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ABSTRACT Isolated longitudinal smooth muscle from guinea pig ileum
exposed to a high potassium depolarizing medium exhibited a sustained increase in muscle tone and an increase in potassium ettlux. When the concentration of calcium ion in the medium was elevated the increase in muscle tone
was enhanced, but the change in potassium efltux was reduced slightly. Lowering the calcium concentration diminished the increase in muscle tone. Both
cocaine and ethanol completely inhibited the sustained contraction of potassium-depolarized fibers. Addition of excess calcium ion reversed these inhibitions. Cocaine acted primarily like a competitive antagonist; and ethanol, like
an indirect antagonist of calcium ion. Under certain conditions acetylcholine
potentiated the reversal by calcium ion of the drug-induced inhibitions. T h e
two inhibitory drugs had dissimilar effects on potassium efflux from smooth
muscle fibers immersed in Tyrode solution. Cocaine depressed and ethanol
enhanced this membrane process. However, the increase in potassium efflux
induced by acetylcholine was inhibited by ethanol. This inhibition also was
reversed by increasing the concentration Of calcium ion in the medium. T h e
data suggested that calcium activates and cocaine and ethanol inhibit a cellular
reaction which occurs beyond the point of membrane depolarization and is
essential for smooth muscle contraction. Furthermore, calcium serves to depress
membrane excitability, but appears to have a specific stimulatory role in the
acetylcholine-induced increase in potassium effiux from longitudinal fibers.

C a l c i u m ion is k n o w n to p l a y a n essential role in the f u n c t i o n of excitable
tissues (1-4). I n intestinal s m o o t h muscle it m u s t be present in o r d e r for
muscle c o n t r a c t i o n to o c c u r (5-7). Conversely, the presence of a n excess of
c a l c i u m ion decreases s p o n t a n e o u s muscle t o n e (8) a n d reduces the response
of the muscle to a n u m b e r of e x c i t a t o r y drugs (8, 9). T h e latter effects seem
to result f r o m a stabilization of the muscle m e m b r a n e . T h i s is e v i d e n c e d b y
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M E T H O D S AND P R O C E D U R E
The tissue used in these studies was the longitudinal smooth muscle isolated from
guinea pig ileum. The manner in which the longitudinal muscle was separated from
the rest of the ileum, and the histological procedure employed to estimate its purity
have been described previously by Weiss et al. (19). The tissues used solely for studies
of muscle contraction frequently contained a number of patches of circular muscle
attached to the longitudinal fibers. In those experiments in which potassium efllux
was also measured, care was taken to obtain longitudinal tissues that were reasonably
pure (approximately 50 to 80 per cent longitudinal smooth muscle).
The bathing solution in which the muscles were suspended was a modified Tyrode
solution of the following composition: NaC1 0.125 M; KC1 0.0027 M; CaC12 0.0018 M;
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the fact that high calcium ion concentrations have been observed to reduce
spike frequency (10) and potassium efflux (11) as well as spontaneous tone.
O n the other hand, a reduction in external calcium ion will produce a partial
depolarization of the smooth muscle m e m b r a n e (12), an increase in spike
frequency (10), an increase in potassium efflux (7), and a transient contraction (7, 10).
The study reported here is concerned principally with the effects of two
drugs, cocaine and ethanol, which have been found to modify the actions
of calcium ion on an isolated intestinal smooth muscle preparation. Experiments were carried out to elucidate the actions of the drugs both on the contractile response of the tissue and on the transmembrane efflux of potassium
from the muscle cells. O n the basis of the results obtained, interpretations
have been made with respect to the sites of action of the drugs in the excitation-contraction p a t h w a y and the manner b y which each of the drugs modifies
the action of calcium ion at these sites. Previously, stimulatory and inhibitory
effects of cocaine and ethanol on smooth muscle contractions have been observed (13-15). These studies, however, did not link the depressant effects
of either of the drugs to a calcium antagonism. The results presented in this
paper show that under specified conditions such antagonisms are readily
apparent.
T o some extent this study is also concerned with the physiological actions
of calcium ion in smooth muscle. Experiments employing ethanol have suggested that the presence of at least trace quantities of external calcium ion
are necessary for an acetylcholine-induced increase in potassium efflux to
occur. By contrast, it is possible to elicit an increase in potassium efflux from
smooth muscle which appears to require little or no activation by calcium ion
during the response.
Some of the data reported in this paper have been presented earlier in
preliminary reports (16-18).
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MgC12-6 H 2 0 0.0005 M; N a H C O 3 0.0238 M; glucose 0.011 M. Contractions of the
smooth muscle were produced by acetylcholine or by a medium containing a high
potassium ion concentration. T h e high potassium medium had the following composition: KC1 0.127 M; CaCI2 0.0018 M; K H C O 3 0.024 M; glucose 0.011 M. A medium
having this composition will be referred to as normal depolarizing solution. I n some
experiments a bathing medium which contained one part normal depolarizing
solution and nineteen parts Tyrode solution was employed. This medium will be
referred to as dilute depolarizing solution. Its composition was as follows: NaC1
0.119 M; KCI 0.0089 M; CaC12 0.0018 M; MgC12.6 H 2 0 0.00048 M; N a H C O 3 0.0226
re; K H C O z 0.0012 M; glucose 0.011 re. If drugs were added or the concentration of
calcium ion was increased during the course of an experiment the additions were
made by introducing small volumes of highly concentrated aqueous solutions of the
agents used. Except for the addition of alcohol, these procedures did not change the
final volume of the bathing solution by more than 2.5 per cent. The highest volume
change incurred by adding alcohol during an experiment was 7.5 per cent. When
high calcinm ion concentrations were added to these bathing media, we often noticed
a very gradual formation of insoluble salts which usually became evident several
minutes after the calcium had been introduced into the solution. Moreover, the p H
was affected slightly. For example, in the first 10 minutes after the CaC12 concentration was increased from 0.0018 to 0.0243 M the p H of the bathing solution decreased approximately 0.2 unit. Since, in these instances, the longitudinal muscle
responded strongly and rapidly to increases in calcium ion concentration and only
weakly to additions of HC1 which caused comparable reductions in pH, and since
conclusions drawn from the experiments did not rely on any precise estimate of the
changes in calcium ion concentration, the experimental conditions employed were
quite satisfactory. In one set of experiments when an accurate estimate of the calcium
ion concentration was a critical factor in the experimental procedure, and it was
desirable to eliminate fluctuations in pH, a special depolarizing solution was employed. T o make this solution the K H C O 3 buffer of the normal depolarizing solution
was replaced by an equimolar quantity of tris buffer (tris(hydroxymethyl)
aminomethane, Sigma 121), CaCI~ was added to obtain the desired final concentration, and the solution was adjusted to a p H of 7.6 with concentrated HC1.
A gas mixture consisting of 95 per cent O3 and 5 per cent COs was constantly
bubbled through the bathing solutions which contained bicarbonate ion. Pure
oxygen was bubbled through the solution containing tris buffer. T h e temperature of
the bath was kept at 31.5-32.5°C.
T h e tissues suspended in the muscle bath were attached to a lever which recorded
isotonic contractions of the longitudinal fibers on a kymograph. Changes in muscle
length were magnified by the lever 3.6 times. Tension on the muscle was approximately 0.35 gin. Contraction studies were performed in a 40 ml bath.
The radioactive tracer K 42 was used to measure potassium efflux. The rate of
escape of K 42 from a radioactive muscle preparation was estimated by measuring the
increase in number of counts per unit time that appeared in the bathing fluid. Details
of the experimental procedure have been described previously (7).
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RESULTS

The results illustrated in the figures of this paper, in each case, were taken from
single representative experiments. All measurements of smooth muscle contractions were repeated a m i n i m u m of eight times on tissues that were obtained from different animals. Although the muscle preparations tested were
found to vary somewhat in their sensitivity and speed of reaction to the drugs

B

Oepol. sol.
I

CoCI 2 raised
~o 0.0198 M

Dilute depol, sol.

CaCI2 raised
1o 0.0198 M

5 mln.

17IGUI~ 1. Isotoniccontractions of isolated longitudinal smooth muscle. Points at which
designated substances were introduced into the muscle bath are indicated by arrows.
Depol. Sol. refers to normal depolarizingsolution, and Dilute Depol. Sol. refers to dilute
depolarizing solution.
and ions introduced, qualitative changes in muscle tone produced by the
several agents used were clearly evident and highly reproducible. Because of
the variability often present among the contractile responses of a single muscle
preparation some difficulty was encountered in making an accurate quantitative comparison of the effect of different concentrations of inhibitory drugs
and calcium ion on the level of smooth muscle tone of a tissue. Data used for
such comparisons were taken from experiments in which a series of responses
of a tissue elicited by the drugs and ions used exhibited minimal r a n d o m
variation.
Each study of potassium efflux that is presented was carried out on at least
five different tissues. T h e quantitative results obtained in these experiments
are given in the text and table below.
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Influence of Ca Ion on Contraction of K-Depolarized Muscle To produce
increases in smooth muscle tension ot the taenia coli of the guinea pig and the
uterus of the rat with a depolarizing solution that contains a high potassium
concentration, calcium ion must also be present in the medium (20, 21).
The same holds true for the longitudinal smooth muscle of guinea pig ileum.
This is partly indicated in Fig. 1 A where it is seen that the maintained contraction of the ileal muscle produced by normal depolarizing solution is
strengthened by raising the external concentration of calcium ion. Contractions of the muscle are also weakened by lowering the calcium ion concentra-
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FIGtrRE 2. Potassium effiux from isolated longitudinal smooth muscle. A 0.0198
concentration of CaCI~ (high CaC12) was present in the bathing solution for the 10
minute period indicated by the arrows. At all other times the normal concentration of
calcium chloride (0.0018 M) was present. Dilute depolarizing solution (Dilute Depol.
Sol.) was introduced for the 5 minute periods indicated by the braces.

tion. The action of this divalent ion, however, is not exclusively a stimulatory
one. Fig. 1 B shows that dilute depolarizing solution still causes a shortening
of the muscle, but to a lesser degree. In this instance increasing the calcium
ion concentration from 0.0018 to 0.0198 g, which had the effect Of augmenting
the muscle response obtained in normal depolarizing solution, strongly inhibited the response evoked by the dilute depolarizing solution. Calcium ion
thus exhibits both stimulatory and depressant actions on the potassiuminduced contractions of the isolated longitudinal smooth muscle.

Influence of a High Ca Ion Concentration on Potassium Efftux of K-Depolarized
Muscle We have studied the changes in potassium efflux which the dilute and
normal depolarizing solutions elicit in the presence of a normal and an elevated concentration of calcium ion. In eight experiments in which a tissue
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TABLE

I

Percentage increase in K4~ elttux in paired ussues exposed to depolarizing solution for a
5-minute period. Both members of a pair were obtained from the same animal

Experiment No.

Member of pair exposed to
depolarizing solution conraining 0.0018 M Ca ++

1
2
3
4
5
6
7
8
9

647
471
563
597
311
469
572
647
542

Percentage change in the inMember of pair exposed to crease of potassium efttux resultdepolarizing solution coning from the elevation of Ca ++
raining 0.0198 M Ca *+
concentration
333
371
378
452
278
556
412
587
488

--48.5
--21.2
--32.9
--24.3
--10.6
+18.6
--28.0
--9.3
--10.0

T h e i n c r e a s e i n C a C 1 2 c o n c e n t r a t i o n r e d u c e d t h e i n c r e a s e i n K 4: e f f l u x b y a m e a n o f 18 p e r c e n t
w i t h a n SE o f 6 p e r c e n t . 0.01 < P < 0 . 0 5 .
T h e a v e r a g e r a t e c o n s t a n t f o r t h e e f f l u x o f K 42 i n T y r o d e s o l u t i o n w a s 0 . 0 3 3 r a i n . -1 w i t h a s t a n d a r d d e v i a t i o n o f 0 . 0 1 1 m i n . -1. D i f f e r e n c e s i n r a t e c o n s t a n t s b e t w e e n m e m b e r s o f a p a i r w e r e
f o u n d t o b e 2 6 p e r c e n t o r less.

depolarizing solution was slightly inhibited. The results of nine experiments
on paired tissues are given in Table I. Thus, under the several conditions
employed, an elevated concentration of calcium ion was shown to be a consistent inhibitor of transmembrane efflux of potassium, b u t displayed either
stimulatory or inhibitory actions toward muscle tone.

Effects of Cocaine and Ethanol on Contraction of K-Depolarized Muscle T h e
high level of sustained muscle tone which the longitudinal muscle attains in
a depolarizing solution is completely depressed b y the addition of appropriate
concentrations of cocaine or ethanol. Figs. 3 A and 4 A show the profound
depression of muscle tone which 4.4 × 10-4M cocaine produces in one depolarized tissue, and 0.54 M ethanol in another. A characteristic difference
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was immersed in dilute depolarizing solution (normal Ca ion) for a 5 minute
period a 22 to 56 per cent increase in the rate of outward migration of potassium ion as well as a small increase in muscle tone was observed. Both effects
were strongly inhibited by increasing the concentration of calcium ion to
0.0198 M (Figs. 2 and 1 B). In normal depolarizing solution (normal Ca ion)
a 311 to 647 per cent increase in the efflux of potassium ion and a large increase in muscle tone were observed (Table I and Fig. 1 A). W h e n the calcium
ion concentration was raised to 0.0198 M, muscle tone was further increased
b u t a comparable change in the efflux of the potassium ion was not observed.
In fact, the sharp increase in potassium efflux which occurred in the normal
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FxouR~ 3. Isotonic contractions of isolated longitudinal smooth muscle. Points at
which designated substances were introduced into the muscle bath are indicated by
arrows. Depol. Sol. refers to normal depolarizing solution.

between the actions of the two drugs is the initial increase in muscle tone
which ethanol elicits prior to the development of the inhibitory effect. This
transitory stimulation is lacking in the action of cocaine on depolarized smooth
muscle. The same figures indicate that reversal of the inhibitory effects produced by the two drugs may be accomplished simply by increasing the concentration of calcium ion in the bathing solution. Depression of muscle tone
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FIGUR~ 4. Isotonic contractions of isolated longitudinal smooth muscle. Points at
which designated substances were introduced into the muscle bath are indicated by
arrows. Depol. Sol. refers to normal depolarizing solution.
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can also be reversed by replacing the solution containing the inhibitory drugs
with fresh bathing solution.

Calcium-Drug Antagonism Since these experiments suggested an antagonism between calcium ion and the two inhibitory drugs on smooth muscle
tone, further attempts were made to substantiate and, in some measure, to
characterize this phenomenon. It is apparent from the tracings in Fig. 5 A,
B, C, and D that calcium ion does indeed antagonize the actions of cocaine
and ethanol. T h e degree of relaxation of the smooth muscle brought about
by either 1.1 × 10.4 M cocaine or 0.43 M ethanol was significantly greater in
B

C

D

L._
Icm i,~

t

0.43 M

ethanol
Del )1. sol. containing
0.0018 M CaCI 2
I

5 rain.

t

0.43 M
ethanol
DepoL sol. containing
0.0108 M CaCI 2

t

t

t

0.00011M
I
0.00011M
cocaine
cocaine
Depol. sol. containing
DepoL sol. containing
0.0018 M CoCl 2
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I

FIGURE 5. Isotonic contractions of isolated longitudinal smooth muscle. Points at
which designated substances were introduced into the muscle bath are indicated by
arrows. Depol. Sol. refers to depolarizing solutions. These solutions contained the
concentrations of CaCI~ indicated.
normal depolarizing solution than in a depolarizing solution that contained
six times the normal concentration of calcium ion.
To obtain some insight into the type of antagonism that exists between
calcium ion and each of the inhibitory agents, contraction experiments were
performed in which an ileal preparation was immersed in depolarizing solution, and arbitrarily chosen concentrations of calcium ion and an inhibitory agent were added. W h e n the muscle responded the depolarizing solution
was washed out and, after a period of rest in Tyrode solution, the tissue was
resuspended in depolarizing solution and quite different concentrations of
calcium ion and inhibitory agent were introduced. Care was taken to modify
the concentrations of calcium ion and its antagonist by the same factor so that
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the ratio of their concentrations remained constant. W h e n cocaine was used
as the antagonist, a threefold increase in the concentrations of calcium ion and
cocaine did not alter appreciably the final level of muscle tone which the
longitudinal fibers assumed. O n the other hand, when ethanol was the antagoB
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FmURS 6. Isotonic contractions of isolated longitudinal smooth muscle. Points at which
designated substances were introduced into the muscle bath are indicated by arrows.
Depol. Sol. refers to depolarizing solutions that were buffered with tris ion. These
solutions contained the concentrations of CaC12 indicated.
nist a threefold increase in the concentrations of both calcium ion and ethanol
resulted in a m u c h lower level of muscle tone. T h e ways in which the longitudinal muscle responded to the changes in the concentrations of calcium ion
and cocaine, and to similar changes in the concentrations of calcium ion and
ethanol, support the concepts that cocaine acts as a competitive antagonist
of calcium ion, and ethanol as an indirect antagonist of calcium ion. T h e o -
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retical considerations require that an experimental procedure of the type
just described be performed using relatively high concentrations of the agonist
and antagonist so that almost all the "tissue receptors" involved are saturated
with one or the other agent. This being the case, it is an obvious disadvantage
to work with a bicarbonate buffer which can react with calcium ion that is
present in high concentrations and thereby diminish the effective concentration of the divalent ion. Consequently, the experimental results obtained with
the bicarbonate-buffered solutions were verified by performing similar experiments in depolarizing solutions buffered with tris ion.
In eight experiments performed with the tris-buffered depolarizing solutions
the final level of muscle tone which the longitudinal tissue assumed in the
lower concentrations of calcium (0.0021 M) and cocaine (0.00006 M) was
somewhat above that attained by the tissue in the presence of tenfold higher
concentrations of these agents. In three experiments a tenfold change in
calcium and cocaine concentrations caused no change in final level of muscle
tone. These findings may indicate that a small component of the inhibition
produced by cocaine is not competitive with respect to calcium ion. However,
the major inhibitory action of cocaine seems to be reversed by calcium ion
in a competitive manner. This is illustrated in Fig. 6 A and B. One may observe that the level of muscle tone determined by the presence of 0.0021 M
calcium ion and 0.00006 M cocaine (Fig. 6 B) is not very different from the
level of muscle tone determined by tenfold higher concentrations of both
these agents (Fig. 6 A), whereas the depression of muscle tone produced by
the high concentration of cocaine is much greater in the presence of the low
calcium ion concentration (Fig. 6 B) than it is in the presence of the high
calcium ion concentration (Fig. 6 A).
As in previous experiments performed with the bicarbonate-buffered solutions, a threefold increase in the concentrations of calcium ion and ethanol
produced a much lower final level of muscle tone (Fig. 6 C and D).
In preliminary publications (16, 18) the statement was also made that a
tenfold increase in both calcium and cocaine concentrations did not alter
appreciably the final level of muscle tone of the longitudinal muscle. These
experiments were carried out with concentrations of calcium ion ranging from
0.007 to 0.07 M. Subsequent work showed that the introduction of sucrose in
a concentration that approached the osmolarity of the highest CaC12 concentration used in the bathing media interfered noticeably with the inhibition
of muscle tone by cocaine. Consequently some difficulty is encountered in
interpreting the nature of the calcium-cocaine antagonism from the results
of these experiments. This difficulty has been overcome in the experiments
reported on in this paper. Sucrose, in quantities (up to 0.034 M) calculated
to approximate or exceed the osmolarity of 0.0189 M CaC12 in depolarizing
solution, was added to bathing media containing 0.0021 M CaCI~. It was found
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that these concentrations of sucrose produced either no change or slight increases in the final levels of muscle tone of tissues that were partially depressed
by cocaine and small decreases in the final tone of smooth muscles that were
partially depressed by ethanol.
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l~ouP.~ 7. Potassium effiuxfrom isolated longitudinal smooth muscle. Cocaine (3.9 X
10-8 M) or ethanol (1.2 M) was added to the bathing solution for the 15 minute interval
indicated by the appropriate arrows.
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Acetylcholine Potentiation The antagonisms between calcium ion and the
two inhibitory drugs are also influenced by acetylcholine. It m a y be seen in
Figs. 3 A and B, and 4 A and B, that the respective concentrations of calcium
ion which overcome the depression of muscle tone produced by 4.4 X 10-*
cocaine and 0.54 ~ ethanol do not elicit more than a slight reversal of the
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Effects of Cocaine and Ethanol on Potassigm Ej~ux of Unexcited Muscle Although cocaine and ethanol are both inhibitors of smooth muscle tone, their
actions on the transmembrane efflux of potassium ion from an unexcited longitudinal muscle immersed in normal bathing fluid are dissimilar. In five experiments 3.9 X 10-3 g cocaine was observed to depress potassium efflux
from 10 to 37 per cent, whereas 1.2 M ethanol elevated potassium efftux 22 to
35 per cent. Fig. 7 A and B illustrates these effects. W e have found that ethanol
also enhances potassium efflux in a bathing solution that contains only onefifth normal calcium ion concentration.
Effects of Ethanol on Acetylcholine-Induced Potassium Efftux It is interesting
that the same concentration of ethanol that elevates the potassium effiux of
an unexcited longitudinal smooth muscle has an opposite effect on the increase
in potassium effiux brought about b y acetylcholine. In Fig. 8 A and B, one
m a y observe the changes in potassium efflux initiated b y acetylcholine both
in the absence and presence of ethanol. T h e results of five experiments showed
that the average inhibition of this ion transport process by 1.2 M ethanol was
46 4- 11 per cent. W h e n the entire experimental procedure was repeated in a
bathing solution containing one-fifth normal calcium ion concentration, the
effect of ethanol was magnified (Fig. 8 C and D). T h e inhibition averaged
71 4- 5 per cent. O n the other hand, a high calcium ion concentration (six
Fxouva~ 8 opposite. Potassium efflux from isolated longitudinal smooth muscle. A 1.1 X
10-6 M concentration of acetylchollne (A) was added to the bathing solution for the 5
minute intervals indicated by the braces A. 1.2 Mconcentration of ethanol (ETOH) was
added to the bathing solution for the 10 minute intervals indicated by the appropriate
arrows. In A and B the bathing solutions contained normal calcium ion concentration
(0.0018 r~). In C and D the bathing solutions contained one-fifth normal calcium ion
concentration (0.00036 ra). In E and F the bathing solutions contained six times normal
calcium ion concentration (0.0108 ~t) for the 10 minute intervals designated by the arrows.
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depression produced by 17.6 × 10.4 M cocaine and 1.0 M ethanol. However,
appreciable restoration of muscle tone m a y still be achieved b y the subsequent
addition of 2.2 × 10-5 M acetylcholine. T h a t is to say, calcium ion, within
the concentration ranges employed in these experiments, reversed the partial
or complete inhibition of muscle tone caused b y small to moderate concentrations of cocaine or ethanol b u t did not effectively overcome the inhibition
produced b y large amounts of the inhibitory agents unless it was potentiated
b y acetylcholine. T h e addition of acetylcholine in the absence of an elevated
calcium ion concentration (Figs. 3 C and 4 C) was also ineffective in reestablishing a sustained high level of tone, although small transient contractions
often occurred. Even partial depression of muscle tone b y cocaine or ethanol
in the depolarized ileal muscle is not reversed b y the addition of acetylcholine
alone.
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times normal) completely reversed the inhibition by ethanol (Fig. 8 E and
F). Smooth muscle contractions elicited by acetylcholine are similarly inhibited by ethanol and reactivated by high concentrations of calcium ion
(11).
DISCUSSION
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Our investigation has shown that the effects of cocaine and ethanol on intestinal smooth muscle function can be ascribed either to an intensification
of or to an interference with the physiological actions of calcium ion. This
relationship first became apparent from studies of the effects of calcium,
cocaine, and ethanol on the sustained contraction of the ileal muscle produced
by a high potassium medium. The data indicated that the height of contraction of the muscle was dependent on the calcium ion concentration in the
medium and that the action of calcium ion on muscle tone was antagonized
by cocaine and ethanol. Cocaine behaved primarily as a competitive antagonist of calcium ion. Ethanol appeared to antagonize calcium ion in an indirect
manner.
An effort was made to localize somewhat the site of interaction of the drugs
and the divalent ion. By analogy with many experimental findings obtained
on other excitable tissues, we assumed that the medium containing a high
potassium ion concentration acts to depolarize partially the longitudinal
muscle membrane. The depolarized membrane in turn initiates one or more
reactions which eventually activate the contractile mechanism. In this study
a modification of the increase in potassium efflux induced by normal depolarizing solution is considered to be an indication of an effect on the level of
depolarization of the muscle membrane. Modifications of muscle tone are
considered to be a measure of the functional changes which occur in the subsequent steps involved in contraction. Based on these assumptions the increase
in muscle tone produced by an elevation of the calcium concentration results
from an enhancement of reactions which occur beyond the initial stage of
depolarization. This was borne out by the fact that the addition of excess
calcium ion depressed slightly the efflux of potassium ion while it increased
muscle tone. When tested in dilute depolarizing solution excess calcium ion
appeared to have a more profound depressant effect on the smooth muscle
membrane. The result was an inhibition, not only of the increase in potassium
efflux, but also of the increase in muscle tone which normally follows.
Because the depression of muscle tone of potassium-depolarized fibers by
cocaine and ethanol can be reversed by high concentrations of calcium ion,
these two drugs also are believed to exert their effects on some reaction in
the excitation-contraction pathway which takes place subsequent to membrane depolarization. With respect to cocaine this conclusion is further supported by the competitive nature of the antagonism between this drug and
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calcium ion. However, in a previous publication it was shown that cocaine
reduces the increase in potassium effiux induced by depolarizing solution (19).
Thus one cannot eliminate the possibility that inhibition of contraction by
cocaine may be due, at least in part, to a reduction in membrane depolarization. With ethanol this latter possibility is less likely since Weiss and Hurwitz
(11) have found that the increase in potassium efltux induced by normal depolarizing solution is not diminished by ethanol. The evidence favors the
postulate that depression of muscle tone of a potassium-depolarized tissue by
ethanol results entirely from the action of the drug on a calcium-dependent
step beyond the point of membrane depolarization. Some investigators have
postulated that an inward release of ionized calcium from membrane sites
constitutes the process which couples excitation to contraction (3, 22, 23).
Possibly cocaine and ethanol affect this event.
Calcium ion has also been observed to modify the potassium effiux of the
unexcited longitudinal smooth muscle fiber. A large increase in the concentration of calcium ion lowers (11) while a reduction in concentration elevates
(7) the rate of outward movement of potassium ion. The depressant effect
of cocaine and the stimulatory effect of ethanol on this ion transport process
of the unexcited tissue may also be associated with an action of calcium ion.
In fact, the manner by which these drugs alter the potassium effiux of the
unexcited tissue and the manner by which they inhibit muscle tone of the
potassium-depolarized tissue provide a reasonable explanation for the modes
of action of the drugs. Cocaine, by competitively replacing calcium ion at
specific tissue a n d / o r membrane sites, could deplete calcium ions needed for
contraction and at the same time simulate the action of a high level of calcium ion on ion movements. Ethanol, by indirectly blocking the action of
calcium ion or displacing the divalent ion from tissue sites, could effectively
reduce the quantity of tissue calcium that can be utilized to activate muscle
contraction, and by the same token, reduce the calcium ion required to restrict the outward movement of potassium ion.
Previously Burridge had obtained some evidence of a calcium-cocaine
antagonism in heart muscle (94). He found that cardiac muscle became more
susceptible both to the stimulatory and inhibitory actions of cocaine on contraction when the concentration of calcium ion in the m e d i u m was decreased.
Shanes et al., studying the effects of calcium and cocaine on the electrical
characteristics of the squid axon, found that both agents raised the threshold of membrane excitability, whereas calcium augmented and cocaine depressed increases in sodium and potassium conductances during activity (95).
T h e authors state that their data support the proposal that cocaine and calcium ion act at different loci. In this study the results obtained on smooth
muscle are more consistent with the postulate that cocaine and calcium compete for the same loci in the cell. An interrelationship between cocaine and
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calcium ion has also been uncovered by purely chemical procedures. Berwick
has found that cocaine causes a loss of calcium ion from skeletal muscle fibers
(26).
In work performed with ethanol, Gallego noted that the drug would depolarize frog sciatic nerve (27). In addition, Knutsson found that it decreased
membrane resistance and lowered membrane potential in frog sartorius muscle (28). Presumably the increase in potassium efflux which ethanol evokes
in our preparation represents an analogous effect on smooth muscle. It would
be interesting to examine whether or not a blockade or displacement of calcium ion was a common denominator in all these effects of ethanol.
An additional aspect of the antagonism between calcium ion and the two
inhibitory drugs, investigated only briefly, is the potentiation of the action
of calcium by acetylcholine. This potentiation was observed only in the presence of elevated concentrations of calcium ion and under conditions in which
the level of the divalent ion was still not high enough to produce an appreciable reversal of depressed muscle tone. It may be that cocaine and ethanol
inhibit one tissue reaction which can be activated by calcium ion alone and
another which requires the presence of both calcium and acetylcholine to
become activated.
The experiments discussed above were performed to determine where and
in what manner calcium and its antagonists interact. The discussion which
follows is concerned with a physiological action of calcium ion in the longitudinal muscle. By virtue of its proposed antagonism toward calcium ion,
ethanol was useful for revealing what appears to be a distinct difference in
dependence on calcium ion between the transmembrane potassium movement of an unexcited tissue and that of an acetylcholine-treated tissue.
Previous work has shown that the contraction which pilocarpine elicits
in the longitudinal muscle is far more sensitive to calcium deprivation than
is the accompanying increase in potassium efflux which the drug evokes (7,
19). The same observations have been made for acetylcholine-induced responses of the smooth muscle (11). In a medium which is almost free of calcium
ion the muscle will eventually lose its power to contract while, during that
same period of time, the increase in potassium efflux which acetylcholine
initiates remains essentially unaffected. However, the inhibition of the acetylcholine-induced increase in potassium effiux by 1.2 u ethanol, and the reversal
of this effect by high levels of calcium ion suggest that at least a small quantity
ot calcium ion must be present in the medium in order to obtain an increase
in potassium efflux with acetylcholine.
In sharp contrast to its inhibitory effect on the drug-induced ion transport
process, ethanol enhances the rate of outward movement of potassium ion
in the unexcited tissue. It was suggested in earlier publications that the
changes in potassium movements elicited by pilocarpine and acetylcholine
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