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Acetylcholine releases catecholamines from the chromaffin cell of the adrenal medulla
by making the membrane of the cell permeable to calcium; calcium then enters the cell
and releases catecholamines (Douglas & Rubin, 1963). Acetylcholine releases noradren-
aline from the sympathetic post-ganglionic fibre in the same way; the fibre is made
permeable to calcium; calcium then enters and releases noradrenaline (Burn & Gibbons,
1965).
Bretylium and guanethidine block the release of noradrenaline from the sympathetic

fibre when this is effected by acetylcholine, but not when it is effected by tyramine (Burn
and Gibbons, 1965). Since bretylium and guanethidine are antagonists of acetylcholine
at the neuromuscular junction (Dixit, Gulati & Gokhale, 1961 ; Burn & Seltzer, 1965),
it may be that their blocking action is explained by preventing calcium from entering
the fibre. In their presence acetylcholine may fail to make the fibre permeable to
calcium. Earlier experiments (Burn & Seltzer, 1965) with other substances suggested this,
and observations have now been made with bretylium and guanethidine.

METHODS
Isolated loops of ileum were taken from freshly killed rabbits together with the adjacent mesentery,

and the main artery supplying the loop was drawn into a pair of circular platinum electrodes of
the pattern described by Burn & Rand (1960a). The periarterial nerves were stimulated. When the
loop was suspended in a bath at 32° C pendular movements were recorded and these were inhibited
by stimulation. Maximal shocks were used of 1 msec duration. The loop was suspended in Locke
solution which was gassed with oxygen containing 5% C02.
The hearts were removed from freshly killed rabbits and the atria were dissected. They were set

up in Locke solution at 29' C which was gassed with oxygen and 5% CO2. The rate of the
spontaneous beats was counted with a stop watch. Acetylcholine bromide, nicotine acid tartrate,
bretylium tosylate, guanethidine sulphate and procaine hydrochloride were used, and concentrations
are expressed in terms of these salts, except for nicotine where the concentration is that of the base.

RESULTS
Rabbit ileum
The effect of bretylium on the rabbit ileum is shown in Fig. 1. Two control inhibitions

were recorded in response to stimulation at 20/sec, the calcium concentration being 2.2
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Fig. 1. Rabbit ileum, Finkleman preparation. Stimulation at black dots. In the upper panel (a) are
two control inhibitions following stimulation at 20/sec for 30 sec. In (b) bretylium 10-5 was
added, and the response to stimulation became very small. In the middle panel the calcium
concentration was raised first to 6.6 mM and then to 11 mM. The response to stimulation
returned. In the lower panel, the calcium concentration was reduced again to 2.2 mM, and
stimulation was almost ineffective.

mM, and then bretylium (10-5 g/ml.) was added. After 15 min, three stimulations were
applied and it was seen that the inhibition was almost abolished. The calcium concentra-
tion was raised to 6.6 mM. Stimulation then produced inhibition again. After raising
the calcium concentration to 11 mM, the effect of stimulation was further restored.
When the calcium was reduced to 2.2 mM once more and the bretylium concentration
was maintained, stimulation had almost no inhibitory action.

The effect of guanethidine
A similar result with guanethidine is shown in Fig. 2. Stimulation was applied at

frequencies of 3/sec and 6/sec. Both caused practically complete inhibition when the
calcium concentration was 2.2 mM as shown in the top panel. Guanethidine (10( g/ml.)
was then added to the bath, and 15 mi later stimulation at 3/sec and at 6/sec had very
little effect. When the calcium concentration was raised to 11 mM, guanethidine having
then been present for 1 hr. stimulation at both frequencies was almost as effective as at
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Fig. 2. Finkleman preparation. The upper panel shows the response to stimulation at 3/sec and
6/sec in the presence of calcium 2.2 mM. In the middle panel guanethidine 10-6 was added
and the responses 15 min later are recorded. In the lower panel are the responses when
guanethidine had been present for 1 hr, but calcium had been raised to 11 mM.

first. The same result was obtained in each of 6 experiments, though there was con-
siderable variation in the height to which the calcium concentration had to be raised to
remove the block.

The action of procaine
The effect of sympathetic stimulation was diminished by adding procaine hydrochloride

to the bath when the calcium concentration was 2.2 mM. The addition was made in
steps, and procaine reduced the amplitude of the pendular movements without reducing
the effect of stimulation up to a concentration of 3 x 10' g/ml. Higher concentrations
reduced the effect of stimulation also; at 1.2 x 10' g/ml. the effect of stimulation was
still just visible. The calcium concentration was raised at this point to 6.6 mM, and
then to 22 mM. The effect of stimulation was not increased, and indeed was less.
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The isolated atria
Experiments were carried out on isolated rabbit atria with atropine present in the

bath. As Burn & Gibbons (1965) observed, when the calcium concentration was 2.2
mM, acetylcholine (50 ttg/ml.) caused no appreciable rise in rate. When the calcium
concentration was 6.6 mM, however, a substantial rise in rate was seen. The increase
having been recorded, the bath fluid was changed and guanethidine (5 jug/ml.) was added
to the bath. After 20 min the atrial rate returned to its previous level, but when
acetylcholine was added as before, the rate did not rise appreciably. The bath fluid was
changed again, the guanethidine being replaced and the calcium concentration raised to
11 mM. When acetylcholine was added, the rate then rose as it did before guanethidine
was added. In Table 1 are the mean results of 5 experiments in each of which the
same observations were made. Thus guanethidine prevented the rise in rate which was
caused by acetylcholine, but when the calcium concentration was raised, the block was
removed.

TABLE 1
EFFECT OF THE CALCIUM CONCENTRATION ON THE ACTION OF GUANETHIDINE ON
RABBIT ATRIA STIMULATED IN THE PRESENCE OF ATROPINE BY ACETYLCHOLINE

(50 pg/ml.) AND ALSO BY NICOTINE (13 pg/ml.)
In experiments with acetylcholine, atropine was 5 p&g/ml.; in experiments with nicotine, atropine was

1 pg/ml.
[Ca++] Guanethidine Rate/min (mean±S.E.)
(mM) (Pg/ml1) Initial With acetylcholine
6'6 0 58+2-7 100±4-1
6.6 5 61±3-1 62±6-0
11.0 5 58±1-4 104±3-0

Initial With nicotine
2-2 0 87+3-9 131+4.4
2-2 1 88±4-7 9847-3
4.4 1 84±3-7 135±6 7

Table 1 also shows the mean results of 4 experiments in which guanethidine blocked
the rise of rate caused by nicotine. Nicotine, 13 ,ug/ml., was observed to cause a rise
when the calcium concentration was 2.2 mM. This rise was absent or diminished in the
presence of guanethidine (1 ,tg/ml.), but when the calcium concentration was raised to
4.4 mM the block was removed, and the rise was seen again.

DISCUSSION

The action of acetylcholine in releasing noradrenaline from the spleen was explained
by Ferry (1963) as due to stimulation of the sympathetic fibres. He showed that when
acetylcholine was injected into the splenic artery of the cat, antidromic impulses passed
along the splenic nerves; he therefore supposed that orthodromic impulses would pass
into the spleen and liberate noradrenaline in the usual way. This explanation of the
action of acetylcholine has been shown to be wrong by results in three papers. Hertting
& Widhalm (1965), Wolner (1965) and Fischer, Weise & Kopin (1966) have all shown
that when the cat spleen is perfused, or when the vessels of the cat's tail are perfused,
a concentration of bretylium can be found which blocks the effect of stimulation of
the sympathetic fibres but does not block the effect of acetylcholine.
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Despite this evidence some have suggested that acetylcholine might act on nerve
terminals when the rest of the nerve was blocked by the local anaesthetic action of
bretylium. From the figures of Hertting & Widhalm this would mean that to block the
nerve terminals a concentration of bretylium would be needed from five to 20 times as
great as that required for other parts of the nerve. This is a difference of sensitivity
for which there is no evidence. Moreover Exley (1957) compared xylocholine or TM10
with a similar compound in which the methyl groups attached to the quaternary nitrogen
were replaced by ethyl groups. The two compounds had the same local anaesthetic
action, but the ethyl compound had no adrenergic blocking action. Therefore the
adrenergic blocking action was not related to the local anaesthetic action.
Thus it can be said that acetylcholine releases noradrenaline directly from the post-

ganglionic fibre just as it releases catecholamines from the adrenal medulla.
Burn & Gibbons (1964a, 1965) have shown that the release of noradrenaline from

the post-ganglionic fibre by acetylcholine depends on the concentration of calcium outside
the fibre. Thus the increase in the rate of isolated rabbit atria produced by acetylcholine
was nil when the calcium concentration was 2.2 mM, was 19% when it was 6.6 mM, and
was 46% when it was 13.2 mM. This again resembles the release of catecholamines
from the adrenal medulla by acetylcholine (Douglas & Rubin, 1963), and the conclusion
can be drawn that the effect of acetylcholine is to make the compartment of the post-
ganglionic fibre in which noradrenaline is held, permeable to calcium. The experiments
described in the present paper show that the block by bretylium and guanethidine of
the action of acetylcholine also depends on the external concentration of calcium. Thus
an increase in calcium concentration, which increases the effect of acetylcholine in
releasing noradrenaline, diminishes the effect of bretylium and guanethidine in blocking
the release. In contrast to bretylium and guanethidine, block produced by procaine was
not diminished by raising calcium even to the concentration of 22 mM. This suggests
that bretylium and guanethidine act by opposing the action of acetylcholine; that while
acetylcholine acts by making the membrane of the post-ganglionic fibre permeable to
calcium, bretylium and guanethidine may prevent this increase in permeability from
taking place.

Substances with a blocking action
The first substance to be shown to block the response to the sympathetic impulse was

acetylcholine. Brucke (1935) and Coon & Rothman (1940) demonstrated this in the
pilomotor motor muscles of the cat's tail, and Burn & Rand (1960b) in the vessels of
the rabbit's ear. Block is also caused by nicotine (Bentley, 1962) and by DMPP
(dimethylphenylpiperazinium). Thus de la Lande & Rand (1965) have shown that DMPP
blocks the response to sympathetic impulses to rabbit ear vessels in a concentration as
low as 4 x 10' g/ml., and that this block, like that produced by guanethidine, is removed
by dexamphetamine.

Other substances which block the response to the sympathetic impulse include
d-tubocurarine and dihydro-/?-erythroidine (Burn & Seltzer, 1965) and also mecamylamine
and pempidine (Burn & Gibbons, 1964b). Thus it is evident that the response to the
sympathetic impulse is blocked by agents which block the action of acetylcholine at the
neuromuscular junction and at the sympathetic ganglion.
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The action of bretylium and guanethidine
What then is the relation of bretylium and guanethidine to the substances just

mentioned ? Both these substances block neuromuscular transmission, but their actions
differ, as Green & Hughes (1966) have shown. In the rat diaphragm the action of
bretylium was found to be much greater at high rates of stimulation of the phrenic nerve
than at low ones, and the block was antagonized by choline. The effect of frequency
of stimulation on the block produced by guanethidine was different, being similar to
that for tubocurarine, and the block was unaffected by choline. Since, in addition,
concentrations of guanethidine (but not of bretylium) which cause neuromuscular block
reduce the response of the frog rectus muscle to acetylcholine, the action of bretylium
appeared to be chiefly presynaptic (at the neuromuscular ending), while that of guane-
thidine was postsynaptic.

Green & Hughes say " these observations . . . could easily be fitted to the hypothesis
of Burn & Rand . . . that the adrenergic neurone blocking agents interfere with a
supposed intermediary function of acetylcholine in adrenergic nerves; it could be
postulated that bretylium acts largely by suppressing the release of acetylcholine, and
that guanethidine competes with acetylcholine".

It is also known that bretylium (Boura & Green, 1959) and guanethidine (Maxwell,
Plummer, Schneider, Povalski & Daniel, 1960) not only cause neuromuscular block in
skeletal muscle, but also block in the sympathetic ganglion.

Release of bretylium by sympathetic stimulation
Observations have been made by Fischer et at. (1966) in the cat spleen after injecting

the cat with labelled bretylium. They found that when they perfused the spleen, stimula-
tion of the splenic nerves caused a release of labelled bretylium, though the injection of
acetylcholine did not. They made similar observations in the perfused heart, stimulating
the stellate ganglion. Their observations indicated that the bretylium released by stimu-
lation was not bound at the sites where noradrenaline was stored. They said that
bretylium may act by replacing a cholinergic link in the sequence of events leading
to transmitter release which occur when a sympathetic nerve impulse arrives at the nerve
ending.

Noradrenaline release by bretylium and guanethidine
There is still a further connexion between bretylium and guanethidine on the one hand,

and acetylcholine on the other-namely, that an initial large dose of either bretylium
or guanethidine causes release of noradrenaline, leading, for example, to increase of rate
and amplitude in isolated rabbit atria, though not in atria from a rabbit treated with
reserpine. Thereafter, they cause the usual block of sympathetic impulses. Thus just
as acetylcholine can both release noradrenaline, and in high concentration block sympa-
thetic impulses, so bretylium and guanethidine have the same double action, though
with them the stimulant action is exceptional, and the blocking action usual. Their
double action on the adrenergic fibre is reminiscent of the double action of decametho-
nium at the neuromuscular junction. Decamethonium first stimulates and then
blocks.
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The effect of calcium on the block
If bretylium and guanethidine act as antagonists of acetylcholine, they must occupy the

sites to which acetylcholine attaches itself in making the membrane permeable to calcium,
and so make the membrane impermeable to calcium. When they have neutralized the
action of acetylcholine at a given concentration of calcium, raising the concentration
should make the membrane permeable again. This is what has been observed.

SUMMARY

1. When a loop of rabbit ileum is prepared together with the attached mesentery, and
stimulation is applied to the periarterial nerves, inhibition of the pendular movements
occurs. The fibres stimulated are post-ganglionic sympathetic fibres. Bretylium and
guanethidine block the inhibitory action. If the calcium concentration is raised the block
is removed. When the calcium concentration is lowered once more, the block reappears.

2. The inhibition can be blocked by procaine, but the block is not removed by raising
the calcium concentration, even when it is raised to 22 mM.

3. Acetylcholine, acting in the presence of atropine, causes an increase in the rate
and amplitude of isolated rabbit atria, and this increase depends on the calcium con-
centration, being greater as the calcium concentration rises. The increase at a given
calcium concentration is blocked by guanethidine, but when the calcium concentration
is raised, the block is removed.

4. The actions of bretylium and of guanethidine have been discussed in the light
of these and other observations.

This work was communicated to the British Pharmacological Society on April 8, 1967. One of
us (J. H. B.) wishes to thank Dr. 0. H. Lowry for the opportunity to work in this department.
The work was supported by a grant (5Tl-NB-5221) from the National Institute of Neurological
Diseases and Blindness, U.S.A.
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