Table 1. Effects of adenine nucleotides on
procaine action in normal calcium-free
Ringer.
Decrease of action
Nucle- Concn potential amplitude* (%)
otide (X10-3M) | EDTA-
Norma Ringer
None
(control) 0 70 85
ATP 1 3 68
ADP 1 7 —
AMP 1 6 74
ATP 10 0 55
AMP 10 0 58
#* Mean value of seven experiments; 30-minute

treatment 4 5 X 10-8M procaine in each case.

of these same nucleotides on procaine
action is severely reduced in the cal-
cium-free Ringer solution. As little as
1 X 10°M of the nucleotide almost
completely antagonizes the action of
5 X 10°M of procaine in the presence
of a normal calcium-ion concentration.

Several organic phosphates were also
tested as procaine antagonists but were
ineffective in concentrations up to
10 X 107°M. These were CrP, ribose-
5’-phosphate, and phenylphosphate.
Also ineffective were adenosine and
sodium pyrophosphate.

In other experiments we found that
nucleotides can reverse a procaine-in-
duced depression of action potential
amplitude. For example, nerves were
treated for 30 minutes with 5 X 10°M
procaine in normal Ringer, then
placed in procaine-Ringer containing
10 X 10°M ATP. Despite the con-
tinuous presence of procaine, the ac-
tion potential amplitudes returned to
those of the control or to within 10 to
20 percent of that at the end of 60
minutes. Even as little as 1 X 10°M
ATP caused an increase in the action
potential to within 40 percent of con-
trol after 60 minutes. In the absence
of ATP, complete recovery from the
effects of 5 X 10°M procaine after 30
minutes of treatment required about
2.5 hours, even though the procaine
was absent during the recovery period
and the normal Ringer solution was
periodically changed.

Of the three adenine nucleotides
used, only ATP caused a measurable
increase in spike amplitude of nerves
bathed in normal Ringer solution. At
10 X 10°M concentration, the average
increase in six nerves was only 9 per-
cent. This effect was probably caused
by the addition of 20 X 10°M sodium
to the Ringer solution because ATP
was used as the disodium salt. In fact,

5 JUNE 1964

the spike amplitude was increased to
the same extent when 20 X 10°M
Na:SO: was added to the Ringer. Also
5 X 10°M procaine depresses the spike
amplitude to the same degree in a
Ringer containing extra sodium (20 X
10°M Na.SO: added) as it does in
normal Ringer solution, indicating
that the effects of ATP or ADP on
procaine action are not caused by high
extracellular sodium.

There is evidence that the depres-
sant action of procaine on nerve ex-
citability is due to competition with
extracellular sodium (4). Accordingly,
antagonism of procaine action could
result from a specific ATP effect on
sodium influx. To test this possibility,
nerves were immersed for about 5
hours in solutions containing 20 X
10°M sodium-ion concentration (re-
mainder replaced by choline CI). Ac-
tion potential amplitude in each of
these nerves was depressed by at least
50 percent. No increase in these poten-
tials was observed after replacing the
nerve bath by another solution con-
taining 10 X 10°M ATP and 20 X
10°M sodium. Thus, it seems unlikely
that the ATP effect on procaine-
treated nerve is produced through a
direct influence on sodium-ion trans-
port.

The ATP antagonism of procaine
action probably does not depend on
phosphate splitting and energy transfer
because AMP is as effective an antag-
onist as ATP, and CrP is completely
ineffective. The evidence does indi-
cate that the ATP effect is associated
with the presence of some free extra-
cellular calcium. Perhaps calcium is
required for the binding of ATP to
certain membrane sites (2), and nerve-
impulse initiation and conduction may
be associated with displacement of
calcium from these sites (6), causing
the release of membrane ATP (7);
these events would be followed by
protein conformation changes (8) and
increased sodium permeability. There-
fore our results could indicate that
procaine depresses nerve excitation by
interfering with calcium and ATP
mobilization or by causing release of
ATP and other nucleotides from the
excitable membrane.
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Negative Inotropic Effect of the
Vagus Nerves upon the
Canine Ventricle

Abstract. In an innervated, paced,
left heart preparation in which the left
ventricle contracted against a constant
volume of incompressible fluid (iso-
volumetric preparation), electrical stim-
ulation of the distal end of either sec-
tioned cervical vagus nerve decreased
the peak tension generated by the left
ventricle. The vagi, therefore, exert a
negative inotropic effect directly upon
the ventricular myocardium.

There is general agreement that the
vagus nerves have a profound depres-
sant influence upon the pacemaker
cells, the conduction system, and the
atrial myocardium in mammalian
hearts. Although there have been re-
ports (1) that the vagi also exert a
negative inotropic effect upon the ven-
tricular myocardium, the preponderant
view (2, 3) is that efferent vagal stim-
ulation has no direct influence upon
ventricular contractility. Interpretation
of many of the earlier studies has
been complicated by the concomitant
actions of these parasympathetic nerves
upon heart rate, coronary perfusion
pressure, and the transport function of
the atria. In the study reported here,
these difficulties were circumvented by

using a paced, innervated left
ventricle preparation in which the
ventricle contracted against a fixed

volume of incompressible fluid (iso-
volumetric preparation). Under these
conditions, efferent vagal stimulation
consistently elicited an appreciable neg-
ative inotropic response.

Seven experiments were performed
upon mongrel dogs under morphine-
chloralose-urethane anesthesia. After
ligation of the descending thoracic
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aorta, the cephalic portion of the ani-
mal and the coronary vascular bed
were perfused at a constant pressure
with artificially arterialized blood from
a rotating-disk oxygenator through a
cannula inserted in the left subclavian
artery. Venous blood was returned by
gravity to the oxygenator through a
large-bore cannula inserted in the right
atrium and ventricle. Through a small
incision in the apex of the left ven-
tricle, a latex balloon was introduced
into the left ventricular cavity. It was
filled with sufficient isotonic saline (5
to 15 ml) to result in the production
of a peak pressure of 80 to 100 mm-
Hg during systole. The presence of
this volume of fluid produced a posi-
tive diastolic pressure, which remained
constant in any given experiment.
Drains in the left atrium and left ven-
tricle prevented accumulation of blood
in the left ventricular cavity. Phasic
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pressure in the balloon was registered
on a Sanborn recorder, by means of
strain gauges.

The upper two tracings in Fig. 1
show the effects of electrical stimula-
tion (4) of the distal end of the left
cervical vagus on heart rate and left
ventricular pressure in a representative
experiment before pacing. Stimulation
with 3 v or 5 v at frequencies of 3 or
5 cy/sec, and a pulse duration of 5
msec for a period of 30 seconds (top
two tracings in Fig. 1, 4, B, D, and E)
produced a sinus bradycardia and a
decrease in the peak systolic pressure
in the left ventricle. The magnitude of
the changes in rate and pressure varied
with the strength and frequency of the
stimulus. A complete atrioventricular
block occurred when the nerve was
stimulated with 3 or 5 v at a frequency
of 10 cy/sec (top two tracings in Fig.
1, C and F).
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Fig. 1. The upper two tracings show the effects of electrical stimulation of the distal
end of the left cervical vagus upon the rate and intraventricular pressure in the un-
paced heart. The lowest tracing shows the influence of left vagal stimulation upon
intraventricular pressure in the paced heart. Left atrium and right ventricle paced
electrically at 206 beats per minute. Coronary perfusion pressure constant at 120
mm Hg. Volume of fluid in latex balloon in left ventricle, 12 ml. Heavy bars below
the second and below the lowest tracings indicate the duration of stimulation. 4, B,
and C: stimulus intensity, 3 v; frequency, 3, 5, and 10 cy/sec, respectively. D, E, and
F: stimulus intensity, 5 v; frequency, 3, 5, and 10 cy/sec, respectively. Duration of
all pulses, 5 msec, applied for 30 seconds.
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Immediately after these tracings had
been registered, the heart was paced at
a constant rate slightly above the spon-
taneous rate by simultaneous electrical
stimulation of the left atrial appendage
and right ventricle. The effects of stim-
ulation of the efferent left vagus (when
stimuli of the same intensities, fre-
quencies, and durations were used, but
in a different sequence) upon left ven-
tricular pressure are displayed in the
bottom tracing of Fig. 1. Those stimuli
which previously had caused sinus
bradycardia in the unpaced heart
caused a definite decrease in the peak
systolic pressure of the left ventricle
(4, B, D, and E). A more marked effect
was seen with the stimuli which pro-
duced a complete atrioventricular block
in the unpaced heart (C and F). No
changes in left ventricular pressure at
the end of diastole were observed.

Similar observations were made in
all seven consecutive experiments, but
the relative changes in the peak systolic
pressure of the left ventricle in the
paced heart in the experiment depicted
in Fig. 1 were the smallest in the en-
tire series. Supramaximal stimulation
(5 to 50 v, 50 cy/sec, 5-msec pulses)
of the distal end of the cervical vagi
in the paced heart produced a mean
decrease in left ventricular systolic
pressure of 25.4 *= 9.9 (mean %= S. D.)
percent, and these changes were sta-
tistically significant (p < .001). In the
paced hearts, no differences were ob-
served between the effects of stimula-
tion of the right and left vagi upon the
peak pressure in the left ventricle.

A decrease in the peak systolic pres-
sure of the left ventricle, when the
volume of the ventricle at the end of
diastole, the heart rate, and the per-
fusion pressure of the coronary and
cephalic vascular beds were kept con-
stant, clearly indicates a decrease of
left ventricular contractility during
vagal stimulation. The observation that
stimuli which cause only a slowing of
the sino-atrial pacemaker depress left
ventricular systolic pressure in the
paced heart suggests strongly that the
vagi continuously exert a tonic negative
inotropic effect upon the ventricular
myocardium. In these experiments,
such stimuli elicited rates equivalent to
those which existed prior to transection
of the vagi, and to those which prevail
in unanesthetized animals.

Although our conclusions disagree
with the prevalent current concepts
(2, 3), they are consonant with (i)
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certain anatomical evidence which, al-
though scanty, does indicate that vagal
fibers do reach the ventricles (5), (ii)
the report that the ventricular rate
may diminish during vagal stimula-
tion in dogs with complete atrioventric-
ular block (6), (iii) the well-known
depressing action of acetylcholine upon
ventricular contractility (2, 6), and
(iv) the observation that acetylcholine
is synthesized in the ventricles as well
as in the atria (7).
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Pressor Effects of Peroral Tyramine

Abstract. Monoamine oxidase inhibitors markedly enhance the oral pressor
potency of tyramine by preventing it from being destroyed by the monoamine
oxidase normally present in liver and intestine. Since certain types of cheese
contain high concentrations of tyramine, they should not be eaten by patients
during treatment with a monoamine oxidase inhibitor.

A fairly common side effect associ-
ated with therapy with monoamine ox-
idase inhibitors is orthostatic hypoten-
sion (/, 2). Recently, a number of
investigators have reported the occur-
rence of paradoxical hypertension after
administering a monoamine oxidase in-
hibitor. This report is concerned with
a mechanism that may be in part re-
sponsible for this effect.

Adult male albino rats (Wistar
strain) weighing 200 to 400 g were
treated orally with various doses of
tranylcypromine once a day for 2 days,
or pargyline or iproniazid, once a day
for 3 days. After treatment the rats
were anesthetized intravenously with
pentobarbital (45 mg/kg) and arterial
blood pressure was recorded from the
carotid artery. The arterial pressure
was permitted to stabilize over a 15-
minute interval after which the rats
were treated with various doses of
tyramine by gastric intubation. Blood
pressure was recorded continuously
until either a maximum change in pres-
sure had been achieved or until a 20-
minute period had elapsed after treat-
ment with tyramine. Mean changes in
systolic, mean, and diastolic pressure
were determined for each dose of each
drug. A control group of rats was
tested in the same manner as the treated
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rats. The results of these experiments
are summarized in Table 1.

In control rats it was found neces-
sary to increase the dose of tyramine
above 25 mg per kilogram of body
weight in order to evoke a pressor
response significantly greater than that

caused by gastric intubation with an
equivalent volume of saline. In gen-
eral, the increase in blood pressure
which occurred after tyramine admin-
istration came on approximately 5 to
10 minutes after its gastric intubation.

All of the monoamine oxidase inhib-
itors tested permitted a reduction in the
dose of tyramine necessary to evoke
a significant pressor response. Although
the time for onset of the pressor re-
sponse was similar to that for the con-
trols, the duration of the response was
generally more prolonged.

The data clearly demonstrate that
monoamine oxidase inhibitors can
markedly potentiate the pressor re-
sponse to orally administered tyramine.
Presumably this is accomplished by
inhibition of liver or intestinal mono-
amine oxidase, or both. Thus inhibition
of monoamine oxidase may permit
doses of tyramine which would nor-
mally be destroyed in the liver or in-
testine to enter the systemic circulation
and evoke a pressor response through
the release of norepinephrine (3). In
the absence of a monoamine oxidase
inhibitor, 4 to 16 times as much tyra-
mine is required to evoke a pressor
response. It is assumed that such rela-
tively high doses of tyramine eventually
block monoamine oxidase activity by
providing. excessive substrate which, i
turn, permits sufficient tyramine to pen-
etrate the systemic circulation, thereby
evoking a pressor response.

Table 1. Effect of monoamine oxidase inhibitors on the pressor response to orally administered

tyramine.

A minimum of six rats were tested for each dose of tyramine.

Dose .of Mean pressor response (mm-Hg) =+ S.E.
tyramine
(mg/kg) Systolic Mean Diastolic
, Normal (no inhibitor)
0 8.6+ 4.5 5.1+ 4.5 5.0+ 4.1
25.0 50+ 2.6 1.8 4 2.1 1.5+ 22
50.0 347 +11.2 233+ 7.0 178+ 5.1
Tranylcypromine 0.5 mg/kg per day (2 days)
3.0 5.6+ 2.6 54+ 50+ 1.6
6.0 10.7 = 4.8 9.8 = 42 83+ 4.0
Tranylcypromine 1.0 mg/kg per day (2 days)
3.0 9.8+ 32 7.7 2.8 7.6+ 2.8
6.0 *#54.4 +10.1 *40.8 + 6.8 #3754+ 5.6
12.5 *#46.9 = 134 *#36.5 + 9.7 #*31.8 =+ 8.5
25.0 #4754+ 59 #342+ 4.5 #2752+ 4.2
Tranylcypromine 2.0 mg/kg per day (2 days)
3.0 *#26.6 == 8.0 #28.4 = 16.4 #26.0 +=14.3
6.0 #44.2 +12.4 #36.7 = 11.9 *37.5+11.4
Iproniazid 50 mg/kg per day (3 days)
3.0 20.0 = 8.7 16.6 = 8.0 15.0+ 7.6
6.0 *30.0 =124 #2222+ 8.7 *192+ 74
12.5 #36.0 = 15.3 #29.0 == 13.6 #*28.0 = 12.1
Pargyline 100 mg/kg per day (3 days)
6.0 8.7+ 42 8.5+ 3.7 7.5+ 3.6
12.5 *59.2 +13.7 *52.5+ 9.1 #458 = 9.1

* Significant increase over control response to 25 mg/kg of tyramine.
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