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ABSTRACT
The uptake of tritium-labelled decamethonium has been
studied in rat muscle in vitro and the entry has been
compared with the pharmacological response. Decamethonium
was found to accumulate steadily at the end-plate region
and this localised uptake when expressed as a clearance
(ml g-ihr-1) was found to be concentration-dependent and
to reach a maximum at low concentrations, with a half
maximal uptake at 2.2 µM. In order to compare this
saturable uptake with the pharmacological dose-response
curve the depolarisation produced by decamethonium at the
end-plate was measured using external electrodes. The
median effective dose for depolarisation was found to be
4.7 µM, so that the half-saturation values of both parameters
occur in the micromolar range and only differ by a factor of
approximately 2.
The dissociation constant for curare as an antagonist
to both the uptake and depolarisation was measured, using the
dose-ratio method proposed by Gaddum. The dissociation
constant for tubocurarine was found to be 0.12 µM from
uptake measurements and 0.08 µM from depolarisation
measurements. It is concluded that the two values

3 are sufficiently close to suggest that inhibition of uptake
is related to antagonism of the pharmacological response.
The significance of the uptake of decamethonium has been
discussed in the light of present concepts.
The entry of labelled decamethonium at the end-plate
region has been demonstrated in vitro by autoradiography.
Application of decamethonium by retrograde perfusion
has shown that entry occurs at the same rate in perfused and
immersed muscles so that the uptake is limited by the
mechanism of entry and not by diffusion to the site of action.
Investigation of neuromuscular block in vitro ias shown that
considerably higher concentrations of decamethonium are
required than are necessary for end-plate depolarisation.
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- 10 CHAPTER I
PHARMACOLOGY OF DECAMETHONIUM

Decamethonium is a neuromuscular blocking agent whose
action, though specific, is complex since unlike muscle
relaxants such as tubocurarine it has stimulant properties.
It has been established that decamethonium depolarizes the
end-plate region of skeletal muscle, causes contraction or
contractures, and produces neuromuscular block. There is
great variety of responses in different species, and no single
mechanism seems to explain all the findings.

There are also

a number of secondary, time-dependent effects to which a
variety of terms have been attached -• tachyphylaxis,
desensitization, dual block, phase II block, etc., and the
subject is confused by the lack of agreement on the
nomenclature to be used and the unfortunate habit of some
authors of referring to some types of block as
"depolarizing block" without measurements of depolarization.
The following is a summary of the chief findings and
concepts relating to this compound, and forms an
introduction to the use of labelled decamethonium in studies
which are described in the following chapters.

Historical discovery
In attempts to find neuromuscular blocking agents,
compounds were synthesised with structures similar to
tubocurarine. The remarkable potency of tubocurarine
compared with that of simple quaternary ammonium salts led
Barlow and Ing (1947) to believe its activity might be due to
the presence of two such cationic heads at some distance
apart. They prepared and tested for curare-like activity
a number of simple bis quaternary ammonium salts in which
nitrogen atoms were directly attached to the terminal carbon

atom of polymethylene chains of varying lengths. Many of
the compounds they tested of the general type
Br showedvarying degrees of
N+
nr
N+ - (CH2)n
neuromuscular blocking action, most produced augmentation of
the contraction of the rat diaphragm and possessed some anticholinesterase activity (Barlow and Ing, 1948).

Paton and

Zaimis (1948a, 1948b) reported similar findings on
investigation of the aliphatic bis trimethyl ammonium iodide
series:
Ylpe(CH3)3 - (CH2)n - N4-(CH3);
and later described the clinical potential of the C10
derivative where n = 10. They claimed that this compound,

- 12 decamethonium iodide, merited consideration as a substitute
fbr tubocurarine as a muscle relaxant since its
neuromuscular blocking action was both specific and potent and
could be antagonised by the C5 derivative (n = 5).

Absorption, metabolism and excretion
Decamethonium is poorly absorbed by mouth in animals,
and roughly 50-100 times as much must be given to produce an
effect comparable, at its peak, with that of a given
intravenous dose (Paton and Zaimis, 1949b).

After

parenteral administration into man or animals, decamethonium
has been found to be excreted fairly rapidly and 80-90% of
the injected dose can be recovered unchanged (Milne and
Oleesky, 1951; Zaimis, 1950).

More recently whole-body

autoradiography has confirmed the renal elimination of
decamethonium (Cohen, Hood and Galling, 1968).

In addition

however high concentrations of the drug were shown to be
found in the liver, lungs, spleen and salivary glands.
The drug did not cross the placental barrier. The high
water solubility and low lipid solubility explain the
appearance of the drug throughout the vascular and
extracellular compartments of the rat.

The localisation of

decamethonium in the liver of a number of other species has

- 13 been demonstrated but no evidence of biotransformation has been
demonstrated (Christensen, 1967).

Waser and Luthi (1968)

have found that decamethonium is little metabolised in the cat.
Biliary excretion certainly does not represent a major pathway
of elimination in rat, rabbit or cat (Schanker, 1962;
Christensen, 1965; Luthi and Waser, 1965).

It seems clear

that renal excretion is the important route of elimination of
the drug in most mammalian species.

Comparison of the pharmacological action of decamethonium
and d-tubocurarine
Both decamethonium and tubocurarine have been shown to be
neuromuscular blocking agents in the classical sense and hence
presumably acting within the same extremely restricted area
but the characteristics of the block differ in almost every
detail.

The classical pharmacological criteria which

describe the two distinct types of block are clearly
illustrated by the comparison in Table I.

The definitive

experiment was described by Burns and PT-Lon (1951) in which
they demonstrated that decamethonium produced a prolonged
depolarisation in the muscle fibre membrane at the end-plate
region of the cat.

The depolarisation was then found to

spread to adjacent areas so that it ultimately extended well
beyond the end-plate zone but never invaded the whole of the

- 14 TABLE I. Comparison of the main pharmacological criteria of
the neuromuscular block produced by decamethonium
with that produced by d-tubocurarine (modified from
Paton, 1956)

Characteristic
1. Muscle stimulation

Decamethonium

Tubocurarine

Fasiculations with
repetitive firing
in cat and human
muscle.
Contraction of
denervated cat
muscle and normal
avian and frog
muscle.

Nil or trivial in
all species
tested.

2. Effect of
Antagonism
substances raising
the threshold of
the end-plate to
acetylcholine (e.g.
d-tubocurarine and
ether anaesthesia)

Potentiation

3. Effect of anticholinesterases

Little effect occasionally
feeble
potentiation or
antagonism

Antagonism

4. Tension during
tetanus of the
motor nerve

Sustained

Rapid decay

5. Effect of previous
tetanization of
motor nerve

No effect

Antagonism

- 15 muscle. The failure of neuromuscular transmission was thus a
consequence of the localised depolarisation such that the
electrical excitability around the end-plate falls producing a
barrier of inexcitable tissue which separated the diminished
end-plate potential from the normally excitable muscle fibre.
As a result an impulse elicited by direct stimulation of one
end of the muscle fibre was prevented from traversing the
depolarised end-plate region.

In contrast is the muscle

treated with d-tubocurarine in which such conduction from one
end of the fibre to the other would proceed normally.
Burns and Paton (1951) were also able to show that
neuromuscular block produced by decamethonium could be
initiated by any prolonged depolarisation of the end-plate
region, such as the application of a cathodal current or
acetylcholine in the presence of an anticholinesterase.
The block produced in eserinized muscle after an injection of
acetylcholine can be antagonised by d-tubocurarine (Briscoe,
1938) and it thus analagous to the block produced by
decamethonium.

The initial stimulant properties of

decamethonium, most clearly seen on frog (Paton and Zaimis,
1949b) and avian muscle (Buttle and Zaimis, 1949) are a
natural consequence of the depolarisation produced.

Similarly

antagonism of decamethonium by tubocurarine or ether which both

- 16 raise th e thr e sho ld of the muscle to ace tylcholine is
The fact that anticholinesteras e s potentiate

explicabl e ..

decamethonium block is also explained s inc e th e se drugs
prolong th e action of re l ea s e d acetylcholin e h e nc e
intensifying th e d e polarisation and inexcitability due to
decamethonium o
Th e mechanism unde rlying the diffe renc es in r espons e of a
muscl e to a t e tanus whe n tr eated with either decamethonium or
tubocurarine can be e xplained on th e basis of our knowledge
about acetylcholine r e leas e o

It has b een shown that

transmitte r release in rat and guinea pig diaphr a gms falls
progressively a s t he frequency of stimulation is increased
(Straugh a n? 1960 )0

Howe ver, in muscles treate d with

d-tubocurarine this fall in transmitter output is significant
becaus e th e sensitivity of th e muscl e t o acetyl choline i s
lower e do

Experiments by Pa ton and Waud (1962) have shown

that tubocur ari n e mu s t pro d uc e a 4-5 fold antagonism to a
d e polarising drug b efor e any n e uromuscular block is pres ento
He nc e , although mass -action relations indicate that
approximate ly 75% of the receptors are occlude d (Paton, 1961)
tr ansmission is apparently normal, but will be detected by a
t etanus or other me ans which alters th e safe ty margin
( ~p ton
~i ~.~
',! "

and Waud, 1967)0

However in the case of dec amethonium ~-~

.

. the effect

*Bowman, W.C., Rand, M.J. and West, G.B. (1968).
Textbook
of Pharmacology. P. 674. Blackwell Scientific
Publications. Oxford and Edinburgh.
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acetylcholine is depressed but the sensitivity of the endp1ates to acetYlcholine

neat and hence a tetanus is

wined (Burns and Pali -..n, 1951; Bowman, Rand and West,
Decamethonium itself will also alter the safety margin since
slightly depolarised fibres will be more excitable while deeply
depolarised fibres will be less excitable.

The effect of a

previous tetanization of the motor nerve on the block can be
explained by the fact that the large quantity of physiologically
released acetylcholine competes with the tubocurarine but is
ineffective in the case of decamethonium where the membrane is
already depolarised.

Stimulant action
The natural consequence of the depolarising action of
decamethonium is the ability of the drug to produce a sustaThed
contracture of the multiply-innervated- muscles of the frog
(Paton and Zaimis, 1949b).

Similarly an intravenous

injection of decamethonium into chicks caused a rigid
extension of the limbs and retraction of the head (Buttle and
Zaimis, 1949), a condition known as opisthotonus.

This is in

contrast to the flaccid paralysis produced by curare-like drugs
and is thus a suitable test for differentiating between the
two types of neuromuscular blocking agents.
Early work on the cat showed that the blocking action of
decamethonium was proceeded by a brief p-Ite---.4c..iation, in the form

- 18 of augmentation of the twitch or even spontaneous
contraction (Paton and Zaimis, 1949b, 1951).

Further work

on mammalian muscle demonstrated that doses of decamethonium
below the blocking level produce a potentiation of the
indirectly excited maximal twitch when applied so as to obtain
sufficiently rapid access to the muscle fibres (Zaimis, 1951).
Fasiculations were observed by many workers in the muscles of
unanaesthetised man after administration of decamethonium
(Paton, 1951).

Evidence that the potentiation of the

twitch and spontaneous fasiculations were not all due to the
weak anticholinesterase activity but due to the
acetylcholine-like action were obtained from work on denervated
mammalian muscle (Zaimis, 1951).

An injection of

decamethonium produced a double mechanical response,
consisting of a quick initial contraction followed by a
prolonged contracture characteristic of the effect of
acetylcholine.

Electrical measurements confirmed that the

quick response was accompanied by an outburst of action
potentials followed by a period of electrical "silence" from
the onset of the contracture if. Brown,1937). Brown and
Harvey (1941) were unable to detect any effect of eserine on
the spontaneous electrical activity even in very large doses.
Hence the response of denervated muscle to decamethonium is

- 19 qualitatively similar to the response to acetylcholine.
It must be remembered however that unlike acetylcholine
decamethonium has little action elsewhere than in striated
muscle, being devoid of muscarinic action and having little
effect on autonomic ganglia (Paton and Zaimis, 194510).

Variation in sensitivity to decamethonium between species
One of the most remarkable properties of decamethonium
first described was the very great variation in its activity
according to the species on which it was tested (Paton and
Zaimis, 1949b)0

This variation is very much smaller and in

the reverse order in the case of d-tubocurarine. The species
sensitivity to decamethonium was found to be in the order
cat> rabbit monkey >mouse> rat with a dose ratio in the cat
and rat of 200.

In contrast the order of sensitivity to

tubocurarine was found to be rat> mouser rabbit >cat with a
dose ratio between the two extremes of 0.5.

This phenomenon

was later confirmed in vitro (see Maclagan, 1962 for
references) and hence it is not the result of varying rates
of metabolism or excretion.

Even today it is difficult to

explain and implies that there are distinct physical
differences between the end-plate membranes of these species
in spite of their apparent similarity in their reaction to

- 20 acetylcholine.
The early work on cat and human muscle demonstrated that
the action of decamethonium was acetylcholine-like but since
the drug is not hydrolysed, as in the case of the natural
transmitter, the depolarisation was persistent. However,
later work on certain other mammalian species showed that
decamethonium could produce neuromuscular block in a way which
differed from the block accompanying pure depolarisation in the
cat (Zaimis, 1952b).

Variation in type of neuromuscular block between species
Work on the tibialis muscle of the monkey showed that the
block by decamethonium is rarely proceeded by potentiation of
the twitch tension and only then to a very. slight degree,

The

tetanus is not well maintained and antagonises the block which
is also antagonised by neostigmine (Zaimis, 1953).

The

characteristics of the block differ from those of a block
produced by depolarisation. On the other hand the block
produced in the monkey by tubocurarine has all the well known
characteristics of that produced by competition with
acetylcholine, it is not preceded by stimulation and is
antagonised by a tetanus or neostigmine. The neuromuscular
block produced by decamethonium in the dog, rabbit and hare

- 21 was

also found to have the same characteristics as in the

monkey (Zaimis, 1953).

Tachyphylaxis to each subsequent dose

after the first was evident in all cases.

It was also found

that in these species succinylcholine produces a block
similar to that produced by decamethonium, i.e. a block
differing in many ways from one due to long lasting
depolarisation only.

This led Zaimis (1953) to postulate that

in these species a dual mode of action exists in which the
action begins by depolarisation but changes during the blocking
process, to competition with acetylcholine.

Thus the membrane

threshold to any depolarising substance is raised and
consequently a second dose of decamethonium or succinylcholine
is antagonised as these substances again begin their action by
depolarisation.

Similar results have been reported with

decamethonium in the guinea pig (Hall and Parkes, 1953).
This idea of a dual mode of action is convincingly
reinforced by the use of tridecamethonium in testing for
production of opisthotonic spastic paralysis in the bird.
An injection of tridecamethonium, a higher member of the
polymethylene bistrimethyl ammonium series, in the chick
produces a paralysis which is intermediate for that produced
by d-tubocurarine or decamethonium. First contracture
appears, but slowly whilst the legs are still extended the

22 head drops forward and finally the paralysis extends to the
leg muscles so that the whole animal becomes flaccid. It
would thus seem that tridecamethonium acts to begin with as a
depolarising agent but changes during the blocking process to
a competitive inhibitor.

Zaimis also demonstrated that

tridecamethonium exhibits the same mechanism of action in the
cat as that produced by decamethonium and succinylcholine in
the monkey, dog and hare.
These observations demonstrate that not all mammalian
species react in the same way to decamethonium and might well
provide explanations for the varying sensitivity of different
species to the drug.

Zaimis has suggested that sensitivity

is at its highest where depolarisation is the only mode of
action of decamethonium. However when the dual mode of
action becomes evident the muscles are more resistant to
decamethonium possibly, because these two modes of action are
antagonistic.

Zaimis has also stated that the apparent

physical differences between the muscle membranes of various
mammalian species may appear as pathological changes in the
muscle of any one species, as in the case of myaesthenia
(Zaimis, 1952).

Churchill-Davidson and Richardson (1952b,

1953) have provided evidence that the neuromuscular block
produced by decamethonium in myasthenic is the result of
a dual mode of action.

- 23 Variation in sensitivity to decamethonium between different
muscles of the same species
In the cat, as far as the muscles of the hind limbs are
concerned, the red muscles (e.g. soleus) are slow and the
white muscles (e.g. tibialis) are fast contracting and fusion
of tetanic responses occurs only at high frequencies of
stimulation.

Although no very relevant histological

differences are known to exist between the structure of the
end-plate regions of the two types of muscle fibre (see
discussion, Chapter VI), their sensitivity to decamethonium is
markedly different. Whereas tibialis is very sensitive to
decamethonium, soleus is particularly resistant, and whilst
both muscles are sensitive to tubocurarine, soleus is the
more sensitive of the two (Paton and Zaimis, 1951).

Later

Jewell and Zaimis (1954) showed that decamethonium interrupts
neuromuscular transmission in soleus by a dual mode of action
during which a depolarising phase is followed by a
competitive one. They claimed that these mutually
antagonistic effects result in a rapidly decreasing
sensitivity of soleus to repeated doses of decamethonium.
In contrast the block produced by decamethonium in tibialis
exhibits the characteristics of depolarisation alone,
irrespective of the number of doses given or their magnitude.
The situation for muscled of mixed fibre types is

- 24 probably intermediate between the two mechanisms. Hence
care must be taken when discussing the mechanism of
neuromuscular block of decamethonium.

One should not

extrapolate results from different muscles or different
animals without extreme caution.

The idea that the

sensitivity of a muscle to decamethonium is related to the
mechanism of the drug is of great interest. A good
comparative study in a number of species or muscles with
twitch records of neuromuscular block and depolarisation
measurements might provide useful information.

Effect of temperature on neuromuscular block
Bigland and Zaimis (1958) demonstrated that during
experiments in vivo on skeletal muscle limb temperature was
often found to be lower than the rest of the body.

Further

work (Bigland, Goetzee, Maclagan and Zaimis, 1958) with cats
showed that lowered muscle temperature increased the
magnitude of the effect of depolarising drugs but reduced
the block produced by tubocurarine. On rewarming the
muscles these effects were reversed.

This was later

confirmed in man (Zaimis, Cannard and Price, 1958; Cannard
and Zaimis, 1959).

This enabled the true relationship

between the sensitivities of various muscles to decamethonium

- 25 and tubocurarine at a constant temperature to be finally
evaluated by Alderson and Maclagan (1964) in the cat.

They

showed that the temperature of the limb muscles was 2-3°C
lower than that of the respiratory muscle; under these
conditions the respiratory muscles were less sensitive to
decamethonium than the tibialis muscle. When the
temperatures of the two muscles were brought to the same level
the magnitude of the block produced by decamethonium and
tubocurarine was similar.

Effect of age on neuromuscular block
In 1955 Stead reported that the response of young
children to neuromuscular blocking drugs was different from
that of adults.

Later several workers reported that in

premature and newborn infants the neuromuscular junction is
resistant to depolarising drugs and more sensitive to curare
(Churchill-Davidson and Wise, 1963; Backman, Nightingale
and Paymaster, 1964).

Age differences have also been

demonstrated in animals by Maclagan and Vrbova (1966) who
found that the muscles of a 7 day old kitten are about ten
times less sensitive to depolarising drugs than those of a
normal adult cat but very sensitive to tubocurarine.
Recently Mann andsalafsky (1970) have traced in full the

- 26 change in sensitivity of the muscles of the cat with
maturation.

Their results are consistent with the results of

Diamond and Miledi (1962), who by iontophoretic application of
acetylcholine, showed that the muscles of foetal and neonatal
rats were sensitive to acetylcholine along their entire
length. However they found that there is no region in
muscles of the young which is as sensitive as the end-plate
region in the adult. The muscles of young animals respond
to depolarising agents, like denervated muscles, by
contracture (Purpura, Carmichael and Housepian, 1960).

Neuromuscular block by decamethonium

in vitro

Early work by Jenden, Kamijo and Taylor (1951, 1954) on
rabbit lumbrical muscle in vitro indicated that in the
presence of a constant concentration of decamethonium the
neuromuscular block produced was biphasic. They demonstrated
an initial block (Phase I) followed by a period of recovery
which then declined into a slowly increasing paralysis that
took several hours to reach a reasonably steady state.

In

Phase I anticholinesterases, potassium, and a fall of
temperature produce negligible antagonism whilst in Phase II
all three are powerful antagonists.

Thus the two phases bear

a resemblance to a depolarisation block (Phase I) and a

- 27 curare-like block (Phase II).

These results were

repeated with the isolated guinea pig diaphragm (Jenden, 1955).
Maclagan (1962) reported that spontaneous recovery occurred in
the cat tenuissimus muscle in vitro despite the continued
presence of the drug in the bath.

She reported that the

recovery occurred to a smaller extent with each successive dose
and that the usual antagonism between depolarising and
competitive drugs was only seen during the early part of the
experiment and rarely occurred after several doses. Maclagan
also pointed out that the similarity between cat, guinea pig,
rabbit and human muscle in vitro (Creese, Dillon, Marshall,
Sabawala, Schneider, Taylor and Zinn, 1957; Dillon and
Sabawala, 1959) is surprising considering the variability of
response of these species to decamethonium in vivo.
Although there are considerable differences in the sensitivity
of these muscles to decamethonium in vitro, the time course of
the blockade and the phenomenon of spontaneous recovery are
almost identical.

Her suggestion was that mammalian muscle

undergoes a gradual deterioration when isolated from the body
and studied in vitro. The disparity between results in vitro
and in vivo have been repeated emphasized by Zaimis (1956,
1959, 1962).

However it must be realised that the recovery

phenomenon is not the result of deterioration - quite the
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Gibberd (1966) has shown that only rat

diaphragms which are in the best possible condition exhibit
this phenomenon.

In fact it is not widely known that

recovery was demonstrated in man in vivo by Poulsen and Hougs
(1958) during a continuous infusion of succinylcholine.
More recently Creese and Maclagan (1970) have demonstrated
this phenomenon in the rat in vivo by a continuous infusion
of decamethonium which maintained a constant plasma level.
A full investigation of the mechanism of this phenomenon has
not been pursued to date.

Desensitization
In 1955(a) Thesleff measured membrane potentials in rat
diaphragms in vitro by internal electrodes.

By using doses of

decamethonium sufficient to produce complete neuromuscular
block he showed that the depolarisation produced at the endplate region was small and gradually waned.

During the

neuromuscular block the rat muscle membrane was insensitive
to the depolarising effect of acetylcholine. Thesleff
concluded that desensitization had occurred and that the block
was caused by a decrease in the sensitivity of the end-plate
to the transmitter substance. Later he was able to demonstrate
desensitisation in the cat tenuissimus muscle in vitro.
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a mutual synergism with that produced by tubocurarine or
gallamine (Thesleff, 1958).
Desensitization, in the sense used by Elmquist and
Thesleff (1962) is defined as a condition in which application
of a depolarising drug has made the chemoreceptors at the
end-plate refractory to chemical stimulation. This
phenomenon is associated with complete (Thesleff, 1955b)
or partial repolarisation (Thesleff, 1955a, Manthey, 1966)
of the membrane of the end-plate region despite the continued
presence of the drug.

Hence Elmquist and Thesleff (1962)

postulated that a major part of the neuromuscular block
produced by end-plate stimulating drugs is due to desensitization
and not to a persistent end-plate depolarisation.. When
desensitization is apparent one presumes that the pharmacological
characteristics of the block will change (Table I).

Taylor

and Nedergaard (1965) have suggested that desensitization'
appears to be the early manifestation of Phase II block.
However Zaimis (1962) has said that desensitization is
not a normal phenomenon tn,vivo. Her argument is that even
after long infusions with depolarising drugs in cat and man
the characteristics of the block do not change from that of a
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partial repolarisation has been demonstrated in the cat
in vivo by intra-arterial injections of suxamethonium at
repeated intervals (Paton and Waud, 1962).

Creese and

Maclagan (unpublished) have since demonstrated complete
recovery of the twitch tension, accompanied by complete
repolarisation despite a constant plasma level of decamethonium,
maintained by infusion in the cat.

It is well known

that tachyphylaxis to the depolarising action of decamethonium
occurs in the cat in vivo (Burns and Paton, 1951).
Tachyphylaxis to the depolarisation might be considered
as desensitization.

Paton and Waud (1962) have concluded

from their experiments that desensitization does occur
in vivo but is a less striking phenomenon than in vitro.
It may be that the conditions necessary to demonstrate this
state are more difficult to achieve in vivo)i.e. constant
plasma level required to demonstrate recovery (see above).
Disagreements probably arise through the use of undefined
terminology.

Repolarisation alone, for instance, is

insufficient evidence to claim a so-called desensitization
block since the repolarisation may be accompanied by
recovery omthe block as in the cat in vivo (Creese and
Maclagan, unpublished) or the block may continue as for the
frog in vitro (Thesleff, 1955b).

The degree of

- 31 desensitization has been found to be controlled by numerous
factors.

Factors affecting desensitization and tachyphylaxis
Early work by Fatt in 1950 showed that at high
concentrations of acetylcholine the initial depolarisation
was not maintained.

Later Katz and Thesleff (1957)

demonstrated that the rate of onset of desensitization
varies according to dose while the rate of recovery remains
constant.

They devised a drug-receptor model to describe

such kinetics (Katz and Thesleff, 1957).
The intensity and time course of desensitization has been
shown to be markedly dependent on species (Axelsson and
Thesleff, 1958).

Freeman (1968) has reported that

tachyphylaxis to repeated neuromuscular block by
succinylcholine is promoted by increased temperature, high
concentrations or prolonged exposure to succinylcholine, and
the raised external concentration of calcium ions.

This

might be consistent with Manthey's (1966) finding that
repolarisation occurs faster in high external calcium
concentrations.
Cookson and Paton (1969) have suggested that the
occurrence of desensitization during block by a depolarising
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contribution by cathodal block to the interference with
transmission, at the same time the desensitization itself
contributes to the block.

They postulate that this is one

possible mechanism to explain dual block or Phase II block.
Manthey has shown that desensitization is accompanied not
only by repolarisation of the postjunctional muscle membrane
but also by a change in the effective resistance of the
membrane. Although the two parameters show similar
variations in time course there is a notable distinction
after a long period of application of depolarising agent.
For despite the fact that the membrane potential has still
not repolarised completely the effective resistance has
returned to control values. Manthey has suggested that the
residual depolarisation may indicate that the desensitization
process is not yet complete and that some part of the
postjunctional membrane is still sensitive to the action of
the agonist.

It could be that tachyphylaxis,

desensitization and a change in characteristic of the block
are all part of the same graded phenomenon. However this
view is not shared by Waud (1968a) who has discussed the
phenomenon of desensitization in terms of receptor theory.
He has suggested that the fast desensitization described
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by Katz and Thesleff (1957) is probably the result of a
different mechanism than that responsible for the slower
desensitization described by Jenden et al. (1954) and
Thesleff (1955a, b)0

It might well be that some forms of

desensitization are not solely receptor phenomenon
(Magazanik and Vyskocil, 1970).

Care must be taken to

define each term since desensitization is not always used in
the context of the Elmquist-Thesleff definition.

Clinical use of decamethonium
Organe, Paton and Zaimis (1949) published the first
results of administration of decamethonium to human subjects.
The initial clinical reports were favourable (Hewer, Lucas,
Prescott and Rowbotham, 1949; Organe, 1949; Holaday, Harvey
and Grob, 1949).

Decamethonium was found to have a shorter

duration of action than tubocurarine and no signs of
histamine release were evident even with patients in whom
tubocurarine had precipitated bronchospasm (Davies and Lewis,
1949).

The suggested use of penta or hexamethonium as an

antidote did not prove successful because of the hypotension
produced (Paton and Zaimis, 1952).

Later it was shown by

Churchill-Davidson and Richardson (1952a, 1953) that
myasthenic patients were extremely resistant to the action
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sensitivity which they exhibit towards competitive blocking
agents. Apart from the clinical significance, this is of
great interest theoretically since these results imply that the
threshold of the myasthenic end-plate is raised to depolarising
drugs. However more recent evidence suggests that the primary
fault in myasthenia is a reduction in the quantal size of
acetylcholine released from the presynaptic nerve terminals
(Elmquist, Hofmann, Kugelberg and Quastel, 1964; Thesleff,1960:.
From 1950 onwards reports appeared of cases of
prolonged apnoea following the administration of depolarising
drugs to apparently normal subjects, which resulted in a
dramatic improvement after the injection of an
anticholinesterase (Ruddel, 1952; Lawson, 1958; Organe,
1956). Using electromyographical techniques it was shown that
a single small dose of either decamethonium or
succinylcholine usually produced an effect which was interpreted
as a depolarising-type of neuromuscular block in the hand
muscle of human patients (Churchill-Davidson and Richardson,
1952b). However the characteristics of the block were
reported to change after prolonged or repeated doses
(Churchill-Davidson and Christie, 1959; Churchill-Davidson,
Christie and Wise, 1960). Later Crul, Long, Brunner and
Coolen (1966) and Freund (1969) claimed that
anticholinesterases were effective antagonists to decamethonium
block only after the second dose. This is in contrast to the
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of the number of doses or the total amount of decamethonium
given to man anticholinesterase drugs were always ineffective
and increased the magnitude of the block.

She concluded

that the antagonism by anticholinesterases seen by ChurchillDavidson during a suxamethonium or decamethonium block could
have been the result of a direct effect of the
anticholinesterase on a proportion of the unblocked fibres.
That such a situation can occur has been clearly demonstrated
by Bowman (1962) in,animal experiments.

Zaimis (1964) also

doubted the validity of Churchill-Davidson's technique of
recording action potentials through surface electrodes applied
over the muscle mass of the abductor digiti minimi.
Zaimis considers that both decamethonium and suxamethonium
are as potent in man as in the cat, and furthermore that
they interrupt neuromuscular transmission by long lasting
depolarisation (Grob, Johns and Harvey, 1956; Foldes, 1960;
Churchill-Davidson and Wise, 1963) even after long application
of the drug.
There have also been many reports on the tachyphylaxis
produced by decamethonium.

Churchill-Davidson et al, (1960)

observed tachyphylaxis in all patients given repeated doses
or prolonged infusion of decamethonium; furthermore after
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always be reversed by anticholinesterases.

This was supported

by Freund (1969) who suggested that decamethonium exhibits
the dual mode of action on the second and subsequent
applications of the drug in man. Although Zaimis (1953)
was able to show a correlation between tachyphylaxis and the
reversibility of the neuromuscular block by
anticholinesterase drugs in several mammalian species she
has disputed the idea of a dual mode of action in man
(Zaimis, 1964).

It is certainly true that when dual block

occurs in animals it is always produced by the first dose.
However it must be realised that the evaluation of the mode
of action of a drug under clinical use is difficult (Unna,
Pelikan, MacFarlane, Cazort, Sandove and Nelson, 1950; Unna
and Pelikan, 1951).

Conditions are not ideal in an

operating theatre to carry out objective experiments. The
results may well depend on the anaesthetic used together with
any pre-operative drugs used. Many general anaesthetics
have been shown to intensify the action of competitive
blocking drugs, the effect of ether being by far the most
powerful (for references see Bowman, 1964).

In contrast the

depolarising blocking agents appear to be less affected by
anaestheticsalthouglether has been shown to antagonise the
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pentobarbitone would appear to potentiate the blocking actions
of both tubocurarine and decamethonium (Kraatz, Gluckman and
Shields, 1953).
The response to a given dose of decamethonium or
tubocurarine will also depend greatly on the temperature of
the muscle concerned (Zaimis, Cannard and Price, 1958) or which
particular muscle is investigated (Paton and Zaimis, 1950).
It must be realised that clinical reports are relevant
solely to the particular surgical conditions described and as
such are valuable, but car,?. must be taken in using such
results to explain the mode of action of a drug. Reports
where recordings of membrane potentials have been carried out
should be of greater value in determining the type of block
than cases where workers have used solely electromechanical _
criteria to describe the paralysis (deJong and Freund, 1967;
Karis, Katz and Gissen, 1968; Freund, 1969).
In more recent years decamethonium returned to favour and
was advocated as a useful muscle relaxant (Fisk, 1961).
Lower dose levels were used and the drug was confined to
operations in which a single dose provides sufficient
relaxation (Enderby, 1959). Hence the difficulties associated
with repeated or prolonged dosage

are avoided..
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severe muscle pains are not encountered post-operatively
(Barry, 1963).

Tachyphylaxis and prolonged apnoea, together

with the uncertainties after continuous or repeated
application about the mode of action are characteristic of
both the clinically used depolarising drugs, decamethonium
and succinylcholine. However since succinylcholine is
hydrolysed by pseudocholinesterases its action is brief and it
is thus used clinically in preference to decamethonium. The
ideal muscle relaxant however for clinical use would be a
short acting curare-like compound but none is yet available.

Summary of mechanisms of neuromuscular block
The mechanisms involved in neuromuscular transmission
present many possibilities for interference with transmission
(for review articles see Zaimis, 1964; Thesleff and Quastel,
1965; Karczmar, 1967; Cookson and Paton, 1969).
Types of neuromuscular block may be divided into two
main categories according to the site of action, either
presynaptic or postsynaptic.

(a) Presynaptic
In 1956 Macintosh, Birks and Gastry suggested that
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transport. This compound has been shown to produce
neuromuscular block, but the onset is slow, by inhibiting the
synthesis of acetylcholine at the nerve endings (Elmquist and
Quastel, 1965).

Other quaternary compounds including

decamethonium have been shown to inhibit choline transport
into red cells (Askari, 1966; Martin, 1969).

Cookson and

Paton (1969) have speculated that this action might explain
the apnoeas which follow abdominal surgery, since major
surgery has been shown to produce a severe fall in plasma
choline (Macintosh, 1963).
In 1940 Masland and Wigton produced evidence that in the
presence of an anticholinesterase a single motor nerve volley
or an injection of acetylcholine would evoke a repetitive
antidromic discharge in the motor nerve. Many examples
of such antidromic discharge in response to quaternary
compounds have since been demonstrated (Standaert and Riker,
1967). Recently the presynaptic depolarisation produced by
these agents has become of great pharmacological interest.
The amount of transmitter released by a nerve impulse is
very sensitive to the presynaptic action potential height and
duration and also to the existing level of presynaptic
membrane potential (Liley, 1956; Katz and Miledi, 1967a, b, c).

- 40 Decamethonium in the cat has been shown to facilitate
neuromuscular transmission at low concentrations both
in vivo (Blaber and Goode, 1968) and in vitro (Blaber, 1970).
In contrast Hubbard, Schmidt and Yokota (1965) have shown
that in the rat acetylcholine causes a reduction in the
transmitter output as judged by the quantal content of
end-plate potentials.

Whether this represents a true species

difference is not yet clear. Consider too the conditions
at the neuromuscular junction following administration of an
anticholinesterase (Blaber and Bowman, 1963) which are vastly
complicated in the light of 'tbe effect of these compounde owr
ik membrane and have been discussed by Cookson and Paton (1969).
This would appear to add weight to the argument that the type
of block should not be judged solely by pharmacological
criteria.

Further work is necessary to show whether the

presynaptic action of depolarising drugs contributes to
fasiculations and the neuromuscular block. (see Galindo, 1971).

(b) Postsynaptic
If one considers postsynaptic block there are two
specific mechanisms by which this may be achieved either by
a change in sensitivity of the end-plate to released
acetylcholine, or by a change in the threshold for
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The first case is

typified by tubocurarine. Electrophysiological studies appear
to substantiate the classical concept that tubocurarine
competes with acetylcholine for specific receptors at the
motor end-plate on a one-to-one basis (Jenkinson, 1960).
Tubocurarine has been shown to cause the end-plate potentials
to vanish without interfering with the excitation of the nerve
terminal (Katz and Miledi, 1965).

It has no effect on the

membrane potential itself (del Castillo and Katz, 1957).
Because of its mode of action it is usually said that
tubocurarine raises the threshold of the motor end-plate to
acetylcholine and that it produces a neuromuscular block by
competition with ACh.

Such a block has definite

pharmacological characteristics which are summarised
in Table I.
Competition with acetylcholine is not the only mechanism
by which a substance can produce neuromuscular block. The
evidence that decamethonium will produce neuromuscular block
in the cat as a result of a persisting depolarisation has
already been discussed.

Burns and Paton (1951) found that

during the block (i) the end-plate region provided a barrier
to the passage of a directly evoked muscle action potential,
(ii) the size of the end-plate potential required to
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curarised muscle, (iii) the end-plate region itself became
less excitable. That such a block can be mimicked by
cathodal stimulation provides a possible explanation for the
mechanism. In invertebrate axons cathodal block is known
to be largely due to an inactivation of the sodium
conductance by the depolarisation (Chandler and Metes, 1966).
The depolarisation will also produce an output of potassium
ions (Paton, 1956) which will contribute to the spread of
depolarisation and hence lead to further sodium inactivation
and thus an increase in the area of inexcitability (Cookson
and Paton, 1969).

It is important to realise that such

electrical excitability does not develop immediately and
only results from depolarisation prolonged for more than a few
seconds. Thus the mechanism of a pure depolarisation block
seems explicable in terms of present day knowledge (Waud,
In the cat where such a block is known to occur
paralysis
can be seen to run roughly parallel with
neuromuscular /

1968b).

the depolarisation (Burns and Paton, 1951), and the block
exhibits the pharmacological characteristics summarised in
Table I.
However, when the characteristics of the block change our
knowledge of the events occurring at the postsynaptic membrane
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defined by their pharmacological characteristics alone. The
fact that many muscles are of mixed fibre types and hence
possibly exhibiting different types of block to the same drug,
does not make experimental work easy. Hence in the light of
present knowledge the nature of the mechanism of desensitisation
and similar or related phenomenon remains obscure. However work
by Flacke and Yeoh (1968) and Rang and Ritter (1969) is of great
interest since they have shown that the affinity of a receptor
for a drug can be modified by other drugs. Hence it would be
interesting to speculate that drugs might modify the receptor and
convert it to a desensitized state (Rang and Ritter, 1970), in
which case desensitization would be a specific receptor phenomenon
as in (a). Alternatively a change in ionic environment might
produce a non-specific neuromuscular block similar to that
produced by local and general anaesthetics. These agents appear
to effect sodium and potassium conductance changes in the
membrane by a general effect on membrane permeability rather than
interaction with the transmitter receptors (Shanes, 1958a, b).

Attempts to localise the site of action of decamethonium
Waser and Luthi (1956, 1957) were able to demonstrate by
whole muscle contact autoradiography that 14C -decamethonium
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It is of interest to

note that no such localisation of carbachol was demonstrated
even though this too is a pharmacological agonist at the
neuromuscular junction (Waser, 1966).

It was shown that

decamethonium became concentrated to an extent of up to 400
times greater than the labelled curarine alkaloids (Waser,
1963a, b).

However it was not until much later that Creese

and Maclagan (1967, 1970) were able to demonstrate that the
bulk of the labelled compound which was found in the
junctional region was actually within the muscle cell,
although as they have pointed out the results do not exclude
some degree of surface adsorption.

Uptake of decamethonium in skeletal muscle
However from 1957 onwards scintillation counting
methods were used with labelled drugs in an attempt to study
the kinetics of uptake of depolarising drugs with a view to
correlating them with pharmacological action (Creese, Taylor
and Tilton, 1957, 1963; Taylor, Creese and Scholes, 1964;
Creese and Taylor, 1967).

Using tritium labelled

decamethonium a large localised uptake was found in the endplate region in rat and guinea pig diaphragms (Taylor, Creese9
Nedergaard and Case, 1965).

The uptake was considerably
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Furthermore on

denervation the uptake at the non junctional regions
increased so that there was a large uptake along the whole
fibre (Creese, Taylor and Case, 1971).

This was of great

interest since it seemed that the increased uptake might be
correlated with the increased pharmacological sensitivity of
denervated muscle (Axelsson and Thesleff, 1959).

Similarly

tubocurarine, a pharmacological antagonist, was also effective
in reducing the uptake of labelled decamethonium.
Nedergaard and Taylor (1966) showed that the uptake of
tritium labelled dimethyltubocurarine was small and could be
accounted for by the extracellular space in contrast to the
uptake of decamethonium which increased steadily with time.
They suggested that agonists like decamethonium, were taken
up by the muscle fibres whereas the competitive neuromuscular
blocking drugs acted extracellularly. However to date no
localised entry has been demonstrated for carbachol or
acetylcholine.

It may be that the monoquaternary

compounds do not become bound on entry as appears tqbe the case
for dacamethonium and iodocholinium.

Uptake of decamethonium in other tissues
Decamethonium is taken up in many parts of the body
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However the uptake is usually small in

those tissues where the drug is pharmacologically inactive
(Creese et al., 1957), although large uptake values for
decamethonium have been demonstrated in tissues such as brain
(Lu, Gosling and Taylor, 1968) and liver (Christensen, 1969).
Nevertheless the kinetics of the movement of labelled
depolarising drugs in brain (Creese and Taylor, 1967) and
liver (Christensen, 1970) have been shown to be very
There is no
dissimilar to those found in skeletal muscle.
initial increase in the uptake (ml g-1) with increasing
concentration as in the case of depolarised rat muscle
(Creese and England, 1970).
In both rat brain and mouse
-1
liver the uptake (ml g ) progressively decreases as the
concentration of depolarising drug is raised.
of entry in these tissues is not clear.

The significance

Lu and Gosling (1970)

have provided evidence that the uptake of decamethonium in rat
brain slices might be restricted to the glial cells.

It is

surprising that in the liver a saturable decamethonium uptake
has not been demonstrated in any rrtnrnalian species other than the
mouse (Christensen, 1969).

Furthermore decamethonium is not

metabolised in mouse liver or that of any other species. It
would seem that in the mouse a carrier system is available in
the liver for certain organic cations which also has a high
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Saturable uptake phenomenon
It is characteristic of agonists that response is
dependent upon concentration and that tissues cannot produce
infinite responses.

If uptake is related to pharmacological

action it would be expected to be concentration dependent and
saturable.

Saturation kinetics have for example been

demonstrated for labelled curarine and toxiferine in skeletal
muscle (Waser, 1966) and atropine in smooth muscle (Paton and
Rang, 1965).

As a result Waser's (1966) work which showed

no evidence of a saturation phenomenon with decamethonium
led Waud (1968a) to doubt the importance of the uptake.
However in 1969 Creese, Lu and Taylor in a brief report stated
that decamethonium uptake, when measured as a clearance, was
saturable at low concentrations in denervated guinea pig
diaphragm.

Furthermore the concentration sensitive portion

of the uptake was inhibited by tubocurarine. The results
also indicated that the pharmacological receptors and the
uptake mechanism had a similar affinity for the antagonist.
Later a saturable uptake at the end-plate region was
demonstrated in depolarised rat diaphragm (Creese and England,
1970).
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has been studied in vitro to determine whether a saturable
uptake could be demonstrated in the end-plate region of normal
rat diaphragm and whether the relationship between uptake and
concentration correlates with the pharmacological dose-response
curve for depolarization, as measured by the meniscus method.
It was also thought desirable to demonstrate by autoradiography
that decamethonium enters muscle in vitro, and the kinetics of
entry have been further explored by application of the drug
by perfusion in vitro.

Finally it was hoped to compare the
the
affinity of tubocurarine for/pharmacological receptors and for
the transport mechanism, in an endeavour to distinguish

whether there are one or two sets of receptors for the
interaction of decamethonium and tubocurarine.
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CHAPTER II
METHODS

Physiological saline
Modified Krebs saline was used (Krebs and Henseleit, 1932;
Creese and Northover, 1961), as shown in Table 2.

Rat diaphragm preparation
All the rats used in these studies were male albino Wistar
rats
/weighing 85-125 gms.
The rats were stunned, decapitated, the
thorax opened and the left anterior strip of the diaphragm
dissected by two parallel cuts through the rib and tendon.
A cotton thread was passed through the rib and a hole made in
the tendon through which the platinum hook of the glass holder
was passed (see Creese, 1968, Fig, 1).

The diaphragm strip,

together with its holder, was then removed and transferred to a
10 ml, glass tube containing physiological saline. A clip
weighing approximately 4 gm was attached to the cotton thread
to hold the muscle upright in the saline.
The time from decapitation to immersion was about 90 sec
so that the preparation could be set up within a short time of
the cessation of circulation. Aeration (95% oxygen, 5% carbon
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TABLE 2

(a) Modified Krebs solution
Compound

Concentration
of solution

Quantity taken

4.5 %

20.0 ml.

NaC1
H2O

80.75 ml.

NaHCO3
KC1

1.3 %
1.15%

4.25 ml.

CaC12.2H20 (dried) 70%
MgSO4.7H20

1.2 %

3.0 ml.

3.82%

1.0 ml.

NaH2PO4.2H20
Glucose

21.0 ml.

0.024 g
0.260 g
Total

130

ml.

(b) Ion concentration in modified Krebs solution
Cation
Na+
K+

Ca++
Mg++

Concentration
(mM)
145

Anion
Cl-

Concentration
(mM)
125

5

HCO3

1.3

H24
PO-

1.2

1.2

SO4-

1.2

25

- 51 dioxide) was effected by means of polythene tubing, with a
fluted glass plug, which was attached to the glass holder so
as to give a fine spray of gas from beneath the muscle. This
method was first described by Creese and Northover in 1961 and
has the advantage of preventing deterioration and permitting
good oxygenation.
The glass tubes were suspended in a plastic water bath
(Perspex) containing a heater and a thermostat (Fig. I).
The temperature was maintained at 38°C.

Perfused rat diaphragm
The method is similar to that described by Gibberd
(1966).

The rats (100 gm) were stunned and decapitated.

The entire diaphragm, complete with the left phrenic nerve
(if required), the thoracic inferior vena cava and hepatic
vein intact was transferred into cold physiological saline
gassed with 95% oxygen and 5% carbon dioxide. The thoracic
aspect of the diaphragm was cleared and the thoracic inferior
vena cava cannulated with polythene tubing. The abdominal
inferior cava was then tied below the diaphragm and the liver
dissected to leave the tied stump of the vein. The entire
diaphragm was then attached to a holder (Fig. 2) and
transferred to the perfusion chamber which was kept moist
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Fig. 1. Photograph of the constant temperature water bath
used for uptake studies on the immersed diaphragm.
It contains a heater, thermostat and thermometer.
The muscle holders, connected to a gas cylinder
(not shown), can be seen in the tubes on the left
of the bath and the washout tubes are on the right.
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Fig. 2. Schematic diagram to show the muscle holder and
perfusion chamber used for the perfusion of the

entire rat diaphragm in vitro.

The three-way

tap illustrated enabled the muscle to be
perfused from one of two reservoirs.
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- 55 by a thin layer of physiological saline at the bottom, and
gassed with a 95% oxygen, 5% carbon dioxide mixture, The
temperature of the chamber which consisted of a jacketed
250 ml. bath (covered with Parafilm) was maintained at 38°C.
The cannulated inferior vena cava was attached to a
three-way tap by means of a hypodermic needle. The diaphragm
could then be perfused, with the aid of a pump (Watson-Marlow
flow inducer), from one of two jacketed baths (Fig. 3).
Hence the perfusion fluid could be quickly changed if
required. The time taken for the second solution to
arrive after switching over from the first was measured at a
known flow rate and thus the dead space was found to be
0.31 ml. volume.

The solutions for perfusion were

aerated in their respective reservoir baths and passed through
a jacketed coil before entering the muscle via the cannula.

Denervation of guinea pig diaphragm
Denervation of the left hemidiaphragm of the guinea pig
was carried out under ether anaesthesia with weanling
animals weighing 100-140 gm.

Two lengths of cotton thread

were passed through the ribs, approximately 15 mm apart.
An incision was then made between the 4th and the 5th rib
so that a hook could be inserted into the thorax. The left

Fig. 3. Photograph showing the water bath, jacketed
reservoirs and jacketed cells, together with the
perfusion chamber used for the perfusion of the
The roller pump (Watsonentire rat diaphragm.
Marlow flow inducer) enabled the perfusion fluid
The
flow-rate to be accurately controlled.
contents of either reservoir could be perfused by
the use of a three-way tap.
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phrenic nerve was then pulled towards the incision in the
chest wall, the nerve cut, and the threads tied to seal the
thorax. The denervated muscles were used 8-10 days later,
in the manner described above.

Slicing of frozen muscle
After the diaphragm strips had been exposed to
tritiated decamethonium the muscles were laid on thin brass
plates cooled on a block of solid carbon dioxide.
Condensation was prevented by means of a plastic transparent
cover and the end-plate region could then be identified in
the frozen unstained muscle as an irregular white line
(England, 1970).

The diaphragms were sliced transversely

at 1 mm intervals, parallel to the white line, and hence one
of the strips contained the majority of the end-plates.
Each strip was then weighed, dissolved and counted by
scintillation methods (see below).

Depolarisation measurements - meniscus method
The method of extracellular recording used was
described by Lu (1970) and resembled that used by Fatt (1950)
and Jenkinson (1960).

The muscle preparation was set up in

a constant temperature organ bath (200 ml.).

Two calomel

- 58 electrodes were used which were contained in thin glass tubes
partially filled with physiological saline and agar (2% w/v).
The wool wick at the end of one of the electrodes was allowed
to come into contact with the central tendon of the diaphragm
to serve as an indifferent electrode. The other electrode
was kept in contact with the solution in the organ bath to
serve as a scanning electrode as the fluid level moved up and
down (Fig. 4). Movement of the bath fluid was mediated by
means of a plunger connected to a synchronised motor
(3 rev/min), and was arranged such that the meniscus swept
over the length of the muscle. The electrodes were
connected to a pen recorder (Sanborn) by means of an
amplifier (Sanborn pH amplifier model 350-3600). Circuit
diagrams are illustrated in Figs. 5(a) and (b).

Strain gauge recordings
For the recording of isometric muscle contractions a
strain gauge (Statham micro-scale, model UL5, and a Statham
transducing cell, model UC3) was attached to a pen recorder
(Devices single-channel). The diaphragms were attached to
the strain gauge by a thin length of platinum wire (0.4 gm).
After setting up the preparation at least half an hour was
allowed before application of a drug, to ensure that the
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Fig. 4.

Apparatus used for the recording of end-plate
potentials of muscles. Movement of the plunger
caused the fluid level to move up and down over
the surface of the diaphragm such that the
electrode E2 was a scanning electrode and electrode
E1 was the indifferent electrode (in contact with
the tendon). The tubes for aerating the
physiological saline have not been illustrated.
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Fig. 5(a). Simple circuit diagram for the calomel
electrodes E1 and E2 illustrated in Fig. 4.
The electrodes were connected to a pen recorder
(Sanborn) by means of an amplifier (Sanborn pH
amplifier model 350-3600) which had an input
impedance of 108 ohms. The switch-box enabled a
a calibrator to be incorporated into the circuit,
which could produce a voltage of known value.
If the connections A and C are closed the
electrodes can be used for recording.

If B is

closed the output from the calibrator is fed
directly into the amplifier while closing A and
D will cause the signal from the calibrator to
pass via the electrodes before reaching the
amplifier. A more detailed circuit is
illustrated in Fig. 5(b).

Fig. 5(b). This illustrates the actual circuit diagram for
the switch-box shown in Fig. 5(a) which
contained twodOUble-pole, double-throw switches.
Positions 1 and 3: record with electrodes.
Positions 2 and 3: Calibrator signal feeds
directly into aplifier. Positions 1 and 4:
Calibrator signal recorded via electrodes.
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- 64 resting tension was stable,

The resting tension of the

muscle was measured at the end of each experiment by cutting
the tendon.

Analysis of muscle tissue
In order to minimise contamination as far as possible, all
the glassware used in these analyses was thoroughly rinsed
in de-ionised water, and the glass tubes and cups of the flame
photometer were boiled in de-ionised water. The handling of
the glassware was also carried out by means of forceps.

(1)Water content
After experimentation the tendon and rib was removed
from the muscle and a standardised technique was used by which
the muscles were quickly but firmly wiped on a dry tile to
remove saline adhering to the outside of the tissue. The
muscle (30-60 mg) was then placed in a Pyrex glass tube
(12 ml.) for weighing.

The loss in weight after overnight

heating in an oven at 105°C gave the water content of the
muscle.

(2)Sodium and Potassium content
The muscles were dissolved by adding 0.1 ml. conc.

- 65 nitric acid plus 0.1 ml. water (de-ionised) to the pyrex
tubes which were heated in a water bath for 1 hour. AboUt
5 ml. water was then added and the tube heated for a further
hour. The contents were later diluted to 25 ml. in a
graduated flask to give a solution suitable for analysis.
Sodium and potassium ions were estimated quartitatively
by means of an EEL flame photometer against sodium and
potassium standards respectively. Measurements were made in
duplicate and the results were expressed in the first
instance as µ equivalents/litre in the solution. The sodium
and potassium standards were made up fresh for each
experiment after drying the appropriate salts in an oven
overnight at 105°C. Blank values were also estimated using
exactly similar experimental procedures as for the muscle
samples. These blank values were then subtracted from the
values obtained for the tubes containing the muscle solutions
Control estimations showed that no corrections were
necessary to allow for interference between the two ions
since this was negligible in the range of concentrations
which were used.

(3) Mannitol space
The mannitol space was measured in diaphragms perfused

- 66 or soaked in physiological saline containing labelled mannitol
and carrier mannitol such that the final mixture contained
glucose 100 mg/100 ml, and mannitol 100 mg/100 ml.

After

equilibration for 1 hour the muscles were removed, weighed
and transferred to polyethylene vials containing 0.5 ml.
1N,KOH in methanol.

The vials were then heated in an

incubator, and after the addition of scintillation mixture
they were counted by liquid scintillation.

Liquid scintillation counting
After slicing the frozen muscles, the samples were
prepared for liquid scintillation counting as described by
Creese and Taylor (1967).

The strips of frozen muscle were

weighed (1-5 mg) and transferred to polyethylene vials
containing 0,5 ml. of 1N.KOH in methanol.

The vials were

placed for 60 min in a shaking incubator at 70°C, which
caused the tissue to disintegrate and on cooling 18 mi, of
scintillation mixture was added.
The vials were counted by liquid scintillation at 6°C in
a Packard 3000 Series Tri-Carb Liquid Scintillation
Spectrometer.

The background was approximately 20 counts per

minute and the efficiency was 27.1% when estimated by a
standard containing tritiated n-Hexadecane. The quenching

- 67 produced by 6 mg of muscle tissue was less than 1% and the
counting rate was proportional to the radioactivity added to
the vials.

Autoradiography
Freezing of tissue for autoradiograms
After immersion the diaphragm was quickly removed from
its holder and a small square piece of muscle cut out.

This

was then placed on a cork disc, supported on either side with
a piece of fresh liver (1-2 mm thick) so that the fibres were
orientated in a transverse direction.

The liver, together

with the enclosed diaphragm was then rapidly frozen in
isopentane, cooled in liquid nitrogen (temperature between
-140°C and -160°C).

The frozen tissue was then transferred

to a cryostat (Bright & Co. Ltd.) installed in a dark-room.

Preparation of autoradiograms
The method was as described by Creese and Maclagan (1970).
Since all the processing of the muscles took place at low
temperature the movement of the water soluble decamethonium
was avoided.

Test sections (5 4 thick) were cut in the

cryostat at -20 to -30°C, in full light; they were picked
up on glass slides at room temperature and stained for

- 68 cholinesterase by the rapid azo-dye method (Barka and
Anderson, 1963).

On reaching the end-plate region subsequent

sections were cut under a red-spot safe-light (Kodak Wratten
Series 2), mounted 12 ft from the cryostat knife.

Each

section was picked up on an emulsion-coated slide (Ilford G.5)
which had been stored at -12 to -15°C in light-proof boxes.
In addition a control section, from a muscle treated with
unlabelled decamethonium, was also picked up on the slide which
contained the radioactive section.

The cold slide was then

quickly transferred to a cooled light-proof box and stored in
aCryostat at -25°C.
After 2-7 days exposure the slides were warmed slowly to
room temperature (3 hr) in the dark, and fixed
histologically in 5% neutralised formaldehyde (Pearse, 1953)
for 5 minutes.

After several washes in distilled water the

emulsion was developed in Kodak D-19 at 16°C for 5 min and
fixed in Johnson's Fixsol (diluted 1:6 with distilled water)
for 30 min at 16°C. The end-plates were then stained as for
the test section, dehydrated in ethanol, and mounted in
Canada balsam.

Phgtography
The completed autoradiograms were photographed by means

- 69 of a microscope (Ortholux E. Leitz & Co. Wetzlar) fitted with
an automatic camera. The slides were viewed with transmitted
light which was provided by the Ultropak system (Leitz), at a
magnification of 220 or 750.

Estimation of grain density in autoradioqrams
Visual grain counting was carried out at a
magnification of 1050 with the use of an eyepiece graticule,
which was composed of squares 5.0 µ x 5.0 µ at this
magnification. The grain density of each individual cell in
transverse section was estimated by counting four such squares
situated in the centre of the cell to give the number of
grains per 100 µ2.

Radioactive compounds
(3H-methyl) Decamethonium dichloride (mol. wt 329) was
obtained from the Radiochemical Centre, Amersham, with a
specific activity of 1.1 c/m.mole.

The compound was

analysed at Amersham by thin layer chromatography on alumina
in chloroform-methanol (80:20 v/v) and the radiochemical
purity was greater than 98%.
Tritiated d-Mannitol (mol. wt. 182) was also obtained
from the Radiochemical Centre, Amersham where it was

- 70 prepared by the reduction of d-mannose with sodium
borotritide and purified by ion-exchange chromatography.
Analysis by paper chromatography, at Amersham, showed that the
radiochemical purity was greater than 98%.

The specific

activity was 0.5 c/m.mole.
In order to determine the efficiency of the
scintillation counting tritiated n-hexadecane (Radiochemical
Centre) was used.

The activity per gram of the material

was known after comparison against a preparation of the same
nuclide which had been standardised at the National Bureau
of Standards, Washington, U.S.A.

Drugs used
The following drugs were used: decamethonium dibromide
(Syncurine, Burroughs Wellcome & Co., U.S.A.) mol. wt. 419;
d-tubocurarine dichloride pentahydrate (Burroughs Wellcome,
London) mol. wt. 786; d(+)-mannitol (Hopkin & Williams Ltd.,
Chadwell Heath, Essex) mol. wt. 182.

- 71 CHAPTER III
UpTAKE pFjaWAMETHONIUK AND DOSE-RESPQNSE
CURVE FOR DEPOLARISATION

It is characteristic of pharmacological action that the
effect increases with concentration and reaches a maximum.
If the entry of labelled decamethonium (Creese and Maclagan,
1970) at the motor end-plate is related to its action then
the uptake of decamethonium will also be in some way
dependent on the. concentration.

Waser (1966) was unable to

demonstrate a saturable component of uptake which could be
related to the pharmacological response.

However, in 1970,

Creese and England were able to demonstrate a concentration
dependent uptake at the end-plate region with labelled
decamethonium in depolarised muscle.

In order to understand

more fully the significance of these results it was decided
to investigate the depolarisation produced by decamethonium
in normal rat muscle in conjunction with a study of the
movement of the labelled agonist.

RESULTS
Uptake of decamethonium at the end-plate
The 'histrogram in Fig. 6(h) represents the uptake of
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Fig. 6. Uptake (ml.g-1) of labelled decamethonium in
diaphragm of rat (1 hr) with various concentrations,
and washout in inactive saline for 10 min. The
arrows indicate the slice of muscle which
contained the line of end-plates (see text).
(a) Uptake with 001 µM decamethonium, (b) uptake
with 10 µM, (c) uptake with 3 mM.

The peak is

much larger at 10 µM than at the low concentration
where the peak is small.

Similarly the peak is

much reduced at high concentrations of decamethonium.
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- 74 decamethonium in a rat diaphragm immersed in physiological
saline.

The muscle was soaked for 1 hr in the presence of

labelled decamethonium (10 µM) and then passed for 10 min
through tubes of inactive saline. The uptake is expressed
as a clearance, being ml.g-1 or (radioactivity per mg muscle)/
(radioactivity per ml. physiological saline).

Fig. 6(b)

shows the distribution of radioactivity along the muscle from
tendon to rib, and the arrow indicates the slice which
contained the line of end-plates, as shown by the white line
which is seen when the muscle was frozen before being sectioned.
The maximum radioactivity was at the end-plate, with a smaller
uptake at the end of the fibre.

This effect is similar to

that described by Taylor et al. (1965) and Creese and
England (1970).

Effect of time
In order to evaluate the effect of time on the uptake of
decamethonium in the immersed rat diaphragm, muscles were
soaked for various times in labelled decamethonium, washed for
10 min in inactive saline and then frozen, sectioned and
-1
Fig. 7 shows the peak uptake in ml.gm plotted
analysed.
against time for a concentration of 100 µM, while the
interrupted line shows the results obtained with 3 µM
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Fig. 7.

Uptake of labelled decamethonium at the end-plate
region in immersed rat diaphragm with a concentration
of 100 11M (squares) and 3 µM (circles) followed by a
washout in inactive saline for 10 min.

Each point

represents the mean of at least four muscles and the
limits give -1: sd.
The rate of uptake (mlog-1hr-1)
is greater at the larger concentration.
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- 77 decamethonium.

Each point is the mean of (at least)

4 muscles and the limits are the standard deviation. The
uptake appears to increase linearly with time, and the values
at 3 pi are smaller than those at 100 µM.

Effect of concentration
Fig. 6(b) shows the uptake in ml.gm-1 after immersion in
10 µM decamethonium for 1 hour followed by a 10 min wash in
inactive saline.

If lower concentrations of decamethonium

are used however the characteristic peak at the end-plate
region is small or absent (Fig. 6a).

Results obtained with

concentrations of decamethonium from 0.01 4M to 10 mM are
summarised in Fig. 8. The peak uptake minus that at the
end of the muscle is plotted against concentration, which
for convenience is shown on a logarithmic scale.

Each point

represents the mean of (at least) four determinations and the
limits give the standard deviation.

In most experiments

concentrations of decamethonium above 1 µM were achieved by
the addition of unlabelled compound.
are shown in Table 3.

The individual results

The uptake at the end of the fibres

has been determined by taking the mean value of the four
outermost strips, two at the tendon end of the fibres and two
at the rib end.

- 78 TABLE 3. Uptake of labelled decamethonium in end-plate
region of rat diaphragm at various concentrations

0.01

NONE
NONE
0.211
NONE

UPTAKE mi. g-ihr-1
Concentration
End
-sensitive
portion
NONE
0.200
NONE
0,150
0.059
0.152
NONE
0.180

0.1

0.245
0.239
0.244
0.226
0.203

0.190
0.145
0.176
0.166
0.167

0.055
0.094
0.068
0.060
0.036

0,063
(5)

1.0

0.330
0.365
0.202
0.322
0.293

0.210
0.202
0.148
0.183
0.175

0.120
0.163
0.054
0.139
0.118

0.119
(5)

2.0

0.428
0.477
0.513
0.394
0.473

0.153
0.207
0.248
0.203
0.198

0.275
0.270
0.265
0.191
0.275

0,255
(5)

3.0

0,667
0.648
0.614
0.556
0.604
0.693

0.178
0.211
0.192
0.208
0.229
0.204

0.489
0.437
0.422
0.348
0.375
0.489

0.427
(6)

4.0

0.770
0,622
0.779
0.548

0.175
0.214
0.227
0.178

0.595
0.408
0.552
0.370

0.481
(4)

10.0

00960
0.690
0.875
0.978
0.750

0.210
0.260
0.209
0.210
0.187

0.750
0.430
0.666
0.768
0.563

0,635
(5)

Concentration
decamethonium
IIM

Peak

Mean
0.015
(4)

- 79 TABLE 3 (continued)
Concentration
decamethonium
mM

Peak

0.1

0.869
0.673
0.985
0.800
0,665
0.900
0.621

UPTAKEral. q7?-hr-1
Concentration
End
- sensitive
portion
0.208
0.661
0.159
0.514
0.180
0.805
0.169
0.631
0.127
00538
0.710
00190
0.156
0.465

1.0

0.766
0.596
0.651
0.442

0.139
0.129
0.153
0.146

0.627
0.467
0.498
0.296

0.472
(4)

3.0

0.413
0.354
0.356
0.434

0.124
0.139
0.147
0,150

0.289
0.215
0.209
0,284

0.249
(4)

10.0

0.156
0,137
0.172
0.155

0,131
0.113
0.109
0.125

0.025
0.024
0.063
0.030

0.036
(4)

Mean

0.618
(7)

-1 hr-1
The uptake in ml.g'
is shown for each individual muscle
at various concentrations of decamethonium.

The uptake at

the ends of the fibres is subtracted from that at the end-plate
region to give the concentration-sensitive component.

The

figure in parentheses indicates the number of determinations.
The mean values are plotted in rig. 8.

- 80 At low concentrations there is practically no end-plate
uptake (as compared with the uptake at the end of the fibre)
but as the concentration is increased a peak appears in the
end-plate region which increases with concentration to reach
an apparent plateau at approximately 10 4M.

In Fig. 8 the

arrow shows the concentration of decamethonium which
produces half the maximal depolarisation (see below), so that
the increase in the peak uptake occurs in a similar range of
concentration to that associated with pharmacological response.
Between 10 RM and 100 laM there appears to be no change in the
uptake when expressed as ml.gm-1 but beyond 100 11M there is a
fall in the uptake.

This is illustrated in Fig. 6(c) which

shows the effect of 3 mM decamethonium. At a concentration
of 10 mM the peak uptake is largely suppressed (Fig. 8).

Uptake in denervated guinea pig diaphragm
Similar results to those obtained in rat diaphragm
(Fig. 8) can also be demonstrated in the denervated diaphragm
of the guinea pig. Weanling animals were used on the 7-10th
day after denervation.

The left hemidiaphragm was quickly

dissected out and transferred into cold physiological saline
gassed with 95% oxygen and 5% carbon dioxide.

The

hemidiaphragm was then divided into four by three

- 81. Fig.

8.

Effect of concentration on uptake of
decamethonium in the immersed rat diaphragm (1 hr),
with washout for 10 min in inactive saline.
Ordinate shows uptake at the end-plate region
(ml.g-1) minus that at the end of the fibre (see
text).

Each point gives the mean of at least

four muscles (see Table 3).

The uptake is

maximal at concentrations between 10-100 4M, while
at low concentrations the end-plate uptake is
negligible. At high concentrations saturation
occurs and the uptake is reduced. Abscissa
gives concentration on a log scale. Limits
show - sd. The arrow shows the concentration of
decamethonium required to produce half the maximal
end-plate depolarisation.
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- 83 longitudinal cuts from rib to tendon with a razor blade.
Each strip was then mounted on a glass holder (see above).
After equilibration in physiological saline the muscles were
immersed for 1 hr in the presence of labelled decamethonium of
various concentrations and then passed for ten minutes through
tubes of inactive saline in the usual manner. The rib and
tendon was then removed and the muscle divided into two
pieces weighing approx. 5-10 mgm.

Each piece was then

weighed and transferred to vials which contained 0.5m1.N-KOH
in methanol and treated in the normal manner (see above).
In denervated guinea pig diaphragm the uptake of labelled
decamethonium is comparatively large, and similar values are
found all along the fibre from rib to tendon (Taylor et al.,
Fig. 9 shows the uptake,
1965; Creese et al., 1971).
-1 hr--1 obtained at various concentrations
expressed in ml.g
of decamethonium. The uptake at low concentrations is
comparatively small and rises with concentration to reach a
plateau at approximately 1 µM.

The concentration which

produces half the increase in the uptake is 0.25 µM, and this
value is lower than that found for rat muscle.

Depolarisation in ra.t diaphragm

The depolarisation produced by decametbgaium at the end-plate
region'

84 -

Fig. 9.

Effect of concentration on uptake of
decamethonium (1 hr) in denervated guinea pig
diaphragm with washout for 10 min in inactive
saline.
Ordinate shows the uptake (mlog-1)
expressed as a percentage of the value obtained
for 1.0 µM decamethonium in the same batch.
The equivalent uptake in ml.g-1 is also shown.
The uptake is maximal at concentrations between
1-100 µM while at low concentration the uptake is
reduced.

Saturation is evident at high

concentrations. Abscissa gives concentrations on
a log scale.

Limits show SEA

The number of

muscles for each point are shown in parentheses.
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- 86 was measured in the rat diaphragm so that a comparison could
be made of the dose-response relationship and the uptake of
labelled decamethonium.

The meniscus method with external

electrodes was used to record depolarisation at the end-plate
region (Chapter II),

The anterior portion of the diaphragm

was dissected out and transferred to cold physiological
saline gassed with 95% oxygen and 5% carbon dioxide (60 sec or
less).

The rib was trimmed as close to the muscle as possible

and secured to the glass tubing which formed the indifferent
electrode.

The electrode was then positioned in the organ

bath and the muscle held vertically by two threads passed
through the tendon; approximately 4 g of tension was applied
to all preparations.

The wool wick of the recording

electrode was then placed in contact with the tendon (see
Fig. 4 above).

By means of a motor and a plunger the level cf

saline in the bath was moved up and down three times each
minute, and the potentials were amplified and recorded by a
pen-writer.
The preparation was allowed 30 min to equilibrate before
commencing an assay.

In all experiments a control period of

2 min was allowed before the addition of the drug.
Decamethonium solutions (made up in 0.9% sodium chloride
solution) were added from a pipette (1 ml.) to produce the

- 87 required concentration. The depolarisation produced was
recorded for 34 min, a period which had been found to be
sufficient for the full response to occur at all the
concentrations used. The motor was then stopped and the bath
washed twice with physiological saline at 38°C. After an
interval of 20 min the next dose was added.
Fig. 10(a) illustrates a control run and the effect of
adding normal saline to the bath.

Fig. 10(b) shows the

effect produced by 2.5 µM decamethonium and in Fig. 10(c) the
muscle was immersed in saline containing tubocurarine
(0.4 µM) and decamethonium added to produce a concentration
of 27 µM (Chapter IV).

The effect of a large dose of

decamethonium (100 µM) is shown in Fig. 10(d).

In Fig. 10

an upward deflexion is equivalent to a negative change in
potential, i.e. a depolarisation with respect to the tendon,
In the presence of decamethonium upward deflexions are
produced when the meniscus moves up and down over the
end-plate region so that there is a biphasic response to each
cycle of fluid movement.

There was usually a small

deflexion in the absence of drug and the different forms
are illustrated.

In Fig. 10(a) there is a small apparent

hyperpolarisation (downward deflexion) while in Fig. 10(b)
there is a small initial depolarisation.

The difference

- 88 _

Fig. 10, Records of measurement of potentials recorded from end-plate
rat diaphragm with external electrodes in vitro
(a) effect of normal saline, (b) effect of 2.5 µM
decamethonium, (c) effect of 27.0 µM decamethonium
in the presence of 0.4 µM d-tubocurarine, (d) effect
of 100 µM decamethonium (maximal). Arrows indicate
time of application of the drug or control saline
(in 1 ml volume).

An upward deflection

corresponds to a depolarisation which in the
presence of decamethonium is evident as the fluid
passes over the end-plate region.

The paired

deflections correspond to a cycle of the fluid
meniscus as it traverses the end-plate region, first
down (initial deflection) and then up again (second
deflection).

Prior to the addition of control

saline or decamethonium there is usually a small
deflection which may be equivalent to a
depolarisation (Fig. 10b) or an apparent
hyperpolarisation (Fig. 10a).
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- 90 between the maximal effect produced by the decamethonium and
the initial deflexion (at the same stage of the cycle) was
measured and expressed as mV.
From Fig. 10 it can be seen that the deflexions in the
absence of decamethonium are small, and this was only
achieved if care was taken to cut the slip of diaphragm
during the dissection with sharp scissors in a direction
parallel to the fibres in such a manner that minimal damage was
done to the muscle.

In early attempts a large deflexion

was seen when the meniscus moved over the muscle, in some
cases equivalent to a depolarisation of 6 mV or more. This
was presumably an injury potential produced by damage to the
fibres, and in practice a muscle was only accepted if the
initial deflexion was below 1 mV, the majority being below
0.5 mV.
With small doses of decamethonium it was found that the
depolarisation response slowly reached a plateau which
remained steady during the experimental period, In order
to estimate the maximal response of the tissue a large dose of
decamethonium was applied at the end of each experiment.
Fig. 10(d) demonstrates the effect produced by a
concentration of 100 tIM decamethonium.

With large

concentrations the response rose rapidly to a peak which

-91 quickly waned, Only the peaks were used to estimate the
percentage response to a known concentration of decamethonium.
In order to avoid tissue deterioration concentrations of
decamethonium which produced a 60% response or less were used,
except for the final application of the drug. Although some
drift in the end-plate response to decamethonium was evident
it was usually small and no corrections were made. Fig. 11
shows two dose-response curves for the rat diaphragm with
three sub-maximal concentrations of decamethonium, each point
is the mean of two determinations and from each graph the
median effective dose (M.E.D.) can be estimated.

Table 4

shows the results of dose-response determinations in eight
muscles. The points for each muscle were then plotted on a
graph of probits against log concentration (as in Fig. 11),
The mean M.E.D. was 4.7 11M -t- 0.83 (s.d. of 8).
Fig. 12 illustrates an experiment designed to illustrate
desensitization of the depolarisation response obtained with
decamethonium. A concentration of 100 11M was applied and
allowed to stay in contact for 20 minutes. The drug
was then washed out with fresh physiological saline and
the meniscus movement allowed to continue. When the
localised depolarisation in the end-plate region had
waned, which took about ten minutes, a second concentration
of 100 11M decamethonium was applied which
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Fig. 11. End-plate potentials measured at various
concentrations of decamethonium in rat diaphargm.
For assay procedure see text.

The ordinate

represents the probit of the percentage response.
The maximal depolarisation was recorded at the end
of the assay with a concentration of 100 pM.
Each point represents the mean of two
determinations.

(a) and (b) are the results from

two separate muscles.

Individual values are

shown in Table 4. Abscissa gives concentration
on a log scale.
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- 95 TABLE 4. Depolarisation measurements in rat diaphragm at
various concentrations of decamethonium

Muscle

1

Concentration
Decamethonium 11M
2.0 2.5 3.0 4.0 100
0.7

2

009
0.8 1.7
1.0 1.7

3.0

1.0 1.3
0.7 1.3

2.8

1.2 1.9
1.3 1.7

3.7

3

0.5
0.9

4

0.8 1,2
0,8 1.0

4,2

5

0.5
0.7

1.7 4.2
1.5

6

0.7
0.6

1.9
2.0

5.0

7

1.3
1.3

1.7
2.1

5.2

1.1 1,5
1.0 1.2

3.1

8

0,6
0,7

Each individual measurement is tabulated in mV for various
concentrations of decamethonium.

The points for each muscle

were then plotted on a graph of probits against log
concentration to determine the MED for each muscle separately,
as in Fig. 11.

The mean MED was found to be

4,7 11M - 0.83 (s.d. of 8).
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±Is.12.

Rat diaphragms

Effect of prolonged application

of 100 pl decamethonium on potentials recorded from the
produced by a second dose of 100 11M
decamethonium. Arrows indicate time of
application of drug.

First application left in

contact with muscle for twenty minutes followed
by a washout (w).

Second application of 100 IJM

decamethonium applied ten minutes later when
localised end-plate depolarisation could no longer
be seen.

Reduced response noted.

Muscle was

washed (w) and third dose of 100 la decamethonium
applied approx. twenty minutes later which produced
a depolarisation response similar to the first
dose.

Time is represented in minutes from the

first application of decamethonium.
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- 98 produced a noticeably reduced depolarisation compared with the
initial, dose.

The drug was then washed out twice and twenty

minutes allowed to pass before the addition of another dose
of the drug. A third application of 100 µM decamethonium
was then applied which produced a response similar to the
initial dose.

Similar results were also obtained with a

concentration of 10 µM decamethonium.

DISCUSSION
Uptake at end-plate region
The localisation of the uptake of decamethonium at the
end-plate region in both this study (Fig. 6) and previously
(Taylor et al., 1965) is of great interest.

The area of

sensitivity of muscle fibres to depolarising drugs has been
measured by Miledi (1962).

The pharmacological effects were

found to be maximal at the end-plate and extend for 0.5 mm
or more along the fibre.

This corresponds well with the

distribution of decamethonium found inside muscle fibres by
autoradiographic techniques (Creese and Maclagan, 1970).

Uptake with time
The large linear uptake of decamethonium over a period of
many hours has previously been demonstrated in both guinea

-99 pig and rat muscle (Nedergaard and Taylor, 1966; Creese and
England, 1970) and also in denervated guinea pig muscle
(Creese, Lu and Taylor, 1969).

A similar uptake has also been

demonstrated for iodocholinium, another di-quaternary compound,
where the uptake in guinea pig diaphragm increased steadily
with time with no evidence of equilibration (Creese, Taylor
The
and Tilton, 1963; Taylor, Creese and Scholes, 1964).
-1 which
uptake, as in this study, was expressed in ml g

-1

represents a clearance, and since the value exceeded 5,0 ml g
the drug was obviously being concentrated within the fibre.
▪-1
-1
mq
i.e. Uptake ml g-1 - Counts •min
-1
-1
Counts min ml

muscle
external

Therefore the concentration of decamethonium within the fibre
is equivalent to five times that in the external physiological
saline.

Since the divalent compounds are probably bound

within the fibre (Creese and Maclagan, 1970) the effective
internal concentration may well be small so that the
equilibrium value is likely to be very large.

The best

evidence that decamethonium is bound is that of Taylor, Dixon,
Creese and Case (1967) who showed that internal diffusion was

-100very slow.
The large linear uptake was originally interpreted as
being consistent with a continuous entry and this is supported
by the autoradiographic findings of Creese and Maclagan
(1967, 1970).

This implies that there is a constant rate of

influx of the drug which raises the question as to whether the
measured entry can be correlated with pharmacological activity
which is considered below.

Secondly it would be of great

interest to know whether there is an initial influx which
differs greatly from the steady state value.

This is

technically difficult to ascertain since uptake values in the
early moments are small and there is the added problem of
diffusion effects in thick tissues.

However there is no

evidence to support the concept from the results in this
study (Fig. 7), but a direct analysis of this problem would
be valuable. What is evident however, is that the rate of
uptake in ml g-1 hr-1 is different for a concentration of
3 11M decamethonium as compared with 100 µM decamethonium, and
the effect of concentration on the rate of uptake is
considered next.

Saturation effects in end-plate uptake
As can be seen from Fig. 8 the uptake of decamethonium in
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the rat diaphragm (when expressed in ml g-1)
) is concentration
dependent, and furthermore the uptake rises to a plateau, with
a half-saturation concentration of 2.2 µM (Table 5).

The

half-saturation concentration for the depolarisation
measurements was found to be 4.7 11M (Table 5), so that
important changes in uptake occur at low concentrations in the
pharmacological range. Hence by expressing the uptake as a
clearance saturation can be shown, a phenomenon not
demonstrated by Waser (1966) who expressed his results in
terms of total radioactivity within the muscle.

Clearance,

therefore, appears to be a more relevant parameter of uptake
measurements.
Its units are ml g-1 hr-1 or ml ml hr-1
which gives it the units of hr-1, i.e. it is a rate
measurement.

Changes in clearance will therefore reflect

other processes occurring at or within the cell membrane.
Thus determination of decamethonium clearance demonstrates a
localised end-plate uptake which is concentration sensitive.
Furthermore this concentration sensitive portion is also
quantitatively inhibited by tubocurarine (Chapter IV).

In

contrast the small component of uptake evident along the whole
fibre is largely unaffected py tubocurarine (Fig.13,
Chapter IV) and also independent of concentration and is
presumably attributable to diffusion.

TABLE 5. Estimation of 95% confidence limits for M.E.D. values determined for
decamethonium from uptake and depolorization measurements
Uptake (see Table 3)
A weighted regression was calculated by iteration (Finney, 1964) for the decamethonium
concentrations:- 1.0, 2.0, 3.0 and 4.0 pM with the uptake plotted on a probit scale.
Hence slope b =Sxx
Sxv0.4690
1.2849- 2.7397 probit/log
io units
median effective dose M.E.D. (m)

b

= -0
u J565
- 0.0346
2.7397

0 * 3439 log. units or 2.2 pM.

The term g was then computed (Goldstein, 1964) where g = t2(Syx2)
b2Sxx
1 (Syy - b(Sxy) ) _ 1(3.6024-2.7397x1.2849) f
and the error variance Syx2 N-2
x 0.0822
(
) - 2
= 0.0411
2 x 0.0411
(4.303)
Hence g =
- 0.216
(2.7397)2 x 0.4690
By substitution in the quadratic equation known as Fiellers Theorem the 95% confidence
of the true MED(E) can be obtained
)
where
- R) = 1-g(
1-((m - R) + t1Y2ci-Ea
. + (m-R)
b
Snw
Sxx )
_
1 (
+ 4.303 x 0.2027 q10.0710 )
- 0.784( -0.0126
2.7397
)
1 (-0.0126 ± 0.3184 x 0.2665)
.
0 77
4
. -0.0161 -t 0.1082.

.*. fa is 0.3404 with limits from 0.4486 to 0.2322 log. units
.I.M.E.D. is 2.2 pM and the 95% confidence limits are 1.7 pM and 2.8 pM

(continued on p.10a)

TABLE 5 (Continued)
Depolarisation (see Table 4)
From 8 determinations of the M.E.D. the mean value was found to be 4.7 11M
with a standard error of 0.295
t = 2.365 (for p = 0.05 with 7 degrees of freedom)
95% confidence limits are — 2.365 x 0.295 or — 0.698
..M.E.D. is 4.7 pM and the 95% confidence limits are 4.0 11M and 5.4 4M
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In Fig. 8 the uptake at the end-plate region can be seen
to reach a maximum at approximately 10 µM. However at very
high concentrations, above 1 mM, the uptake is progressively
reduced so as to resemble the kinetics of a carrier-like system
with a half saturation of approximately 2 mM. If therefore
these results are interpreted in terms of receptors then one
must propose a model with at least two sites, a high affinity
site with half saturation at 2.2 µM plus a low affinity
transport system. It might be postulated that the flux of
the drug could be facilitated by either mobile carriers of
highly specific fixed sites in the membrane (Fatt, 1950;
Bowyer and Widdas, 1958; Wilbrandt and Rosenberg, 1961).
However a carrier mechanism may only be tentatively suggested
in the absence of further evidence. Transport through a
chain of polar adsorption sites could for instance give
saturation kinetics (e.g. Bowyer, 1957).

Saturation effects in uptake in denervated muscle
As can be seen from Fig. 9 there is also a concentration
dependent uptake in denervated guinea pig muscle, but this
uptake is not localised to the end-plate region and extends
over the entire length of the muscle. As in the case of
normal rat muscle the concentration dependent component of the
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uptake is also curarine-sensitive (Creese, Lu and Taylor, 1969;
Creese, Taylor and Case, 1971).

As the concentration was
raised above 0.1 pM the uptake (measured as ml g-1) rose
rapidly to a plateau with a half saturation value of 0.25 pM.
Again the uptake was inhibited at very high concentrations.
It is interesting to notice the tenfold difference in the halfsaturation values for the normal rat muscle compared with the
denervated guinea pig muscle is reflected in their relative
pharmacological sensitivity to depolarising drugs. The halfsaturation value for decamethonium uptake in the denervated
diaphragm also corresponds approximately to the median
effective dose necessary for contracture (Creese et al., 1969).

Comparison of uptake and depolarisation measurements
Since the initial response of skeletal muscle to
decamethonium is depolarisation it was considered important to
compare the uptake-concentration curve of decamethonium with
the dose-response curve for depolarisation. The meniscus
method was used so that a similar diaphragm preparation could
be used for both measurements which represent a mean for a
number of fibres in each muscle strip. Reference to Table 5
shows that the median effective dose (M.E.D.) of decamethonium
for depolarisation was 4.7 ELM.

The significance of this value

- 106 -

in relation to the neuromuscular block produced by
decamethonium is considered in Chapter V, but in the present
section it is necessary to compare the results obtained for
depolarization with those from the uptake of labelled
decamethonium, for which an M.E.D. of 2.2 µM was found
(Table 5).
The results are sufficiently close to support the
assertion that a saturable uptake can be demonstrated in the
pharmacological range of concentration. There is however a
real discrepancy to be explained - a factor of approximately 2
between the different sets of results (and the 95% confidence
limits do not overlap - Table 5), The measurements of
depolarization and those of uptake were both obtained over the
same period of time so that batch difference in the animals
is not a likely explanation. Depolarization was recorded
during the first few minutes of contact with the drug, whereas
the measurements on uptake were made over a period of 1 hour,
and it may be that this would explain the discrepancy. The
rationale for uptake measurements at sixty minutes is the
constant
Nevertheless it could be
apparenterate of uptake (Fig. 7).
that the initial rate of uptake of the drug. e.g. in the first
minute, could differ from the "steady-state" rate of uptake,
and that this initial influx measurement relates to the
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pharmacological response. It would be particularly valuable
to measure the rate of uptake during the first minute, and
this is one of the projects which stem from the present work.

Significance of decamethonium entry
The concept that the depolarisation produced by
decamethonium and related compounds is a result of entry of
these ions is not new (Burns and Paton, 1951; Jenden et al. 9
1951, 1954).

However this idea has since been repudiated

by Paton (Paton and Waud, 1962).

Various ideas have since

been put forward to explain the entry of the drug but it is
only recently that sufficient evidence has accumulated to
discuss its significance.

Five possible explanations

for the entry will be discussed in the light of the findings
in this study.

(1) In 1963 Mackay proposed a flux-carrier hypothesis in
an attempt to explain the action of agonists at the
neuromuscular junction. In this scheme pharmacological effect
is related to flux and reduced fluxes would be expected to
produce smaller responses.

In this study the dose-response

curve for depolarisation correlates reasonably well with the
uptake expressed as a clearance (ml g-1 hr-1) but not with the

- 108 flux which is ml g-1 hr-1 multiplied by external
concentration. By determination of the fluxes from the
clearance values in Table 3 it can be shown that the flux
does saturate, but in the mM range, beyond the concentrations
of pharmacological interest.

This would seem to disprove

Mackays concept since the flux of the drug continues to
increase at concentrations when the pharmacological response
is maximal,

(2)In 1965 Paton and Rang suggested that the entry of
decamethonium was a secondary consequence of the depolarisation
produced by the drug. However since the entry can be
demonstrated in both inervated and denervated depolarised
muscle this concept would seem improbable in its original
form (Creese and England, 1970; Creese, Taylor and Case,
1971).

Depolarisation by potassium methyl sulphate does in

fact diminish entry, presumably by decreasing the driving
force. Nevertheless the uptake continues to be
concentration-dependent and consequently of great interest,

(3)It may be that depolarising drugs produce a nonspecific increase in permeability affecting not only inorganic
ions but also organic cations.

In that case decamethonium
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would enter down a concentration gradient together with other
ions such as sodium.
This forms the basis of a more plausible explanation for
the entry put forward by Cookson and Paton (1969), who
suggested that the entry of labelled stimulant drugs is a
consequence not of depolarisation but of the non-specific
change in permeability which accompanies pharmacological
action. This could even explain the entry of decamethonium
in the depolarised muscle since it has been shown that
acetylcholine produces an increased permeability to sodium,
potassium and calcium ions even in completely depolarised
denervated muscle (Jenkinson and Nicholls, 1961).

If this

change in permeability extends to organic cations such as
decamethonium then entry would be a consequence of
pharmacological action and would be expected to show the same
M.E.D. value and other characteristics.

The entry of

decamethonium would presumably have a similar permeabilityconcentration relationship as those of inorganic cations
such as sodium, potassium and calcium.

The only good

objection to this simple concept put forward by Cookson and
Paton is the work carried out by Mackay and Taylor (1970) with
labelled C2 and C6 (homologues of decamethonium with two and
six methylene groups respectively).
Both of these compounds
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are pharmacologically inactive at the neuromuscular junction
and have been shown to have no significant uptake in mouse
muscle. Furthermore their uptake is not increased by the
presence of decamethonium. This needs to be verified but if
it is confirmed then it becomes difficult to attribute the
entry of decamethonium to a non-specific increase in
permeability.
If the change in permeability is non-specific then one
should be able to determine this by means of radioactive tracer
ions. The permeability of the end plate region to ions such
as sodium could be measured in the presence of varying
concentrations of decamethonium. A similar experiment has
already been demonstrated in smooth muscle where potassium
efflux and the contraction in response to agonists was seen to
occur in widely different concentration ranges (Burgen and
Spero, 1968).

It has been shown that hydrazbium and related

ions will enter skeletal muscle in the absence of sodium ions
(Koketsu and Nishi, 1959).

It might be technically more easy

to follow the effect of decamethonium on the influx of this
ion rather than sodium, in an attempt to determine the
specificity of entry.

(4) Since the M.E.D. values determined for uptake and
depolarisation in this study are not the same (Table 5) it

might be that
the mechanisms for entry and depolarisation are separate and
presumably unrelated. It may be that there are separate
receptors with different affinities or secondly there is the
possibility of spare receptors (cf.. Burgen and Spero, 1968)
so that different proportions of the same population of
receptors are necessary for depolarisation and entry.

(5) One might consider that the two M.E.D. values are
sufficiently close to suggest that the pharmacological response
might be quantitatively related to the change in permeability
of decamethonium expressed in ml g- lhr-1
If one assumes that
the change in permeability is specific for stimulant drugs
then it would follow that entry is necessary to trigger
pharmacological effects such as conductance changes which
result in depolarisation. On this hypothesis the entry
becomes an essential part of the depolarisation mechanism and
is not a secondary phenomenon as in concepts (3) and (4).
This explanation can only seriously be put forward after the
failure of other explanations.

Possible mechanism of action of agonists at the
neuromuscular junction
The problem of how the influx of a drug might depolarise
the membrane is of interest. The idea that acetylcholine
might act by penetration of the membrane at the end-plate
resulting in a net transference of charge was postulated by
Fatt (1950). However it was later shown that the charge
carried by the transmitter was insufficient to produce
depolarisation and the entry of a number of ion species was

suggested (Fatt and Katz, 1951) as necessary for
depolarisation. There is evidence to suggest that the
receptors for agonists are on the outside of tissues
(del Castillo and Katz, 1955) but these receptors could also
be the carrier molecules responsible for the entry of
decamethonium.

There is also evidence to suggest that the

receptor area for agonists is only a very small proportion of
the total surface of the cell (Clark, 1933).

It could be that

the entry of the decamethonium results in sufficient
transference of charge in localised areas to trigger off the
permeability change which in turn produces depolarisation of
the whole membrane. Alternatively it may be that the passage
through the membrane itself which activates the mechanism
which produces depolarisation.
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However a number of facts are still difficult to explain
in the light of the hypothesis that the entry of agonists
at the end-plate is necessary to initiate depolarisation.
Firstly, why have carbachol and acetylcholine not been shown
to accumulate at the end-plate in the same way as decamethonium?
The answer could lie in the fact that these compounds are
univalent. The divalent compounds, decamethonium and
iodocholinium both appear to be bound and are not easily
removed by washing. Lack of binding might prevent
localisation of the uptake for the univalent drugs. It
would be of great interest to study the uptake of
succinyicholine, another divalent agonist.

Furthermore the

univalent inorganic cations, sodium and potassium are not
bound and their kinetics of entry are complicated since the
total flux is a resultant of the influx and the efflux of
each ion.

In contrast the divalent ion, calcium, appears

to be localised Olk the end-plate in the presence of
depolarising agents and has a long half time for washout
(Evans, 1971).
A

ure of uptake and depolarisation which does not

at the present seem to be related is that of desensitization.
It is well known that desensitization or tachyphylaxis occurs
to the depolarisation produced by decamethonium (Fig. 12).
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However, a change in the rate of uptake has not yet been shown
to accompany this phenomenon. Other evidence which seems to
contradict the idea that entry is essential for depolarisation
is the finding that the ethyl analogue of decamethonium,
decaethonium, is taken up almost as rapidly as decamethonium,
and yet appears to have little or no depolarising activity
(Mackay and Taylor, 1970).

This indicates that even if

intracellular uptake is necessary for depolarisation, a change
in membrane potential does not necessarily result from
intracellular uptake. However since decaethonium has little
or no pharmacological action then presumably it produces
little permeability change and hence the entry of this
compound is not likely to be as predicted in concept (3).
A further cause of criticism is the fact that the entry
of decamethonium has only been demonstrated
autoradiographically in the

rat.

It would be of interest to

know whether entry occurs in other species more typical of
man. It is concluded that the demonstration of a saturable
uptake with characteristics which are similar to the
depolarisation dose-response curve has raised again the
question of the significance of the entry.

Further discussion

must await more definitive measurements to settle some of the
uncertainties discussed.

The specificity of the
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decamethonium entry must be determined by studying the entry
of other ions and the phenomenon of desensitization.
Secondly, in order to compile a comprehensive theory of drugreceptor interaction it is necessary to have a more
fundamental knowledge of the physico-chemical properties of the
reeeptor,Ds illustrated by the work of Chan geux and his
colleagues (1970) and more recently by Miledi, Molinoff and
Potter (1971).
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SUMMARY OF CHAPTER III
1.

In the rat diaphragm in vitro the maximum uptake of

decamethonium was found at the end-plate region, with a small
uptake along the whole of the length of the fibres.
2.

The uptake of labelled decamethonium increased steadily

with time at a concentration of 100 µM and also at 3 µM.
3.

The rate of uptake of decamethonium at the end-plate

region was dependent on concentration. At low concentrations
the uptake was uniform along the fibre, With higher
concentrations a peak uptake appeared at the end-plate region
which increased with concentration until at 10-100 µM a plateau
was reached where the uptake was constant when expressed as

ml.g-1hr 1.

The half maximal uptake, measured at 1 hour was

found to occur at a concentration of 2.2 µM.
4.

At high concentrations of decamethonium (above 1 mM) the
uptake, when expressed as ml.g-1hr-1 was reduced.
5.

The depolarisation produced by decamethonium at the end-

plate region was recorded by a moving meniscus. The median
effective dose was 4.7 µM. Hence the value obtained by
pharmacological means was somewhat greater than that

-.
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estimated by the uptake of labelled decamethonium.
6. The uptake of decamethonium was also measured in
denervated guinea pig diaphragm. In this preparation the
concentration-sensitive uptake extended along the whole length
-1 hr-1 was
The uptake when expressed as ml.g
of the fibres.
also dependent on the concentration, and the half-maximal
concentration was 0.25 µM.
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QUANTITATIVE EFFECTS OF TUBOCURARINE ON
DEPOLARIZATION AND UPTAKE OF DECAMETHONIUM

It is well known that curare antagonises the uptake of
decamethonium (Taylor, Creese, Nedergaard and Case, 1965) and
also the pharmacological action of the drug (Paton and Zaimis,
1949a). It was therefore decided to evaluate the dissociation
constant for curare as an antagonist to both the depolarizing
effect and the uptake of decamethonium. The dose ratio
method, proposed by Gaddum (1943, 1957), was employed since
it may be used without any assumption about the nature of the
interaction of the agonist and antagonist at the motor endplate.

If these methods are valid it should be possible

to determine by experiment whether the receptors for uptake
and for depolarization are the same.

RESULTS
Effect of tubocurarine on uptake of decamethonium in the
end-plate region
Rat diaphragms were soaked in varying concentrations of
labelled decamethonium for 1 hour, both in the presence and
absence of 0.4 11M tubocurarine. When the effect of curare
was being evaluated the muscles were soaked in physiological
saline containing 0.4 11M tubocurarine for 30 minutes prior to

-119 immersion in the radioactive solutions.

Each muscle was then

passed for 10 min through tubes of inactive saline and frozen
on solid carbon dioxide (see above).
expressed as a clearance in mlog-1

The uptake is again
The histogram in

Fig. 13(b) represents the uptake of decamethonium after
immersion of a muscle for 1 hour in a concentration of 100 µM,
at this concentration the uptake of decamethonium is maximal
(see Chapter III).

Fig. 13(a) illustrates the uptake of

decamethonium under similar conditions after immersion in a
concentration of 2.5 µM decamethonium, resulting in a submaximal uptake.

In contrast Fig. 13(c) represents the

uptake of decamethonium at 7.5 µM in the presence of 0.4 11M
d-tubocurarine, In the absence of curare the decamethonium
uptake at this concentration would be expected to be maximal.
The results are shown in Table 6 and the means displayed
graphically in Fig. 14 in which the uptake at the end-plate,
minus that at the end of the fibre, is plotted against the
concentration of decamethonium.

The uptake is plotted as a

probit of the percentage response; the maximum uptake was
taken to be the uptake of decamethonium measured at a
concentration of 100 µM.

The concentration of the agonist

was plotted on a log scale. The half-maximal uptake in the
absence of tubocurarine can be seen to occur at a
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Fig. 13. Uptake (mlog-1) of labelled decamethonium in rat
diaphragm (1 hr) with various concentrations, and
washout in inactive saline for 10 min.
Estimations were made in the presence and absence
of 0.4 1.114 d-tubocurarine.

(a) Uptake with 2.5 pi

decamethonium.

(b) Uptake with 100 pi

decamethonium.

(c) 7.5 pl decamethonium

d-tubocurarine (filled histogram).

The uptake at

100 11M deCamethonium was maximal (see text), while
at 2.5 pi it was submaximal.

At 7.5 11M the uptake

would be expected to be approximately 95% maximal
in the absence of d-tubocurarine (see Fig. 8).
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TABLE 6. Six point assay to demonstrate the effect of d-tubocurarine on the
uptake of decamethonium in rat diaphragm

2.0

0.552
0.414
0.528
0.581

2.5

0.362
0.433
0.542
0.521
0.544

UPTAKE ml.g-1hr-1
Concentration
Percentage Empirical
End
Mean
- sensitive
of
probit
portion
Maximum
0.383
0.169
0,151
0.327
0.087
42.3
4.81
(4)
0.145
0.383
0.379
0.202
.
.
,
0.213
0.149
0.203
0.230
0.200
0.260
56.0
0.282
5.15
(5)
0.170
0.351
0.351
0.193

3.5

0.450
0.646
0.557
0.604
0.528
0.555

0.229
0.393
0.345
0.323
0.297
0.372

Concentration
decamethonium
1M

Peak

0.221
0.253
0.212
0.281
0.231
0.183

continued on next page

0.230
(6)

64.4

5.37

Regression

4.86

5,07

5.39

LE 6 (continued)
- ---,
Concentration
decamethonium
µM
7,5 + C

0.367
0.387
0.446
0.583

0.203
0.235
0.333
0.440

Concentration
- sensitive
portion
0.164
0.152
0,113
0.143

12.5 + C

0.431
0.485
0.537
0,564
0.639

0,271
0.288
0.334
0.340
0.337

20.0 + C

0,537
0.589
0.483
0.549
0.604

0.240
0.283
0.260
0.318
0,352

0.678

0.321

100

Peak

End

UPTAKE ml.g 1hr 1
Percentage Empirical
Mean
of
probit
Maximum

Regression

0.143
(4)

40.1

4,75

4.78

0,160
0.197
0.203
0.224
0.302

0.217
(5)

60.8

5.28

5.23

0.297
0.306
0.223
0.231
0.252

0.262
(5)

73,4

5.62

5.64

0.357
(12)

100

The figure in
The uptake (ral.•g 1hr 1
) is shown for each individual muscle.
+ C indicates that
parentheses next to the mean is the number of determinations.
the measurement was made in the presence of 0.4 µM d-tubocurarine. Only the mean
value for the maximal uptake at 100 µM concentration has been given due to the
These results are plotted in Fig. 14.
large number of determinations.
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Fig. 14.

Effect of tubocurarine on end-plate uptake of
decamethonium in rat diaphragm (1 hr) with
washout in inactive saline.

Ordinate gives the

percentage uptake on a probit scale. Abscissa
gives the concentration of decamethonium on a
log scale.

Circles: uptake of decamethonium in

absence of tubocurarine.

Filled circles:

decamethonium uptake in presence of 0.4 1.4
tubocurarine.

The dotted line represents the

regression shown in Table 6.
analysis see Table 7.

For statistical
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-126 TABLE 7. Statistical analysis of six point assay of uptake
of 3H decamethonium (see Table 6)
After obtaining two weighted regressions calculated by
iteration (Finney, 1952, 1964) the slope and the MED were_
calculated where the slope b = S and the MED . x + 7 y
Sxx
NO TUBOCURARINE
.c 0.2001
b ax
probit/1og10 units
Sxx 00924 - 2.1656
,
MED = 0.4281 + ,-0.1352)
2.1656
= 0.3657 log units
MED = 2.32 [1M
0.4 11M TUBOCURARINE
0.4870
2.0326 probit/1og10 units
b'
Sxx' - 0.2396 =
MED = 1.0984 + (-0.2312
2.0326)
. 0.9847 log units
**.MED = 9.65 4M
As a test of Darallelism the common slope and the pooled error
1 (Syy-b(Sxy))
(
variance (Syx) were determined where Sy.x2 = 77
Common slope

Pooled Sy.x2 =

ja 0.2001+0.4870 0.6871
Sxx - 0.0924+0.2396 - 0.3320
2.0696 probit/1og10 units.
0.4667 + 1.0023 - 2.0696 x (0.2001+0.4870))
(
(1.4690 - 1.4220) = 0.0235

Hence a t-test may be used to see if the slopes differ
significantly (Goldstein, 1964).
0.133
2.1656 - 2.0326
b
b'
= 0.22
t =
0.1533x3.872
1
1
1
/1
0.1531/0.0924
0.2396
-Yx4Sxx S xx '
2) = 2
where number of degrees of freedom = (N - 2 + N'
and t = 4.3 for P = 0.05
Therefore at this probability level the slopes arc not
significantly different.

TABLE 8. Four point assay to demonstrate the effect of d-tubocurarine on the
depolarisation produced by decamethonium in the rat diaphragm
RESPONSE

2.5

CONCENTRATION OF DECAMETHONIUM µM
4.0
19.0 + C 27.0 + C

100

ASSAY 1

mV
%

0.65
1.95
1.2
1.7
5.0
13.0 (2) 39.0 (2) 24.0 (1) 34.0 (1) 100 (1)

ASSAY 2

mV
0

0.7
1.4
1.15
1.65
2.8
25.0 (1) 50.0 (1) 41.1 (2) 58.9 (2) 100 (1)

ASSAY 3

mV
%

0.6
1.6
1.1
2.1
4.2
14.3 (2) 38.1 (2) 26.2 (1) 50.0 (1) 100 (1)

ASSAY 4

mV
%

1.1
2.0
1.2
1.95
4.2
26.2 (1) 47.6 (1) 28.6 (2) 46.4 (2) 100 (1)

ASSAY 5

mV
%

1.3
1.9
1.4
2.5
5.2
25.0 (2) 36.5 (2) 26.9 (1) 48.1 (1) 100 (1)

ASSAY 6

mV
%

1.0
1.7
1.1
1.6
4.0
25,0 (1) 42.5 (1) 27.5 (2) 40.0 (2) 100 (1)

For assay procedure see text. The mean depolarisation for each dose is recorded
in mV and as a percentage of the maximal response.
+ C indicates that the
measurement was made in the presence of 0.4 µM d-tubocurarine. The figures in
parentheses give the number of determinations for each point. The percentage
reponses have been plotted as probits against log concentration of
decamethonium in Fig. 15

-128 decamethonium concentration of 2.3 µM. However in the
presence of 0.4 µM tubocurarine the uptake-concentration curve
can be seen to be moved to the right while remaining parallel
to the original curve. The half-maximal uptake in the
presence of the antagonist is 9.7 µM.

Hence the dose-ratio

is 4.2 which by substitution of the Gaddum equation (Table 9)
gives a value for the dissociation constant of tubocurarine
as 0.12 µM.

Effect of tubocurarine on end-plate depolarization
produced by decamethonium
The assay procedure has previously been described (see
above).

In order to evaluate the effect of tubocurarine on

depolarization quantitatively a four point assay was devised.
The four concentrations of decamethonium used were 2.5 µM and
4.0 µM in the absence of curare and 1900 µDi and 27.0 µM in the
presence of 0.4 µM of the antagonist (see Fig. 10,
Chapter III).

In half of the assays the response to the two

concentrations of decamethonium in the absence of curare was
first determined.

The preparation was then exposed to a

concentration of 0.4 µM tubocurarine for 30 minutes and the
depolarising effect of the two larger concentrations of
decamethonium determined. The curare was then washed out
and after a further 30 minutes the response to the two smaller

- '129 concentrations of agonist again recorded.

This procedure was

reversed in the other half of the assays so that the response
to decamethonium in the presence of curare was determined
initially and again at the end.

In all six assays a

concentration of 100 µM decamethonium was added at the end in
order to determine the maximal response.

Each result was

then expressed as a mean, if two determinations had been
made, and this was then expressed as a percentage of the
maximum. No allowance was made for drift which appeared to
be small.

The results for each assay are displayed in

Table 8 and the means illustrated graphically in Fig. 15
in which the ordinate represents the probit of the percentage
depolarization whilst the abscissa is the log concentration
of the agonist. As in the case of the uptake measurements
the effect of the antagonist is to cause a parallel shift
to the right in the dose-response curve.

The M.E.D. for

depolarization was found to be 4.7 laM but in the presence
of 0.4 11M tubocurarine this was increased to 28.9 4M.

Hence

the dose ratio is 6.2 which by substitution in the Gaddum
equation gives a value for the dissociation constant of
tubocurarine as 0.08 pM (Table 9).

-130 TABLE 9. Calculation of dissociation constant for
d--tubocurarine by dose-ratio method of Gaddum
Uptake (see Fig. 14)
in absence of inhibitor
concentration of decamethonium for half-maximal
uptake = 2.3 pl
in presence of 0.4 tM tubocurarine
concentration of decamethonium for half-maximal
uptake . 9.7 p.,M
9.7
doseratio-4.22
= 2.3 =
Substituting in Gaddum equation
4.22 - 1 . K.
0.4
K.
1
0.4
•
f K. = 3.22 0.12
- =
Depolarisation (see Fig. 15)
in absence of inhibitor
concentration of decamethonium for half-maximal
depolarisation
4.7 11M
in presence of 0.4 4M tubocurarine
concentration of decamethonium for half-maximal
depolarisation = 28.9 10/1
.'. dose ratio = 28.9 = 6.15
Substituting in Gaddum equation
6.15 - 1 . -K.
0„4
:.K .
i 5015 = 0.08 I'M
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Fig. 15. Effect of tubocurarine on the end-plate
depolarisation produced by decamethonium in the
rat diaphragm.

Ordinate gives the percentage

depolarisation on a probit scale.

Abscissa

gives the concentration of decamethonium on a log
scale.

Triangles: uptake of decamethonium in

absence of tubocurarine.

Filled triangles:

decamethonium uptake in presence of 0.4
tubocurarine,
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-133 STATISTICAL ANALYSIS

OF ASSAYS

Uptake assay
From the results (Table 6) two weighted regressions
were calculated by iteration (Finney, 1952, 1964) and plotted
in Fig. 14.

The slopes of the two lines were found to be

2017 probit/1og10 units in the absence of tubocurarine and
2003 probit/1og10 units in the presence of 0.4 tiM
tubocurarine (Table 7).

As a test of parellelism the

common slope was determined and hence the pooled error
variance, from which a value for t could be obtained
(Goldstein, 1964).

Since the tabulated value for t at the

5% probability level was not exceeded it would appear that
the slopes are not significantly different.

Depolarisation assay
Since this assay was a four-point design the analysis
above would be inappropriate.

Each line was therefore

drawn through the two points (Fig. 15).
depart markedly from parallelism.

The lines do not:

The slope of the dose-

response relationship was 2.94 probit/logio units in the
absence of tubccurarine and 2.98 probit/log10 units in the
presence of the antagonist.

Although it is preferable 'co

have at least three doses in each series the four point assay

-134 is permissible in cases such as this where the regression
relationship is known to be linear (Fig. lla and b).

DISCUSSION
Dose-response curves
The two main theories of drug-receptor interaction, the
occupation theory and the rate theory, both lead to similar
relationships between drug concentration and biological
response.

It is in fact conceivable that they are not

mutually exclusive (Barlow, 1964; Gosselin, 1970),

Clark

(1933) showed that the difference between a variety of
mathematical curves was much smaller than the errors in the
most accurate biological experiments which had been performed
at that time.

It must be remembered therefore that the

mathematical relationship between dose and response cannot be
deduced with confidence from the shape of the curve alone.
Theoretically if a drug acts according to the occupation theory
the dose-response curve would be a hyperbola and if the dose
was plotted on a log scale the curve would become sigmoid
and symmetrical. This could then be converted into a straight
line by converting the percentage response into logits
(Berkson, 1944).

The kinetics would be simple and exactly

analogous to classical enzyme kinetics.

-135 There is however much evidence to suggest that the doseresponse curve is not a hyperbola for agonists at the
neuromuscular junction (Jenkinson, 1960; Katz and Thesleff,
1957).

It has been suggested that the response of whole

tissue is the sum of responses of a large number of small
elements responding independently to the drug, and the shape
of the curve depends on the varying sensitivities of these
elements (Shackell, Williamson, Deitchman, Katzman and
Kleinman, 1924; Gaddum, 1926).

If there were elements of

varying sensitivity the shape of the dose response curve
would be sigmoid and, providing they were log normally
distributed, could be converted into a straight line by
plotting probits against log dose (Gaddum, 1957).
The two statistical transformations which have been
discussed, the logit and the probit, have been shown to be
very similar over a wide range of responses (Finney, 1964).
Hence in the absence of evidence favouring a specific
alternative the probit transformation has been used for the
assays in this chapter.

Effect of an antagonist
When the effect of a given dose of an agonist has been
completely suppressed effects can still be obtained by
*SchW

40 (1957).„ Pharmacoa. Rev., 9, 242.

- 136 increasing the dose.

Such antagonism has been termed

"surmountable" since the term describes the facts without
implication of mechanism (Gaddum, 1955).

If dose-response

curves are estimated in the presence and absence of
antagonist it has been frequently found that the effect of
the agonist is to produce a parallel shift to the right in the
dose-response curve (Clark, 1926, 1937; Gaddum, 1926; Lu,
1970).

The effect of an antagonist can be conveniently

expressed in terms of the ratio of the dose of agonist causing
an effect in its presence to the dose causing the same effect
in its absence.

When the log dose-response curves are

parallel this dose-ratio is constant,

If the biological

response to a concentration (a) of agonist in the presence
of a concentration (I) of antagonist is the same as that to a
concentration (A) of agonist alone (Gaddum, 1957)

a - 1 . I Ka
AA
where Ka is the affinity constant of the antagonist.
This
relationship may be verified experimentally by the double
log plot(suggested by Schild*')where the term
log (A - 1) is plotted against log I and the intercept is then
log Ka (= term pA2 / where
A' /

If this plot gives a
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straight line of unit slope over a wide range of dose ratios
then the value pA2 may be taken as an empirical measure of the
can be derived
potency of the antagonist. Gaddums equ
from mass action principicS with the sol ;fissumption that
equal biological responses indicate equalteceytor occupancy.
The term 1/Ka is then Ki, the inhibitory constant, which
represents the half saturation constant for the antagonist
in the absence of agonist.
Hence the degree of antagonist activity may be assessed
without making assumptions about the relationship between
biological stimulation, or proportion of receptors occupied,
and the size of the response, because the size of the response
is kept constant.
The measurements in Figs. 14 and 15 were made with a
comparatively small dose of antagonist which produced a
parallel shift along the abscissa of the dose-response curve
since with large concentrations of antagonist this relation
no longer holds (Lu, 1970).

The possible nature of the

antagonism at these high concentrations has been discussed
by Paton and Waud (1967).

Effect of curare on decamethonium uptake
It has previously been shown that tubocurarine inhibits
the uptake of labelled decamethonium and similar compounds
both in vitro (Creese et al., 1963; Taylor et al., 1965;
Taylor, Steinborn and Lu, 1970) and in vivo (Creese and
Maclagan, 1970).

The inhibition of decamethonium uptake

- 138 tubocurarine in depolarised rat muscle has been studied
quantiatively by Creese and England (1970).

Their results

are consistent with competitive inhibition with an inhibitory
constant of 0.07 Nazi.

However the uptake values in

depolarized muscle are comparatively low which limits the
accuracy of the estimation.

In the present study the uptake

values were large both in the presence and absence of
tubocurarine and the dissociation constant was calculated by
the dose-ratio method of Gaddum (see above).
The results summarised in Fig. 14 are plotted as the
probit of the percentage uptake against the log of the
concentration of decamethonium, and the statistical analysis
is shown in Table 7. The parallel shift to the right along
the abscissa in the concentration uptake curve is consistent
with competitive inhibition, and there is some quantitative
evidence in support of this concept (Creese and Taylor, 1967;
Creese and England, 1970).

The term competitive inhibition

is used as an analogy with classical enzyme kinetics and gives
no indication of the mechanism of drug-receptor interaction.
Paton and Rang (1965) have suggested that tubocurarine
inhibits the uptake of decamethonium by preventing the
depolarisation produced by the drug.

If this were the case

one would expect to find that the dissociation constant of

- 139 both
tubocurarine would be identical for/uptake and depolarisation
measurements.

The same experimental result could also

indicate that the receptors for entry and depolarisation are
identical or related.

Effect of curare on depolarisation
Paton and Zaimis (1949a) showed that curare was able to
antagonise the neuromuscular blocking action of
decamethonium if sufficiently low doses of curare were used
so as not to obscure the antagonism by its own blocking

action. However neuromuscular block may be complex since it
can be achieved by a variety of mechanisms, both pre- and
post-synaptically.

Hence it is desirable to make

depolarisation measurements, for this is a parameter which
describes the immediate effect of the agonist on the postjunctional membrane only.

The usefulness of the dose-ratio

method proposed by Gaddum for determining dissociation
constants of antagonists, which prevent depolrisation at
the end-plate region, has been illustrated by the work of
Jenkinson (1960) and Lu (1970).

Fig. 15 substantiates that

a low concentration of tubocurarine will produce a parallel
shift to the right along the abscissa in the dose-response
curve for depolarisation.,

-140 Dissociation constant of tubocurarine
In Table 9 the dissociation constant for tubocurarine
as an antagonist of both uptake and depolarisation has been
calculated.

Since the Gaddum method has been used the two

values may be compared independently of receptor theories.
The two constants are sufficiently' close to warrant the
suggestion that uptake and depolarisation are in some way
related; however, as in the case of the two M.E.D. values
(Chapter III), there does appear to be a real difference.
It will be of interest to discuss this difference in the light
of the concepts previously discussed concerning the
significance of entry.

(1) If there is a real difference between the two
dissociation constants, then the two mechanisms might be
distinct having different receptors with different affinities
for tubocurarine. Using normal mass action relations an
estimate of occupancy by the antagonist is given by the
ratio - 1 (Paton, 1961).
From Table 9 it
expression dose
dose ratio
can be shown that the receptor occupancy of tubocurarine
(0.4 viM) is 78% at half maximal uptake and 85% at half
maximal depolarisation.

This seems to indicate that in the

presence of the same concentration of antagonist 22% of the

applied to antagonist occupation in the absence of agonist.

- 141 receptors are occupied by decamethonium from uptake
measurements compared with 15% occupation from depolarisation
measurements, both calculated from the half-maximal response.
If receptor occupancy can be inferred from the uptakeconcentration curve, then approximately 50% more receptors are
apparently occupied at the half-maximal uptake than at the
half-maximal depolarisation. This would seem to be in
agreement with the fact that the half-maximal uptake occurs
at a lower concentration than the half-maximal
depolarisation, and could indicate that there are two sets of
receptors with different affinities. Alternatively if one
believes that the receptors for uptake and depolarisation
belong to the same population then it might be that different
proportions of these receptors are necessary for entry and
depolarisation.

(2) If we consider the concept that the entry is a
secondary phenomenon, consequent to depolarisation, then
inhibition of uptake is presumed to be the result of
inhibition of the depolarisation mechanism or the inhibition
of the permeability change. Alternatively if the entry is an
essential part of the depolarisation mechanism, then it is
assumed that tubocurarine blocks the entry and hence the

- 142 consequent pharmacological response.

In each of these cases

one might expect that the two dissociation constants, for the
two parameters, would be the same.
Although there is a difference between the two
dissociation constants it is small and it would be of great
interest to know if this difference is due to the method of
determination.

The discrepancy may be due to the different

time intervals over which the two parameters were measured.
Uptake measurements were evaluated over a period of one hour
while depolarisation measurements were recorded in the first
few minutes of application of the drug. Therefore before
firm conclusions can be made about whether the differences are
real, the effect of tubocurarine in the initial moments must
first be determined experimentally. Another alternative
might be to determine the inhibitory constant of tubocurarine
on uptake using the exposition of Hunter and Downs (1945)
where
M.E.D. = K

K

and C = concentration of decamethonium
K = inhibitory constant of tubocurarine
0 = concentration of decamethonium which produces half
saturation at the site where competition takes
place with the tubocurarine.

- 143 By this method the inhibitory constant can be determined at
zero concentration of decamethonium. Although their
expression was originally derived from enzyme kinetics, it
has also been applied to uptake studies (Creese and Taylor,
1967).

In fact, the inhibitory constant for tubocurarine

on decamethonium uptake in depolarised rat muscle has already
been calculated (Creese and England, 1970) and agrees
closely with the dissociation constant of tubocurarine
determined from depolarisation measurements in this study.

- 144 SUMMARY OF CHAPTER IV

1.

The depolarization produced by decamethonium at the

end-plate region was measured by the meniscus method in the
presence and absence of 0.4 µM d-tubocurarine and the results
were analysed by a 4 point assay. From the Gaddum equation
the dissociation constant for tubocurarine was found to be
0.08 µM.
2.

The uptake of decamethonium, at the end-plate region,

was measured at sub-maximal concentrations both in the
presence and absence of 0.4 µM d--tubocurarine.

The

dissociation constant for the antagonist was calculated by
the Gaddum dose-ratio method and was found to be 0.12 µM.
This compares with the value for the inhibitory constant of
tubocurarine in depolarized rat diaphragm of 0.07 µM
evaluated by Crewe and England (1970).
3, Although the values for the apparent dissociation
constant of tubocurarine when determined by the two methods
are not identical, the results are sufficiently close to
suggest that inhibition of uptake is related in some way to
antagonism of the pharmacological response.

145 CHAPTER V
PERFUSED AND IMMERSED RAT DIAPHRAGM; UPTAKE OF
DECAMETHONIUM AND NEUROMUSCULAR BLOCK

The immersed muscle has been used in studies of the
uptake of labelled decamethonium in vitro. However another
method of presenting a constant concentration of a drug to
the tissues is by perfusion through the blood vessels.

If the

rate of uptake of decamethonium is dependent on the rate of
access of the drug to the tissues (i.e. diffusion through the
extracellular space is a limiting factor) then the rate of
uptake should be different in the perfused preparation since
the diffusion path is shorter. Hence in this study the
diaphragm was perfused via the inferior vena cava(BurgerOickens
and
/Zatman, 1949) with labelled decamethonium to determine the
rate of uptake. A second reason for studying the perfused
muscle was to compare the rate of onset of neuromuscular
block with the immersed muscle in order to repeat if
possible the work of Gibberd (1966).

In addition the

opportunity was also taken to measure the water, potassium
and sodium content, together with the extracellular space,
in the perfused diaphragm.

- 146 RESULTS
Water

and ion content
Fig. 16 shows the potassium content of rat diaphragms

after perfusion with physiological saline for various times.
Although the whole diaphragm was perfused, only the left
anterior strip was analysed.

The estimations show that the

potassium content remains reasonably constant in the first
sixty minutes, the period during which the uptake measurements
were made.

Table 10 shows a detailed analysis of the water

and ion content of rat diaphragms after 1 hour of immersion
and after 1 hour of perfusion with physiological saline.
The mannitol space was also determined for both preparations
and the results are shown in Table 11.
In the immersed muscle the potassium content is lower
than in vivo (Table 10).

This is also the case for the

perfused muscle which also has a much increased water content
and mannitol space. The potassium contents of the muscles
in vitro are low on a wet weight basis but on a dry weight
basis there is little change in the three preparations
(Table 10).

The large increase in the sodium content of

the perfused muscles is attributable to the increase in the
mannitol space (see Table 12).
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Fig. 16. Scatter diagram to show the potassium content of
the rat diaphragm after perfusion in vitro with
physiological saline.

Ordinate represents the

potassium content in Imole/g muscle.
gives the perfusion time.

Abscissa

The potassium content

remains approximately constant between the 10th
and 60th minute of perfusion.
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TABLE 10. A_c2mparison of the water, sodium and potassium content of the
immersed and the perfused rat diaphragm

Preparation

Water
content
mg/g-

Sodium
content
m.equiv/Kg
wet

Sodium
content
m.equiv/100g
dry

33.9(13)26.8

14.4(13)22.3

In vivo

769(21)±14.3

Immersed
(1 hour)

789(13)114.7 44.6(13)29.9

Perfused
(1 hour)

837(10)2.11.1

Potassium
content
m.eguiv/Kg
wet

Potassium
content
m.eguiv/
100 q dry

95.2(20)16.9 41.2(20)23.4

21.2(13)24.6 84.0(13)4.1

39.8(13)2.2.5

70.6(10)16.8 43.5(10)4.8 67.9(10)24.3 41.8(10)21.8

Mean values are given ± standard deviation.
The number of estimations are shown in parentheses.

- 150 TABLE 11. A comparison of the mannitol space in the
immersed and perfused rat diaphragm

MANNITOL SPACE ml.g-1 in 1 hr
Immersed diaphragm

Perfused diaphragm

0.209

0.398

0.292

0.656

0.403

0.752

0.320

0.464

0.280

0.542

0.284

0.606
0.370
0.792
0.551
0.651

Mean
sd.

0.298 (6)
10.063

0.578 (10)
+
-0.141

The mannitol space for each muscle is shown together with the
mean and standard deviation (sd.).

- 151 TABLE 12. Calculation to determine the sodium content
associated with the increased mannitol space
in the perfused diaphragm
In the immersed diaphragm
298 ml. of mannitol space are associated with 1 kg
wet muscle or 211 g dry muscle
298 x 100
211 ml. mannitol space are associated with
100 g dry muscle
= 141 ml.

In the perfused diaphragm
578 ml. of mannitol space are associated with 1 kg
wet muscle or 163 g dry muscle
10
0
578 x T63 ml. mannitol space are associated with
100 g dry muscle
355 ml.

Therefore increased mannitol space/100 g dry muscle = 214 ml.

Sodium content associated with increased mannitol space
214 x 0.145 m.eguiv/100 g dry muscle
31.0 m.eguiv/100 g dry muscle.

- 152 Uptake of labelled decamethonium
The perfused rat diaphragm preparation was dissected out
in cold physiological saline as described in the method
section.

The preparation was attached to its holder and

transferred to the perfusion chamber where it was immediately
perfused with physiological saline, at a flow rate between
3 and 4 ml/min, for a period of ten minutes.

The reservoir

was then changed and the muscle perfused with physiological
saline containing radioactive decamethonium. After the
appropriate perfusion time the decamethonium perfusion was
stopped and the muscle again perfused with physiological
saline; at the same time the perfusion chamber was filled,
so as to immerse the diaphragm.

The perfusion washout was

for 10 minutes and the immersion fluid was changed after
5 minutes.

The entire diaphragm was then removed from the

chamber and the left anterior strip quickly dissected out.
The strip was then immediately frozen on solid carbon dioxide
and sliced.

In the case of the immersed muscles the

diaphragms were soaked in radioactive decamethonium for
various times, washed for ten minutes in inactive saline then
frozen and sliced.
Fig. 17 illustrates the uptake in
mlog-1 in the end-plate region for both the perfused and
immersed diaphragm at a concentration of 100 1.04 decamethonium.
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Fig. 17e Uptake of labelled decamethonium at the end-plate
region in rat diaphragms after immersion with
100 µM decamethonium (open circles) and after
perfusion with 100 ELM decamethonium (crossed
circles).

Each point represents the mean of at

least four muscles, and the limits give ±S.D.
The rate of uptake is similar in both preparations.
Standard deviations for the points represented by
the open circles can be seen in Fig. 7.
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- 155 No attempt was made to extend the perfusion beyond 20 min.
As can be seen there would appear to be little difference in
the rate of uptake of the two preparations when expressed as
a wet weight.
Fig. 18 illustrates the change in radioactivity of the
perfusate with time.

In control experiments the perfusate

was collected, over 15 second intervals, for 10 minutes
perfusion with radioactive decamethonium.

The activity of

the perfusate is expressed as a percentage of the counts per
minute in the perfusing solution.

As can be seen from the

graph equilibrium is not reached for nearly ten minutes. As
a result a high concentration of decamethonium (100 µM)
was used for the uptake measurements so that the uptake
-1
(mlog
) was independent of concentration.

Pharmacological resRonse
A cannulated diaphragm was set up in the perfusion
chamber and perfused with physiological saline at a flow
rate between 3 and 4 ml/min. The left phrenic nerve was
stimulated via platinum electrodes with a rectangular pulse
width of 200 !Lsec at a maximal voltage (usually 4 mV), and a
rate of 6/min.

Contractions of the left side of the

diaphragm were recorded on the strain gauge via a platinum
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Fig. 18. Diagram to illustrate the radioactive content of
the collected perfusate after perfusion of the
rat diaphragm with labelled decamethonium.
Ordinate represents the perfusate activity as a
percentage of the initial perfusion fluid.
Abscissa represents time from application of the
decamethonium. Limits show ± sod.
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- 158 wire which was hooked through the left side of the central
tendon.

The preparation was left for 30 min, or more to

ensure that the twitch height was steady before the
experiment was commenced.

The three way tap was then

switched over to the second reservoir and the muscle perfused
with physiological saline containing a known concentration of
decamethonium.

The time taken for the second perfusion

fluid to reach the tip of the cannula was only 6 sec at a
flow rate of 3.2 ml/min.
Fig. 19 shows a recording of such an experiment when a
decamethonium concentration of 150 µM is used.

The block,

at this concentration was found to commence almost
immediately and 100% block was achieved within 250-350 sec.
The drug could be quickly washed out by switching back to the
physiological, saline reservoir; full recovery took about
250 sec.

Tachyphylaxis was not evident in the perfused rat

diaphragm as can be seen. All the muscles used maintained
full contractility during the experimental period which in
some cases was 5 hours or more.

At the end of each

experiment the strain gauge was calibrated so that the twitch
height could be expressed as a tension (in grams); the
resting tension was also measured.
The effect, of smaller concentrations of decamethonium
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Fig. 19. Rat 96 gm.

Record of isometric maximal

contractions (g wt) of the perfused rat diaphragm
in vitro elicited by stimulation of the left phrenic
nerve at 6/min.

At the arrow (Time = 0)

physiological saline containing 150 1.04
decamethonium reached the tip of the perfusion
cannula by switching to a second perfusion
reservoir (see text).

At W the muscle was again

perfused with physiological saline only.

31 min

after the first application the muscle was again
perfused with 150 124 decamethonium.
tachyphylaxis was evident.
of 3.3 ml/min was used.

Nc)

Constant flow rate

Resting tension was

equivalent to 5.3 g.
The twitch tension produced is low since contraction of the

left hemidiaphragm is recorded from the central tendon
(see Fig. 2).
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- 161 was also investigated.

Concentrations of 45 µM and 10 11M

decamethonium were perfused from the second reservoir.
This method of applying the drug is probably superior to
one in which the drug is injected into the perfusioft fluid
when the concentration achieved might be uncertain. The
results obtained are illustrated graphically in Fig. 20.
With perfusion of 10 µM decamethonium there appears to be
some potentiation and this has not been further investigated.
There is later a small degree of block, and it would seem
possible that under the conditions of perfusion even small
concentrations of decamethonium could cause a complete block,
provided that one waited long enough. At no
concentration was it found possible to obtain a steady
paralysis; instead the block proceeded steadily 4o 100%
with time.

On washing out the drug, recovery took place

quite rapidly in all cases (usually about 3-5 minutes),
often with potentiation of the twitch height.
The effect of decamethonium on the immersed rat diaphragm
was investigated using the left anterior strip of the
diaphragm.

The muscle was attached to a simple polythene

holder with platinum electrodes for stimulation of the left
phrenic nerve.

The tendon was connected to the strain

gauge by a platinum wire.

The diaphragm was immersed in a
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Fig.. 20. Graph to illustrate the effect of
perfusion of the rat diaphragm with
various concentrations of decamethonium.
Ordinate represents the percentage of
the original isometric maximal twitch.
Abscissa represents the time of application
of the drug.

Squares: 150 µM decamethonium.

Diamonds: 45 µM decamethonium.

Circles:

10 µM decamethonium. After changing back to
perfusion with physiological saline containing
no decamethonium the muscle quickly
recovered in all cases (see text).
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- 164 100 ml. jacketed water bath (maintained at 38oC) and gassed
via a fine polythene tube with a fluted glass plug. In
experiments with the immersed diaphragm it was found that
recoveryfrom the block occurred despite the presence of the
drug, providing the dissection had been carried out
sufficiently quickly. The recovery phenomenon is
illustrated in Fig. 21 with 150 11M concentration of
decamethonium. After washing out full recovery occurred
after 5 or more minutes with the immersed diaphragm, and as
with the perfused diaphragm there was some potentiation of
the original twitch height. Again tachyphylaxis was not
evident.

DIfCUSSION
Water content and mannitol space
As can be seen from Table 10 there is a small difference
in the water content of the immersed muscle compared with the
controls in vivo, and this is similar to the results obtained
by Creese (1954) and Creese, El-Shafie and Vrbova (1968).
However the difference between the perfused diaphragm and the
controls is marked. After perfusion the muscle gave the
subjective impression of being "water-logged" and the results
substantiate this. For this reason autoradiograms cannot be
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Fio. 210 Comparison of effect of 150 I'M decamethonium in the
immersed and perfused rat diaphragm. Ordinate
represents the percentage of the original maximal
twitch.

Abscissa gives the time of application

of the drug.
decamethonium.

Circles: perfused diaphragm 150
Open circles: immersed diaphragm

150 is decamethonium. Note the recovery phenomenon
evident in the immersed muscle but not in the
perfused preparation.
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- 167 prepared from perfused muscles because of the large ice
content.
As might be expected the mannitol space is markedly
increased in the perfused muscle compared to the immersed
(Table 11).

The significance of this is discussed in

conjunction with the ion content.

Ion content
The rat diaphragm can be maintained by immersion so that
the loss of intracellular potassium is small, with only a
moderate rise in the sodium content, providing that the rats are
small (approx. 100 gms) so that the muscle is not too thick
for oxygenation, the dissection is quick and the preparation
is gassed with very fine bubbles.

Comparison of the results

in Table 10 with those previously published for the rat
diaphragm in vivo and immersed in vitro shows good agreement
(Creese, El-Shafie and Vrbova, 1968).
Analysis of the perfused muscle shows the potassium
content is steady for at least one hour (Fig. 16).

The

potassium content calculated per gram of wet tissue is low
but this is to be expected considering the high water content.
Calculated on a dry weight basis the potassium content does
not differ markedly in the perfused or immersed muscle

- 168 compared to the controls in vivo (Table 10).

There is,

however, a very definite increase in the sodium content of
the perfused muscle. The contribution due to the sodium
in the perfusing saline has been calculated in Table 12.
The increased sodium due to the rise in the mannitol space
is 31.0 m.equiv/100 g dry muscle.

Hence the increased

sodium content is no greater than that expected.

The

measurements show that both preparations in vitro have
somewhat altered ion contents compared to the controls in vivo
but both are in a steady state (this study, Creese, 1954).
Hence the uptake measurements were evaluated in both
preparations during equilibrium conditions which were similar.

Kinetics of decamethonium uptake in the perfused and
immersed diaphragm
When studying the uptake of a drug it becomes necessary
to know and understand its kinetic components.

These have

already been evaluated for decamethonium and iodocholinium
(a related depolarising agent) in the immersed rat diaphragm
(Creese et al., 1963; Taylor et al., 1964, 1965, 1967).
The uptake of both these drugs can be qualitatively divided
into three components.

First there is the fraction which

diffuses into the tissue spaces between the muscle fibres,
secondly a non-specific tissue uptake which is unaffected by
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curare, and finally a large uptake which is concentrationsensitive, and which is decreased progressively by increasing
curare concentration.

It was necessary to find out how the

kinetics of decamethonium uptake differed in the perfused rat
diaphragm, so that the most suitable preparation could be used
for further studies on the correlation between uptake and
pharmacological action.
There are obviously differences relating to component one,
namely diffusion.

It is well known that isolated mammalian

muscle does not under normal conditions give a twitch
response to acetylcholine when added to the fluid bathing the
external surface of the muscle. However retrograde injection
of acetylcholine in the isolated normally innervated rat
diaphragm will produce a twitch (Paterson, 1965) similar to
that produced in vivo by "close-arterial" injection (Brown,
Dale and Feldberg, 1936; Brown, 1937).

The difference in

response to acetylcholine when applied via the capillaries
may be associated with the rate of change of concentration at
the motor end-plate (Paterson, 1965).

This implies that

diffusion is quicker in the early moments with the perfused
preparation, where the diffusion path is smaller.

The early

uptake into the extracellular space and hence into the fibres
would presumably be more rapid when the drug is applied via

- 170 the capillaries but these initial effects have not been
studied here.

Time-uptake curves for both preparations are

linear and on extrapolation did not deviate from the origin
by a significant amount (Fig. 17).

Although no allowance has

been made for the greater water content of the perfused muscle
the rate of uptake of decamethonium in ml g-ihr-1 is similar
in both preparations indicating that entry is slow compared
with diffusion and that entry is the rate limiting step.
When this study was started it was thought possible that
decamethonium might behave like potassium.

This ion has a

high permeability so that in an experiment on uptake in an
immersed muscle the concentration in the interspaces is
appreciably less than that in the external fluid, and
unless the muscle is very thin it becomes necessary to apply
corrections to allow for the lags produced by intercellular
diffusion (Keynes, 1954).

One consequence of kinetics of

this type is that the uptake of 42K in the perfused muscle
would be more rapid than in the immersed muscle, as found by
Klaus, Lullman and Muscholl (1960).

The finding that the rate

of uptake of decamethonium is not increased in the perfused
preparation indicates that measurements made on immersed
muscles do not need such corrections, and the results also
indicate that decamethonium behaves not like potassium, which

- 171 has a high permeability, but like sodium in which the
permeability is low and extracellular diffusion relatively
fast, so that the uptake is usually not affected by diffusion
lags.

Equilibration in perfused diaphragm
As can be seen from the results of the collection of
perfusate in the perfused diaphragm (Fig. 18) nearly two
minutes elapse before 90% equilibration with the perfusion
fluid occurred.

The half time is 32 seconds, and the curve

can be analysed into a number of exponential terms.

The

uptake of solutes from blood or perfusion fluid to muscles
has been considered by Renkin (1955, 1968) and others.

For

a tissue which is homogeneously perfused, equilibration
between the perfusion fluid and the tissue spaces could be
limited by (1) flow, (2) capillary exchange and
(3) intercellular diffusion.

Attention is usually

concentrated on (1) and (2), for in perfused muscles the
diffusion path is small and mixing will be rapid in the
interspaces.

For certain solutes the rate of equilibration is

independent of flow over a wide range and the time-lags can
then be interpreted in terms of capillary exchange (product of
permeability x surface area: Renkin, 1988).

Further analysis

- 172 of this type requires the measurement of equilibration times
at several different flow rates and this has not been
attempted in the present study.

Neuromuscular block in the rat
High concentrations of decamethonium are required to
produce neuromuscular block in the rat.

Since the block in

the immersed muscle may take several hours to become steady
(Jenden, 1955) if at all in the rat (Gibberd, 1966), it is
difficult to give values for the concentration of
decamethonium required to give a certain degree of paralysis.
This is further complicated as the type of block will depend
critically on the conditions of the muscle (Gibberd, 1966),
as well as the age of the animal used.

From the latter paper

it can be calculated that the threshold concentration of
decamethonium for neuromuscular block is about 60 1.01 while a
concentration of 130 ELM will produce a paralysis which may
take approximately an hour to each 100%.

From Fig. 21 it can

be seen that in this study 150 µM decamethonium produced a
full paralysis in the immersed muscle which took nearly 110
minutes to reach completion.

Thesleff (1955a) used

concentrations of between 300 4M and 400 4M to produce complete
neuromuscular block within 5-10 minutes.

- 173 However, reference to Fig. 11 (Chapter III) will show
that depolarisation at the end-plate region in the immersed
rat diaphragm occurs at much lower concentrations of
decamethonium, the M.E.D. being 4.7 4M (Table 4).

It would

thus seem that in the rat the depolarisation is not as closely
related to the neuromuscular blocking action as in the cat
(Burns and Paton, 195l).

Thesleff (1955a) demonstrated that

in the rat, with high concentrations of decamethonium, the
depolarisation at the end-plate region was small and
insufficient to produce neuromuscular block, judging by work
with high potassium concentrations.

Thesleff concluded that

the neuromuscular block was caused by a decrease in the
sensitivity of the end-plate to acetylcholice..

From the

work of Thesleff (1955a, 1955b) it can be seen that the
depolarisation produced by acetylcholine (and decamethonium)
was considerably less in the rat compared to the frog, when
measured by the same technique in vitro.

It would be of

interest to compare quantitatively the end-plate depolarisation
produced by decamethonium in the rat with other mammalian
species for it may be that the small degree of depolarisation
in the rat is due to a species difference.

Burns and Paton

(1951) found that the depolarisation produced by intraarterial injections of decamethonium may amount to 95% of the

- 174demarcation potential in the cat gracilis muscle, while with
intravenous injection the depolarisation rarely exceeds
30-40% of the demarcation potential.

Jarcho, Eyzaguirre,

Talbot and Lienthal (1950) in a similar experiment in the rat
showed that intravenous injection of decamethonium produced an
abrupt fall in the demarcation potential of the gracilis
muscle, varying from 10-25%.
The evidence that neuromuscular block by decamethonium
in the cat is the result of depolarisation of the end-plate
and surrounding region is well known (Burns and Paton, 1951).
However in the rat the definitive experiment of measuring
both depolarisation and neuromuscular block in vivo
simultaneously has not been done. There is however some
evidence that the mechanism of neuromuscular block may
differ in the rat (Whittaker, 1962; Ireson, Ford and
Loveday, 1969). As far as can be seen from parallel
experiments in this study a substantial- depolarisation
occurs at concentrations when no neuromuscular block is
evident. Secondly, the maximal depolarisation response
(100-200 pm) takes between 1-2 minutes to reach maximal
effect (11910(abut complete neuromuscular block may take up
to two hours or more (Fig. 21).

Thirdly, although

maximal depolarisation occurs below 100 1.04 decamethonium

- 175 the appearance of neuromuscular block is just beginning.
Work by Thesleff (1958) has suggested that the neuromuscular
block produced by decamethonium in vitro in mammals is due to
end-plate depolarisation coupled with receptor desensitization.
It could be that desensitization predominates in the rat where
exceptionally high doses are required.

More recent work in

vitro has shown that the peak of end-plate depolarisation
coincides with facilitation of transmission prior to
neuromuscular block (Galindo, 1971).

Galindo has suggested

that neuromuscular block in the rat may be the result of a
presynaptic action.

However he used large rats at a

sub-normal temperature so that neuromuscular block was
achieved at low concentrations.
of neuromuscular block in the rat

The mechanism

frI/A&

have both a presynaptic and a postsynaptic component.

Bi-phasic phenomenon
In 1954, Jenden, Kamijo and Taylor described a biphasic
effect of decamethonium on isolated rabbit lumbrical muscle.
Later Jenden (1955) described a similar effect in the guinea
pig diaphragm.

This phenomenon consisted of an initial rapid

block of the response to nerve stimulation (Phase I), followed

- 176 by recovery in spite of the presence of the drug.
Recovery was then followed by a slowly developing depression
(Phase II) which took several hours to reach a steady state.
Maclagan (1962) studied the effect of decamethonium on the
isolated cat tennissimus muscle; she too noted a quick
paralysis followed by recovery. A similar biphasic effect
in rat diaphragm was demonstrated by Gibberd (1966), who
noted that this phenomenon (Fig. 21) did not occur in muscles
subjected to conditions likely to lead to deterioration,
such as immersion for long periods and rapid stimulation.
However, until recently no one was able to demonstrate a
biphasic response with decamethonium, in vivo, As a result
it was suggested that the difference between in vivo and
in vitro responses might be due to deterioration (Maclagan,
1962) or due to a difference in the site of action of
decamethonium (Gibberd, 1966).
However, recent work (Creese and Maclagan, 1970) has
shown that an initial paralysis f011owcd by recovery can be
demonstrated in the rat in vivo, providing that a constant
plasma level is obtained.

Since the application of a constant

concentration of decamethonium in both the immersed rat
diaphragm and the rat diaphragm in vivo produced the biphasic
effect, it is surprising that it was not shown in the perfused

- 177 rat diaphragm (Fig. 21).

As can be seen, after perfusion with

a constant Concentration of decamethonium, there is a fairly
rapid paralysis which proceeds to 100% block.

Recovery was

not seen even when the washout was delayed for up to twenty
minutes.

Gibberd too was unable to show recovery in the

perfused rat diaphragm but was able to demonstrate a block which
remained steady for long periods.

In this study it was not

found possible to produce a steady block even with low
concentrations of decamethonium (Fig. 20).

Significance of a steady paralysis
Maclagan (1962) found that with the cat tenaissimus
muscle in vivo depolarising drugs produced a steady paralysis,
in contrast to the same muscle in vitro which exhibited the
biphasic effect.

However the significance of a steady block

would seem to be doubtful without the measurement of plasma
levels which would indicate whether the drug plasma
concentration was constant.

Despite the difficulties

associated with in vitro experiments they do allow the accurate
control of more variables and the application of a constant
concentration of the drug under test.

However,' it may he tha':

even at equilibrium the concentration of the drug in the
external solution does not equal the concentration in the

- 178 biophase (i.e. the area where the drug is physically in a
position to react with a receptor) due to the binding of the
drug to non-specific sites in the tissues, etc. (Furchgott,
1955).
However a steady paralysis was definitely not shown in the
rat diaphragm in vivo where plasma levels of decamethonium
were measured and shown to be constant (Creese and Maclagan,
1970).

Hence the claim by Gibberd (1966) that the steady

block by decamethonium is characteristic of administration via
the capillaries, either in vivo or in vitro, would seem to be
in doubt.

When an isolated muscle is exposed to a partially

paralyzing concentration
concentration of curare a steady bIbck is reached in
hour a steady blockivAitill under constant conditions will remain
unchanged for many hours (Holmes, Jenden and Taylor, 1951).
This would not appear to be the case with decamethonium where
a true steady state is not found.

Periods of less than 1 hour

would seem to be insufficient criteria (Maclagan, 1962;
Gibberd, 1966) for claiming an equilibrium situation.

If the

recovery phenomenon was not marked this might be sufficient to
maintain the block at a constant level for many minutes despite
the fact that a true steady state has not been reached.

- 179 Pharmacological responses in the perfused and immersed
diaphragm
There is no reason to suspect that differences in ion
content of the two preparations could account for the
difference in pharmacological effect of decamethonium on the
immersed and perfused diaphragm. Although the high water
content might affect the mechanical performance of the
perfused preparation,

the difference in response is more

likely to be associated with the means of application of the
drug.

The concentration of the drug in the biophase in the

early moments (seconds) would seem to be important.

The

difference in pharmacological effect of acetylcholine on the
diaphragm, when applied to the bathing fluid or via the
capillaries, has already been mentioned.

Another example is

the effect of decamethonium on the immersed diaphragm when a
second dose is superimposed on a first dose.

If the second

dose is given when the Phase I block is still increasing the
maximum Phase I block is smaller than if two doses were given
simultaneously (Jenden, 1955).

However Phase II block is

dependent on the total dose given, but not upon the sizes of
individual doses or the intervals between them.

There is

obviously a fundamental difference between Phase I and
Phase II block, the initial concentration being important for
Phase I.

It is realised that the effects of stimulation via

- 180 the motor nerve on the ion content of the diaphragm have not
been discussed but it is felt that at the very low rate of
stimulation (6/min) the effect would be small. Many papers
have illustrated the deterioration due to rapid stimulation
(Creese, Hashish and Scholes, 1958; Krnjevic and Miledi,
1958), but high rates of stimulation have been avoided in
the present study.

- 181 SUMMARY OF CHAPTER V

1.

In rat diaphragms which were perfused through the

inferior vena cava, the water content and the mannitol space
were increased as compared with the immersed muscle.

The

potassium content when expressed in terms of dry weight was
maintained at similar values to that found in vivo.
The uptake of labelled decamethonium (100 iiM) was similar
-1 -1
in perfused and immersed muscles when expressed as mlog hr
2.

at the end-plate region.

This implies that the uptake is

limited in these conditions by the rate of entry into the
fibre and not by diffusion to the site of entry.
3.

A steady paralysis was never demonstrated in perfused or

immersed diaphragm with decamethonium.
4.

Large concentrations of decamethonium are required to

produce neuromuscular block, substantially greater than those
required for depolarisation. A biphasic block was produced
in immersed diaphragms but not in perfused muscles.

- 182 CHAPTER VI
AUTORADIOGRAPHY

The accumulation of labelled decamethonium in the endplate region was first demonstrated by contact autoradiography
of dried diaphragm muscle (Waser, 1960).
autoradiographic technique with aa

Later, using an

improved resolution

Creese and Maclagan (1967, 1971) were able to show that the
drug had actually entered the muscle fibres in the region of
the end-plate after administration of decamethonium in vivo.
It was therefore of interest to investigate
autoradiographically the uptake of decamethonium in vitro
where the muscle is exposed to a known concentration of the
drug. Hence quantitative measurements of the uptake of the
drug by end-plate cells would provide information on the entry
of the drug in vitro, on the effects of diffusion, and on the
range of sensitivity of individual end-plates to the drug.

RESULTS
Autoradiography of rat muscle in vitro

Ad•
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Fig. 22(a) and (b) shows an autoradiogram of a transverse
section of a diaphragm which was immersed in 10 1.114 tritiated
decamethonium for 1 hour and then washed by passing through
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Fig. 22. Autoradiogramsfrom sections of diaphragm muscle
cut transversely through the middle of the region
containing the band of end-plates.

Photographed

at low magnification in transmitted light so that
the silver grains appear as black spots.
(a) and (b) muscle frozen after immersion in labelled
decamethonium (10 11M) for 1 hour followed by a
10 min wash in inactive saline.

The position of

the end-plates is shown by the dark azo-dye stain
of the esterase.

The distribution of grains is

very uneven but the grain density is not related
to the distance from the surface of the muscle
(see Table 13).

(c) Control autoradiogram

prepared from a muscle which had received
unlabelled decamethonium, processed together with
radioactive section.

Calibration 100 II.

r
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-185inactive saline for 10 minutes. The end-plate region was
then removed and mounted on a cork disc between two pieces
of liver. The whole was then frozen and mounted on the
chuck of the cryostat. Frozen sections (5 µ) were obtained
at -25°C, and they were picked up on emulsion-coated slides
(in the safe-light). The sections were exposed at -25°C for
2 days and they were developed and lightly stained as
described above. The sections in Fig. 22 a) and b) were made in
approximately the middle of the end-plate region and some of
the fibres show the dark stain of the Azo -dye which was used
to demonstrate the presence of the esterase. The distribution
of silver grains can be seen to be very uneven, though there is
no evidence that the outer parts of the diaphragm contain a
higher grain density than the inner portions (see below).
Under a high power magnification (Fig. 23a) there is a
high grain density over all the cells which is contrasted with
a control section from a muscle which received non-labelled
decamethonium (Fig. 23b). The fibres are approximately
30 in diameter and since the resolution of the method is
adequate (Creese and Maclagan, 1974) the presence of
radioactivity within the fibres confirms the entry of the drug
in vitro, previously demonstrated in vivo by Creese and
Maclagan (1970).
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Fig. 23. Autoradiogram similar to that shown in Fig. 22 at a
higher magnification and photographed in transmitted
light so that the silver grains appear as black
dots.

(a) Immersed in labelled decamethonium

(10 I.M) for 1 hour followed by wash in inactive
saline (10 min).

The position of two end-plates

is shown by the dark azo-dye stain of the esterase.
There is a high grain density over the fibres.
The grains are not all in the same plane and some
are out of focus.

(b) Control autoradiogram.

One fibre shows stained esterase.
be seen.

Calibration 20

Few grains can
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- 188 End-plate radioactivity and depth of cell
Fig. 24 illustrates graphically the grain density found
over cells with end-plates, at different depths in the muscle
as measured by the distance from the pleura or peritoneum.
Since the sections had been dehydrated after photographic
developing (and before staining) it was possible that the
apparent thickness of the diaphragm was less than that of a
fresh muscle.

To allow for possible shrinkage and also for

variations in the width of the diaphragm the position of the
centre of the cell was described by the fraction f where

f - distance of_centre.of cell from pleura or peritoneum
apparent thickness of diaphragm

Distances were measured under oil-immersion with the aid of
an eye-piece graticule which was calibrated as described in
Chapter II.

Since the outer membrane was not always visible

it was considered to be situated 2 µ from the edge of the
marginal cells.

Thus if a fibre is described by the value

of f = 0.5 then the centre of the cell is situated directly in
the middle of the diaphragm.

Similarly if a cell is 30

in diameter and the width of diaphragm is 340 µ (i.e. 336

4)

then a value of f = 0.05 corresponds to a marginal cell whose
centre is 17 p from the outer membrane or 15 11 from its
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Fig. 24. Graph to illustrate the relationship between grain
density over end-plate cells and the distance of
the cell from the nearest meMbrane.

Ordinate

represents the grain density minus background.
Abscissa gives f where

f

distance of centre of cell
from 22eura or peritoneum
apparent thickness of diaphragm

The grain density appears to be independent of the
depth of the end-plate cell in the muscle (see
text).
counted.

(a) Muscle 1.
(b) Muscle 2.

Hundred end-plate cells
Forty-seven end-plate

cells counted. Points which occur more than once
have not been indicated.
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From Fig. 24(a) it can be seen that there is a large
scatter in the grain density over fibres in the vicinity of
end-plates, but there is no evidence that the amount of
radioactivity is dependent on the distance from the outer
membrane.

This was confirmed by the results from a second

diaphragm which is also illustrated graphically in Fig. 24(b).
Table 13 shows the values from five layers corresponding to
different values of f.

The mean grain density for each layer

has been expressed as a percentage of the grand mean of all
the cells which were counted, to enable the results from both
muscles to be combined.

From the cumulative means at

various depths (Table 13) it can be seen that the amount of
radioactivity in the fibre in the region of the end-plate is
not dependent on the distance from the surface and that
diffusion has not produced an asymmetric distribution after
immersion in 10 pl labelled decamethonium for one hour.

Ratio of radioactivity in junctional and non-junctional
regions
Fig. 25 shows transverse sections (a) through the endplate region and also (b) at a distance of several mm from
the end-plate region; (c) shows a control diaphragm with no
radioactivity.

The autoradiograms were obtained as above

TABLE 13, Grain density over cells with end-plates from different layers of the diaphragm

0 - 001
Muscle 1
Mean grain count/100 42 for
cells with end-plates in
each layer
Mean grain density for layer
Mean grain density for all
cells counted in muscle 1.
Muscle 2
Mean grain count/I00 µ2 for
cells with end-plates in
each layer
Mean grain density for layer
Mean grain density for all
cells counted in muscle 2.
SUMMARY
Cumulative mean from
Muscles 1 and 2

13.8

0.3 - 0,4

0.4 - 0,5

(13) 14.4 (6) 14.7 (29) 14.7 (35) 17.0 (17)

0.96

0.92

13.1

0.1 - 0.2

Value of f
0.2 - 0.3

(6)

13.5

0.99

(7)

0.98

1,14

8.8 (8) 14,7 (11) 10.2 (15)

1.10

1.14

0.74

1.24

0.86

0.98

1.06

0.94

1.04

1,01

The above results are illustrated as scatter diagrams in
See text for full explanation.
Mean grain counts are shown.
Fig. 24(a) and 24(b) for muscles 1 and 2 respectively.
Figures in brackets are the number of determinations.
4 - 1,13 (sod. of 100 determinations) and
The background for muscle 1 was 0.91 -:
The background for each muscle
2.17 - 2,56 (s.d. of 70 determinations) for muscle 2.
has been subtracted in all the values above.
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Fig. 25. Autoradiogram from sections of diaphragm muscle
frozen in a stretched position and cut
transversely at various distances from the tendon.
Photographed in transmitted light so that the
silver grains appear as black dots,

Muscle was

frozen after soaking in labelled decamethonium
(10 pM) for 1 hour and washed for 10 min in
inactive saline.

(a) Section taken at a position

approximately 5.0 mm from muscle-tendon junction.
One end-plate is shown by the dark azo-dye stain
of the esterase.

(b) Section taken at a position

approximately 0,4 mm from muscle-tendon junction.
The grain density in this non-junctional region
is markedly less than in (a).

(c) Control

autoradiogram prepared from a muscle which had
received no radioactive drug, processed together
with the radioactive section. The grains are
not all in the same plane and some are out of
focus.

Calibration 20

4.
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- 196 after soaking for 1 hour in 10 gM labelled decamethonium
followed by a wash of 10 min, and the muscle was attached to
a holder which allowed it to be frozen in isopentane in a flat
stretched position. The frozen muscle was then mounted on
the chuck of the qryostat, supported by frozen liver.
A high grain density can be seen over the cells with
end-plates while a lower grain density is evident in the cells
situated near the tendon. These two sections can be
contrasted by a control section shown in Fig.25c taken from a
muscle soaked in unlabelled decamethonium. An analysis of
the grain densities over the end-plate cells compared to nonend-plate cells is summarised in Table 14.

After

subtraction of the background the ratio of grain counts/100 g2
in the end-plate cells to the non-end-plate cells is
11.9:2.9 or 4.1:1.

DISCUSSION
Entry of decamethonium in vitro
Studies in vitro with labelled decamethonium and
iodocholinum have shown that the uptake increases linearly
with time over many hours (Creese, Taylor and Tilton, 1963).
Furthermore the apparent concentration of these compounds in
the whole tissue can be markedly greater than the

- 197 TABLE 14. Grain density over cells with end-plates compared
with that over cells in the non-junctional region

Distance from
tendon

Counts/100 42
14.09 2-- 5.19 (47)

4960
360 4

Rat 96 gms.

Background/100

5.11

3.41 (47)

42

2.17 -t 2.56 (70)
2.17 -t 2.56 (70)

The left anterior strip of diaphragm was soaked

for 1 hour in 10 4M labelled decamethonium and then passed
through inactive physiological saline for 10 minutes.
Transverse sections were taken at intervals along the length
of the fibres.

Mean grain counts are shown, and the limits

give the sod., with the number of cells in parentheses.
The background count has not been subtracted.
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Creese, Nedergaard and Case, 1965).

These results could be

interpreted as being indicative of entry of the drug into the
fibres.

However, this is the first demonstration of this

phenomenon in vitro by autoradiography.

Distribution of decamethonium between inner and outer fibres
From the results of Creese and Maclagan (1970) and this
study it would appear that the bulk of the labelled
decamethonium which is found in the junctional region of the
fibres is within the muscle cell.

Since diffusion may

consist of two components, namely free diffusion of the drug
into the spaces between the cells and subsequent penetration
to its site of action, it was of great interest to determine
the distribution between inner and outer fibres after the
application of decamethonium by immersion in vitro for 1 hour.
Creese (1954) has shown that the entry of potassium in vitro
has a half time of 46 min in the rat diaphragm and several
hours are required for complete equilibration in contrast
to sodium where equilibration with labelled sodium in the
external saline is much more rapid and is certainly complete
in one hour (Creese, 1968).

Hence diffusion effects result

in a marked discrepancy between the overall rate of exchange
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K in a whole muscle and the rate at which the isotope
would exchange if all the fibres had free access to the
medium (Keynes, 1954; Creese et al., 1958).

The fact the

exchange rates for potassium ions may be diminished by
intercellular diffusion was demonstrated by Creese (1960).
In a rat diaphragm (650 4 thick) he was able to show marked
differences in the 42K content of superficial and deep layers
after loading the muscle for various times with 42K.
Similarly Klaus et al. (1960) demonstrated that the rate
constant of the 42K loss was increased 2 to 4 fold by
retrograde perfusion in addition to the usual superfusion of
the rat diaphragm.
Hence the finding of equal uptake of decamethonium in
different layers after 1 hour leads to the conclusion that
decamethonium behaves not like potassium which has a high
permeability, but like sodium where the permeability is
relatively low.

This is further substantiated by the

measurement of decamethonium uptake in both the immersed and
the perfused rat diaphragm (Chapter V), where the uptake does
not differ greatly by either route.

These results would

appear to be in agreement with the findings of Creese and
England (1970) that the permeability to decamethonium in the
end-plate region is similar to that of sodium in the resting
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The entry of decamethonium in the end-plate region has
now been confirmed in the rat both in vivo (Creese and
Maclagan, 1970) and in vitro in this study.

The possible

significance of the entry of the drug has been discussed in
Chapters III and IV,

It would be of great interest to

produce autoradiograms of the application of decamethonium at
short times in vitro (10 minutes or less) to investigate the
effect of diffusion.

Significance of the ratio of radioactivity in the end-plate
and extra-junctional region
From Table 14 it can be seen that after subtraction of
the background the radio of radioactivity in the end-plate
cells compared to extra-junctional cells over 4 mm away is
approximately 4:1, Unfortunately batch variation in the ratio
is quite large from the scintillation counting results
(Chapters III and IV).

From all the uptake measurements for

decamethonium after 1 hour in the rat diaphragm in this study,
the ratio of the peak uptake compared to asymptote has ranged
from approximately 2 to 5:1,

Hence the ratio of

radioactivity in end-plate and non-junctional cells obtained by
autoradiography falls within the results obtained by
scintillation counting.

This experiment shows that it is

- 201 possible technically to take sections at different positions
along the length of the same group of fibres. However it
would be even nicer to be able to plot the change in
radioactivity along the whole length of fibres but good
longitudinal sections of the diaphragm are difficult to
obtain.

Heterogeneity of mammalian muscle fibres
It has long been known that there are at least two
distinct types of fibres in mammalian skeletal muscle.
Ranvier (1874) first observed that red muscles in the rabbit
contracted at a slower rate than did white muscles of the same
species.

Later Paukal (1904) concluded from studies on 21

different rabbit muscles that slow muscles were always red but
red muscles were not always slow.

The "redness" of a muscle,

due to the myoglobin content, has been shown to be
associated with the amount of exercise to which a muscle is
subjected (McClintock, Hines and Jordan, 1939; Lawrie, 1953).
Histochemical techniques have shown that red fibres, which
are small in diameter, are rich in mitochondrial enzymes
(Green, 1951; Nachmios and Padykula, 1958) in contrast to
white fibres which are large with a relatively low
mitochondria' content.

Padykula and Gauthier (1963) have

- 202 demonstrated that the rat diaphragm consists of both red and
white fibres together with fibres of intermediate character.
It has been suggested that in the diaphragm the red fibres
reflect a high degree of metabolic activity and that the
proportion of red and white fibres is dependent on the rate of
contraction of the muscle (Gauthier and Padykula, 1966).

The

distribution of red and white fibres has not always been found
to be uniform over the whole muscle (George and Susheela,
1961; Sr4ter and Woo, 1963) which provides a sound reason for
confining studies on diaphragm muscle to a particular portion.
Srater and Woo (1963) have shown that the water and ionic
composition of different skeletal muscles of the rat are
related to the ratio of white to red fibres and have suggested
that varying ionic compositions may be a factor in
determining the speed of contraction of various fibres.
However, conflicting reports between fibre types and the speed
of contraction indicate that an exact relationship remains
unclear (Gauthier and Padykula, 1966).
Jewell and Zaimis (1954) have shown that in the cat
decamethonium blocks neuromuscular transmission in the soleus
(red slow) muscle by a dual mode of action in contrast to the
tibialis muscle (white fast) in which the characteristics of
a depolarisation block are evident.

This would seem to

- 203 indicate that differences must exist at the motor end-plate
of these muscles but no very significant histological
correlations have been demonstrated.

It is interesting

however that the motor neurones supplying fast muscles
exhibit a short period of hyperpolarisation following the
discharge of an impulse which allows the fast frequency of
firing.

In contrast a longer period of after-

hyperpolarisation exists in the case of the motor neurones
inervating slow muscles (Eccles, Eccles and Lindberg, 1958).
However cross-union experiments have shown that although the
motor neurones determine the speed of the muscles which
inervate (Buller, Eccles and Eccles, 1960) they do not affect
the sensitivity of the muscles to depolarising drugs
(Maclagan and Vrbov6., 1966).

The membrane characteristics

of both fast and slow muscle have been examined in the rat by
Albuquerque and Thesleff (1968) who found no significant
differences with respect to resistance, resting potential or
action potential. Attempts have been made to correlate the
arrangement of the transverse tubules of the sacroplasmic
reticulum with the function and properties of the muscle.
It is now thought that the action potential is transmitted
into the depths of the fibre via the transverse tubules (for
references see Bendall, 1968).

However the distribution and

- 204 detailed structure of the sacroplasmic reticulum varies widely
from muscle to muscle but it seems to be a general rule that the
fasting acting the muscle the more extensive its reticulum
(Hasselbach, 1964; Porter and Palade, 1957; Revel, 1964)
although this has been questioned by Bergman (1964).
It is thus obvious that even muscle fibres of the same
mammalian species are not identical, although the definition
of various types will depend on the criteria used.

The

significance of these types in relation to their function and
pharmacology is still not clear.

In view of the well known

phenomenon of biological variation it would be surprising if
even fibres belonging to a particular group were all identical.
It would therefore seem that the variation found in the amount
of radioactivity present at individual end-plates is not
unexpected.

- 205 SUMMARY OF CHAPTER VI

1.

The distribution of tritium labelled decamethonium in

the rat following immersion in vitro was studied by
autoradiography in frozen sections.

The autoradiograms

prepared confirmed that the drug had entered the fibres in
the region of the end-plate.
2.

After the immersion of rat muscles in 10 RM labelled

decamethonium for 1 hour, followed by a 10 min wash in
inactive physiological saline, it was shown that the grain
density over end--plate cells was similar for both inner and
outer fibres. There was therefore no evidence of a
diffusion gradient.

This is consistent with the uptake of

a substance whose entry iz relatively slow and hence limited
by permeability rather than diffusion (i.ea like sodium rather
than potassium).
3.

Transverse sections were cut at various positions along

the muscle and grain densities evaluated over end-plate cells
and over cells in the non-junctional region.

There was a

considerably larger amount of radioactivity in the end-plate
cells compared to the non-junctional cells, the ratio being
4:1.
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Saturation effects in the uptake of decamethonium in skeletal muscle
P. P. A. HUMPHREY (introduced by R. CREESE), Department of Physiology, St. Mary's
Hospital Medical School, London, W.2
Decamethonium has been found to accumulate in the end-plate region of mice,
but no evidence of saturation was found (Waser, 1965). In rats which have been
injected with labelled decamethonium the compound enters muscle fibres in the
end-plate region (Creese & Maclagan, 1967) and remains for long periods (Taylor,
Dixon, Creese & Case, 1967).
Rat diaphragms were soaked in solutions which contained varying concentrations
of decamethonium—(3H-methyl) chloride, and after 1 h the muscles were washed
for 10 min in physiological saline, frozen, sliced into strips 1 mm wide and counted
by scintillation methods (Taylor, Creese, Nedergaard & Case, 1965). At concentrations of 10-100 pm there was a peak uptake in the strip which contained the band
of end-plates, and the radioactivity in the tissue increased linearly with time. The
uptake at the end of the fibres was much smaller.
At lower concentrations of decamethonium the peak uptake was progressively
reduced, and at a concentration of 0.01 pm the uptake at the end-plate region was
no different from that at the end of the fibres. Saturation could be demonstrated
by plotting the uptake as a clearance (ml/g) against concentration of decamethonium,
and half-saturation occurred at 2.5 p,M. Similar curves have been obtained with
denervated guinea-pig muscle, and also with rat diaphragms which were depolarized
in solution containing potassium methyl sulphate (for example, England, 1969).
At high concentrations the peak uptake (when expressed as ml/g) was again
reduced and the kinetics resembled those of a carrier-like system. If the results in
rat muscle are interpreted in terms of receptors then at least two sites are necessary,
a high-affinity site with half-saturation at 2.5 pm plus a low-affinity transport system
with half-saturation at approximately 2 mm.
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