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(PDE-3) and cGMP-stimulated
PDE (PDE-2) (32). cGMP
inhibition of PDE-3 produces an increase in Zca, whereas
cGMP activation
of PDE-2 inhibits
Zc, (29, 32). In
guinea pig ventricular
myocytes, NO donors produce an
additional inhibitory
effect on Zc, that requires activation of the cGMP-dependent
protein kinase (42). In
human atria1 myocytes, NO donors produce a stimulation of Zca that appears mediated by PDE-3 inhibition
(24). The existence
of multiple
intracellular
cGMP
effecters with opposite effects on Zc, and cardiac function (29) obscures
the relationship
between
cGMP
levels and the contractile
effects of ACh. In frog and
guinea pig ventricular
myocytes, ACh does not inhibit
Zca when the current
has been elevated by direct
intracellular
CAMP application rather than by adenylyl
cyclase activation (12, 21, 34), although cGMP is still
able to reduce Zc, under these conditions (29). However,
in guinea pig and rat ventricular
myocytes, the muscarinic inhibition
of P-adrenergic-stimulated
Zc, was
shown to be antagonized by LY-83583 (33) and methylene blue (4, 27), two putative guanylyl cyclase inhibitors, suggesting
a potential role for this enzyme in the
effect of ACh. Moreover,
in rabbit sinoatrial
(17), cat
atria1 (43), and rat ventricular
myocytes (4), the muscarinic inhibition of Zca is prevented by NG-monomethyl+
arginine (L-NMMA)
(4, 17, 43) or NG-nitro+argininemethyl ester (17), two NOS inhibitors, suggesting that
an intrinsic cardiac NOS activity participates in the
effect of ACh. Interestingly, in guinea pig ventricular
myocytes (27, 33), cat atria1 myocytes (43), and rabbit
sinoatrial myocytes (36), all the effects ofACh on Zc, are
blocked by pertussis toxin. Thus a G protein might be
involved not only in muscarinic receptor-mediated adenylyl cyclase inhibition (28) but also in ACh activation
of NOS and/or guanylyl cyclase (but see Ref. 40).
For further insight on the possible role of NOS
activity in ACh regulation of heart function, we have
reexamined the muscarinic inhibition of Zc, and the
negative inotropic effect of ACh in frog cardiac ventricle. The effects of L-arginine (L-Arg), the precursor of
NO metabolized by NOS, and of the r,-Arg analogues
L-NMMA
and NG-nitro-L-arginine
(L-NNA), two NOS
inhibitors, were investigated in both Zca and contraction in the presence or absence of P-adrenergic and/or
muscarinic receptor stimulation. A preliminary report
of some of these results has appeared elsewhere (31).
MATERIALS

AND

METHODS

Electrophysiology.
Ventricular
cells were enzymatically
dispersed
from frog (Rana esculenta or Rana catesbiana)
heart by a combination
of collagenase
(Boehringer-Mannheim or Yakult) and trypsin (type III or XIII, Sigma Chemical)
as described previously’( 12,32). The isolated cells were stored
in standard Ringer solution and kept at 4°C until use (2-48 h
after dissociation).
In some isolations
amino acids were
omitted from the dissociation
and storage solutions, with no
change in the results.
Whole cell and perforated-patch
configurations
of patchclamp technique
were used to record lca on Ca2+-tolerant
cells. In the routine protocols, the cell was depolarized
every 8
s from -80 mV holding potential to 0 mV for 200 or 400 ms.
K+ currents were blocked by replacing all K+ with intracellu-
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lar and extracellular
Cs+ (12). The fast Nat current was
blocked by tetrodotoxin
(2, 12). Under these conditions,
the
only time-dependent
currents measured
during depolarization of the membrane
potential
could be blocked completely
by 100 yM CdC12 (12) and were attributed
entirely to lca (2). A
small, time-independent
leak current is superimposed
on the
time- and voltage-dependent
I ca. In frog ventricular
cells, this
leak current is not modified by activation of CAMP-dependent
phosphorylation
(12). Most experiments
were done at room
temperature
(19-25”C),
and the temperature
did not change
by more than 2°C during a given experiment.
One series of
experiments
was performed
at higher temperatures
(2932°C) because the regulation
of Ic,, by NOS has been studied
under this condition
in isolated mammalian
myocytes (17,
18). However, temperature
had no influence on the effects of
L-Arg and its analogues
in frog ventricular
myocytes (see
Figs. l-4).
Solutions
for patch-clamp
recordings.
Control
external
solution contained (in mM) 107 NaCl, 10 N-2-hydroxyethylpiperazineJV’-2-ethanesulfonic
acid (HEPES),
20 CsCl, 4
NaHC03, 0.8 NaH2P04, 1.8 MgC12, 1.8 CaC12, 5 D-glucose, 5
sodium pyruvate, and 3 X 1O--4 tetrodotoxin,
pH adjusted to 7.4
with NaOH or CsOH. Control or drug-containing
solutions
were applied to the exterior of the cell by placing the cell at
the opening
of 250~urn inner diameter
capillary
tubings
flowing at a rate of -10 ul/min (12).
For the whole cell configuration
of the patch-clamp
technique, the electrodes (0.6-2.0 Mb]) were filled with control
internal
solution
that contained
(in mM) 119.8 CsCl, 5
ethylene glycol-bis(l%aminoethyl
ether)-N,N,N’,N’-tetraacetic acid (EGTA;
acid form), 4 MgC12, 5 phosphocreatine
(disodium salt), 3.1 Na2ATP, 0.42 Na2GTP, 0.062 CaClz (pCa
8.5), and 10 HEPES, pH adjusted to 7.1 with KOH or CsOH.
Drug-containing
solutions were then applied to the interior of
the cell by a system that permitted
perfusion of the patch
electrode with different solutions (see Refs. 12, 30). The dead
volume of the intracellular
perfusion system was such that
30-50 s were needed for an air bubble to travel from one end
to the other end of the system. Perfusion time depended on
patch-electrode
resistance, access to the cell, and molecular
weight of the molecule tested. Typically, with CAMP (mol wt =
35 l), the beginning of lca stimulation
occurred 1.5-3 min after
the beginning
of intracellular
perfusion with this compound
(see, e.g., Fig. 2).
The intracellular
medium used for the perforated
configuration of the patch-clamp
technique was (in mM) 70 aspartic
acid, 40 CsCl, IO HEPES, 0.1 EGTA, 0.2 CaC12, 10 MgC12, and
5 D-glucose, adjusted to pH 7.1 with CsOH. The tips of patch
electrodes (0.8-2 Ma) were filled by dipping in a nystatinfree solution
and then backfilled
with the same solution
containing
loo-175
ug/ml nystatin. The series resistance of
the seal between the electrode and the membrane fell to (10
Ma within
IO-30 min, with no change in the passive leak
current. During this period, in most of the experiments,
the
cells were superfused with an L-Arg analogue at a constant
low potential
(-60 or -80 mV, see Fig. 4B). In few experiments (see Fig. 4/Q superfusion of the analogue was initiated
right after the beginning
of lca recording.
Spontaneous
rupture of the patch membrane
caused a calcium-dependent
contracture
of the cell, resulting
in the immediate
arrest of
the experiment.
These ruptures
occasionally
occurred soon
after the establishment
of the gigaohm seal. In most cases,
however, the patch membrane
remained intact until the end
of the experiment,
when it was voluntarily
ruptured
by an
increase of suction at the tip of the electrode.
Contraction
recordings.
Thin ventricular
fibers (150-300
urn diam; 2-4 mm length) were dissected out from the

H1180

NEGATIVE

INOTROPIC

endocardial
surface of frog hearts (Rana esculenta).
We
selected fibers well individualized
from the mass of the
ventricle,
in which no branching
occurred
except at the
extremities.
As a result, only those fibers exhibiting
a minimal attachment
to the rest of the ventricle
were studied.
Because isolation of such fibers mostly consisted of dissecting
their extremities,
most of the endocardial
surface of the fibers
was intact (35). After dissection, the fibers were pinned at one
end to the floor of the perfusion chamber and hooked at the
other end, with a fine silk thread, to the force transducer
(Pixie R 8101 element, Endevco, Pasadena, CA). Before each
experiment,
the resting fiber length was set by releasing the
muscle just until there was no resting tension and then
increasing the length by 20%. Fibers in which active tension
was less than twice the passive tension were discarded.
Muscles were allowed to equilibrate
to a steady-state
active
contraction
amplitude
in the control Ringer for 15-30 min,
during which time minor modifications
of the passive tension
could be observed. All experiments
were performed
at room
temperature
(19-26°C).
Although
some recordings lasted >2
h, temperature
did not change by >2”C in any experiment.
Field stimulation
was applied with platinum
electrodes at
a constant frequency of 0.2 Hz, with amplitude
adjusted to
10% above the threshold value.
Volume of the perfusion chamber (150 ~1) was kept constant throughout
an experiment
to avoid artifactual
modifications of the tension due to fluid level variations.
The solutions
were perfused by gravity into the chamber. Perfusion rate
was >3 ml/min, allowing a complete renewal of the solution of
the chamber in <3 s. Because the solutions were not recirculated, the conversion
of L-Arg to nitrate
provoked by the
electrodes was minimized
and was unlikely
to affect the
fibers. Indeed, this conversion occurs at a rate of -0.25 nM
nitrate s-l mM L-Arg-l when the electrode is stimulated
at 1
Hz (ll), which is five times higher than the stimulation
rate
used in the present study.
Solutions for contraction
recordings.
Control Ringer solution contained (in mM) 88 NaCl, 0.513 NaH2P04, 2.5 KCl, 1.8
MgClz, 1.8 CaC12, 2.4 NaHC03, 5 glucose, 5 sodium pyruvate,
5 creatine, and 10 HEPES, adjusted to pH 7.4 with NaOH.
Data analysis. During patch-clamp
experiments,
the maximal amplitude
of whole cell Ica was measured as previously
described (2, 12). Currents were not compensated
for capacitive and leak currents. On-line analysis of the recordings was
made possible by programming
a PC-compatible
486/50 microcomputer in assembly language (Borland)
to determine,
for
each membrane
depolarization,
peak and steady-state
current values (12).
During contraction
experiments,
the recordings (amplification: 120 mV/mg)
were simultaneously
displayed
on an
oscilloscope
and a chart recorder. Active tension, passive
tension, time to peak, and half-relaxation
time were measured on-line (sampling frequency 0.5-2 kHz) and stored on a
PC-compatible
microcomputer
programmed
in Pascal language (Microsoft).
Individual
contraction
traces could also be
stored on-line for further analysis (see Figs. 5 and 6). Passive
tension of the fibers was not significantly
changed in any of
the experimental
conditions tested here.
Results are expressed as means ? SE. Differences between
means were tested for statistical
significance
by Student’s
t-test. In the text, the “basal”condition
refers to the absence of
isoproterenol
(Iso), i.e., to the current elicited in the absence
of CAMP-dependent
phosphorylation
of the calcium channels
(19, 20). In the case of single applications,
the effect of a
compound is referred to as the percent variation
over the
basal level.
l

l
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Drugs. Tetrodotoxin
was from Latoxan (Rosans, France)
and NG-monomethyl-L-arginine
was from Sigma Chemical
(St. Louis, MO) or Calbiochem
(La Jolla, CA). All other drugs
were from Sigma Chemical.
Nystatin
was dissolved in dimethyl sulfoxide
and stored frozen in the dark. Working
solutions were made fresh daily by adding the appropriate
volume of the stock solution
to the pipette
solution
as
described above and sonicating with a probe sonicator for 20
s. When kept in the dark, the solutions retained their efficacy
to perforate
the patch over a period of 6 h. L-Arg and its
analogues were solubilized
in standard external or internal
solution just before application
onto the cell studied, i.e., only
fresh solutions were tested. We have noticed that L-Arg can
potentiate the Iso-stimulated
lca when the amino acid and the
p-adrenergic
agonist are mixed long before (> 1 h) application
onto the cell studied. This potentiation
was not observed
when mixing of the compounds occurred just before application, suggesting
a time-dependent
interaction
between Iso
and L-Arg.
RESULTS

NOS does not regulate basal Ic,. Ica was recorded at 0
mV in frog ventricular cells with the whole cell patchclamp technique. When the cells were superfused with
control external solution and the patch pipette was
filled with control internal solution, basal lca amplitude
was -263.2 t 40.6 pA (n = 59). To examine whether
NOS activity modulates basal lca, the cells were exposed to L-NMMA and L-NNA, two L-Arg analogues
that inhibit NOS activity. Superfusion of the cells with
500 uM L-NMMA(n
= 12) or 500 uM L-NNA(n = 5) did
not significantly modify the amplitude of Zc, (+5.5 5
4.3 and + 1.0 t 4.5% variations, respectively). Extracellular perfusion with L-Arg (500 pM), the natural substrate of NOS, also did not change the basal amplitude
of lca (+l.O t 3.3%, n = 6). To examine whether the
absence of effect of L-Arg and L-Arg analogues on basal
ZCa was due to an inability of these compounds to
penetrate in the cytoplasm, we tested the effect of one of
them, L-NMMA,
directly added to the intracellular
solution. Intracellular
application of 500 pM L-NMMA
induced a 3.3 ? 9.5% (nonsignificant) increase in basal
Inca (n = 7), even after ~10 min dialysis (Fig. 1). In
addition, concentrations 55 mM of either L-NMMA or
L-NNA had no effect on basal Zc, (data not shown). Thus
basal Ic, does not seem to be regulated by a pathway
that involves NOS.
NOS does not regulate Iso-stimulated Ica. The absence of effect of NOS inhibitors on basal lca was not
unexpected because in frog cardiomyocytes, NO donors
(32) or cGMP (29) a 1so have no effect on basal lca.
However, cGMP and NO donors strongly modulate
(3-adrenergic-stimulated lca (29, 32). For this reason,
we examined the effects of L-Arg, L-NNA, and L-NMMA
on Iso-stimulated &. As shown in Fig. 1, internal
dialysis of L-NMMA (500 pM) did not prevent the
stimulatory effect of Iso (0.1 FM). On average, the Iso
(0.1 PM) response was a 677.8 k 80.0% stimulation of
lca over its basal level in the absence of L-NMMA (n =
lo), a 710.4 ? 86.8% stimulation in the presence of
internal L-NMMA (500 uM, n = 4), and a 592.6 t
113.0% stimulation in the presence of external L-NMMA
(500 pM, n = 3). We also examined the effects of
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To examine whether L-NMMA had a limited access to
the cytoplasm in the previous experiment, we tested
the effect of an intracellular application of L-NMMA. In
the experiment shown in Fig. 2B, the cell was dialyzed
with 500 uM L-NMMA in the presence of extracellular
Iso and ACh. However, Ic, was unaffected by the
presence of intracellular L-NMMA even after ~20 min
dialysis (Fig. 2B). This was not caused by an impairment of the intracellular
perfusion, because internal
dialysis with 10 uM CAMP after removal of L-NMMA
produced a fast increase in Ica. When L-NMMA was
dialyzed in the cell for 20 min before ACh application, it
still did not prevent the inhibition oflca (Fig. 1). Table 1
summarizes the effect of L-NMMA, L-NNA, and L-Arg,
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Fig. 1. Effect of NCx-monomethyl+arginine
(L-NMMA)
on basal and
isoproterenol
(Iso)-stimulated
L-type
calcium
current
(1~~). A frog
ventricular
cell was initially
superfused
with
control
Cs-Ringer
solution
and internally
dialyzed
with control
intracellular
Cs solution. At time indicated
by arrow,
500 uM L-NMMA
was added to
intracellular
solution
that-perfused
the cell throughout
the rest of the
experiment.
During
period indicated,
the cell was exposed to 0.1 pM
Iso and 1 ;uM ACh. Current
traces (top) were recorded
in different
experimental
conditions
at times indicated
by corresponding
letters
on graph (cell no. 94060703;
T = 30°C).

u
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a
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I

L-Arg, L-NNA, and L-NMMA on lca after a submaximal
stimulation of adenylyl cyclase using a lower concentration of Iso (10 nM) that increased Ic, by only 565.1 t
47.6% (n = 25). In the presence of 500 uM of L-Arg,
L-NNA, or L-NMMA, Iso-stimulated rca was 99.8 t 3.3
(n = 14) 105 2 t: 15.1 (n = 5), and 99.5 t 3.3% (n = 5),
respectively, ‘of its level in the absence of these compounds. Similarly, intracellular
dialysis with L-NNA
(500 uM) had no effect on Iso (10 nM)-stimulated Ic,
(101.0 t 6.2% Iso level, n = 7). Thus NOS substrate and
NOS inhibitors do not modulate the response of Ic, to
p-adrenergic stimulation in frog ventricular myocytes.
NOS is not involved in muscarinic inhibition of Ic,.
Muscarinic agonists increase cardiac cGMP levels (19,
28,40). To examine whether this effect was mediated by
a stimulation of NOS activity in cardiac myocytes, we
examined the effect of NOS inhibitors on muscarinic
inhibition of &. As shown earlier, ACh does not affect
the basal Ica in frog ventricular myocytes (12). However, ACh exerts a strong inhibitory effect on lca after
the adenylyl cyclase activity has been enhanced by
P-adrenergic agonists or forskolin (Forsk). In the experiments shown in Fig. 2, a saturating concentration of
the P-adrenergic agonist Iso (0.1 pM) produced a strong
stimulation of &. Addition of 1 uM ACh decreased Ic,
to its basal amplitude (Fig. 2). The effect of L-NMMA
was then examined. Extracellular
application of 500
uM L-NMMA did not modify the inhibitory effect of
ACh, even after ~10 min exposure (Fig. 2A). As shown
by the individual current traces in Fig. 2A, L-NMMA
also had no effect on the kinetics of&.
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Fig. 2. Effect of L-NMMA
on muscarinic
inhibition
of 1e,. A: superfusion of L-NMMA
on Ie, in an isolated
frog ventricular
cell. Each
square corresponds
to a measure
of lea at 0 mV, obtained
every 8 s
(see MATERIALS
AND METHODS).
Cell
was initially
superfused
with
control
Cs-Ringer
solution
and internally
dialyzed
with
control
intracellular
Cs solution.
Cell was then superfused
with Iso (0.1 PM),
ACh (0.1 FM), and L-NMMA
(500 pM), as indicated
by solid lines.
Current
traces (top) were recorded
in different
experimental
conditions at times indicated
by corresponding
letters
on graph (cell no.
94060903;
T = 26°C). B: internal
dialysis
of L-NMMA
on 1e,. Cell was
superfused
with Iso (0.1 pM) and ACh (1 PM). Internal
dialysis
with
L-NMMA
(500 uM) was started
at time indicated
by first arrow
and
continued
as indicated
by solid line. At time indicated
by second
arrow,
CAMP (IO pM) was included
in the pipette,
in the absence of
L-NMMA
(cell no. 94102102; T = 27°C).
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Table 1. Effects of L-Arg and L-Arg analogues on
muscarinic inhibition of Ica
Compounds
Internal

%Inhibition
Iso-Stimulated

External

10 nM Iso +10
0
0

0
L-Arg

L-NNA
L-NNA

0
L-Arg
0.1 pMIso

0
L-Arg
0

0
0
L-NMMA

L-NMMA

0

of
Ic,

n

nMACh
70.8t2.6
72.954.7
73.45
76.2k6.7

1.5

3
4
5
3

+1 pMACh
87.7 kO.5
86.8k3.2
85.022.9
88.4+1.7

5
3
4
7
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activity. Therefore, it remained possible that the absence of NOS participation in the regulation of lca was
due to the washout of some of these cofactors as a result
of cell dialysis in whole cell patch-clamp experiments.
To examine this hypothesis, we used the perforated
patch-clamp technique (see MATERIALS AND METHODS) to
record Ic,. In the experiment shown in Fig. 4A, a frog
ventricular
myocyte was superfused with 200 uM
L-NMMA at the beginning of ICa recording, when the
series resistance reached 9 Ma. Superfusion of the cell
with the analogue for 25 min had no effect on basal Ica.
On average, the basal lea density was not different in
the absence and in the presence of L-NMMA (2.4 _t 0.7

Values for % inhibition
are means ? SE; n = no. of cells. L-Arginine
(L-Arg)
and L-Arg analogues
applied
at concn of 500 uM. Isoproterenol (Iso; 10 nM)-stimulated
L-type
calcium
current
(1~~) = 565.1 +
47.6% of control
amplitude
(n = 25); Iso (0.1 PM)-stimulated
1c, =
677.8
t- 79.9%
of control
(n = 10). L-NNA,
NG-nitro-L-arginine;
L-NMMA,
Nd-monomethyl+arginine.

all used at a concentration of 500 uM and applied either
outside or inside the cell, on the inhibitory effect ofACh
on lca. We found that none of these compounds significantly modified the inhibitory effect of ACh. In these
experiments, two different concentrations of ACh were
used. At the lower concentration (IO nM), ACh did not
fully antagonize the stimulatory effect of Iso, suggesting that intracellular
CAMP concentration was still
above control in the presence of Iso + ACh. Under these
conditions, addition of the NOS substrate L-Arg or
inhibition of NOS by L-NNA did not modify the effect of
ACh (Table 1). The same was true when higher concentrations ofACh were used (Table I). Higher concentrations (5 mM) of either L-NNA or L-NMMA also had no
effect on the muscarinic regulation of Ic, (data not
shown).
The inability of NOS inhibitors to suppress the effect
of high concentrations of ACh could be explained if the
concentration of ACh also completely inhibits adenylyl
cyclase activity. In other words, there may be two
pathways of ACh action (inhibition of cyclase and
stimulation of NOS), but because one pathway (inhibition of cyclase) is maximally activated, the effect of the
second pathway is obscured. Therefore, we designed an
experimental condition in which ACh at high concentrations only partially inhibits adenylyl cyclase activity.
This condition is achieved when Forsk, a direct activator of adenylyl cyclase, is used in combination with Iso
(14). In the experiments shown in Fig. 3, A and B, the
combination of 1 uM Iso plus 2 uM Forsk was used to
stimulate 1~~.On average, this combination produced a
1,099.4 t 77.8% (n = 5) stimulation of Ica. ACh at a
concentration of 10 uM reduced this stimulation by
only 70% (Fig. 3C). However, 500 uM L-NMMA (Fig.
3A) or 500 pM L-Arg (Fig. 323) had no effect on the
action ofACh on Ic, (Fig. 3C).
Perforated-patch experiments. Several cellular cofactors, some of which are only weakly bound to the
enzyme (30), are required to sustain an optimal NOS
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Fig. 3. Effects of L-arginine
(L-Arg) and L-NMMA
on Io, in presence of
a high concentration
of ACh. A: a frog ventricular
cell was initially
superfused
with control
Cs-Ringer
solution
and internally
dialyzed
with control intracellular
Cs solution.
It was superfused
with Iso (1
uM) + forskolin
(Forsk,
2 FM), on top of which ACh (10 uM) was
added. Application
of L-NMMA
(500 ~111) was performed
after inhibitory effect ofACh had reached a steady-state
value (cell no. 94101101;
T = 23°C). Experiment
in B is similar,
except that L-Arg (500 uM) was
added
on top of ACh effect (cell no. 94101102; T = 24°C). C
summarizes
results
of similar
experiments.
Iso (1 pM) + Forsk (2
pM) induced
a 1,099.4
+ 77.8% (n = 5) stimulation
of 1o, over its
basal amplitude.
Inhibitory
effect of ACh (10 FM) in the absence or
presence
of either L-NMMA
(500 FM) or L-Arg (500 uM) is expressed
as percentage
of stimulated
I ca. Filled bars, means; open bars, SE of n
cells (over bars).
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Fig. 4. Effects
of L-Arg analogues
on muscarinic
inhibition
of Ica:
perforated-patch
experiments.
A: a frog ventricular
cell was superfused with control Cs-Ringer
solution
during establishment
of perforated-patch
configuration.
As soon as an 1~~ was recorded
in this cell
(time O), the cell was superfused
with 200 pM L-NMMA
throughout
the entire
experiment.
Iso (0.03 uM) was applied
in absence
or
presence
of ACh (3 uM) during
periods
indicated
by solid lines.
Individual
current
traces (top) were recorded
at times indicated
by
corresponding
letters in main graph.
Stimulatory
effect of Iso on Ie,
was fully suppressed
by ACh in the continuing
presence
of L-NMMA
(cell no. 95062602;
nystatin
= 150 pg/ml;
T = 24°C). B: cell was
initially
incubated
in control
Cs-Ringer
solution
containing
5 mM
NG-nitro-L-arginine
(L-NNA)
during
14 min before patch recording
(time 0). Tea was then recorded
in the continuing
presence
of L-NNA.
Iso (3 uM) was applied in absence or presence
of ACh (3 PM) during
periods indicated
by solid lines. Stimulatory
effect of Iso on Ie, was
fully suppressed
by ACh in the continuing
presence of L-NNA (cell no.
95062804;
nystatin
= 175 ug/ml, T = 31°C).

pA/pF, n = 6 and 2.0 t 0.2 pA/pF, n = 11, respectively).
In the continuing
presence of L-NMMA,
Iso (30 nM)
induced a large stimulation
ofZcn that was abolished by
the addition of ACh (3 FM). On average, in eight cells
incubated
with L-NMMA
(200 uM) for 12-49
min
(mean: 26.8 t 4.2 min) the enhancement
of Zc, by 0.03
and 3 uM Iso was 607.6 t 157.3% over basal level, and
3 uM ACh reduced Zca to 115.8 2 5.6% of basal level. In
another series of experiments,
L-NNA was used at a
lo-fold larger concentration.
In the experiment
shown
in Fig. 4B, the cell was superfused
with 5 mM L-NNA
for 14 min, the time necessary for the series resistance
to fall to 8.3 Ma. A stable basal Zc, was recorded for N 10

EFFECT

OF ACH

Hl183

additional minutes, after which the cell was exposed to
3 uM Iso, in the continuing
presence of L-NNA.
Iso
produced a strong increase in Zc,. Addition of 3 uM ACh
to the Iso-containing
solution
resulted
in complete
disappearance
of the P-adrenergic
stimulation
of Zca.
On average, basal Zc, density was 1.9 IT 0.3 pA/pF (n =
8) in the presence of 5 mM L-NNA. Iso (0.03 and 3 uM)
enhanced Zc, by 537.0 ? 97.5%, and ACh (3 pM)
reduced the Iso-stimulated
Zc, to a value close to its
basal level (105.9 t 6.0%) even when 5 mM L-NNAwas
present for up to 40 min (mean: 24.0 tr 3.9 min, n = 5).
Therefore,
even in perforated
patch-clamp
experiments, inhibition
of NOS activity did not modify the
muscarinic
regulation of Ic,.
Effects of NOS modulation on negative inotropic effect
of ACh. Although Zca is regulated by NO via cGMP
production in frog ventricular cardiomyocytes (3 I), the
above results show that alterations of NOS activity in
these cells do not modify the regulation of Zcaby Iso or
ACh. However, the endogenous production of NO on
ACh stimulation may be supported by cell types other
than the cardiomyocytes, such as endocardial and/or
endothelial cells. Moreover, the negative inotropic effect of the muscarinic agonist may require a NOS
activity to regulate cellular targets other than the
calcium channels. Therefore, the NOS pharmacology
was tested on the contractile activity of intact frog
ventricular
fibers. In control Ringer solution, peak
active tension amplitude averaged 32.6 t 1.2 mg (n =
29). In the experiment shown in Fig. 5A, the fiber was
equilibrated in control Ringer solution and then superfused with 100 uM L-NMMA
for -10 min. In the
presence of the L-Arg analogue, ACh (0.1 uM) superfused onto the fiber produced a 50% negative inotropic
effect. After -25 min of application, L-NMMA
was
washed out. This did not modify the effect of ACh.
Moreover, addition of an excess of L-Arg (1 mM) did not
alter the negative inotropic effect of ACh. On average,
in the four experiments in which L-NMMA
was used,
ACh (0.1 uM) reduced the active tension by 38.8 2 4.9
and 37.8 t 5.3%, respectively, in the absence and
presence of the NOS inhibitor. L-NMMA alone (100 uM)
had no effect on the active tension of the fibers (-2.5 ?
0.6% of the basal level, n = 3).
In another typical experiment (Fig. 5B), L-NNA (1
mM) was applied before ACh (0.1 FM). ACh still
produced a 70% inhibition of the active tension and this
effect remained unchanged after removal of L-NNA. On
average, the negative inotropic effect ofACh was 69.2 t
2.1 and 68.7 2 2.7% (n = 4) in the absence and presence
of L-NNA (1 mM), respectively. L-NNA (1 mM) also had
no effect on the active tension of the fibers in the
absence ofACh (-5.4 t 4.6% of the basal level, n = 4).
These results cannot be explained by L-Arg depletion of
the fibers because 1 mM L-Arg had no effect on the
active tension of the fibers (+3.9 ? 6.0%, n = 3).
Similarly, in seven fibers, the negative inotropic effect
ofACh (0.1 uM) was 56.7 t 6.5 and 53.5 t 6.4% in the
absence and presence of 1 mM L-Arg, respectively.
Under physiological conditions, the major effect of
ACh on the heart ventricle is an antiadrenergic effect
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Fig. 5. Effects of L-Arg and its analogues
on negative
inotropic
effect ofACh.
Frog ventricular
fibers were dissected
from the endocardial
wall and superfused
with a physiological
solution.
A: a fiber was first exposed to L-NMMA
(100
FM). Negative
inotropic
effect of ACh (0.1 uM) was then tested in presence
and absence of L-NMMA.
Finally,
fiber
was superfused
with the muscarinic
agonist in the presence
of 1 mM L-Arg (fiber no. 94121202;
length = 1.67 mm,
fiber diam = 250 pm). B: a fiber was superfused
with L-NNA (1 mM). Negative
inotropic
effect ofACh
(0.1 uM) was
then elicited in presence
and absence of L-NNA(fiber
no. 94120901;
length = 2.25 mm, diam = 250 urn). Contraction
traces (top) were recorded
in different
experimental
conditions
at times indicated
by corresponding
letters
on
graphs.

known as accentuated antagonism. Therefore, we examined the effects of L-NMMA and L-Arg on the negative
inotropic effect of ACh after p-adrenergic stimulation
with Iso. In the experiment shown in Fig. 6, 30 nM Iso
produced a 34% positive inotropic effect. Addition of
100 pM L-NMMA
did not change the stimulatory effect
of Iso on the active tension. In the presence of L-NMMA,
ACh (0.3 FM) fully suppressed the positive inotropic
effect of Iso and reduced the active tension to a value
-40% below control. The negative inotropic effect of
ACh was not significantly altered by the removal of
L-NMMA or by further addition of an excess of L-Arg (I
mM) to the external perfusion. The positive inotropic
effect of Iso was fully restored after ACh washout, with
L-Arg still present. When L-Arg was removed from the
perfusion, the amplitude of the positive inotropic effect
of Iso remained unchanged. The latter was fully reversible within <lo min. In a number of experiments
similar to the one shown in Fig. 6, 30 nM Iso alone
increased active tension by 49.9 5 11.9% (n = 6). In the
presence of 100 uM L-NMMA or 1 mM L-Arg, Iso
increased the amplitude of contraction by 51.6 ? 15.6%
(n = 4) and 45 8 t 6.2% (n = 4), respectively. ACh (0.3
PM) reduced Iso-stimulated contraction to 31.9 t 7.3%
below control level (n = 3) and to 32.5 ? 4.7 and 28.5 rt
7.2% (n = 3) in the presence of Iso + L-NMMA or Iso +
L-Arg, respectively. When used at 3 uM, ACh produced

a larger negative inotropic effect, reducing active tension to 78.8 t 6.5, 80.7 ? 5.0, and 78.2 t 7.8% (n = 3)
below control amplitude in the presence of Iso (30 nM)
alone, Iso + 100 uM L-NMMA, or Iso + 1 mM L-Arg,
respectively. Thus L-NMMA or L-Arg did not modify the
inotropic effects of Iso or ACh.
Effect of NOS modulation on the kinetics of contraction. We next examined in more detail the time course
of active tension by measuring under each experimental condition the time to peak and the time for halfrelaxation of individual contractions. In control Ringer
solution, these parameters were, respectively, 571.9 t
16.5 and 359.8 t 11.7 ms (n = 29). As illustrated in the
individual traces of Fig. 5, A and B, the negative
inotropic effect of ACh was accompanied by a decrease
in both parameters. Indeed, 0.1 uM ACh reduced the
time to peak by 32.2 ? 4.2% (P < 0.05) and the
half-relaxation time by 43.3 is. 5.5% (P < 0.01, n = 4).
Iso (30 nM) alone had little effect on the time to peak
(-3.7 t l.l%, n = 6) but reduced significantly the time
for half-relaxation
(- 17.4 t 5.3%, P < 0.05). In the
presence of Iso, ACh still accelerated both development
and relaxation of the contraction but these effects were
statistically significant only at the largest concentration used (3 PM). Indeed, 0.3 uM ACh reduced the time
to peak and the time for half-relaxation by only 6.2 L5.1 and 11.4 t 9.2% (n = 3), respectively, from values in
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Fig. 6. Effects
of L-Arg and its analogues
on muscarinic
inhibition
of positive
inotropic
effect of Iso. A frog
ventricular
fiber was dissected
from the endocardial
wall and superfused
with a physiological
solution.
The fiber
was first exposed to Iso (30 nM). On top of the positive
inotropic
effect of Iso, L-NMMA
(100 uM) was added to
external
solution.
Inhibitory
effect of ACh (0.3 uM) was then tested in presence
and absence of L-NMMA
or L-Arg (1
mM). Washout
of ACh was first performed
in presence
of L-Arg, which then was removed
from the physiological
medium.
Removal
of Iso allowed active tension of the fiber to recover to its basal level (fiber no. 94111002; length = 2
mm, diam = 200 urn). Contraction
traces (A) were recorded
in different
experimental
conditions
at times indicated
by corresponding
letters on graph (B).

Iso alone, but these parameters were reduced by 47.6 t
11.2% (P < 0.01) and 49.3 ? 4.7% (n = 3, P < O.Ol),
respectively, with 3 uMACh. In the absence or presence
ofACh and/or Iso, L-Arg and its analogues induced only
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slight modifications of the time to peak and the time for
half-relaxation. Figure 7 summarizes these results for
L-NMMA
(100 uM) and L-Arg (1 mM). In most cases,
L-NMMA
or L-Arg induced < 10% variations in the time
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I -L
Fig. 7. Summary
of effects of L-Arg
(open
bars) and L-NMMA
(filled bars) on kinetics
of
contraction
of frog ventricular
fibers. Effects
of L-NMMA
(lOOUuM)
and L-Arg (1 mM) on
time to peak (A) and time for half-relaxation
(B) of active tension
were determined
alone
(Con) or in presence of 0.1 uMACh,
30 nM Iso,
Iso + 0.3 uM ACh, and Iso + 3 uM ACh, as
indicated
by solid lines. Results are expressed
as %variation
of corresponding
values
obtained in absence of L-NMMA
or L-Arg, respectively. Bars, means + SE. **Statistically
significant
effect
(P < 0.01).
In all other
conditions,
P > 0.05.
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to peak (Fig. 7A) and the time for half-relaxation
(Fig.
7B) of the contraction.
The effects of L-NMMA (but not
L-Arg) appeared somewhat
more consistently
in the
presence of Iso. As illustrated
in Fig. 6A (trace c),
addition
of L-NMMA
to an Iso-containing
solution
caused a clear reduction
in the time to peak and the
time for half-relaxation.
The last effect appeared statistically significant
(Fig. 7B, P < 0.01). Addition
of
increasing
concentrations
of ACh to Iso progressively
eliminated the accelerating
effects of L-NMMA
on the
kinetics of contraction
(Fig. 7,A and B). Thus L-NMMA,
unlike L-Arg, mimicked
somewhat
the accelerating
effects ofACh on the kinetics of contraction.
DISCUSSION

The main conclusion of the present study is that, in
frog ventricle, NOS activity does not play a significant
role either in the basal amplitudes
of Zc, and contraction or in their regulation
by P-adrenergic
or muscarinic agonists.
To examine the involvement
of NOS, we used L-Arg,
the precursor
of NO, and two of its analogues, L-NMMA
and L-NNA, that inhibit NOS activities.
We deliberately did not use alkyl esters of L-Arg such as Nc*-nitroL-arginine-methyl
ester, because these compounds have
been found recently to behave as competitive
antagonists on the muscarinic
receptors
(8; but see Refs. 17,
18). Submillimolar
concentrations
of L-NMMA or L-NNA
are known to fully inhibit both the constitutive
and
inducible
forms of NOS (7, 30, 41), including
that
present in the cardiac endocardium
(38, 39). L-NMMA
(100 or 200 pM) was also found to inhibit fully the
muscarinic
regulation of Zca in cat atria1 (43) and rabbit
sinoatrial myocytes (17, 18), respectively.
Thus the use
of these two NOS inhibitors
should have permitted
us
to reveal the participation
of a NOS activity
in the
However,
regulation
of cardiac Zc, and/or contraction.
L-Arg, L-NMMA,
and L-NNA, even up to 5 mM, did not
modify Zca or contraction
amplitudes
in frog ventricle.
The absence of effect was not caused by the inability of
these compounds
to cross biological membranes,
because intracellular
application of L-NMMA and L-NNA
was also without effect on Zc,.
There is evidence for the presence of a NOS activity
in cardiac myocytes (3, 4, 6, 10, 37). In rat ventricular
myocytes (37), this activity is comparable in amplitude
to that present in endocardial
cells (38) and is more
pronounced
in the isolated myocytes than in a crude
left ventricular
preparation
(37). However,
even in the
presence of excess L-Arg, NOS activity did not appear to
regulate basal or Iso-stimulated
Zc, in rabbit (17,lS) or
frog heart (this study). This contrasts
with the high
sensitivity
of Zc, to NO donors in frog (32), guinea pig
(42), and human cardiac myocytes (24). For example, in
frog ventricular
myocytes, as low as 0.1 nM of the NO
donor SIN-l
appeared to modulate
the stimulatory
effect of Iso or Forsk on Zc, (32). Thus a basal NOS
activity should be detectable in these cells on P-adrenergic stimulation
of Ic,. However,
this was not the case.
Thus, unlike in rat myocytes (3), NOS may not be active
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in frog ventricular
myocytes in the absence of a proper
agonist.
We anticipated
that ACh might be a good candidate
agonist of NOS activity
because ACh is known
to
elevate cardiac cGMP levels, including those in the frog
heart (15). It seemed plausible that this increase in
cGMP was due to ACh activation
of NOS and NO
stimulation
of guanylyl
cyclase. Such a hypothesis
is
supported by previous studies in rat (3,4), cat (43), and
rabbit cardiac myocytes (17,18). However, at concentrations of ACh sufficient
to increase cGMP levels, there
was no sign of NOS involvement
in the muscarinic
inhibition
of Zc, or contraction
in frog ventricle.
The
correlation
between
NOS activity
and elevation
of
cGMP levels by ACh in various
species, however,
is
weak. In guinea pig (40) and rabbit ventricular
myocytes (9), muscarinic
activation was found to increase
intracellular
cGMP concentration.
However, in rat ventricular cells, there is no clear evidence for an increase
in intracellular
cGMP with muscarinic
agonists,
although a NOS activity was demonstrated
in these cells
(3,5,37).
Thus there may be substantial
species and/or
tissue differences
in the activity
of NOS in cardiac
myocytes and/or its coupling to guanylyl cyclase. Some
of these differences may be due to differences in myoglobin content (22), because myoglobin is known to scavenge NO, which might reduce its chances to act as an
autocrine factor.
Although NOS was not involved in the regulation of
ZCa7 it remained
possible that NOS activity
might
participate
in the regulation
of contractile
activity. As
in other cardiac preparations
(3, 10,39), we found that
the main characteristics
of the basal active tension in
frog ventricular
fibers were not affected by L-Arg and
its analogues. In the presence of Iso or Iso + ACh (0.3
FM), L-NMMA
and L-Arg slightly modified the kinetics
of the contraction,
but these effects were abolished by a
higher concentration
of ACh (3 FM). The rather small
amplitude
of these effects renders their physiological
role questionable
(see Refs. 22, 44). As NOS did not
affect the Iso-stimulated
Zca, this contractile
effect may
take place on other proteins or may involve the production of NO by endocardial cells.
Mammalian
endocardial
endothelial
cells express
NOS and generate NO in an L-Arg-dependent
manner
(38, 39). Immunohistochemical
experiments
using an
antibody against the rat constitutive
endothelial NOS
have demonstrated
that frog endocardial
endothelial
cells also express NOS (L. Andries
and B. Tota, personal communication).
In addition,
there is recent
evidence that a NOS activity located in the endocardial
endothelium
may be involved in the inotropic effects of
ACh in the perfused frog heart (16). Thus we anticipated that NOS activity might participate
in the negative inotropic effect of ACh in frog ventricular
fibers
because it has been shown that these fibers are surrounded by a sheet of endocardial endothelial cells (35).
However, to our surprise,
L-Arg, L-NMMA,
and L-NNA
did not affect the negative inotropic effect ofACh, either
in the absence or presence of Iso. The reason for this
discrepancy
is not clear. Although great care was taken
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to preserve intact the endothelial cell layer during the
dissectionofthefibers(see
MATERIALSANDMETHODS),~~
cannot guarantee the integrity of the entire endothelium. It thus remained possible that in our experimental conditions the endocardial cells were unable to
generate NO upon challenge with ACh or that ACh was
acting directly on the myocytes due to a “leak” in the
endothelial cell layer. Alternatively,
NO produced by
the endothelial cells may have been unable to reach the
neighboring myocytes because of a constant superfusion of the fibers.
From our study, as well as from earlier work (12-14,
34), it appears that inhibition
of adenylyl cyclase
accounts for all of the inhibitory effect of ACh on Zca in
the frog myocytes. This conclusion is based on three
major observations. 1) ACh inhibits the P-adrenergic
stimulation of adenylyl cyclase in a frog ventricular
membrane fraction in a similar manner as it antagonizes Iso-stimulated Zc, in isolated cells (12-14). 2)
Although both ACh and cGMP inhibit the p-adrenergic
stimulation of Zca, only cGMP inhibits CAMP-stimulation of ZCa (12, 21, 34). 3) NOS inhibitors do not
interfere with the effect of ACh on Zca or contraction
(this study). Thus NOS is either not active under our
experimental conditions (even in perforated patchclamp experiments) or is not present in frog ventricular
myocytes. We favor the latter hypothesis because immunohistochemistry has revealed that frog ventricular
myocytes, unlike frog endocardial endothelial cells (see
above), do not express NOS (L. Andries and B. Tota,
personal communication). However, it remains possible
that, in frog myocytes, ACh enhances the production of
cGMP by a mechanism distinct from NOS activation.
This hypothesis has already been suggested by studies
in another species. In the guinea pig, the elevation of
cGMP levels due to ACh is L-NNA sensitive in crude
suspensions of ventricular cells but L-NNA insensitive
in suspensions of purified ventricular myocytes (40). In
these cells, in which the inotropic effect of ACh is
insensitive to L-NNA but inhibited by methylene blue
(40), ACh inhibition of Ic, can be antagonized by
LY-83583 (33) and methylene blue (27).
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