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Summary

1. The pharmacology of suxamethonium blockade of the rat phrenic nerve-
diaphragm preparation has been studied in the presence of some foreign anions.
2. Blockade proceeded in two distinct phases in both normal and modified
Krebs solution.
3. In normal Krebs solution the characteristics bore no close resemblance to
either depolarizing or competitive type blockade.
4. In the presence of foreign anions the characteristics of the blockade more
closely resembled those of depolarization.
5. There was an increase in the sensitivity of the motor end-plate region of
the muscle to the depolarizing action of acetylcholine, carbachol and suxa-
methonium in the presence of the anions.
6. Although the anions enhanced the depolarizing activity of suxamethonium,
the blocking potency of the drug was unaltered.
7. It is suggested that end-plate depolarization plays little part in suxa-
methonium blockade of the isolated rat diaphragm and that desensitization is
the primary cause of the blockade.

]Introduction

The mechanism of action of the " depolarizing " blocking agents at the mam-
malian neuromuscular junction in vivo is dependent upon the species of animal
used, and the specific muscle under investigation. In the human, and in fast-twitch
(white, phasic) muscles of the cat, blockade is probably due to a persistent de-
polarization of the motor end-plate region (Bums & Paton, 1951 ; Jewell & Zaimis,
1954; Grob, Johns & Harvey, 1956, for example). In slow-twitch (red, tonic)
muscles of the cat and in the muscles of all other species examined the blockade
commences by motor end-plate depolarization and proceeds by competition with
neurally released acetylcholine (Hall & Parkes, 1953; Zaimis, 1953; Jewell &
Zaimis, 1954). This mechanism has been termed " dual" (Zaimis, 1953).

In vitro, the mechanism of action of " depolarizing" blocking agents is much
less clear. Among the many interpretations of the characteristics accompanying
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blockade, three are most commonly put forward. Brand (1952), Jenden, Kamijo &
Taylor (1954), Jenden (1955), Sabawala & Dillon (1959) and Whittaker (1962a, b)
have all suggested that the block commences with motor end-plate depolarization,
and proceeds by competition with neurally released acetylcholine. Thesleff (1955,
1958) suggested that the blockade commences with motor end-plate depolarization,
but proceeds by a desensitization of motor end-plate receptor sites to the transmitter
substance. More recently Freeman (1968a, b) suggested that motor end-plate de-
polarization is relatively unimportant and that blockade is primarily due to pre-
synaptic activity which results in a reduction of transmitter output.

In amphibian skeletal muscle, foreign anions of a " lyotropic series " (Horowicz,
1964) cause an increase in muscle fibre membrane resistance due to a reduction in
chloride conductance. One consequence of this action is that the amplitude of the
end-plate potential is increased (Hutter & Padsha, 1959; Oomura & Tomita, 1961).
We felt that if an increase in motor end-plate depolarization were demonstrable

in the presence of foreign anions, it should be possible to assess the importance of
depolarization in neuromuscular blockade caused by "depolarizing" blocking
agents in terms of altered characteristics of the blockade.

This paper describes some observations on the characteristics of suxamethonium
blockade of the isolated rat diaphragm preparation in the presence of some
lyotropic anions.

Part of this work was communicated to the British Pharmacological Society in
July 1966.

Methods

All phrenic nerve-diaphragm preparations were set up in normal or modified
Krebs solution at 370 C and vigorously oxygenated with 95% oxygen and 5%°
carbon dioxide. Each preparation was allowed to equilibrate in the bathing fluid
for 45 min before an experiment was started. Preparations were stimulated in-
directly using square wave pulses of 0-05 ms or less at a supramaximal voltage
(usually 5 0-10-0 V) and at a frequency of 0-2 Hz unless otherwise stated, and
the responses were recorded using a semi-isotonic spring loaded lever. In some
experiments, isometric recordings of contractile behaviour were made. In these
experiments a Kistler pressure transducer (type 701A) and a Southern Instruments
U.V. oscillograph (type M1300) were used. Directly stimulated preparations were
maintained in curarized Krebs solution (tubocurarine, 10 x 10-6 g/ml), and the
stimuli were square wave pulses of 1 0 ms duration and supramaximal strength.
The normal Krebs solution had the following composition: Na+ 135 mM; K+ 5-9
mM; Ca2+ 2-5 mM; Mg2+ 12 mM; Cl- 128 mM; HCO32 25 mM; H2PO4 12
mM; S042- 1 2 mM; glucose 11 1 mm. Modified Krebs solutions were prepared
using an equivalent quantity of sodium bromide, sodium nitrate or sodium methyl-
sulphate in place of sodium chloride: these solutions were isotonic with and had
the same pH as normal Krebs solution.
The retrograde injection of drugs into the isolated diaphragm preparation was

carried out as described by Paterson (1965) modified according to Harris & Leach
(1965).
The characteristics associated with neuromuscular blockade caused by suxa-

methonium were investigated using the preparation described by Bulbring (1946).
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The potency of suxamethonium as a neuromuscular blocking agent in the isolated
rat diaphragm preparation was difficult to determine because successive equal doses
of suxamethonium were found to induce an increasing degree of neuromuscular
blockade, unless the period of washing between doses was prolonged (1-4 h). The
neuromuscular blocking activity of suxamethonium was therefore assessed as
follows. Paired diaphragm preparations were individually set up in a twin chamber
organ bath and both were initially bathed in normal Krebs solution and maintained
under similar experimental conditions. A standard dose of suxamethonium (5 0 x
10-6 g/ml or 1D0 x 10-s g/ml) was added to each bath during a period of indirect
stimulation, and the degree of neuromuscular blockade occurring after a 2 min
drug contact time was measured. After the drug contact period, indirect stimulation
was stopped and the preparations washed for 8 min using five or six changes of
bathing fluid. In this way, responses to a constant dose of suxamethonium were
obtained over a period of one hour (six responses). After one hour, the bathing
solution in one of the chambers of the organ bath was changed from normal Krebs
solution to either " bromide ", " nitrate " or " methylsulphate " Krebs solution, and
the experiment continued for a further 1 h. In this way, any change in the slope
of the progressively increasing degree of blockade following the use of a modified
Krebs solution compared with that developed in the preparation immersed in normal
Krebs solution would indicate a change in the potency of suxamethonium.
Motor end-plate depolarization in the isolated diaphragm was measured as

described by Harris & Leach (1968).
The drugs used in these experiments were acetylcholine bromide, suxamethonium

chloride, tubocurarine chloride, neostigmine methylsulphate, edrophonium bromide,
and carbachol chloride. Drugs quoted in this paper refer to the salts, and doses
refer to final bath concentrations except in the case of retrograde injection experi-
ments.

Results
Efjects of the anions on muscle twitch responses

In the presence of the foreign anions the twitch responses of the preparation to
both direct and indirect stimulation were potentiated. The relative " efficacy " of
the anions was C1l<Br-<NO3-<CH3OS03-; this order of potency is similar
to that noted by many other workers (see reviews by Horowicz, 1964; Sandow,
1964). Frequently the twitch response was complicated by a " veratrine-like " after
contracture (Krayer & Acheson, 1946). Similar activity has been reported by
Sandow & Stein (1956) and Liillman (1961) for isolated rabbit and rat skeletal
muscle respectively, and the response has been shown to be due to repetitive firing
of the muscle (Liullman, 1961).
During stimulation at rates above 0-083 Hz, the first response of the preparation

was a twitch followed by after contracture. With continuing stimulation, the after
contracture decreased in magnitude until only a pure potentiated twitch response
was observed (Fig. 1). The initial contractural response was restored following a
brief rest period of 1-2 min. After contracture was seen consistently in the presence
of methylsulphate, frequently in nitrate but only rarely in bromide.

The potentiated pure twitch response was not due to fibre recruitment, for it was
observed in directly stimulated, curarized preparations. Extracellularly recorded
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action potentials showed no sign of repetitive firing of the muscle, which precludes
the possibility of the response being a brief asynchronous tetanus of the type
described by Jones & Laity (1965). The precise cause of the potentiated twitch
response was not, however, examined in further detail.

Retrograde intravenous injection

The response of rat diaphragm preparations immersed in normal Krebs solution
to retrogradely administered acetylcholine was basically similar to those observed
by Paterson (1965), and typical responses are shown in Fig. 2A. A small injection
artefact was obtained with the injection of 01 ml saline, and the injection of 10 ,ug
of acetylcholine caused a response approximately equal to that of the indirect twitch
response.

0 2 Hz 0-4 Hz 0-4 Hz 0-2 Hz

FIG. 1. Semi-isotonic indirect twitch responses recorded from a diaphragm preparation
immersed in methylsulphate Krebs solution. Preparation rested for 2 min between each
period of stimulation. Stimuli were square wave pulses of 01 ms duration, supramaximal
voltage. Rate of stimulation: 0-2 and 0-4 Hz. The responses of the muscle to direct stimula-
tion recorded under isometric conditions were qualitatively similar.
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FIG. 2. Responses of diaphragm preparations immersed in normal and modified Krebs
solutions to retrograde intravenous injections of acetylcholine. A, Diaphragm preparation in
normal Krebs solution; responses to 0 1 ml normal saline (S) and 01-1O00 ,g acetylcholine
in 0-1 ml saline. B, Diaphragm preparation in nitrate Krebs; responses to 0-1 ml normal
saline and 0-1-3-0 jug acetylcholine in 0-1 ml saline.
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Preparations immersed in the modified Krebs solutions were much more sensitive
to injections of acetylcholine (Fig. 2B). Log dose-response curves showed that the
degree of potentiation of the twitch response was similar for all of the substituent
anions studied.
An increase in sensitivity was also seen in response to injections of carbachol,

decamethonium and suxamethonium; injection of these drugs into preparations
immersed in normal Krebs solution elicited no twitch-like response but following
immersion of the preparation in the modified Krebs solutions, twitch responses
were readily obtained (Fig. 3). The preparations exhibited tachyphylaxis to these
drugs, however, and no reliable quantitative information concerning these responses
could be elicited.

Characteristics of suxamethonium-induced blockade

Normal Krebs solution

The rat diaphragm preparations immersed in normal Krebs solutions were
relatively insensitive to the neuromuscular blocking action of suxamethonium, and
individual preparations showed a wide variation in sensitivity to suxamethonium.
Complete block was rarely achieved with doses less than 5 0 x 10-6 g/ml, and more
commonly 6-0-8-0 x 10-6 g/ml was necessary. As described by other workers
(Whittaker, 1962a; Gibberd, 1966) suxamethonium induced blockade proceeded
in two phases. Phase I consisted of a rapid onset of neuromuscular block, which
became maximal after 5-10 min, followed by a partial recovery of neuromuscular
transmission. Following this partial recovery, a slowly developing failure of neuro-
muscular transmission took place (phase II) from which spontaneous recovery was
never observed (Fig. 4). Subsequent doses of suxamethonium induced a mono-
phasic block of transmission. Neuromuscular blockade was not preceded by in-
direct twitch potentiation, and similarly, " sub-blocking " doses of suxamethonium
(0 5-2 0 x 10-6 g/ml) were incapable of inducing indirect twitch potentiation (Fig.
5A).
As described by Whittaker (1962a) and Gibberd (1966) suxamethonium and

competitive neuromuscular blocking agents such as tubocurarine were mutually

A B
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FIG. 3. Responses of diaphragm preparations immersed in normal Krebs solution (A) and
nitrate Krebs solution (B) to retrograde intravenous injections of carbachol, 10 jug (C),
suxamethonium, 10 jug (S), and decamethonium, 100 jug (D), in 01 ml saline.
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synergistic. Thus, small doses of suxamethonium (05-2 0 x 10-6 g/ml) intensified
the blockade caused by tubocurarine (Fig. SB) and similarly small doses of tubo-
curarine (0 1-0 5 x 10-6 g/ml) intensified the blockade caused by suxamethonium
(Fig. SC).

Tetanic stimulation of the partially blocked preparations immersed in normal
Krebs solution induced a poorly held tetanus of the muscle with no observable post-
tetanic facilitation of transmission (Fig. 5D).
Neostigmine and edrophonium had no consistent effect on the blockade.

Modified Krebs solution

Like those described for normal Krebs solution, preparations immersed in the
modified Krebs solutions were insensitive to suxamethonium and varied in sen-
sitivity to the drug. In the continuing presence of suxamethonium, the blockade
was biphasic and had a similar time sequence to that observed in normal Krebs
solution.

In contrast to the observed effects of suxamethonium in normal Krebs solution,
however, in the presence of the foreign anions neuromuscular blockade was always
preceded by indirect twitch potentiation. The degree of potentiation was dependent
upon the dose of suxamethonium. " Sub-blocking " doses of suxamethonium
caused only indirect twitch potentiation; increased doses resulted in a decrease of
both the extent and duration of this potentiation, until with higher doses (50 x 106

s

FIG. 4. Biphasic response of an isolated diaphragm preparation immersed in normal Krebs
solution in the continuing presence of suxamethonium, 50 x 10-6 g/ml (S). Contact time
75 min.

A B C D
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FIG. 5. Characteristics of suxamethonium induced neuromuscular blockade in isolated
diaphragm preparations immersed in normal Krebs solution. A, Absence of indirect twitch
potentiation preceding neuromuscular blockade. B and C, Mutual synergism between
suxamethonium and tubocurarine. 1D, Poorly held tetanus during partial blockade (drum
speed increased during tetanic stimulation). Suxamethonium (S) and tubocurarine CT) expressed
as bath concentration X O-6 g/ml. Tet, Indirect tetanic stimulation at 50 Hz.
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g/ml) the potentiation was very short lasting and was rapidly transformed to neuro-
muscular blockade (Fig. 6A). Immediately following addition to the bath, suxa-
methonium (and also acetylcholine, carbachol and decamethonium) induced a short
lasting " contractural " response in the muscle which appeared to be dose dependent.
This latter feature could not be assessed quantitatively, however, because of the
very rapid onset of tachyphylaxis.

Furthermore, in the presence of the foreign anions, suxamethonium and tubo-
curarine were found to be mutually antagonistic. Thus small doses of tubocurarine
reversed suxamethonium blockade (Fig. 6B) and prevented indirect twitch potentia-
tion; similarly, suxamethonium reversed tubocurarine blockade, although the
reversal was only transient (Fig. 6C).
As with preparations immersed in normal Krebs solution (see Fig. 5D), tetanic

stimulation of partially blocked preparations induced a poorly held tetanus of the
muscle.

Neostigmine and edrophonium had no consistent effect on the blockade.
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FIG. 6. Characteristics of suxamethonium induced neuromuscular blockade in isolated
diaphragm preparations immersed in nitrate Krebs solution. A, Indirect twitch potentiation
preceding neuromuscular blockade. B and C, Mutual antagonism between suxamethonium
and tubocurarine. Suxamethonium (S) and tubocurarine (T) expressed as bath concentration
X10-6 g/ml.

B
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Potency of suxamethonium

The ability of suxamethonium to cause a blockade of neuromuscular transmis-
sion was examined at two dose levels (5-0 x 10-6 g/ml and I-0 x 10-5 g/ml) as
described under Methods. The foreign anions had no effect on the potency of
suxamethonium as a neuromuscular blocking agent (Fig. 7).

Motor end-plate depolarization

The depolarization of the motor end-plate region caused by acetylcholine,
carbachol and suxamethonium was measured in diaphragm preparations immersed
in normal or modified Krebs solutions. Peak depolarization was observed after
1 min drug contact time (with the one exception of the depolarization caused by
acetylcholine in preparations immersed in normal Krebs solution, in which case
peak depolarization was observed after 2 min contact time). Maximum end-plate
depolarization in preparations immersed in the modified Krebs solutions was always
significantly greater than in normal Krebs solution and peak depolarization in
methylsulphate was significantly greater than that obtained in nitrate Krebs solution
(Fig. 8). It is not possible to say whether the enhanced response of the end-plates
represents either true sensitization of the end-plates (which would result in a shift
to the left of the dose/response curve), a potentiation of the maximum response of
the preparation (no shift of the dose response curve, but a larger maximum
response), or both mechanisms operating together, because this type of analysis
requires information in the form of log-dose response curves. Unfortunately,
tachyphylaxis develops so rapidly in the rat diaphragm preparation that such infor-
mation is very difficult to obtain.
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FIG. 7. Responses of paired diaphragm preparations to the repeated administration of
suxamethonium (50 xl0-6 and 1X 1OO-5 g/ml bath concentration). * -, Preparations
immersed in normal Krebs solution for 60 min followed by nitrate Krebs solution for 60 min.
0 0, Preparations immersed in normal Krebs solution for the duration of the experiment.
Each point represents mean±s.E. of four experiments.
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End-plate depolarization in the continuing presence of the drug declined very
rapidly, so that little difference could be measured between depolarization in
normal Krebs solution compared with the modified solutions after 4 min drug
contact time (Harris, unpublished observation). The faster rate of end-plate
desensitization after a higher initial depolarization is similar to the observations
made by Thesleff (1958).

Discussion

The characteristics of neuromuscular blockade induced by suxamethonium in
the isolated rat diaphragm preparations immersed in normal Krebs solution reported
in this paper are generally similar to those reported by other workers (Brand, 1952;
Bergh, 1953; Stovner, 1958; Whittaker, 1962a, b; Gibberd, 1966, for example).
The interpretation of the characteristics is complicated by several factors, all of
which are related directly or indirectly to the nature of the isolated nerve-muscle
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FIG. 8. Mean end-plate depolarization (± S.E., n =4-6) caused by acetylcholine (0-5 X 10-
g/ml, A), carbachol (5-OX1O-6 g/ml, C) and suxamethonium (5-Ox 10-6 g/ml, S) in isolated
rat diaphragm preparations immersed in normal Krebs solution (open columns), nitrate Krebs
solution (shaded columns) and methylsulphate Krebs solution (solid columns) after 1 min
contact time. The differences between the means were significant at the following levels:
Acetylcholine: normal/nitrate, P=<0-05; normal/methylsulphate, P=<0-01; nitrate/,methyl-
sulphate, P=<005. Carbachol: normal/nitrate, P=<0-05; normal/methylsulphate, P=
<0-01; nitrate/methylsulphate, P=<0c05. Suxamethonium: normal/nitrate, P=<0-05;
nornal/methylsulphate, P= <0-001; nitrate/methylsulphate, P= <0-01.
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preparation. Zaimis (1962, 1964), for example, has pointed out that the distinguish-
ing features of neuromuscular blockade in various animal species (Hall & Parkes,
1953; Zaimis, 1953) are lost in isolated nerve-muscle preparations of these animals.
This loss of distinguishing characteristics is probably related to the changes in ion
permeability which occur in isolated tissues (Creese & Northover, 1961; Krnjevic
& Miledi, 1958), and also to the way in which the drug reaches the receptor sites
(Gibberd, 1966).
The most obvious characteristic common to all isolated nerve-muscle preparations

is the biphasic response of the muscle to the continuing presence of the blocking
agent (Jenden, Kamijo & Taylor, 1954; Jenden, 1955; Sabawala & Dillon, 1959;
Maclagan, 1962; Taylor, 1962; Whittaker, 1962a, Freeman, 1968a). This
response in particular has led to many of the current theories of the mechanism
of depolarizing blockade in isolated nerve-muscle preparations.

Whittaker (1962a) observed that tubocurarine intensified suxamethonium induced
neuromuscular blockade in the isolated rat diaphragm preparation and suggested
that suxamethonium induced blockade primarily by competition with neurally
released acetylcholine, with end-plate depolarization as a minor feature. This
mechanism has been reclassified as "dual block" (Zaimis, 1953) by Bowman
(1964). Essentially similar conclusions were drawn by Jenden, Kamijo & Taylor
(1954), Jenden (1955) and Sabawala & Dillon (1959) in their experiments on
isolated rabbit, guinea-pig and human nerve-muscle preparations respectively.

In our own experiments we have found little evidence to support the suggestion
that suxamethonium blocks either as a straightforward competitive blocking agent
of low potency, or by a dual mechanism in the isolated rat diaphragm. Zaimis
(1953) in her original use of the term "dual" laid down several criteria all of
which she had drawn from observations made on nerve-muscle preparations in vivo.
Briefly, these criteria were that the " depolarizing" blocking agent should produce
early changes in neuromuscular transmission consistent with end-plate depolariza-
tion, but that at some later stage the blockade should demonstrate features consis-
tent with competitive blockade. In the isolated rat diaphragm preparation, features
of both initial depolarization and later competition are absent. Not only was there
an absence of indirect twitch potentiation or "contracture " in the preparation
immediately following the addition of suxamethonium, but even the retrograde
injection of suxamethonium failed to elicit a " twitch-like " response of the muscle.
Furthermore, although tubocurarine was observed to potentiate the blockade in
both phase I and phase II, neostigmine, edrophonium and potassium ions were
all incapable of consistently producing a reversal of blockade, even in phase II.
It is well known that rat muscles are particularly insensitive to "depolarizing"
blocking agents (Barlow & Ing, 1948; Paton & Zaimis, 1949; Jarcho, Eyzaguirre.
Talbot & Lilienthal, 1950; Bergh, 1953, for example), and this may be the explana-
tion for the absence of excitatory effects of suxamethonium, for it has been noted
that the more readily blocked muscles exhibit the most marked evidence of depolari-
zation (Zaimis, 1953); but if this is the case, then the argument against the oecur-
rence of dual blockade in the isolated rat diaphragm is merely strengthened.
The situation is complex, however, for both Thesleff (1958) and ourselves (Harris

& Leach, 1968) have shown that suxamethonium does induce motor end-plate
depolarization. If, therefore, this depolarization is of importance in the onset of
neuromuscular blockade, any procedure which increases the sensitivity of the motor

526



Foreign anions on suxamethonium blockade 527

end-plate region to depolarizing blocking agents might be expected to enhance the
potency of the drug as a blocking agent. Furthermore, the block would be expected
to be accompanied by features generally accepted as being indicative of depolariza-
tion blockade. The presence of the foreign anions used in this study does result
in an increase in the sensitivity of the motor end-plate region as measured by
end-plate depolarization. In the presence of these ions, the isolated rat diaphragm
preparation did exhibit many features associated with depolarization blockade when
suxamethonium was added to the bath; for example, we observed indirect twitch
potentiation, a twitch-like response following retrograde injection and a mutual
antagonism between suxamethonium and tubocurarine. However, suxamethonium
was no more potent as a blocking agent in the presence of foreign anions than in
normal Krebs solution.

This observation would suggest that end-plate depolarization plays virtually no
role in the development of neuromuscular blockade in the isolated rat diaphragm
preparation treated with suxamethonium. This, in turn, would imply that motor
end-plate desensitization (Thesleff, 1958) or the inhibition of transmitter release
(Freeman, 1968a, b) sets in so rapidly that any effect of end-plate depolarization on
transmission is masked.

From our own observations it is not possible to decide which of these two
mechanisms is operative in the isolated rat diaphragm preparation. Thesleff (1955)
and Roberts & Thesleff (1965) have demonstrated that motor end-plate desensitiza-
tion is an important feature of neuromuscular blockade, and our results are com-
pletely consistent with this theory. On the other hand, Freeman & Turner (1968)
were unable to make a direct demonstration of a depression of transmitter release
by suxamethonium. Moreover, Freeman's (1968a, b) theory is based on the
indirect evidence of a suxamethonium induced depression' of transmitter release
from preparations maintained at 29°-30° C. Her results are therefore complicated
by the already existing depression of transmitter substance which is known to occur
at low temperatures (Hofmann, Parsons & Feigen, 1966).

Freeman's (1968a) " unifying concept " of suxamethonium blockade in vitro is
that excitation followed by a stabilization occurs at both pre- and post-synaptic
sites. Facilitatory activity may be expected when the excitatory phase is well
developed; block without facilitation when stabilizing actions predominate. Per-
haps this theory may be taken one step further to suggest that the pre-synaptic
membrane is " stabilized " only at low temperatures, and that at normal tempera-
tures the predominant stabilizing activity is at the post-synaptic membrane and
results in motor end-plate desensitization.
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