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Abstract

Effects of sodium nitroprusside (SNP), a nitric oxide donor, on the action potential in isolated

guinea-pig sinoatrial nodes and ventricular papillary muscleswereinvestigated. Inthedriven ventricular
papillary muscle, SNP (107°-10"® M) decreased the twitch tension in a concentration-dependent manner
without significantly changing the configuration of action potential and the maximal velocity of
depolarizing upstroke. Inisolated sinoatrial nodes, SNP (1078 - 10 M) increased the pacemaker rhythm
in a concentration-dependent manner. At 10° M SNP, the pacemaker activity increased from 197.2+
6.1 to 221.4+9.7 bpm. Changes of configuration of the action potential included a decrease of the
duration of repolarization, i.e., from peak to the maximal diastolic potential (MDP), from 141.4+6.4 to
130.0+£7.0 ms and an increase of the slope of the diastolic membrane potential from 101.6+5.3 to 116.5+
7.3 mV/s (n=6, p<0.05). However, MDP and threshold potential were not significantly changed.
Methylene blue (MB, 107 M), a guanylate cyclase inhibitor, significantly decreased the pacemaker
activity of the sinoatrial node by increasing the durations of repolarization and diastolic depolarization.
After pretreatment with 10°° M MB, the effect of SNP was inhibited. The resultsindicate that nitric
oxide, released from SNP, increases the pacemaker activity by enhancing the rates of repolarization and
diastolic depolarization. These effects are possibly dueto increasesin delayed-rectifier K* and diastolic
slow inward currents, which are involved in a mechanism associated with the NO-cGM P pathway.
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Introduction

Sodium nitroprusside (SNP) is widely used to
lower the arterial blood pressure in clinical or basic
cardiovascular studies. Previous studies have shown
that SNP can be readily metabolized to nitric oxide
(NO) in subcellular fractions (12). It is also known
that NO can activate guanylate cyclase to increase
intracellular cGMP which can efficiently decrease
the vascular smooth muscle tone causing a fall of
arterial blood pressure (3). Although an increase in
heart rate can be mediated by the arterial baroreflex,

SNP can also increase heart rate in transplant heart
and the beat rate of isolated sinoatrial preparation (4,
7,14, 21). In cardiac myocytes, NO can regulate both
adenylate cyclase and guanylate cyclase (19). The
production of NO, which actsasamediator, is essential
for the modulation of myocardial contractility and
membrane currents (8, 11). But the exact mechanism
by which elevationsin NO elicit the electromechanical
effects on the cardiac tissues is still controversial (2,
11, 16, 17, 19).

The present work was undertaken to investigate
whether SNP could directly affect the action potentials
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Fig. 1. Effects of SNP on twitch tension and action potential in a
ventricular papillary muscle. SNP was cumulatively added. A.
Twitch tensions, vertical and horizontal bars indicating twitch
force and time, respectively. Recordings were taken after expo-
sure to each concentration of SNP for 15 min. B. The action
potentials (b to i) were taken and superimposed on the contral (a)
after exposure to each concentration of SNP for 15 min, as
indicatedin A. TheV x Of the action potential wasindicated at
right of the action potential.

of the isolated sinoatrial node (SA node) preparation
and the ventricular papillary muscle of guinea pig
hearts. Changes in the configuration of the action
potential were analyzed. We found that SNP induced
aconcentration-dependent negativeinotropic response
without significant changes of action potential in the
ventricular papillary muscle and produced a positive
chronotropic response in SA node cells. Theincrease
in the pacemaker activity was associated with
enhancements of repolarization and slow diastolic
depolarization of the action potential. This effect
could be inhibited by MB, a guanylate cyclase
inhibitor, suggesting that the increase in pacemaker
activity after SNP was due to stimulation of delayed-
rectifier K* and depolarizing pacemaker currents via
the NO-cGMP pathway.

Materials and Methods

Male guinea pigs, weighing 250-450 g, were
sacrificed after anesthetized with sodium pentobarbital
(40 mg/Kg, ip). The heart was quickly removed and
soaked in preoxygenated normal Tyrode's solution.
A sinoatrial node/atrial preparation, roughly 3 mm in

diameter and 5 mm in length, near the superior vena
cava, was carefully dissected from the right atria and
mounted in a narrow perfusion chamber (0.2 ml) (1).
Also, a papillary muscle, 1 mm in diameter and 3 mm
in length, was dissected from the right ventricle of the
heart. The papillary muscle was mounted in a harrow
perfusion chamber and was driven with a Grass
stimulator at 60 bpm (20). The twitch tension was
measured by a force displacement transducer
(Cambridge 403A) and recorded on a chart recorder
(Gould). The muscle fiber was stretched to 70 % of
the maximal twitch tension. The flow rate of the per-
fusate was maintained at 8 ml/min. The composition
of the perfusate was (in mM): NaCl 137.0; KCI 5.4;
CaCl, 1.8; MgCl, 1.1; NaH,PO,4 0.5; NaHCO; 12;
Glucose 5.0; and was equilibrated with 97 % O, and
3% CO, gas giving apH of 7.36. The temperature of
the chamber fluid was maintained at 36 °C.

Conventional microelectrodes were pulled from
borosilicate glass (Corning 7740) with tips smaller
than 1 p and resistance ranged from 10 to 40 MQ
when backfilled with 3 M KCI solution. A digital
storage oscilloscope (Gould Model 1604) recorded
the action potential. The maximal rate of
depolarization of the action potential (V) Was
recorded after the signal from the conventional
microel ectrode passed through adifferential amplifier.
At least two hours were allowed for equilibration
before the beginning of the experiment. Sodium
nitroprusside (SNP) and methylene blue (MB) were
purchased from Sigma Chemical Company.

The data were presented as meanststandard
error of the mean. An ANOVA or a Student’s t test
was employed for analyzing the experimental data.
The difference of the meanswas considered significant
when the p value was less than 0.05.

Results
Effects of SNP on Ventricular Papillary Muscles

The effects of SNP on the action potential and
twitch tension of the ventricular papillary muscle are
shown in Figure 1. It can be seen from this figure,
SNP from 107°-1072 M decreased the contractile force
in a concentration-dependent manner, but had no
significant effect on the action potential. 1n 8 papillary
muscle fibers, the amplitude (APA), durations at 30%
and 90% repolarization (APD3y and APDgg), and Vmax
of the action potential at control were 119.3+0.3 mV,
146.5£2.1 ms, 195.4+1.9 ms, and 202.6+£3.7 V/s,
respectively. None showed significant change when
SNP was added from 107° to 10 M. The twitch
tension, however, decreased in concentration-
dependent manner and reduced by 27 % of control
after 10 M SNP (Fig. 2).
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Fig. 2. Mean datafor 8 experiments showing the effects of SNP on the
action potential and twitch tension (TT) in ventricular papillary
muscles. The control values of amplitude (APA), durations at
30% and 90% repolarization (APD3g and APDgp), and maximal
rate of depolarization (Vma) Of the action potential were 119.
3+0.3 mV, 146.5+2.1 ms, 195.4+1.9 ms, and 202.6+3.7 V/s,
respectively. *: p<0.05 as compared to control.
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Fig. 3. Concentration-dependent effectsof SNP onthe pacemaker rhythm
of SA nodes. J: SNPonly (n=7); m: SNP after pretreatment with
10°M MB (n=5). *: p<0.05 as compared to control.

Effects of SNP and MB on SA nodes

The concentration-dependent effect of SNP on
the pacemaker rhythm of SA nodesis shown in Figure
3. Asshown in the figure, the positive chronotropic
response became maximal with SNP concentration at
10 M. This chronotropic effect could be inhibited
after pretreatment of the fiber with 10° M MB. Figure
4 shows typical changes of the action potential. In
this figure, 10 M SNP progressively shortened the
cyclelength of the pacemaker action potential. During
exposure, the slope of diastolic depolarization
increased in the first 5 minutes, and the repolarizing
duration from peak of the action potential to maximal
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Fig. 4. A.Effectsof SNP on theaction potential of a SA nodal cell. The
action potential (a) was recorded as control when the SA node
was stabilized for about two hours. The superimposed action
potentials (b), (c), (d) weretaken at 5, 10, 15 min, respectively,
after 10° M SNP was added. The action potential recovered in
15 min when SNP was deleted from the bath (action potential €).
B. Effects of MB and SNP on the action potential of a SA nodal
cell. Theaction potential (a) wasrecorded as control after the SA
node was stabilized for two hours. Action potentials (b) and (c)
were taken after exposure to 10° M MB for 10 and 30 min,
respectively. In the superimposed action potentials, MB pro-
longed the durations of repolarization and diastolic depolariza-
tion aswell asthe cycle length of the pacemaker activity. After
pretreatment with 10° M MB, the addition of 10 M SNP
produced a positive chronotropy and enhanced the repolarization
and the diastolic depolarizationin 5 min (action potentia d). The
positive chronotropic response was eventually inhibited after
exposure for 15 min (action potential €).

diastolic potential (MDP) decreased to a steady state
in 15 minutes. These changes could be completely
reversed after SNP was washed out (Fig. 4A). In6 SA
nodes, 10° M SNP increased the pacemaker rhythm
by nearly 14.2 %. The duration of repolarization
significantly decreased from 141.4+6.4 to 130.0+7.0
ms, or about 7.8%, and the slope of diastolic
depolarization significantly increased from 101.6+
5.3t0116.5+7.3 mV/s. MDP and threshold potential
(TP) were not significantly changed (Table 1). Onthe
other hand, 10° M MB increased the cycle length of
the action potential. Durations of repolarization and
diastolic depolarization were prolonged (Fig. 4B). In
5 SA nodes, 10> M MB decreased the pacemaker
rhythm from 198.0+6.5 to 182.9+4.9 bpm, nearly
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Tablel. Effectsof Sodium Nitroprusside (SNP) and M ethylene Blue (M B) on the Action Potential of the Sinoatrial
Node of Guinea Pigs

n Rhythm RT MDP TP DDS
(bpm) (ms) (mV) (mV) (mV/s)
Control 6 197.2+6.1 141.4+6.4 -63.1+4.1 -50.0+4.6 101.6+5.3
SNP 10° M
5 min 206.2+7.2* 138.3+5.0 -63.0+4.2 -50.0+4.8 107.7+6.0
10 min 217.2+9.3* 130.0+6.3* -63.6+4.2 -50.6+4.8 113.5+5.5*
15 min 221.4+9.7* 130.0+7.0* -63.1+4.2 -50.4+4.7 116.5+7.3*
Washout 196.8+6.1 141.9+5.9 -63.3+3.6 -50.1+4.6 94.5+4.2
Control 5 198.0+6.5 134.0+5.1 -59.9+3.6 -44.9+3.2 127.1+9.3
MB 10° M
10 min 194.1+5.8 136.7+5.0 -59.9+3.5 -44.9+3.1 122.4+4.7
30 min 182.9+4.9* 141.3+3.5* -59.9+3.3 -45.7+2.6 113.8+7.3*
+SNP 10° M
5 min 190.5+8.7 140.3+6.4 -61.6+2.7 -45.6+2.6 137.1+13.4
15 min 186.7+6.8* 141.0+4.1* -61.3+2.9 -45.9+2.5 117.2+8.3*

Data were presented as meantSEM. Abbreviations: bpm, beats/min; RT, repolarizing time from the peak to the
maximal diastolic potential; MDP, maximal diastolic potential; TP, threshold potential; DDS, slope of diastolic

depolarization. *: p<0.05 as compared to control value.

7.5%, in 30 min. The duration of repolarization
increased significantly from 134.0+5.1 to 141.3+£3.5
ms and the slope of diastolic depolarization decreased
significantly from 127.1+9.3t0 113.8£7.3 mV/s. After
pretreatment with 10° M MB, effects of 10° M SNP
were significantly inhibited except for transient
increases in pacemaker activity and slope of diastolic
depolarization (Fig. 4B and Table 1).

Discussion

In the present study, we have demonstrated that
SNP accelerates the heart rate in a concentration-
dependent fashion. The positive chronotropic effect
can be inhibited by MB, indicating a mechanism
involving the NO-cGMP pathway. In the ventricular
papillary muscle, SNP decreases the contractile force
without significantly changing the action potential
even in rather high concentrations. But, in the
sinoatrial node, SNP significantly increases the rates
of repolarization and diastolic depolarization. It thus
appears that distinctly different ionic channels at the
pacemaker cells and at the ventricular muscles are
selectively intervened by NO.

From recent reports, it is controversial regarding
the direct inotropic action of NO donors in cardiac
tissues (2, 5). NO donors have been shown to have
little effect on cardiac Ca2* currents in cardiomyocytes
under basal condition (8, 11). SNP is shown to exert
a negative inotropic effect on atrial and ventricular
myocardium via generation of cGMP (2). On the

other hand, 3-morpholinosydnonimine (SIN-1),
another type of NO donor, has been shown to enhance
the contractility and cardiac Ca?* currents, in
concentrations at micromolar ranges (2, 10). The
underlying mechanism is interpreted to involve a
complex subcellular reaction through the NO-cGMP
pathway or a non-cGMP-mediated pathway (7, 14).
In the present study, we found that SNP decreased the
contractile force but did not significantly change the
configuration of the action potential in the ventricular
papillary muscle, even in millimolar concentrations,
suggesting that SNP primarily exerted an effect on
the contractile event rather than on ionic currents
across the membrane in the guinea pig ventricular
papillary muscle. The decreased twitch tension can
be due to a PK G-dependent reduction in myofilament
responsiveness to Ca?* in the modulation of NO (2,
19).

Inthesinoatrial node, alteration of the pacemaker
activity can be achieved by changing the rate of
repolarization, the level of maximal diastolic or
threshold potential, and/or the slope of diastolic
depolarization. It is known that the repolarizing
phase of the action potential is mainly brought about
by activation of delayed rectifier K* channels (15,
18). The diastolic depolarization in maintaining
pacemaker activity is generated by the slow inward
current, which is contributed from the sustained inward
current (lg), hyperpolarization-activated inward
currents (I;) and decay of K* currents (6, 15, 18).
Recent studies have shown that NO donors increase
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the pacemaker activity by enhancing the hyper-
polarization-activated inward current in SA nodal
cells of rabbit or guinea pig hearts (9, 14). In sinoatrial
preparations of guinea-pig hearts, external application
of a membrane-permeable analogue of cGMP, 8-Br-
cGMP, increases the beating rate at high
concentrations (14). In the present study, SNP
significantly increased the slope of the diastolic
depolarization and the rate of repolarization without
changes in the MDP, TP, and amplitude of the spike.
The shortening of the repolarization duration suggests
that the delayed rectifier K* current, main outward
currents during the repolarization, was increased (6).
The increased slope of diastolic depolarization
indicates that the slow inward current, most likely s,
was enhanced (21). Therefore, the positive
chronotropic response could be attributed to the
stimulatory effects of NO, released from SNP, on
repolarization and depolarization. Since MB, a
guanylate cyclase inhibitor, could inhibit all these
effects, the positive chronotropic response induced
by SNP appears to involve a mechanism associated
with the NO-cGMP signal pathway (21).

We also demonstrated in the present study that
MB can directly inhibit the pacemaker rhythm by
prolonging the times for repolarization and
depolarization and pretreatment with MB could not
abolish the initial increase in the pacemaker rhythm
in response to SNP. In an early biochemical study,
MB was shown to inhibit cellular soluble guanylate
cyclase and NO synthase (13). Therefore, the direct
inhibitory effect of MB could be attributed to decreases
in intracellular cGMP and NO content. A transient
positive chronotropic effect of SNP after pretreatment
with MB for 30 minutes suggests a non-cGMP-
mediated action of SNP and an important role of basal
endogenous NO production in maintenance of heart
rate. From the reported data, the cGM P-independent
positive chronotropic effect might be due to the
generation of superoxide anion or the nitrosylaion of
some regulatory proteinin cells (8). A discussion of
the exact mechanism(s) is beyond the scope of the
present study.

Acknowledgements

The authors wish to thank Professor H. H. Wang
of Columbia University for editing this manuscript.
This work was supported by grants from NSC-88-
2314-B-016-076 and National Defense Medical Center
DOD-89-23 and Shih Chun Wang Memorial Fund.

References

1. Anderson, R.H. Thedisposition, morphology and innervation of
cardiac specialized tissue in the guinea-pig. J. Anat. 111: 453-468,

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21

1972.

Chesnais, J.M., Fischmeister, R. and Mery, P.F. Positive and
negative inotropic effects of NO donorsin atrial and ventricular
fibres of the frog heart. J. Physiol. (Lond) 518: 449-461, 1999.
Denninger, JW. and Marletta, M.A. Guanylate cyclase and the .
NO/cGMP signaling pathway. Biochim. Biophys. Acta. 1411: 334-
350, 1999.

Exner, D.V., Goodhart, D.M., Anderson, T.J. and Duff, H.J. Pro-
longed sinus node recovery time in humans after the intracoronary
administration of a nitric oxide synthase inhibitor. J. Cardiovasc.
Pharmacol. 34: 1-6, 1999.

Flesch, M., Kilter, H., Cremers, B., Lenz, O., Sudkamp, M., Kuhn-
Regnier, F. and Bohm, M. Acute effects of nitric oxide and cyclic
GMP on human myocardia contractility. J. Pharmacol. Exp. Ther.
281: 1340-1349, 1997.

Guo, J., Mitsuiye, T. and Noma, A. The sustained inward current
in sino-atrial node cells of guinea-pig heart. Pflugers Arch. 433:
390-396, 1997.

Hogan, N., Casadei, B. and Paterson, D.J. Nitric oxide donors can
increase heart rate independent of autonomic activation. J. Appl.
Physiol. 87: 97-103, 1999.

Kelly, R.A., Balligand, J.L. and Smith, T.W. Nitric oxide and
cardiac function. Circ. Res. 79: 363-380, 1996.

Kennedy, S., Work, L., Ferris, P., Miller, A., McManus, B.,
Wadsworth, R. M. and Wainwright, C. L. Role of nitric oxide and
free radicals in the contractile response to non-preactivated
leukocytes. Eur. J. Pharmacol. 345: 269-277, 1998.

Kirstein, M., Rivet-Bastide, M., Hatem, S., Benardeau, A., Mercadier,
J. J. and Fischmeister, R. Nitric oxide regulates the calcium current
in isolated human atrial myocytes. J. Clin. Invest. 95: 794-802,
1995.

Kojda, G. and Kottenberg, K. Regulation of basal myocardial
function by NO. Cardiovasc. Res. 41: 514-523, 1999.

Kowaluk, E.A., Seth, P. and Fung, H.L. Metabolic activation of
sodium nitroprusside to nitric oxide in vascular smooth muscle. J.
Pharmacol. Exp. Ther. 262: 916-922, 1992.

Mayer, B., Brunner, F. and Schmidt, K. Novel actions of methylene
blue. Eur. Heart J. 14 Suppl I: 22-26, 1993.

Musiaek, P., Lei, M., Brown, H.F., Paterson, D.J. and Casadei, B.
Nitric oxide can increase heart rate by stimulating the hyperpolar-
ization-activated inward current, I¢. Circ. Res. 81: 60-68, 1997.
Noma, A. lonic mechanisms of the cardiac pacemaker potential.
Jpn. Heart J. 37: 673-682, 1996.

Ohba, M. and Kawata, H. Biphasic nature of inotropic action of
nitric oxide donor NOCY in guinea-pig ventricular trabecul ae. Jpn.
J. Physiol. 49: 389-394, 1999.

Sandirasegarane, L. and Diamond, J. The nitric oxide donors,
SNAP and DEA/NO, exert a negative inotropic effect in rat
cardiomyocytes which isindependent of cyclic GMP elevation. J.
Mol. Cell. Cardiol. 31: 799-808, 1999.

Shinagawa, Y., Satoh, H. and Noma, A. The sustained inward
current and inward rectifier K* current in pacemaker cells dissoci-
ated from rat sinoatrial node. J. Physial. (Lond) 523: 593-605, 2000.
Vila-Petroff, M.G., Younes, A., Egan, J,, Lakatta, E.G. and Sollott,
S. J. Activation of distinct cAM P-dependent and cGM P-dependent
pathways by nitric oxide in cardiac myocytes. Circ. Res. 84: 1020-
1031, 1999.

Yang, JM., Yuen, T.C., Chang, C.W., Jin, J.S., Yen, M.H. and
Chern, JW. Electrical and mechanical effects of anovel antihyper-
tensive quinazoline derivative, 3-[[4-(2-methoxyphenyl) piperazin-
1-ly]methyl]-5-(methylthio)-2,3-dihydroimidazo [1,2-c]
quinazoline, on guinea pig ventricular muscles. J. Cardiovasc.
Pharmacol. 30: 229-234, 1997.

Yoo, S, Lee, SH., Choi, B.H., Yeom, JB., Ho, W.K. and Earm, Y.
E. Dual effect of nitric oxide on the hyperpolarization-activated
inward current (If) in sino-atrial node cells of therabbit. J. Mol. Cell.
Cardiol. 30: 2729-2738, 1998.



