C) Summary of the effects of Mil on ICa,L density 

at 0 mV in right atrial myocytes. Data are means ± SEM; n=12 myocytes. Mil had no significant 

effect on right atrial ICa,L in basal conditions.  
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Supplemental Figure 8: Effects of the broad spectrum PDE inhibitor IBMX on right atrial ICa,L 

in the presence of ISO and milrinone. (A) Representative ICa,L recordings at 0 mV in control 

conditions, in the presence of ISO (10 nM), in ISO and Mil (10 µM) and in the presence of ISO, 

Mil and IBMX (50 µM). (B) Representative time course of the effects of ISO, Mil and IBMX on 

right atrial ICa,L. (C) Summary of the effects of ISO, Mil and IBMX on right atrial ICa,L density at 

0 mV. Data are means ± SEM; n=7 myocytes; *P<0.05 vs. control, 
+
P<0.05 vs. ISO, ^P<0.05 vs. 

ISO + Mil by one way ANOVA with a Tukey posthoc test. These data demonstrate that IBMX 

can further increase atrial ICa,L following the application of ISO and Mil.  
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Supplemental Figure 9: Representative examples of If (top) and ICa,L (bottom) recordings used 

to generate full current-voltage (I-V) relationships and to analyze activation kinetics. For the If 

recordings (top) the open circle indicates the time point used to generate I-V relationships and 

the filled circle indicates the time point used to analyze activation kinetics. These examples 

illustrate recordings in control conditions and following the application of BNP (100 nM) in 

isolated SAN myocytes.  
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