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Acetylcholine has been shown to have an effect:

on the action potentials of mammalian atrial
muscle, the sinoatrial and the atrioventricular
nodes, and on the action potential of frog ven-
tricles (1-4). On the other hand, the action po-
tential of mammalian ventricle has been found to
be highly resistant to acetylcholine. Only very
slight changes were noted in the presence of enor-
mous concentrations of the drug (4-6).

The purpose of this communication is to pre-
sent electrocardiographic evidence indicating a)
that acetylcholine exerts a consistent effect on re-
polarization of the ventricles in the intact dog and
that this effect is independent of the heart rate,
ventricular arrhythmias, and atrioventricular
(AV) or intraventricular conduction delays, and
b) that the effect of acetylcholine on repolariza-
tion is augmented by increasing the level of plasma
potassium (K).

Methods

Eleven experiments were performed with seven mon-
grel dogs weighing 10 to 14 kg. The animals were
anesthetized with either pentobarbital, 30 mg per kg iv,
or a combination of morphine sulfate, 2.5 mg per kg
im, followed by pentobarbital, 15 mg per kg iv. Ventila-
tion was maintained through the use of a Harvard
respirator. A bilateral cervical vagotomy was per-
formed, and an arterial catheter was placed just above
the aortic valves. Blood pressure was continuously re-
corded through a Cournand needle in the femoral artery.
The entire experiment was monitored with an oscilloscope,
and permanent records were obtained with a direct-
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writing electrocardiograph using standard lead II con-
nections. Frequent determinations of arterial plasma K
were made with a Beckman flame photometer.

Increasing amounts of acetylcholine were injected
through the catheter for 15 seconds until a total amount
was reached that consistently induced second or third
degree AV block. With an electric interval timer this
amount of acetylcholine was then given every 2 min-
utes without interruption throughout the experiment.
Four to eight injections of this dose were made in
normokalemic dogs, and the effect on the duration of
R-R, Q-T intervals and the amplitude of the T waves
was measured before the appearance of AV block and
after AV block appeared. ST-T segment position and
configuration were also observed. The plasma K levels
were then elevated by the infusion of a buffered iso-
tonic (155 mEq per L) solution of K phosphate in dis-
tilled water administered at a rate of 0.5 to 1.0 mEq per
minute through a femoral vein catheter. The effect on
the ECG was evaluated as above with acetylcholine in-
jection in these hyperkalemic animals. As a control
study, identical experiments were carried out with the
substitution of isotonic buffered sodium phosphate for
the K solution.

Results

The amount of acetylcholine that was adminis-
tered averaged 0.295 mg per 15-second injection,
with a range of 0.096 to 0.955 from experiment
to experiment. As pointed out in an earlier com-
munication, this variation from experiment to ex-
periment may have been due, among other factors,
to the placement of the catheter in relation to the
coronary ostia resulting in unequal perfusion of
the two coronary arteries (7, 8).

In 8 of 11 experiments, when the plasma K was
normal, acetylcholine had a definite effect on the
amplitude of the T wave of the ECG within 5 to
10 seconds after the start of injection and before
the appearance of AV block (p < 0.01). In the
remaining three experiments (274, 275, 276-1),
before appearance of AV block no change in
height of T wave was measurable, but a change
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TABLE II
Change in amplitude of T wave due to acetylcholine

Difference between

Normal plasma K (A) Elevated plasma K (B)* an
Before AV block During AV block Before AV block During AV block Before During
Experi- AV AV
ment K Control Change Change K Control Change Change block block
mEq/L mm mm % mm % mEgq/L mm mm % mm % % %
274 3.5 2.0 0.0 (1] 0.0 V] 5.8 1.0 0.5 50 6.0 600 50 600
275 4.2 2.0 0.0 1] 1.0 50 5.6 1.0 0.0 (V] 2.0 200 (1] 150
276 2.4 2.0 1.0 50 5.0 1.5 1.25 117 67
276-1 4.1 2.5 0.0 V] 0.2 8 7.1 2.3 0.7 30 1.2 52 30 44
277 3.6 3.0 1.0 33 3.0 100 8.4 4.0 5.0 125 10.0 250 92 150
278 3.7 1.25 0.5 40 0.75 60 6.8 0.75 0.75 100 1.25 167 60 107
278-1 2.7 1.0 0.5 50 0.75 75 7.5 1.25 0.75 60 2.75 220 10 145
279 3.0 0.75 0.5 66 5.4 1.0 2.0 200 134
281 2.6 3.3 0.3 10 1.0 30 7.3 4.0 2.0 50 6.2 155 40 125
282 4.2 0.75 0.25 33 7.8 2.0 3.5 175 142
285 4.3 1.5 1.5 100 8.0 2.5 5.5 220 120
Mean 1.82 0.5 34.5 0.96 46 1.94 2.40 102 4.2 235 68 189
SD +.87 +0.49 +32.0 +098 +36 +1.17 +2.00 +73 +3.3 +173 +49 +195
P <0.01 <0.001 <0.001 <0.05

* Highest plasma K at which acetylcholine induced AV block.

plasma K 5.5
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Fic. 1. THE EFFECT OF ACETYLCHOLINE IN TWO NORMOKALEMIC DOGS (EXPERIMENTS
276, 285) AND ONE WITH AN ELEVATED PLASMA K (EXPERIMENT 277). The T-wave
changes are independent of the heart rate or alteration of the QRS complex. The strips
in columns A and B were obtained before and during injection of acetylcholine. The
dose of the drug was 0.30, 0.61, and 0.09 mg in experiments 277, 276, and 285, re-
spectively. In experiments 276 and 285, in addition to T-wave changes, the P waves
became diphasic, the Ta segment elevated, and the P-R interval prolonged.
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in configuration was noted. In all 11 experiments
T-wave amplitude was altered by acetylcholine
after plasma K was elevated (p < 0.001). The
percentage of change in T-wave amplitude pro-
duced by acetylcholine was greater in all cases
when the animals were hyperkalemic than that
demonstrated in normokalemic dogs (p < 0.001).
The alteration in T wave was independent of blood
pressure and the R-R interval. There was no sig-
nificant change in the Q-T interval.

In seven experiments AV block was produced
by acetylcholine at both normal and elevated
plasma K levels. The acetylcholine effect on
T-wave amplitude during AV block was also con-
sistently augmented by increased plasma K levels
(p <0.05).

In three experiments acetylcholine injection re-
sulted in a shift of the ST segments. These
changes were accentuated by elevation of plasma
K.

The effect of acetylcholine at different K levels

C. FISCH S. B. KNOEBEL, AND H. FEIGENBAUM

on the heart rate, amplitude of the T waves, Q-T
interval, and blood pressure for all 11 experi-
ments is presented in Tables I and II.

Figure 1 (experiments 277, 276, 285) is an ex-
ample of the effect of acetylcholine on the T wave
in two normokalemic animals (276, 285) and in
one in which the plasma K was elevated (277).
The strips on the left show the ECG before in-
jection of acetylcholine. The ones on the right
were recorded during the injection of acetylcho-
line and immediately before the appearance of
AV block. An increase in amplitude of T waves
is noted in all three strips. In addition a pro-
longation of P-R interval is evident. In experi-
ments 266 and 285 the P wave became diphasic
and the P-Ta segment elevated. No change in
shape or duration of QRS nor any measurable
change in the duration of the QT interval was
observed. This figure also demonstrates that the
effect of acetylcholine on the T wave is inde-
pendent of the heart rate.
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F1c. 2. CONTINUOUS TRACINGS OF THREE SEPARATE INJECTIONS OF 0.30 MG OF ACETYLCHOLINE AT DIFFERENT PLASMA

LEVELS OF K. The beginning of each strip signifies the onset of injection.

Prompt alteration of the T wave is evi-

dent, and this alteration is exaggerated by elevating the plasma K. In addition, the effect of acetylcholine on P

and Ta is augmented by raising the plasma K.
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Fic. 3. MORE DETAILED REPRESENTATION OF THE CHANGES DESCRIBED IN FiGure 2. Rows A, B, C, and D
are representative of tracings recorded at the start of acetylcholine injection, just before appearance of AV
block, during the AV block, and immediately after disappearance of the block.

c

F16. 4. THE ACCENTUATION OF T-WAVE NEGATIVITY (EXPERIMENT 282) AND ELEVATION OF S-T SEG-
MENT (EXPERIMENT 279) AFTER INJECTION OF 0.09 AND 0.12 MG OF ACETYLCHOLINE, RESPECTIVELY. The ef-
fect of acetylcholine on the T wave in experiment 282 was accentuated by raising the plasma K to 7.8
mEq per L. Similarly the shift of S-T segment in experiment 279 was augmented by elevating the
plasma K to 5.5 mEq per L.
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Figure 2 (experiment 277) shows continuous
recordings during three separate injections of
acetylcholine. The injections were made at plasma
K of 3.6, 84, and 6.6 mEq per L, respectively.
In addition to the previously described effect of
acetylcholine when the plasma K is normal (top
tracing), the augmentation of the acetylcholine
effect on the T wave at an elevated plasma K level
is demonstrated. The accentuation of the T-wave
amplitude is evident before and after appearance
of acetylcholine-induced AV block. The heart
rate during AV block was the same in all three
injections. The most marked T-wave change is
evident at a plasma K level of 8.4 mEq per L with
lesser alterations at a plasma K of 6.6 mEq per L.
The alteration of P and Ta segment also is most
pronounced at the higher plasma K level. The
changes described in Figure 2 are presented in
greater detail in Figure 3, where rows A, B, C,
and D are representative sections of tracings re-
corded before acetylcholine injection, just before
the appearance of AV block, during the AV block,
and immediately after disappearance of the block.

In Figure 4 the strips shown in rows A, B, and
C were recorded at the start, at the end, and 10
seconds after infusion was stopped. Experiment
282 shows that with elevation of plasma K to 7.8
mEq per L acetylcholine accentuates the biphasic
nature of the T wave (row B). Experiment 279
is an example of an observation made in 3 of the
11 experiments in which acetylcholine, in addition
to increasing the height of the T wave, shifted S-T
segment. This elevation was most striking when
the plasma K was raised.

Discussion

The data show that acetylcholine when injected
just above the aortic valves of the normokalemic
dog had a measurable effect on the amplitude of
the T wave of the surface ECG in 8 of 11 experi-
ments, and in 3 the configuration of the T wave
changed. The measurement of the T-wave am-
plitude during infusion of acetylcholine is at times
difficult because of the appearance of Ta segment,
a shift of J point, and alteration in contour and
position of ST segment. In each experiment the
effect of acetylcholine on the T wave was aug-
mented by increasing the plasma K level. T-wave
changes may be due either to altered conduction

C. FISCH S. B. KNOEBEL, AND H. FEIGENBAUM

velocity or to primary change in the duration of
repolarization. In our experiments the configura-
tion and duration of the QRS remained un-
changed, and for this reason the alteration in
height and configuration of the T wave is primary
and indicative of accelerated repolarization. The
variation in magnitude of T-wave change from
experiment to experiment may be due to an un-
even effect of acetylcholine on repolarization of
the ventricle.

The failure of the QT interval to change in our
experiments might result from uneven perfusion
of the myocardium or, if perfusion were uniform,
from an inhomogeneous effect on repolarization
(9, 10) of the ventricle. The failure to register
change of the Q-T interval, on the other hand,
may be due to lack of sufficient sensitivity and fine
resolution of the recording instrument. It should
be noted, however, that the Q-T interval did not
increase despite reduction of the heart rate due
to AV block.

Although the surface ECG does not give precise
information as to the electrical behavior of the
cell, it is the differential quotient of the mono-
phasic action potentials of the cardiac fibers (11—
13) ; thus, our results might be assumed to indi-
cate an effect of acetylcholine on the mammalian
ventricle. As suggested by Hecht (13), altera-
tion of R-T junction and RS-T segment may be
related to change in the first phase of recovery
and alteration of the T wave to modification of the
duration of the slope of the final recovery process
(phase 3).

The clear demonstration of the effect of acetyl-
choline on repolarization in our experiments is
in contrast to observations of previous workers.
The discrepancy can perhaps be explained by the
technique of intracoronary injection in the in-
tact animal. The possibility must also be con-
sidered that, in the intact animal, liberation of
other effector substances such as catecholamines
from the stores within the heart itself contributed
to ST-T changes observed in our experiments
(14). It may also be that for an acetylcholine
effect on the action potentials of ventricle to be-
come manifest, the proper K environment needs
to be present. If acetylcholine affects the re-
polarization phase of the action potential by in-
creasing K permeability, the importance of suffi-
cient K is implied (15-19).
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A discussion of the changes noted in atrial re-
polarization in our experiments is not pertinent;
they may in part be due to change in atrial con-
ductivity as indicated by alteration in appearance
and duration of the P wave.

Summary

Acetylcholine has been shown to alter the re-
polarization of the ventricles in the intact dog.
This effect is augmented by raising the plasma
level of potassium.
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