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First published January 2, 2004; 10.1152/ajpheart.00893.2003.—The
effects of C-type natriuretic peptide (CNP) on heart rate and ionic
currents were demonstrated by recording the ECG from adult mice
and performing voltage-clamp experiments on single sinoatrial
(SA) node cells isolated from mouse heart. The selective natri-
uretic peptide type C receptor (NPR-C) agonist cANF (10~7 M)
significantly decreased heart rate in the presence of isoproterenol
(5 X 107° M), as indicated by an increase in the R-R interval of
ECGs obtained from Langendorff-perfused hearts. Voltage-clamp
measurements in enzymatically isolated single pacemaker myo-
cytes revealed that CNP (10 8 M) and cANF (108 M) signifi-
cantly inhibited L-type Ca?* current [Icaq)]. These findings sug-
gest that the CNP effect on this current is mediated by NPR-C.
Further support for an NPR-C-mediated inhibition of Icar) in SA
node myocytes was obtained by altering the functional coupling
between the G protein G; and NPR-C. In these experiments, a
“Gj-activator peptide,” which consists of a 17-amino acid segment
of NPR-C containing a specific G; protein-activator sequence, was
dialyzed into SA node myocytes. This peptide decreased |ca)
significantly, suggesting that NPR-C activation can result in a
reduction in lcawy when CNP is bound and the G; protein pathway
is activated. This effect of CNP appears to be selective for lcaq ),
because the hyperpolarization-activated current was unaffected by
CNP or cANF. These results provide the first demonstration that
CNP has a negative chronotropic effect on heart rate and suggest
that this effect is mediated by selectively activating NPR-C and
reducing lcaq ) through coupling to G; protein.

C receptor; calcium current; hyperpolarization-activated current

c-TypPe NATRIURETIC PEPTIDE (CNP) is one member of a group of
peptide hormones that also includes atrial natriuretic peptide
(ANP) and brain natriuretic peptide (BNP). These peptides are
produced in mammalian, including human, hearts (27, 51).
Natriuretic peptides, including CNP, €licit vasodilator re-
sponses. In this way, they can modulate blood pressure in
healthy humans and in a number of pathophysiological states
such as congestive heart failure (6, 9, 40, 43). Natriuretic
peptides elicit their physiological effects by binding to specific
cell surface receptors, which have been denoted natriuretic
peptide type A, B, and C receptors (NPR-A, NPR-B, and
NPR-C) (28, 30). NPR-A preferentially binds ANP and BNP,
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whereas NPR-B is more selective for CNP. NPR-A and NPR-B
include intracellular particulate guanylyl cyclase domains. Af-
ter a natriuretic peptide binds to one of these receptors, intra-
cellular cGMP levelsincrease (28). NPR-C has similar affinity
for all three natriuretic peptides; however, this receptor subtype
has no guanylyl cyclase domain. Most natriuretic peptide-
mediated effects in the cardiovascular system have been attrib-
uted to occupancy of NPR-A or NPR-B and the resulting
changes in intracellular cGMP levels (28).

NPR-C was originally referred to as a “ clearance receptor”;
however, in the heart and in gastrointestinal smooth muscle,
NPR-C is known to be functionally linked to adenylyl cyclase
via a pertussis toxin-sensitive G protein, G; (3, 5, 37, 38).
NPR-C receptors are disulfide-linked homodimers that have a
single transmembrane domain. Therefore, they differ signifi-
cantly from the traditional heptahelical receptor and heterotri-
meric G; protein complex (4, 39). Importantly, NPR-C includes
a specific Gi-activator domain within the intracellular portion
of the receptor, a motif that was first described for the insulin-
like growth factor receptor (41). This G;-activator sequence is
characterized by the presence of two NH,-terminal basic res-
idues and a COOH-terminal BBXXB motif, where B and X are
basic and nonbasic residues, respectively (41, 42). In NPR-C,
a 17-amino acid sequence (R*°-R*®) within the 37-amino
acid intracellular domain isresponsible for activation of G; (44,
52). A shorter 12-amino acid fragment of NPR-C containing a
Gi-activator peptide sequence has been shown to be equipotent
with the 17-amino acid fragment in terms of its ability to
inhibit adenylyl cyclase (44). In this way, natriuretic peptides,
when bound to NPR-C, are able to activate G; proteins and
decrease CAMP levels via the inhibition of adenylyl cyclase
(3, 44).

Recently, Mangoni et a. (31) and Mangoni and Nargeot (32)
described a procedure for isolating single myocytes from the
sinoatrial (SA) node region of the mouse heart. The myogenic
pacemaker function of these specialized myocytes is due to
their ability to generate a slow diastolic depolarization, during
which the membrane potential slowly approaches the threshold
for eliciting an action potential (1). In the mammalian heart,
several different ionic currents have been proposed to play a
role in the generation of the slow diastolic depolarization.
These include a delayed rectifier K* current and at least four
voltage-dependent inward currents. the hyperpolarization-acti-
vated current (l¢), the sustained inward current, and T- and
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EFFECTS OF CNP ON SA NODE MYOCYTES

L-type Ca2* currents [lcam and lcaq)] (8, 11, 13, 23). Two of
these inward currents in particular, |cqy and I, are thought to
contribute to the generation of the diastolic depolarization
phase of the myogenic pacemaker activity (1, 31, 48).

Recently, we described a novel electrophysiological effect
mediated by NPR-C in the heart (45). In this study on bullfrog
single atrial myocytes, CNP, when bound to NPR-C, was
found to markedly shorten the action potential by inhibiting
lcawy- This inhibitory effect on lcaqy was mimicked by the
NPR-C-selective agonist cANF (2) and maintained in the
presence of the NPR-B antagonist HS-142-1 (33), thus dem-
onstrating the involvement of NPR-C (34).

The main goal of the present study was to determine the
ionic mechanism that is responsible for a natriuretic peptide
effect on heart rate in the adult mouse. An initial focus was to
determine whether CNP can modulate cAMP-sensitive cur-
rents in isolated mouse SA node myocytes. Our findings
demonstrate that CNP has a negative chronotropic effect in
adult mouse heart and provide strong evidence that this is
mediated by NPR-C. In the isolated SA node myocytes, this
negative chronotropic effect of CNP is mainly due to the
selective inhibition of cy), because another cAMP-sensitive
pacemaker current, l¢, was unaffected by CNP superfusion.

METHODS

ECG measurements. Adult male C57BLK6 mice (25-30 g) re-
ceived heparin (200 U ip) 10 min before they were anesthetized with
methoxyflurane (Metafane; Janssen Pharmaceutica). The heart was
excised quickly and placed into ice-cold Krebs solution containing (in
mM) 118 NaCl, 4.7 KCl, 1.2 KH,PO4, 1.2 MgSO,4-7H20, 1.25 CaCl.,
25 NaHCOg, and 11 glucose. Excess tissue was dissected away. The
heart was secured to an apparatus for retrograde perfusion through the
aorta on a Langendorff apparatus, during which warm Krebs solution
(37°C), which was equilibrated to pH 7.4 with carbogen (95% O>-5%
COy), was perfused through the heart at a flow rate of 2 ml/min. The
perfused heart was immersed into a water-jacketed organ bath and
maintained at 37°C. During these experiments, a bipolar silver wire
electrode (chlorided with AgCls) was placed on the left ventricle for
recording electrograms. Data were recorded using atwo-channel ECG
high-fidelity low-noise amplifier (Anton Paar; Graz, Austria) (29) and
collected using a National Instruments anal og-to-digital board (mod-
els PCI-MI0O-16XE-10 and NI-DAQ) using custom-designed acqui-
sition software (29).

After the heart was allowed to stabilize for 15-20 min, baseline
ECG recordings were made, and the effects of isoproterenol (I1so, 5 X
107° M) and cANF (107 M) on the ECG were recorded. The R-R
interval (used as an indicator of heart rate) was monitored in real time
as the experimental compounds were added to the temperature-
controlled perfusate. In each experiment, Iso was added to mimic a
level of adrenergic tone, which was maintained throughout the exper-
iment. After a steady state was achieved in the presence of 1so, CANF
was added to the perfusate.

Sngle cell preparation. Cells from the SA node region were
isolated from the hearts of adult male C57BLK6 mice (25-30 @)
according to the methods of Mangoni and Nargeot (32). Briefly, adult
mice were anesthetized with methoxyflurane. The heart was excised
and placed in Tyrode solution consisting of (in mM) 140 NaCl, 5.4
KCl, 1.2 KH,PO,, 1.0 MgCl5, 1.8 CaCl,, 5.55 glucose, and 5 HEPES,
with pH adjusted to 7.4 with NaOH, at 35°C. The SA node 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 SA node
area is demarcated by boundaries consisting of the crista terminalis,
the interatrial septum, and the openings of the two great veins. This
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SA node region was cut into strips, which were transferred to a
“low-Ca?*-Mg?*-free” solution containing 140 mM NaCl, 5.4 mM
KCl, 1.2 mM KHxPQO,4, 0.2 mM CaCl,, 50 mM taurine, 18.5 mM
glucose, 5 mM HEPES, and 1 mg/ml BSA, with pH adjusted to 6.9
with NaOH. SA node tissue strips were digested in 5 ml of low-Ca?" -
Mg?*-free solution containing 4.2 mg of collagenase (type Il, Worth-
ington; 268 U/mg), 80 pl of elastase (Worthington; 88 U/ml), and
65.2 wl of 1 mg/100 wl protease solution (type X1V, Sigma; 4.3 U/mg)
for 20-23 min. Then the tissue was transferred to 5 ml of modified KB
solution (in mM: 100 potassium glutamate, 10 potassium aspartate, 25
KCl, 10 KHzPO,, 2 MgSO,, 20 taurine, 5 creatine, 0.5 EGTA, 20
glucose, and 5 HEPES, and 1% BSA, with pH adjusted to 7.2 with
KOH), and digestion was continued for 5-9 min at 35°C under
mechanical agitation with awide-bore pipette. This procedure yielded
a sufficient number of SA node myocytes with cellular automaticity
that was recovered after readapting the cells to a physiological
concentration of Ca?* (by the addition of a solution containing 10
mM NaCl and 1.8 mM CaCl, and then a normal Tyrode solution
containing 1 mg/ml BSA). Cells were confirmed to be from the SA
node by their spontaneous beating and expression of ¢, which was
demonstrated under voltage-clamp conditions. The University of Cal-
gary Anima Resource Centre approved al experimental protocols
and animal procedures used in this study.

Solutions and drugs. The recording chamber was superfused with
acontrol Tyrode solution (22—-23°C) containing (in mM) 140 NaCl, 5
KCl, 1 MgCl5, 1 CaCl,, 10 HEPES, and 5 glucose, with pH adjusted
to 7.4 with NaOH. This solution was used for recording SA node
electrophysiological responses and for studying I+. To record lcaq ),
the following externa solution was used (in mM): 140 TEA-CI, 2
CaCl,, 1 MgCly, 10 HEPES, and 5 glucose, with pH adjusted to 7.4
with CsOH. The pipette filling solution used for recording I+ consisted
of (in mM) 135 KClI, 1 CaCl,, 10 EGTA, 4 Mg-ATP, 1 MgCly, 6.6
Na-phosphocreatine, and 10 HEPES, with pH adjusted to 7.2 with
KOH. For recording lcawy, the pipette contained (in mM) 135 CsCl,
10 EGTA, 4 Mg-ATP, 1 MgCl,, 6.6 Na-phosphocreatine, and 10
HEPES, with pH adjusted to 7.2 with TEA-OH. In experiments
examining the effects of the G;-activator peptide on lcaw), 0.01 mM
GTPyS was added to the recording pipette. GTPyS was included on
the basis of the findings of Pagano and Anand-Srivastava (44), which
demonstrated a more robust effect of this Gj-activator peptide in the
presence of GTPyS. Gi-activator peptides have been shown to facil-
itate the binding of GTPyS to G; protein (41).

Iso and CAMP were purchased from Sigma (St. Louis, MO). CNP
and cANF, an NPR-C-selective agonist that has no effect on the
NPR-B-cGMP pathway (2), were purchased from Peninsula Labora-
tories (San Carlos, CA). The Gi-activator peptide (provided by M. B.
Anand-Srivastava) (44) was stored in solution at —70°C and synthe-
sized by standard solid-phase techniques and purified (95-99%) by
high-performance liquid chromatography (Peninsula Laboratories).

Electrophysiological protocols. The whole cell configuration of the
patch-clamp technique (17) was used for voltage-clamp studies of
single SA node myocytes. Micropipettes were pulled from borosili-
cate glass (with filament, 1.5 mm OD, 0.86 mm ID; Sutter Instrument,
Novato, CA) using a Flaming/Brown pipette puller (model p-87,
Sutter Instrument). The resistance of these pipettes was 5-10 M)
when they were filled with recording solution.

Microelectrodes were positioned with a hydraulic micromanipula-
tor (SD Instruments) mounted on the stage of an inverted microscope
(Nikon Diaphot). Sea resistances were 2-15 G(). Rupturing the
sarcolemma in the patch resulted in access resistances of 5-15 M().
Series resistance compensation was usually not employed because of
the small capacitance of SA node myocytes (typicaly 15-30 pF) and
low current densities. The calculated voltage error in the absence of
series resistance compensation was 3-5 mV and therefore was ig-
nored. When it was used, series resistance compensation averaged
80-85% when aMulticlamp 700A or Axopatch 200B amplifier (Axon
Instruments, Foster City, CA) was used. There was no significant
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EFFECTS OF CNP ON SA NODE MYOCYTES

Baseline RR. Interval = 178 ms
>

Fig. 1. Effect of 1077 M cANF on the R-R
interval determined from ECGs of Langen-
dorff-perfused mouse hearts. A: representa- | |
tive ECG traces illustrating changes in the

R-R interval during superfusion with 5 X
107° M isoproterenol (Iso) and 1077 M
cANF + Iso. Under control conditions, the
baseline R-R interval was 178 ms; Iso re-
duced thisvalue to 112 ms. After application
of CANF + Iso, the R-R interval increased to
160 ms. B: representative data illustrating
the time course of these changes in heart
rate. As indicated by horizontal bars, the
heart was perfused with 5 X 107° M Iso at
5 min and then with 10-7 M cANF at 15
min. Application of Iso decreased the R-R
interval from 180 to ~110 ms. Subsequent
application of cANF increased the R-R in-
terval to ~170 ms.
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difference between currents recorded with and those recorded without
series resistance compensation. These sets of results were therefore
combined. Voltage-clamp command waveforms and resulting capac-
itative and ionic current changes were digitized using a Digidata
1322A interfaced with pCLAMP 8 software (Axon Instruments). Data
were stored on computer for offline analysis.

Current-voltage (1-V) relations for | were generated by applying a
series of 2-s voltage-clamp steps in 10-mV increments from —35 to
—135 mV from a holding potential of —60 mV. Peak lcaw) was
recorded by first applying a depolarizing step from —60 to —40 mV
to inactivate the Na™ current (18). Immediately after this prepulse,
250-ms voltage-clamp steps were applied from —50 to +70 mV in
10-mV increments. This voltage-clamp protocol alows the measure-
ment of lca) carried by the Cay1.2 (aic) family of channels. The
peak inward current was measured, and |-V relations were plotted.
When the effects of acetylcholine (ACh) on I were tested, Ba?*
(10~5 M) was included in the external solution to block the inwardly
rectifying ACh-sensitive K™ current (26).

Satistical analysis. Summary data are presented as means + SE.
The data were analyzed using an ANOVA with Dunnett’s multiple
comparison procedure (in most cases) or apaired Student’ st-test (Fig.
1) to identify significant differences. In all instances, P < 0.05 was
considered significant.

RESULTS

Effects of CANF on heart rate and ECG intervals. In the
initial experiments, effects of CANF on the R-R interva of the
Langendorff-perfused mouse heart were measured to deter-
mine whether activation of NPR-C could alter heart rate. On
the basis of our previous work and that of others (44), which
show that NPR-C-mediated effects are more robust in the
presence of B-adrenergic stimulation, 1so was added initially,
and then cCANF was added to selectively activate NPR-C in the
presence of “adrenergic tone.”

Figure 1A shows representative ECG data for which the R-R
interval (used as an indicator of heart rate) is labeled in control
conditions, after the addition of I1so (5 X 10~° M), and in the
presence of 1so + CANF (10~7 M). In this experiment, 1s0
decreased the R-R interval from 178 to 112 ms. Subsequent

application of CANF resulted in an R-R interval increase to 160
ms. The averaged effects of 1so and cANF on the R-R, P-R,
and Q-T intervals are summarized in Table 1. As expected, the
R-R and P-R intervals were significantly decreased by Iso
application. Subsequent application of cANF significantly in-
creased both of these ECG parameters.

Effects of CNP on I caqy. To explore the ionic mechanism(s)
of these NPR-C-mediated effects on heart rate, voltage-clamp
measurements of |cy) were made on single SA node myo-
cytes (32). Our previous work demonstrated that CNP can
inhibit basal Icay and also showed that the effect is more
pronounced in the presence of B-adrenergic receptor stimula
tion (45). Therefore, the following experiments are conducted
in the presence of Iso (5 X 10~ ° M). Representative raw data
areillustrated in Fig. 2A. On average, peak | cay Was about —9
PA/pF in the presence of Iso (5 X 10~° M). Application of
CNP (1077 M) in this setting significantly decreased peak
current to approximately —4 pA/pF (Fig. 2B).

We have previously demonstrated that, in bullfrog atrial
myocytes, CNP can inhibit Icycy by binding to NPR-C (45).
Accordingly, the next series of experiments were designed to
evaluate this hypothesis in mouse SA node myocytes. Figure 3
illustrates the effects of CANF (10~8 M), which is a selective
agonist of NPR-C with no capacity to bind to NPR-B or
activate the cGMP second messenger pathway (2). The raw

Table 1. Effects of 1so and cANF on ECG intervalsin
Langendor ff-perfused mouse heart

Iso (5 X 10~° M)

Interval Control 1so (5 X 107° M) + cANF (1077 M)
R-R 168.8 = 3.4 114.2 = 2.4* 148.2 = 8.3t
P-R 386+18 255 + 1.6* 33322t
QT 50.1 =24 432+ 36 441+ 3.1

Values are means = SE in ms (n = 5-7 hearts). |so, isoproterenol; cANF,
NPR-C-selective agonist. * Significantly different from control. TSignificantly
different from Iso.

AJP-Heart Circ Physiol - vOL 286 « MAY 2004 - www.gj pheart.org

G002 ‘€ AInc uo Bio ABojoisAyd-ueaydle wouy papeojumoq



http://ajpheart.physiology.org

B
=
=
2.
e
=%
>
o
=)
s}
EE
o)
&)
R~
O
o
S
o]
)
o
]
0]
an
|
O
yo—
o
o pu(
>
=
=W
(-
C
yo—
<
c
o
)
C
pr—
S
o)
&)
o p(
Yo
g

EFFECTS OF CNP ON SA NODE MYOCYTES

s
=
&
Control (1) S
ISO + CNP (3) 100 ms
1SO (2)
-2 pA/pF

L-10

Fig. 2. Effect of 1078 M C-type natriuretic peptide (CNP) on L-type Ca2*
current [Icaqy] in the presence of 1077 M Iso in adult mouse sinoatrial (SA)
node myocytes. A: representative current traces demonstrate the effect of CNP
on peak lcaq ) recordings elicited by depolarizing voltage-clamp stepsto 0 mV.
Peak | coL) Was approximately —4 pA/pF in control conditions (1). Addition of
Iso (2) increased this value to approximately —8 pA/pF, and subseguent
addition of CNP (3) decreased peak lcaw) to —5 pA/pF. B: summary current-
voltage (I-V) curve illustrating the effect of CNP (0) on Iso-stimulated lcaw)
(®). Valuesare means + SE of 7 cells. * Significant inhibition of Icxw) by CNP.

datain Fig. 3A show that Iso approximately doubles peak | cq)
from —5 to —10 pA/pF. After the addition of cANF, peak
lcawy IS reduced to about —6 pA/pF. On average, CANF
decreased peak |cqy from —13 to about —6 pA/pF. In sum-
mary, these electrophysiological findings (Figs. 2 and 3) sug-
gest that the effects of CNP on | ¢4y are mediated by NPR-C.

Effects of Gj-activator peptide on lca). Recently, two in-
dependent research groups published results that demonstrate
that NPR-C contains a specific Gi-activator sequence (44, 52).
These studies showed that amino acids 469485, which are
located in the middle region of the intracellular domain of
NPR-C, are necessary and sufficient for activation of G; pro-
teins in the heart.

This important finding was used in our experimental design
to provide further evidence for an NPR-C-mediated effect on
| cawy- This Gi-activator peptide (the 17-amino acid fragment of
NPR-C containing the Gi-activator sequence) was applied
intracellularly to single SA node myocytes by including it in
the micropipette filling solution. The time course of the effects
of the Gj-activator peptide is illustrated in Fig. 4A. Myocytes
were first exposed to Iso (10~7 M) for ~3 min. During the
subsequent impalement of the cell, the G;-activator peptide
(1077 M), which was included in the recording pipette, was
able to diffuse into the cell under conventional whole cell
recording conditions. In the presence of 1s0, peak lca) Was
approximately —12 pA/pF, and it was decreased significantly

H1973

as the Gj-activator peptide entered the cell over the course of
~200 s to about —3 pA/pF.

NPR-C-mediated effects have been shown to result from
activation of the G; family of G proteins, which are known to
inhibit adenylyl cyclase activity (3, 44). Accordingly, we
reasoned that inhibition of Iy by the Gi-activator peptide
should be antagonized in the presence of elevated CAMP
levels. To test this hypothesis, the Gi-activator peptide (107
M) and cAMP (10> M) were added to the recording pipette
with the expectation that each compound could enter the
myocyte under whole cell recording conditions. Figure 4B
illustrates that when a high concentration of CAMP is in the
micropipette, peak lcar) increased from —4 to —15 pA/pF.
The time course and magnitude of this effect of CAMP on
[cawy, in the presence of the Gj-activator peptide, are similar to
the increase in I that has been observed in the presence of
CAMP alone (16, 45). These findings demonstrate that this
effect of CAMP developed fully in the presence of the inhibi-
tory G;-activator peptide.

Effects of CNP on I¢. To evaluate the specificity of these
inhibitory effects of CNP on Iy ) in mouse SA node myo-
cytes, I+ was measured. It is strongly modulated by intracellular
CcAMP levels (1, 32). Accordingly, CNP, which activates G

waad
=
=2
e— 2
Control (1) =%
[€— 1SO + cANF (3) 100 ms
“—1I50 (2)

-2 pA/pF
PA/p mv

Fig. 3. Effect of the natriuretic peptide type C receptor (NPR-C)-specific
agonist CANF (1078 M) on lca) in the presence of 107 M Iso in mouse SA
node myocytes. Note that application of cANF selectively activates NPR-C
without stimulating the guanylyl cyclase-linked NPR-B. A: raw current traces.
Control peak Ica) (1) increased from —5 to —10 pA/pF after addition of 1so
(2). Subsequent application of cCANF (3) decreased | ca) to approximately —6
pA/pF. B: 1-V curve summarizing these effects of CANF (0) on Iso-stimulated
lcaw) (@). Values are means = SE of 6 cells. * Significant inhibition of lcaw)
by cANF.
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Fig. 4. Effectsof intracellular application of Gi-activator peptide on | ca) after
application of 10~7 M Iso or in conjunction with elevated cAMP (105 M) in
mouse SA node myocytes. Gi-activator peptide (10~7 M) was added to the
recording pipette and entered the myocyte by diffusion under conventional
whole cell recording conditions. A: electrophysiological recordings were begun
after 1so had been superfused for =3 min. As shown in raw current traces
(inset), peak lcaw) increased to a steady-state level of approximately —12
pA/pF after stimulation with Iso. After the Gi-activator peptide entered this
myocyte, peak |ca) decreased to about —3 pA/pF. This inhibitory effect is
apparent in the time-course experiment. As indicated by the horizontal bar, 1so
was present throughout the experiment. The G;-activator peptide, which began
to diffuse into the myocyte at time O, started to elicit an inhibitory effect at
~100 s. Data are representative of measurements made on 10 cells from 4
hearts. B: lcqL) measurements in the presence of Gi-activator peptide and
CAMP, both of which are included in the recording pipette. Inset: raw current
traces. Control lcaw) is approximately —5 pA/pF. After Gi-activator peptide
and cAMP entered the myocyte, the current increased to a maximum of —15
pA/pF. As illustrated in the time-course experiment, peak lcaw) showed a
nearly 4-fold increase over the course of 200 s of exposure to Gj-activator
peptide and cCAMP. Data are representative of measurements on 4 cells from 2
hearts.

protein, inhibits adenylyl cyclase, and decreases cCAMP levels,
may inhibit I¢.

Raw data and plots of the time course of the effects of 1so
(1077 M) and cANF (10~8 M) on I in SA node myocytes are
illustrated in Fig. 5, A and B, respectively. As expected, 1so
significantly increased I+ from —38 to —50 pA/pF (Fig. 5B).
Note, however, that CANF failed to significantly inhibit this
current. The -V curves that summarize this data set show that

EFFECTS OF CNP ON SA NODE MYOCYTES

neither CANF (to selectively activate NPR-C; Fig. 5C) nor
CNP (Fig. 5D) has any significant effect on I; in the presence
of Iso.

To gain further insight into this negative result, ACh (5 X
10~% M) was applied to SA node myocytes. SA node myocytes
were stimulated with Iso (10~7 M) and then with CNP (10~8
M). ACh was added in the presence of Iso and CNP. Figure 6A
illustrates representative measurements of I;. CNP caused a
very small reduction in current, whereas ACh, in combination
with CNP, markedly reduced I;. As shown in the |-V relation
that summarizes these findings (Fig. 6B), the effects of CNP on
I+ were not significant. In contrast, the effects of ACh on this
current were more pronounced and consistent. These results
confirm that I; is sensitive to CAMP levels and that ACh can
inhibit this current (1, 32) but that CNP has no effect on Is in
these same myocytes.

DISCUSSION

CNP effects on the heart. CNP is known to mediate vaso-
dilatory and natriuretic effects in mammals (27, 51); however,
very few studies have examined the effects of this peptide on
heart rate. Most effects of natriuretic peptides on heart rate are
attributed to the guanylyl cyclase-linked NPR-A and NPR-B.
Recently, Herring et a. (19) reported that CNP induces bra-
dycardia as a result of presynaptic facilitation of vagal neuro-
transmission. This effect could be antagonized by the particu-
late guanylyl cyclase blocker HS-142-1 (33, 34) and, thus, was
suggested to be mediated by NPR-B.

Our results show that CNP can have a negative chronotropic
effect on the Langendorff-perfused mouse heart that is medi-
ated by NPR-C. The data in Fig. 1 were obtained using the
selective NPR-C agonist cANF, which has no capacity to
activate the NPR-B-cGMP pathway but strongly inhibits ad-
enylyl cyclase after binding to NPR-C (2). CNP dlicited a
negative chronotropic effect very similar to that shown for
CcANF in Fig. 1 (data not shown). In addition to this effect on
heart rate (R-R interval), cCANF aso significantly increased the
P-R interval (Table 1). The P-R interval is an indicator of
conduction across the atria and through the atrioventricular
node (35). The increased P-R interval in the presence of CANF
indicates that conduction has slowed within the atrioventricular
conduction system. Because NPR-C has approximately the
same affinity for all natriuretic peptides, we suggest that ANP
and BNP could have effects on heart rate and ECG intervals
similar to those identified for cANF and CNP in the present
study.

After the effects of CNP on heart rate were defined, the ionic
mechanism(s) for these CNP-induced changesin heart rate was
examined in voltage-clamp experiments using single SA node
myocytes from the primary pacemaker region of the adult
mouse heart. The SA node expresses at least two cAMP-
sengitive currents, lcay and lr, which can contribute to gen-
eration of diastolic depolarization or the pacemaker phase of
the action potential (1, 31). lcaw) current density increases
dramatically when the channel is phosphorylated by PKA (20,
22). The PKA-mediated phosphorylation of ¢4y increases or
decreases when CAMP levels in the cell increase or decrease,
respectively (22). I current density is also altered by changing
levels of intracellular CAMP (1); however, in contrast to lcaq),
this effect appears not to be mediated by PKA. Instead, cCAMP
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Fig. 5. Effects of 108 M CNP and 10~8
CcANF on hyperpolarization-activated current
() in mouse SA node myocytes recorded in
the presence of 10~7 M Iso. A: representative
I+ traces recorded during a hyperpolarizing
voltage-clamp step to —135 mV illustrating
control (1), Iso (2), and Iso + cANF (3). Iso
significantly increased I. Subsequent addi-
tion of cCANF caused no significant changein

cANF
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I+. B: time course of Iso and CANF effects on
I+. Horizontal bars (top) indicate when each
compound is added. Iso increased It (mea-
sured at the end of a 2-s voltage-clamp step
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binds directly to the intracellular COOH-terminal portion of
the HCN channel subunits and alters its biophysical properties
(14, 23). As described previously, NPR-C includes a G-
activator sequence, which inhibits adenylyl cyclase and, thus,
decreases CAMP levels in the presence of natriuretic peptides
(3, 44, 52). We anticipated that Icay and I+ would be inhibited
by CNP because we previously showed that CNP can inhibit
L-type Ca?" current in isolated bullfrog atrial cells (45).

Our results demonstrate that CNP potently inhibits Icay in
single SA node myocytes (Fig. 2). The involvement of NPR-C
was confirmed by using cANF, which is a selective NPR-C
agonist (Fig. 3). It is important that the Gi-activator peptide
(Fig. 4), which consists of the specific 17-amino acid segment
of NPR-C known to inhibit adenylyl cyclase activity (44, 52),
also substantialy decreased lcqu). This effect of CNP is
selective, inasmuch as |+ was not significantly changed by CNP
(Fig. 5). Although CNP had no effect on I, ACh was able to
significantly inhibit this current (Fig. 6), a result that provides
a useful positive control for the responsiveness of |s to CAMP
levels in the cell (1). Altering CAMP level in SA node myo-
cytes may result in a significant shift in the activation curve of
I+ (1). It is theoretically possible that CNP could alter the
activation kinetics of this current without significantly atering
the magnitude of ;. Until the effects of CNP on I activation
are measured experimentally, this possibility cannot be com-
pletely ruled out. However, in the present study, we show that
the magnitude of |z was increased in the presence of Iso and
decreased in the presence of ACh, whereas CNP had no effect
on the magnitude of |;. On the basis of these electrophysiolog-
ical findings, we conclude that the major effect of CNP in the
mouse SA nodeis a selective inhibition of ¢4y due to binding
to NPR-C with no significant change in another CAMP-sensi-
tive current, I+.

to —135 mV) from —38 to —50 pA/pF. It
was not significantly altered after superfusion
of CANF. C and D: summary isochrona |-V
relations for effects of cCANF (o, C) or CNP
(o, D) on Iso-stimulated | (@, C and D).
20 Neither cANF nor CNP had a significant
effect on I+. Values are means = SE of 6 cells
for C and 9 cells for D.

-30

-40
pA/pF
ISO + CNP
+ACh (3)
I1SO + CNP (2)
1SO (1)
=
£
1
=2
>
~ 500 ms
B 10

-40-
pA/pF

Fig. 6. Effectsof 1078 M CNPand 5 X 1076 M ACh on It in the presence of
10~7 M Iso in mouse SA node myocytes. A: representative recordings of I+ in
response to a hyperpolarizing voltage-clamp step from —60to —135mV inIso
(1), Iso + CNP (2), and Iso + CNP + ACh (3). Note that application of CNP
did not significantly decrease Ir. In contrast, and as expected, subsequent
addition of ACh resulted in asignificant reductionin I+. B: summary isochronal
1-V relation showing CNP data (0) and effects of subsequent addition of
ACh + CNP (v) on Iso-stimulated I (@). CNP had no significant effect on Iy.
Values are means = SE of 6 cells. * Significant decrease in I+ by ACh.

AJP-Heart Circ Physiol - vOL 286 « MAY 2004 - www.gj pheart.org

G002 ‘€ AInc uo Bio ABojoisAyd-ueaydle wouy papeojumoq



http://ajpheart.physiology.org

B
=
2
2.
e
=¥
>
o
=)
s}
EE
o)
&)
R
O
)
S
<
)
P
]
0]
an
|
O
yo—
o
o pu(
58
=
=W
(-
C
—
9]
c
o
b
C
pr—
c
o)
&)
o p(
T
g

H1976

Selectivity of CNP effects. Our initial working hypothesis
was thet |caq) and I+ would be inhibited by CNP, because the
biophysical properties of both are modulated by cAMP levels
in these pacemaker myocytes. However, this was not the case
in the mouse SA node. The ability of CNP to selectively inhibit
| cay Without affecting I+ suggests that the HCN channels that
are responsible for It are functionally isolated from the pool of
intracellular cAMP that is modulated by the CNP-NPR-C
signaling pathway and mediates the inhibition of lcyy). Intra-
cellular compartmentation of CAMP has been described previ-
ously in the mammalian heart (7, 46, 47). For example, it is
known that although B1-adrenergic receptor activation in ven-
tricular myocytes leads to cAMP-mediated phosphorylation of
Ca?* channels, phospholamban, troponin |, and ryanodine
receptors, Bo-adrenergic receptor activation results in the ex-
clusive phosphorylation of L-type Ca?* channels (25). Thus
activation of Bi-adrenergic receptors leads to an increase in
cAMP levels throughout the cell, whereas Bo-adrenergic sig-
naling results in an increase in CAMP levels that is spatially
restricted and is sometimes described as occurring in microdo-
mains. One key factor leading to the compartmentation of
B2-adrenergic receptor-mediated CAMP signaling may be the
functional coupling of the receptor to Gs and G; proteins (10,
24). In thisway, activation of G; prevents an increasein CAMP
levels throughout the entire myoplasm. Conversely, B1-adren-
ergic receptors are coupled only to Gs proteins and, therefore,
can result in a more global rise in intracellular CAMP levels
(7). Other factors that may be involved in this compartmenta-
tion phenomenon are spatialy localized phosphatase (24)
and/or phosphodiesterase activity (21). It is not known whether
NPR-C is colocalized with L-type Ca?" channels or whether
compartmentation is responsible for the ability of CNP to
inhibit ICa(L) but not |f.

Sgnificance of CNP effects. CNP is present and sarcolem-
mal receptors for it are expressed in the heart of all mammals
that have been examined, including mouse, rat, pig, and human
(4, 6, 9, 39, 40, 49). NPR-C appears to be the receptor most
prominently expressed in cardiac myocytes, whereas the gua-
nylyl cyclase-linked NPR-B may be restricted to the nonmyo-
cyte population of cellsin the heart (15). Thusit is anticipated
that the effects of CNP on the mouse SA node described in the
present study will apply to other mammals.

The levels of al natriuretic peptides in the heart, including
CNP, increase substantially during heart failure (50). Plasma
BNP levels are often used as an indicator of systolic function
and the onset of heart failure (12, 36, 43). In situations of
increased contractile force and/or stretch in the heart (such as
those that occur in normal physiology or during pathophysio-
logical conditions such as heart failure), the release of natri-
uretic peptides, including CNP, is augmented. Under these
circumstances, the NPR-C-mediated inhibition of |cgq) may
produce a negative chronotropic effect in the SA node.

In summary, our results identify a novel negative chrono-
tropic effect of CNP in the mouse heart. In SA node myocytes
this response is mediated by NPR-C and is due to a strong
inhibition of lcay. In contrast, I+ is unaltered by CNP.

GRANTS

Thiswork was supported by operating grants from the Canadian Institute of
Health Research (69-6100) and the Heart and Stroke Foundation of Canada to
W. R. Giles, as well as Canadian Institute of Health Research Grant MOP-

EFFECTS OF CNP ON SA NODE MYOCYTES

13661 to M. B. Anand-Srivastava. A. E. Lomax is the recipient of postdoctoral
fellowships from the Heart and Stroke Foundation of Canada and the Alberta
Heritage Foundation for Medical Research. R. A. Rose is the recipient of
research studentship awards from the Heart and Stroke Foundation of Canada
and the Alberta Heritage Foundation for Medical Research.

REFERENCES

1. Accili E, Proenza C, Baruscotti M, and DiFrancesco D. From funny
current to HCN channels: 20 years of excitation. News Physiol Sci 17:
32-37, 2002.

2. Anand-Srivastava MB, Sairam MR, and Cantin M. Ring-deleted ana-
logs of atrial natriuretic factor inhibit adenylate cyclase/cAMP system.
J Biol Chem 265: 8566-8572, 1990.

3. Anand-Srivastava M B, Sehl PD, and L owe DG. Cytoplasmic domain of
natriuretic peptide receptor-C inhibits adenylyl cyclase. J Biol Chem 271:
19324-19329, 1996.

4. Anand-Srivastava MB and Trachte GJ. Atria natriuretic factor recep-
tors and signal transduction mechanisms. Pharmacol Rev 45: 455-497,
1993.

5. Anand-Srivastava M and Cantin M. Atrial natriuretic factor receptors
are negatively coupled to adenylate cyclase in cultured atrial and ventric-
ular cardiocytes. Biochem Biophys Res Commun 138: 427-436, 1986.

6. Barr CS, Rhodes P, and Struthers AD. C-type natriuretic peptide.
Peptides 17: 1243-1251, 1996.

7. Bers DM and Ziolo MT. When is cAMP not cAMP? Effects of com-
partmentalization. Circ Res 89: 373-375, 2001.

8. Campbell D, Rasmusson R, and Strauss H. lonic current mechanisms
generating vertebrate primary cardiac pacemaker activity at the single cell
level: an integrative view. Annu Rev Physiol 54: 279-302, 1992.

9. Chen HH and Burnett JJ. C-type natriuretic peptide: the endothelial
component of the natriuretic peptide system. J Cardiovasc Pharmacol 32:
S22-S28, 1998.

10. Chen-lzu Y, Xiao RP, lzu L, Cheng H, Kuschel M, Spurgeon H, and
Lambert C. Gj-dependent localization of B-adrenergic receptor signaling
to L-type Ca2* channels. Biophys J 79: 2547-2556, 2000.

11. ChoHS, Takano M, and Noma A. The electrophysiological properties of
spontaneously beating pacemaker cells isolated from mouse sinoatrial
node. J Physiol 550: 169-180, 2003.

12. Darbar D, Davidson NC, Gillespie N, Choy AJ, Lang CC, Shyr Y,
McNeill GP, Pringle TH, and Struthers AD. Diagnostic value of B-type
natriuretic peptide concentrations in patients with acute myocardial infarc-
tion. Am J Cardiol 78: 284-287, 1996.

13. DiFrancesco D. Pacemaker mechanisms in cardiac tissue. Annu Rev
Physiol 55: 455-472, 1993.

14. DiFrancesco D and Tortora P. Direct activation of cardiac pacemaker
channels by intracellular cyclic AMP. Nature 351: 145-147, 1991.

15. Doyle DD, Upshaw-Earley J, Bell EL, and Palfrey HC. Natriuretic
peptide receptor-B in adult rat ventricle is predominantly confined to the
nonmyocyte population. Am J Physiol Heart Circ Physiol 282: H2117—
H2123, 2002.

16. Fischmeister R and Hartzell HC. Mechanism of action of acetylcholine
on calcium current in single cells from frog ventricle. J Physiol 376:
183-202, 1986.

17. Hamill OP, Marty A, Neher E, Sakmann B, and Sigworth FJ. Im-
proved patch-clamp techniques for high-resolution current recording from
cells and cell-free membrane patches. Pflugers Arch 391: 85-100, 1981.

18. Han X, Kubotal, Feron O, Opel DJ, Arstall MA, Zhao Y'Y, Huang P,
Fishman MC, Michel T, and Kelly RA. Muscarinic cholinergic regula-
tion of cardiac lcaL is absent in mice with targeted disruption of endo-
thelial nitric oxide synthase. Proc Natl Acad Sci USA 95: 65106515,
1998.

19. Herring N, Zaman JAB, and Paterson DJ. Natriuretic peptides like NO
facilitate cardiac vagal neurotransmission and bradycardia via a cGMP
pathway. Am J Physiol Heart Circ Physiol 281: H2318-H2327, 2001.

20. Hove-Madsen L, Mery PF, Jurevicius J, Skeberdis A, and Fischmei-
ster R. Regulation of myocardia calcium channels by cyclic AMP
metabolism. Basic Res Cardiol 91 Suppl 2: 1-8, 1996.

21. Jurevicius J and Fischmeister R. CAMP compartmentation is responsi-
ble for a loca activation of cardiac Ca?* channels by B-adrenergic
agonists. Proc Natl Acad Sci USA 93: 295-299, 1996.

22. Kamp TJ and Hell JW. Regulation of cardiac L-type calcium channels
by protein kinase A and protein kinase C. Circ Res 87: 1095-1102, 2000.

23. Kaupp U and Seifert R. Molecular diversity of pacemaker ion channels.
Annu Rev Physiol 63: 235-257, 2001.

AJP-Heart Circ Physiol - vOL 286 « MAY 2004 - www.gj pheart.org

G002 ‘€ AInc uo Bio ABojoisAyd-ueaydle wouy papeojumoq



http://ajpheart.physiology.org

B
=
=
2.
e
=%
>
o
=)
s}
EE
o)
&)
R~
@)
o
S
o]
)
o
]
0]
an
|
O
yo—
o
o pu(
>
=
o
(-
C
yo—
<
c
Yo
)
C
pr—
S
o)
&)
o p(
Yo
g

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

35.

36.

37.

EFFECTS OF CNP ON SA NODE MYOCYTES

Kuschel M, Zhou YY, Cheng H, Zhang SJ, Chen Y, Lakatta E, and
Xiao RP. G; protein-mediated functional compartmentalization of cardiac
Bz-adrenergic signaling. J Biol Chem 274: 22048-22052, 1999.

Kuschel M, Zhou YY, Spurgeon H, Bartel S, Karczewski P, Zhang SJ,
Krause EG, Lakatta E, and Xiao RP. B,-Adrenergic cAMP signaling is
uncoupled from phosphorylation of cytoplasmic proteins in canine heart.
Circulation 99: 2458-2465, 1999.

Lancaster M, Dibb K, Quinn C, Leach R, Lee JK, Findlay J, and
Boyett M. Residues and mechanisms for slow activation and Ba2* block
of the cardiac muscarinic K* channel, Kir3.1/Kir34. J Biol Chem 275:
3583135839, 2000.

Levin ER, Gardner DG, and Samson WK. Natriuretic peptides. N Engl
J Med 339: 321-328, 1998.

LucasKA, Pitari GM, Kazerounian S, Ruiz-Stewart |, Park J, Schulz
S, Chepenik KP, and Waldman SA. Guanylyl cyclases and signaling by
cyclic GMP. Pharmacol Rev 52: 375-413, 2000.

Lueger A, Brodmann M, Scherr D, and Stark G. The influence of
magnesium on the electrophysiological effects of erythromycin in the
isolated guinea pig heart. Cardiovasc Drugs Ther 16: 327-333, 2002.
Maack T. Receptors of atrial natriuretic factor. Annu Rev Physiol 54:
11-27, 1992.

Mangoni M, Couette B, Bourinet E, Platzer J, Reimer D, Striessnig J,
and Nargeot J. Functional role of L-type Ca,1.3 Ca?* channelsin cardiac
pacemaker activity. Proc Natl Acad Sci USA 100: 5543-5548, 2003.
Mangoni M and Nargeot J. Properties of the hyperpolarization-activated
current (I) in isolated mouse sino-atria cells. Cardiovasc Res 52: 5164,
2001.

Matsuda Y. Design and utilization of natriuretic peptide antagonists. In:
Contemporary Endocrinology: Natriuretic Peptides in Health and Dis-
ease, edited by Samson WK and Levin ER. Totowa, NJ Humana, 1997,
p. 289-307.

. Matsuda Y and Morishita Y. HS-142-1: a novel nonpeptide atria

natriuretic peptide antagonist of microbial origin. Cardiovasc Drug Rev
11: 45-59, 1993.

Milnor W. Electrical activity of the heart. In: Cardiovascular Physiology.
Oxford, UK: Oxford University Press, 1990, p. 140-170.

Morita E, Yasue H, Yoshimura M, Ogawa H, Jougasaki M, Mat-
sumura T, Mukoyama M, and Nakao K. Increased plasma levels of
brain natriuretic peptide in patients with acute myocardia infarction.
Circulation 88: 82-91, 1993.

Murthy K, Teng BQ, Zhou H, Jin JG, Grider J, and Makhlouf G.
Gi-1/Gi-2-dependent signaling by single-transmembrane natriuretic peptide
clearance receptor. Am J Physiol Gastrointest Liver Physiol 278: G974—
G980, 2000.

38.

39.

40.

41.

42.

46.

47.

49.

50.

51.

52.

H1977

Murthy KSand Makhlouf GM. Identification of the G protein-activating
domain of the natriuretic peptide clearance receptor (NPR-C). J Biol Chem
274: 17587-17592, 1999.

Nunez D, Dickson M, and Brown M. Natriuretic peptide receptor
MRNASs in the rat and human heart. J Clin Invest 90: 1966-1971, 1992.
Ogawa Y, Nakao K, Nakagawa O, Komatsu Y, Hosoda K, Suga S,
Arai H, Nagata K, Yoshida N, and Imura H. Human C-type natriuretic
peptide: characterization of the gene and peptide. Hypertension 19: 809—
813, 1992.

Okamoto T, Katada T, Murayama Y, Ui M, Ogata E, and Nishimoto
|. A simple structure encodes G protein-activating function of the IGF-11/
mannose 6-phosphate receptor. Cell 62: 709-717, 1990.

Okamoto T and Nishimoto |. Detection of G protein-activator regionsin
M4 subtype muscarinic, cholinergic, and a2-adrenergic receptors based on
characteristics in primary structure. J Biol Chem 267: 8342-8346, 1992.

. Omland T, Aakvaag A, Bonarjee VVS, Caidahl K, Lie RT, Nilsen

DWT, Sundsfjord JA, and Dickstein K. Plasma brain natriuretic peptide
as an indicator of left ventricular systolic function and long-term survival
after acute myocardial infarction. Circulation 93: 1963-1969, 1996.

. Pagano M and Anand-Srivastava MB. Cytoplasmic domain of natri-

uretic peptide receptor C constitutes G; activator sequences that inhibit
adenylyl cyclase activity. J Biol Chem 276: 22064—22070, 2001.

. Rose RA, Lomax AE, and Giles WR. Inhibition of L-type calcium

current by C-type natriuretic peptide in bullfrog atrial myocytes: an
NPR-C-mediated effect. Am J Physiol Heart Circ Physiol 285: H2454—
H2462, 2003.

Schwartz JH. The many dimensions of cCAMP signaling. Proc Natl Acad
Sci USA 98: 13482-13484, 2001.

Steinberg SF and Brunton LL. Compartmentation of G protein-coupled
signaling pathways in cardiac myocytes. Annu Rev Pharmacol Toxicol 41:
751-753, 2001.

. Verheijck E, Van Ginneken A, Wilders R, and Bouman L. Contribu-

tion of L-type Ca?* current to electrical activity in sinoatria nodal
myocytes of rabbits. AmJ Physiol Heart Circ Physiol 276: H1064-H1077,
1999.

Vollmar A, Gerbes A, Nemer M, and Schulz R. Detection of C-type
natriuretic peptide (CNP) transcript in the rat heart and immune organs.
Endocrinology 132: 1872-1874, 1993.

Wei CM, Heublein DM, Perrella MA, Lerman A, Rodeheffer RJ,
McGregor CGA, EdwardsWD, Schaff HV, and Burnett JJ. Natriuretic
peptide system in human heart failure. Circulation 88: 1004-1009, 1993.
Yandle TG. Biochemistry of natriuretic peptides. J Intern Med 235:
561-576, 1994.

Zhou H and Murthy KS. Identification of the G protein-activating
sequence of the single-transmembrane natriuretic peptide receptor C
(NPR-C). Am J Physiol Cell Physiol 284: C1255-C1261, 2003.

AJP-Heart Circ Physiol - vOL 286 « MAY 2004 - www.gj pheart.org

G002 ‘€ AInc uo Bio ABojoisAyd-ueaydle wouy papeojumoq



http://ajpheart.physiology.org



