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In an earlier paper we investigated the relation of the acetylcholine
response of the depolarized rat uterus to calcium (Edman & Schild, 1962).
It was found that a uterus which had been depolarized by immersion in
calcium-free potassium Ringer's solution became extremely sensitive to
calcium, low concentrations of which caused a graded and reversible
contractile effect. Acetylcholine produced a further contraction which
added to the effect of calcium. In the absence of calcium from the potas-
sium Ringer's solution the acetylcholine responses declined and this
decline could be accelerated by frequent stimulations with acetylcholine.
Addition of calcium immediately restored the acetylcholine responses.
The results seemed to be generally compatible with the view that acetyl-
choline exerts its action in the depolarized preparation by mobilizing
bound calcium.

In the present paper we have investigated the interaction of adrenaline
and calcium in depolarized smooth muscle, using preparations in which
adrenaline produces stimulant or inhibitory effects. The stimulant, con-
traction-inducing effects of adrenaline resembled those of acetylcholine in
relation to calcium, whilst the inhibitory effects were antagonistic to the
contractile effect of calcium.

METHODS

The methods were generally similar to those used in the earlier work (Edman & Schild,
1962). Isolated strips of rat uterus, rabbit uterus and rat seminal vesicle were employed.
The seminal vesicles were dissected out and split open after removing the coagulation
glands. The isolated preparations were suspended in a 3 ml. jacketed bath kept at 20-23o C.

Contractile responses were recorded isometrically by a strain-gauge transducer connected
to a Grass Polygraph. Each preparation was first suspended in Tyrode solution and gently
stretched until a steady base-line tension of 50-100 mg was reached; maximal responses
were then elicited with acetylcholine (ACh) or adrenaline. The preparation was next trans-
ferred to one of the following calcium-free depolarizing solutions (mM composition) K2$04
126-0, KC1 5-6, KHCO3 3-6, glucose 5-5 ('K2S04 Ringer') orKCI 165.9, KHCO3 3-6, glucose 5-5
('KCI Ringer'). Immersion in the depolarizing solution produced a brief contraction followed
by relaxation which was rapid at first and then more gradual, reaching the base line in
10-15 min. (The word contraction is used in the text without further connotation to describe
drug responses of normal and depolarized smooth muscle.)
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RESUJLTS

Calcium and the, contractile effects of adrenaline
Need for calcium. Adrenaline produces a contractile response in the

rabbit uterus and rat seminal vesicle which can be obtained in normal and
depolarized preparations (Schild, 1960). In view of the earlier finding that
the contractile response of depolarized smooth muscle to ACh requires
calcium, we have investigated whether the contractile response to adrena-
line also depends on calcium.
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Fig. 1. Rat seminal vesicle. Effect of Ca lack on responses to 10-6 ACh (0) and
106 adrenaline (0). The preparation was immersed in K2SO4-Ringer+ Ol mm-Ca,
and stimulated alternately with ACh and adrenaline. At 0 min Ca was omitted and
0-04 mI EDTA added; at 50 min Ca was reintroduced.

Figure 1 shows an experiment in a depolarized seminal vesicle in which
the effect of calcium lack on alternating adrenaline and ACh responses was
investigated. The preparation was immersed in K2SO4 Ringer, 0ImMCa,
and stimulated by doses of the two drugs which gave approximately equal
submaximal effects. After calcium had been omitted and 0 04 mm EDTA
added to the bath fluid the drug responses declined progressively and
became completely abolished in 50 min. Addition of calcium at this point
caused a rapid restoration of responses to about 75% of their original level.
The effects of the two drugs declined and recovered at the same rate.
Similar results were. obtained in experiments on the depolarized rabbit
uterus.

Combined stimulant effects of calcium and adrenaline. It was previously
found that calcium alone produces a contraction of the depolarized rat
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uterus. The same applies to the rabbit uterus and rat seminal vesicle.
If either preparation is immersed in calcium-free KCl Ringer it undergoes a
brief contraction followed by relaxation, and if calcium is then added it
causes a slowly developing contraction which persists unchanged for as
long as calcium is in the solution and is fully reversible when it is removed.
This effect is graded, increasing in the range 0 1-3 0 mm calcium.
The tension developed by calcium, even in optimal concentrations, is

less than the maximum of which the muscle is capable; if adrenaline is
applied to a depolarized preparation which is already responding to the
greatest possible extent to calcium a further increase in tension ensues
(Fig. 2). The combined effect of adrenaline and calcium in the depolarized
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Fig. 2. Rabbit uterus strip. KCl-Ringer. The effect of 10-6 adrenaline super-

imposed on that of 3 mm-Ca.

muscle may exceed that of the same concentration of adrenaline in Tyrode
solution. Responses of a depolarized strip of rabbit uterus to a constant
dose of adrenaline superimposed on varying concentrations of calcium are
shown in Fig. 3. When adrenaline was applied after a threshold stimulant
concentration of calcium (0 1 mM) the combined response was 120% of
that in Tyrode solution, and after 3 mM-Ca as much as 170% of adrenaline
in Tyrode solution.
The contractile effects of adrenaline and calcium in the depolarized

seminal vesicle are additive, as is shown in Fig. 4 (upper panel). Four curves
have been superimposed showing (a) the response to 0-6 mM-Ca, (b) the
effect of adrenaline (106) added on top of the calcium response, (c) the
effect of the simultaneous administration of the same doses of calcium and
adrenaline, and (d) a graphical addition curve ofa and b. It is seen that the
experimental curve c corresponds closely to the graphical addition curve d,
suggesting that the two agents act independently. Similar experiments
were performed with ACh and calcium. Figure 4 (lower panel) shows that
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in this case also there is an additive relation between the contractile effects
of the two agents.

Calcium and the inhibitory action of adrenaline
Adrenaline, which relaxes the depolarized rat uterus (Evans, Schild &

Thesleff, 1958), antagonizes the contractile effect of calcium in this prepara-
tion. Figure 5 shows a graded antagonism of the response to calcium by
10-9 and 2 x 10-9 adrenaline. The antagonistic effects of low concentrations
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Fig. 3. Rabbit uterus strip. KCl-Ringer. 0 contractile effects of Ca alone;
0, of 1O-6 adrenaline superimposed on Ca. Tension as percentage of that exerted
by 10-6 adrenaline in Na-Ringer. Logarithmic abscissa.

of adrenaline are reversible, but higher concentrations produce a persistent
antagonism. Isoprenaline, which has stronger inhibitory actions than
adrenaline, is more active as an antagonist. Figure 6 shows a quantitative
comparison in which isoprenaline was 5 times as active as adrenaline. The
least effective concentration of isoprenaline as an antagonist of calcium in
the depolarized rat uterus was about 10-10 (10-9 M).

Adrenaline causes a flattening of the log dose-effect curve of calcium,
indicating that the antagonism is non-competitive. This is shown in Fig. 7,
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which represents the mean of two separate experiments in which two doses
of calcium were applied to a depolarized rat uterus, first without and then
with adrenaline. It is seen that adrenaline produces a shift of the curve
and a diminished slope.

Antagonism of adrenaline against Ca and ACh. If ACh produces its
contractile effect in depolarized smooth muscle by way of calcium,
adrenaline might conceivably antagonize ACh as much as calcium.
Figure 8 shows an experiment to test this point.
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Fig. 4. Rat seminal vesicle. K2SO4-Ringer. Superimposed curves showing effects
of (a) 0-6 mm-Ca; (b) 106 adrenaline or 10-6 ACh added on top of the Ca response;
(c) similar concentrations of Ca and adrenaline or Ca and ACh added simulta-
neously. The interrupted lines (d) are graphical addition curves of (a) and (b).
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Fig. 5. Rat uterus. K2SO4-Ringer. Responses to 1-2 m -Ca and 1-2 mm-Ca

with 10-9 and 2 x 10-@ adrenaline.
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Fig. 6. Rat uterus. K2SO4-Ringer. Relative activity of isoprenaline and adrena-
line in reducing contractile effects of 1-2 mM-Ca. Logarithmic abscissa.
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Fig. 7. Rat uterus. K2SO4-Ringer. Response to Ca with and without 5 x 10-10

adrenaline. Mean of two experiments; logarithmic abscissa.
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Submaximal contractile responses were elicited in a depolarized rat
uterus with ACh and calcium. The two stimulants were matched until the
peak response to ACh corresponded to the plateau response to calcium.
Adrenaline was then added to test and washing solutions, followed later by
a recovery period without adrenaline. As is shown in Fig. 8, adrenaline
depressed the Ca response whilst that of ACh was not affected. In three
experiments of this kind the percentage reduction of the calcium response
was 39, 49, 70 and of the ACh response 22, 0, 0.

2 min'--....... r' -Adrenaline 10-9,

Ca ACh Ca ACh Ca ACh
Fig. 8. Rat uterus. K2SO4-Ringer. Effect of 10-9 adrenaline on responses to

0.8 mm-Ca (Ca) and to 2 x 10-7 ACh with 0-05 mm-Ca (ACh).

DISCUSSION

There is a striking contrast between the stimulant and inhibitory effects
of adrenaline in the depolarized smooth muscle in relation to calcium. The
stimulant, contraction-inducing effect resembles the effect of ACh in being
additive with the contractile response produced by extracellular calcium
alone, and in declining reversibly in the absence of calcium. Thus if it is
assumed that ACh exerts its action in depolarized muscle by some calcium-
requiring mechanism, probably involving mobilization of bound calcium,
as was discussed in more detail in our previous paper (Edman & Schild,
1962), it seems reasonable to assume a similar mechanism for the contrac-
tion-inducing effects of adrenaline.

This hypothesis does not contradict our earlier conclusion that ACh
and adrenaline act on different receptors in the depolarized preparation,
which was based on the finding that antagonists retain their specific
activities under these conditions. Antagonists presumably act on the same
receptors in normal and depolarized muscle (Schild, 1960). In conclusion
the stimulant effects ofAChand adrenalinemaybeproduc'edbymechanisms
which are initially different, but lead to a common stage requiring calcium.
The inhibitory effects of adrenaline by contrast are specifically antago-

nistic to calcium. Remarkably low concentrations of adrenaline and iso-
prenaline antagonize the contractile effect of calcium in the depolarized
muscle. The antagonism of adrenaline against externally applied calcium
is non-competitive and greater than that against ACh. A possible though
entirely speculative interpretation is that adrenaline blocks the entry of
calcium and thus prevents its intracellular contractile effects (Heilbrunn,
1952). This would account for the non-competitive character of the
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antagonism in view of the difference in the site of action of calcium and
adrenaline. It might also account for the preferential antagonism towards
calcium which has first to penetrate the cell, whereas ACh may mobilize
preformed stores of bound calcium.

SUMMARY

1. The interaction between calcium and the contractile and relaxant
effects of adrenaline was studied in mammalian smooth muscle which had
been depolarized by immersion in potassium-Ringer. Isometric recording
was used.

2. The depolarized smooth muscle responded with a slow, sustained
and reversible contraction to low concentrations of calcium.

3. Adrenaline and acetylcholine stimulated the depolarized seminal
vesicle and rabbit uterus and their effects were additive with calcium.
Both drug effects declined reversibly in the absence of calcium.

4. In the depolarized rat uterus adrenaline and isoprenaline antagonized
the contractile effect of calcium. The antagonism was non-competitive and
specific in the sense that calcium was antagonized more than acetylcholine.

REFERENCES

EDMAN, K. A. P. & SCHILD, H. 0. (1962). The need for calcium in the contractile responses
induced by acetylcholine and potassium in the rat uterus. J. Physiol. 161, 424-441.

EVANS, D. H. L., SCHILD, H. 0. & THESLEFF, S. (1958). Effects of drugs on depolarized
plain muscle. J. Physiol. 143, 474-485.

HEILBRUNN, L. V. (1952). An Outline of General Physiology. Philadelphia: W. B. Saunders.
SCHILD. H. 0. (1960). Effect of adrenaline on depolarized smooth muscle. In Adrenergic
Mechanisms. Ciba Foundation Symposium, pp. 288-292. London: Churchill.

411


