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Abstract

Although it has been demonstrated that nitric oxide (NO) released
from sodium nitrite induces tetanic fade in the cat neuromuscular
preparations, the effect of L-arginine on tetanic fade and its origin
induced by NO have not been studied in these preparations. Further-
more, atropine reduces tetanic fade induced by several cholinergic and
anticholinergic drugs in these preparations, whose mechanism is
suggested to be mediated by the interaction of acetylcholine with
inhibitory presynaptic muscarinic receptors. The present study was
conducted in cats to determine the effects of L-arginine alone or after
pretreatment with atropine or 1H-[1,2,4]oxadiazole [4,3-a]quinoxalin-
1-one (ODQ) on neuromuscular preparations indirectly stimulated at
high frequency. Drugs were injected into the middle genicular artery.
L-arginine (2 mg/kg) and S-nitroso-N-acetylpenicillamine (SNAP; 16
png/kg) induced tetanic fade. The N®-nitro-L-arginine (L-NOARG; 2
mg/kg) alone did not produce any effect, but reduced the tetanic fade
induced by L-arginine. D-arginine (2 mg/kg) did not induce changes in
tetanic fade. The tetanic fade induced by L-arginine or SNAP was
reduced by previous injection of atropine (1.0 pg/kg) or ODQ (15 pg/
kg). ODQ alone did not change tetanic fade. The data suggest that the
NO-synthase-GC pathway participates in the L-arginine-induced teta-
nic fade in cat neuromuscular preparations. The tetanic fade induced
by L-arginine probably depends on the action of NO at the presynaptic
level. NO may stimulate guanylate cyclase increasing acetylcholine
release and thereby stimulating presynaptic muscarinic receptors.
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Introduction

Endogenous nitric oxide (NO) is formed
from L-arginine through the NO-synthase
pathway (1). This pathway is present in the
sarcolemma of type Il fibers of rat skeletal
muscle in which contractility is depressed by
NO donors or by 8-bromo-cGMP when the
preparations are directly stimulated (2). In
contrast, NO increases the amplitude of mus-

cular contraction of the phrenic-nerve dia-
phragm preparation indirectly stimulated at
low frequency, but reduces contractility when
curarized preparations are directly stimulat-
ed (3). Therefore, it is proposed that NO
increases the amplitude of muscular contrac-
tion when it interacts at the presynaptic level,
but decreases the amplitude of twitches when
it acts at the postsynaptic level (3). The
presynaptic action of NO reduces the effect
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Figure 1 - Diagrammatic rep-
resentation of the contractile
responses of cat anterior tibial
muscle during tetanic stimu-
lation. Tetanic fade is calcu-
lated as the ratio (R) between
the tension at the end (B) and
the tension at the beginning
(A) of the tetanic response (R
= B/A). C and D correspond to
pre-tetanic and post-tetanic
twiches, respectively. F rep-
resents the stimulation rate
required to obtain R = 0.5.
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produced by its postsynaptic action (3).

In myographic records, tetanic fade, also
known as Wedensky inhibition, is a poorly
sustained contraction that follows a fast mus-
cular contraction of high amplitude when
the motor nerve is receiving high frequen-
cies of electrical stimulation (Figure 1). Skel-
etal muscles respond with sustained contrac-
tions when the nerve is stimulated at physi-
ological frequencies (30-80 Hz), however,
Wedensky inhibition may be achieved when
frequencies of stimulation higher than 100
Hz are applied to the motor nerve (4,5).
However, tetanic fade may follow nerve stim-
ulation even at lower frequencies if muscle
is treated with d-tubocurarine, hexametho-
nium or an anticholinesterase agent (6). It
has been proposed that acetylcholine, in ad-
dition to acting on subsynaptic membranes,
also acts on prejunctional cholinoceptors to
change the acetylcholine mobilization pro-
cess and thus to control the neurotransmitter
output during tetanic stimulation (5). Nico-
tinic (7) and muscarinic presynaptic recep-
tors (8,9) exist on motor nerves. The block-
ade of nicotinic presynaptic receptors by
curare-like drugs decreases (10), whereas
blockade of muscarinic presynaptic recep-
tors by atropine increases acetylcholine out-
put from neuromuscular preparations (11).
The tetanic fades induced by d-tubocurarine,
hexamethonium or neostigmine are reduced
by previous treatment of neuromuscular
preparations with atropine (0.25-1.0 pg/kg)
(5). Therefore, it is accepted that tetanic fade
induced by these drugs is affected by acetyl-
choline acting on inhibitory presynaptic mus-
carinic receptors (4-6). Endogenous and ex-
ogenous NO increase basal acetylcholine
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release from central and peripheral cholin-
ergic neurons and decrease the action poten-
tial-evoked acetylcholine release from en-
teric neurons (12). Thus, it has been sug-
gested that NO may be important in the
control of acetylcholine release from enteric
tissues (12). On the other hand, it has been
shown that NO released from sodium nitrite
induces a dose-dependent increase in
Wedensky inhibition when high frequencies
are applied to the nerves of neuromuscular
preparations from cats (13). Furthermore,
the origin of the tetanic fade induced by NO
and the effects of L-arginine on tetanic fade
have not been studied in these preparations.
Since it is known that atropine may reduce
the tetanic fade induced by drugs that inter-
fere with the modulation of acetylcholine
release from motor nerve terminals (5), the
present work was carried out to determine
the effects of atropine and 1H-[1,2,4]oxa-
diazole [4,3-a]quinoxalin-1-one (ODQ) on
tetanic fade induced by NO of endogenous
or exogenous (S-nitroso-N-acetylpenicil-
lamine; SNAP) origin in neuromuscular
preparation of cats.

Material and Methods

Cats of either sex weighing 2-3.5 kg were
used in this study. Each animal was anesthe-
tized with a combination of o-chloralose, 60
mg/kg iv, and urethane, 600 mg/kg iv. The
anterior tibial muscle was prepared for the
recording of isometric twitch tension by
means of a previously described method (5).
The hind limb was fixed to a Brown-Schuster-
type myograph by means of a metal pin
screwed through the head of the tibia. The
distal tendon was dissected free and tied to a
force-displacement transducer coupled to a
Ugo Basile polygraph (Varese, Italy). The
popliteal artery was exposed and all branches
except those of the anterior tibial muscle and
of the middle genicular artery were tied off.
For intra-arterial drug injection, a polyethyl-
ene cannula was introduced into the middle
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genicular artery and tied close to the popliteal
artery. During intra-arterial injection of the
drugs, the anterior tibial artery was occluded
just below the entrance of its branch into the
anterior tibial muscle. Contractions of tibial
muscle were caused by electrical stimulation
of'the sciatic nerve with supramaximal square
wave pulses of 0.05-ms duration. In all ex-
periments the standard rate of stimulation
was 0.2 Hz, but stimulation at a higher (teta-
nic) rate was applied to the nerve for 10 s at
10-min intervals. The tension produced at
the beginning of tetanic stimulation (A) was
compared to that obtained at the end of
tetanic stimulation (B) (Figure 1). The stim-
ulation rate (F) required to obtain a 0.5 ratio
(R =B/A) was determined for each prepara-
tion and F/2 was then used throughout the
experiment. Saline (0.05 ml) was injected
into the artery (time (t) = 0) and F/2 was
applied to the nerve 5 min later. L-Arginine,
D-arginine or SNAP were administrated at t
= 10 min. The lowest dose of L-arginine or
SNAP that reduced R values to about 12-
14% of the R control was determined and
tetanic stimulation was then repeated at t =
15, 25, 35 and 45 min. The lowest doses of
atropine and ODQ able to reduce the tetanic
fade induced by L-arginine were determined
and used in the experiments with SNAP. The
lowest dose of N®-nitro-L-arginine (L-
NOARG) that antagonized the effects of the
amino acids was also determined and the
same experimental sequence was repeated
60 min later with saline containing atropine,
ODQ or L-NOARG injected att=0 min. The
anterior tibial artery was freed at t = 16 min.
Variations in R were analyzed as percent R
obtained in the absence of drugs and were
named percentage of tetanic fade. Percent-
age of tetanic fade was plotted against the
time after drug administration. All drugs
were dissolved in saline and doses were
applied in a maximum volume of 0.1 ml and
injected as a bolus followed by washing of
the cannula with drug-free saline (0.1 ml).
All exposed tissues in the preparation were
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covered with mineral oil. Data obtained in
the absence (control) or presence of L-argi-
nine, D-arginine or SNAP were analyzed by
the Student s-test for paired data, with the
level of significance set at P<0.05.

Drugs

The following drugs were used: o-chlor-
alose, L-arginine and D-arginine hydrochlo-
ride, urethane ethyl carbamate, L-NOARG,
and atropine sulfate from Sigma (St. Louis,
MO, USA), and SNAP and ODQ from Re-
search Biochemical Incorporated (RBI;
Natick, MA, USA).

Results

L-Arginine (2 mg/kg) or SNAP (16 pg/
kg) produced tetanic fade with a maximal
effect observed att = 15 min (Figures 2, 4).
L-NOARG (2 mg/kg) alone did not produce
Wedensky inhibition, but reduced the te-
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Figure 2 - Antagonism by L-NOARG (2 mg/kg) (filled circles) of tetanic fade induced by L-
arginine (2 mg/kg) (open circles) in cat anterior tibial muscle preparations. L-Arginine was
injected at time t = 10 min (arrow). The drugs were administered through the middle
genicular artery. Points indicate mean + SEM of 5 experiments. On the ordinate, tetanic
fade expressed as percentage of that obtained 5 min after injection of drug-free saline,
taken as 100%. *P<0.05 compared to the results observed with L-arginine alone (Student t-
test for paired data).
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Figure 3 - Antagonism by atropine (1.0 pg/kg) (filled circles) of tetanic fade induced by L-
arginine (2 mg/kg) (open circles) in cat anterior tibial muscle preparations. L-Arginine was
injected at time t = 10 min (arrow). The drugs were administered through the middle
genicular artery. Points indicate the mean + SEM of 5 experiments. On the ordinate, %
tetanic fade as shown in Figure 2. *P<0.05 compared to the results observed with L-
arginine alone (Student t-test for paired data).
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Figure 4 - Antagonism by atropine (1.0 pg/kg) (filled circles) of tetanic fade induced by SNAP
(16 pg/kg) (open circles) in cat anterior tibial muscle preparations. SNAP was injected at time
t =10 min (arrow). The drugs were administered through the middle genicular artery. Points
indicate the mean + SEM of 4 experiments. On the ordinate, % tetanic fade as shown in
Figure 2. *P<0.05 compared to the results observed with SNAP alone (Student t-test for
paired data).
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tanic fade induced by L-arginine (2 mg/kg)
(Figure 2). D-arginine (2 mg/kg) did not
induce any changes in R values (data not
shown). The tetanic fade induced by SNAP
(16 pg/kg) or L-arginine (2 mg/kg) was re-
duced by previous treatment of the prepara-
tion with atropine (1.0 pug/kg) (Figures 3, 4)
or ODQ (15 pg/kg), which alone did not
produce any change in R values (Figures 5,
6).

Discussion

Intra-arterial injection of L-arginine or
SNAP induced Wedensky inhibition when
high frequencies of stimulation were applied
to the nerve of a cat neuromuscular prepara-
tion. The possibility that the tetanic fade
induced by both drugs arises from an anti-
cholinesterase mode of action seems un-
likely because a previous study has shown
that the neuromuscular effects produced by
those agents were not mediated by cholines-
terase inhibition (3).

L-NOARG did not produce any change
in R values, but antagonized the tetanic fade
induced by L-arginine when high frequency
was applied to the nerve. The effect of L-
arginine was stereospecific since D-arginine
(2 mg/kg) was not effective in similar experi-
ments. Since L-NOARG and L-arginine are
taken up by the cell through different carrier
systems (14), the results observed with ad-
ministration of L-arginine indicate the par-
ticipation of the NO synthase pathway in the
tetanic fade induced by the amino acid. The
results obtained with SNAP confirmed a
previous report with NO obtained from so-
dium nitrite in similar studies (13) and sup-
port the possibility that tetanic fade induced
by L-arginine may be mediated by an NO
action, probably at the presynaptic level.

The NO-synthase pathway is present in
skeletal muscle (2), motor nerve terminal
(15) and vascular smooth muscle (1). There-
fore, the effects observed with L-arginine
might be mediated by NO produced by
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different tissues.

Previous activation of M; muscarinic re-
ceptors induces the synthesis of NO from L-
arginine in vascular smooth muscle (1). Thus,
the antagonism observed with atropine of
tetanic fade induced by L-arginine might be
explained by a reduction in NO synthase
activity in vascular smooth muscle. The same
mechanism could not explain the antago-
nism by atropine of tetanic fade induced by
SNAP because the literature does not give
evidence that the NO released from SNAP
depends on NO-synthase activity or on a
direct interaction with muscarinic receptors.
The tetanic fade induced by endogenous or
exogenous NO might depend on block of
nicotinic receptors, on plug of ionic chan-
nels or on an action inside the muscle. Such
possibilities seem unlikely since previous
studies have shown that atropine plugs nico-
tinic channel and blocks part of nicotinic
receptors (16), but does not produce tetanic
fade (5). Furthermore, it has been shown that
the antagonism by atropine of tetanic fade
induced by different agents may originate at
the level of presynaptic muscarinic recep-
tors (5). Thus, the antagonisms observed
with atropine might indicate that the tetanic
fade induced by NO would be produced by
an indirect action of the gas on motor nerves,
increasing acetylcholine output and stimu-
lating inhibitory presynaptic muscarinic re-
ceptors. Indeed, it has been shown that en-
dogenous and exogenous NO increases basal
acetylcholine release from central and pe-
ripheral cholinergic neurons (12).

The lowest dose of L-arginine (2.0 mg/
kg) that induced Wedensky inhibition was
higher than that found for SNAP (16 pg/kg).
This difference might depend on the me-
tabolism of L-arginine by NO-synthase pro-
ducing progressive NO formation. It might
also depend on the scavenger action of he-
moglobin (17). The possibility that it might
depend on different affinity of the agents for
the same receptor seems unlikely because
the effects induced by L-arginine and SNAP
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Figure 5 - Antagonism by ODQ (15 pg/kg) (filled circles) of tetanic fade induced by L-arginine
(2 mg/kg) (open circles) in cat anterior tibial muscle preparations. L-Arginine was injected at
time t = 10 min (arrow). Drugs were administered through the middle genicular artery.
Points indicate the mean = SEM of 5 experiments. On the ordinate, % tetanic fade as
shown in Figure 2. *P<0.05 compared to the results observed with L-arginine alone
(Student t-test for paired data).
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Figure 6 - Antagonism by ODQ (15 pg/kg) (filled circles) of tetanic fade induced by SNAP (16
pg/kg) (open circles) in cat anterior tibial muscle preparations. SNAP was injected at time t =
10 min (arrow). The drugs were administered through the middle genicular artery. Points
indicate the mean + SEM of 5 experiments. On the ordinate, % tetanic fade as shown in
Figure 2. *P<0.05 compared to the results observed with SNAP (Student t-test for paired
data).
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are not produced by direct interaction with
nicotinic or muscarinic receptors (18,19).
Neither L-NOARG nor ODQ alone produced
any change in R values when a high fre-
quency was applied to the motor nerve. This
observation probably was determined by a
low concentration of L-arginine available in
tissues, which did not produce enough NO to
stimulate guanylate cyclase (20).

The Wedesnky inhibition induced by
SNAP and L-arginine was antagonized by
previous administration of ODQ, a guany-
late cyclase blocker (21). The antagonism
observed between SNAP and ODQ confirms
previous results that methylene blue reverses
the sodium nitrite-induced tetanic fade in
cats (13). This fact suggests that the effects
observed in the present study may depend on
an interaction of NO and guanylate cyclase.
Therefore, it is possible to suggest that NO-
induced Wedensky inhibition may be medi-
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ated by an increase in guanylate cyclase
activity which produces an increase in ace-
tylcholine release from nerve endings. This
hypothesis is favored by the observation that
8-Br-cGMP increases the release of acetyl-
choline from the guinea pig myenteric plexus
(12).

Taken as a whole, our results suggest that
the NO-synthase pathway participates in the
L-arginine-induced tetanic fade in neuro-
muscular preparations of cats. The tetanic
fade induced by L-arginine may depend on
NO action on guanylate cyclase; it increases
acetylcholine release from motor nerve ter-
minals, with a consequent activation of
presynaptic muscarinic receptors.
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