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STUDIES ON THE EFFECT Off CERTAIN DRUGS UPON
THE FLUX OF CALCIUM, POTASSIUM AND SODIUM 

IONS IN SKELETAL MUSCLE *



C H A P T E R  I
I I N T R O D U C T I O N
i 'i\
\ The influence of monovalent and divalent cations on
Vi excitable tissues has been of interest to physiologists and
[ pharmacologists for many years and the properties of
!•! pharmacological agents and physiological mechanisms are in
■ some cases most readily understood in terms of ion dis-
| tribution and ion movements. The most extensively studied
\ cations are calcium, potassium, sodium and magnesium.

Their importance, if not their precise roles, in maintaining 
the normal functioning of excitable tissues has been clearly 
established.

CALCIUM
The effects of calcium ions upon the isolated "intact” 
heart and cardiac tissue preparations.

Ringer (1, 2, 3) in 1883 was successful in preparing 
a solution containing sodium chloride, potassium chloride, 
sodium bicarbonate and calcium chloride or calcium phosphate 
in quantities which made it suitable as a substitute for 
blood, and which kept frog and eel hearts contracting in vitro 
for several hours. Later on, Mines (4) in 1913 made 
simultaneous records of the mechanical responses and electrical 
changes in the perfused frog heart and observed that 
alterations/
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alterations in the concentrations of hydrogen ions and 
calcium ions in the perfusion fluid could abolish mechanical 
movements, but did not influence the regular electrical 
variations which remained in a normal form. In 1920,
De Burgh Daly and Clark (5) observed that alterations in the 
concentrations of the ions normally present in Ringer's 
solution would, if sufficiently extensive, impair all 
functions of all parts of the frog heart, but a moderate 
degree of change influenced the different regions of the 
heart to an unequal extent. Alterations in the potassium 
ion content produced a greater impairment of the conduction 
of electrical variations, whereas reduction of the calcium 
ion content had little effect. Lack of potassium or sodium 
ions and excess of calcium ions all produced an increase of 
systolic tone and caused somewhat similar variations in the 
electrocardiogram.

Green and his colleagues (6) while using cat papillary 
nuscle to study the contractility and excitability of the 
nammalian myocardium, noted that contractility depended 
upon the calcium ion concentration in the bathing medium.

Solomon (7) studied the influence of altered calcium 
ion concentration in the perfusing fluid, upon the 
contractile force and electrical potentials of the cat 
papillary muscle. He observed that increasing the calcium 
ion content of the perfusing fluid increased the force of the 
contraction and inverted the I wave. Decreasing the calcium 
ion content reduced the force of contraction, shortened the 
B-T/
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R-T interval and raised the R-I segment*
Wilbrandt and Roller (8) while experimenting with 

isolated frog hearts, observed that dilution of the Ringer’s 
solution with isotonic sucrose produced the same result as 
an increase in the calcium ion content of the solution*
They suggested that the site of action of calcium ions in the 
heart was probably the cell membrane* In this case, they 
suggested that the action depended quantitatively on the 
calcium ion concentration at the membrane, which was 
presumably not identical with the concentration in the 
surrounding solution, but related to it by an equilibrium 
constant* In general they thought it would be higher*
Rrom the calculation of the equilibrium constant Wilbrandt 
and Roller (8) found that dilution of the external solution 
increased the calcium ion concentration at the membrane 
itself.

Recently Weidmann (9) studied the effect of increasing 
the calcium ion concentration during a single heart beat*
He raised the calcium ion concentration rapidly after the 
beginning of an action potential by applying a calcium-rich 
solution (100 mM calcium chloride in Ringer’s solution) 
through a cannula inserted into the coronary artery of the 
isolated turtle ventricle* His observations made it clear 
that an increment of contractile strength could be obtained 
if the calcium ion concentration in the perfusate started to 
rise at the beginning of systole, i.e. after the onset of 
membrane depolarization. On the basis of this result 
Weidmann/
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Weidmann (9) concluded that throughout the period of membrane 
depolarization calcium ions mediate between electrical and 
mechanical activity#

Niedergerke (10) studied the staircase phenomenon of 
cardiac tissue using combined methods of electrical and 
mechanical recording. His experiments suggested that the 
staircase effect was due to a facilitation of a process by 
which the action potential gave rise to a muscular contraction. 
He observed that a similar facilitation could be produced 
without repetitive stimulation by certain changes in the 
ionic environment, notably by an increase in the calcium ion 
concentration, and to a less marked extent, by a reduction of 
the potassium ion concentration. Niedergerke (ll) also 
studied the potassium chloride contracture of cardiac tissue 
and its modification by calcium ions. Tension and surface 
depolarization of strips of frog's ventricle were recorded 
during potassium chloride contracture. High calcium ion 
concentrations increased the amplitude and rate of rise of 
the contracture, and slowed relaxation. When calcium ions 
were added to or withdrawn from a depolarized muscle, rapid 
changes occurred in the strength of the contracture. He 
concluded that the calcium ion alters the relation between 
depolarization and tension. It enhances tension at all 
levels of depolarization, but particularly strongly at small 
depolarizations. These effects, produced by a change in 
the external calcium ion concentration, develop and subside 
rapidly and may, therefore, be presumed to take place at 
the cell surface. Niedergerke (12) also studied the rate



of action of calcium ions on the contraction of the heart.
He observed that changes in tension due to an altered 
calcium ion concentration were faster than the corresponding 
net movements of calcium ions between the tissue and the 
surrounding medium. An appreciable fraction of the net 
movement of calcium ion (more than 50 per cent) however, 
takes place while the tension rises or decays,

Niedergerke and Lflttgau (13) observed that every known 
feature of the action of calcium ion on the cardiac tissue 
could be simulated by a diminution of the sodium ion 
concentration. They suggested that calcium and sodium ions 
competed for a compound which controlled contraction. 
Niedergerke and Harris (14) found that replacement of sodium 
iozBby sucrose or lithium ions, or the omission of potassium 
ionsfrom Ringer's solution, caused the cardiac tissue to 
accumulate calcium ions. In both of these cases they 
observed an increased uptake of calcium ion, whereas the 
rate of release of calcium ionswas diminished.

Lttttgau and Niedergerke (15) studied the effects of 
sodium and calcium ions on the contraction of strips of frog 
heart by recording the tension of isometric twitches and 
potassium chloride contractures. They measured the 
corresponding action potentials and the depolarizations and 
using microelectrodes also determined the cellular membrane 
potentials. It was observed that calcium ions and sodium 
ions influenced contractility in an antagonistic way and 
that twitch and contracture tensions depended approximately 
upon the ratio of calcium ions to sodium ions in the bathing 
fluid./
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fluid. They suggested that calcium ions and sodium ions 
competed at the cell surface or in some other cellular 
region readily accessible to the external solution, for a 
negatively charged substance to form either a calcium 
compound activating contraction, or a sodium compound which 
is inactive in this respect,

Hiedergerke (16) investigated the influence of calcium 
ions on the activation of the contraction in cardiac tissue 
by studying the uptake of calcium ions in frog ventricles 
during rest and contracture. He perfused the ventricles 
with sodium ion-depleted Ringer's solution, replacing 
sodium ions with potassium ions and observed an increased 
uptake of calcium ions. When the ventricles were transferred 
(after a five minute perfusion in potassium Ringer's solution) 
to normal Ringer's solution there was a loss of calcium.
This suggested a reversible competition between sodium ions 
and calcium ions for a cellular site. When the ventricles 
were depolarized by raising the external potassium ion 
concentration to 100 mM (which was done by adding solid 
potassium chloride to the perfusion fluid) it was observed 
that the depolarization caused by added potassium increased the 
calcium ion uptake. On the basis of these results 
Niedergerke (16) suggested that the inward movement of 
calcium ions activated the contraction of cardiac tissue,

Sekul and Holland (17) studied the exchange of calcium 
ions in atrial fibrillation using radioactive calcium-45 
as a tracer, Freshly dissected rabbit atria were attached 
to/
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to platinum-iridium electrodes and suspended in Ringer's 
solution. Fibrillation was induced by stimulating the 
atria at 1,200 cycles per minute for one minute. It was 
found that fibrillation caused an increased influx, but had 
no influence on the efflux of calcium ions.

Thomas (18) studied the uptake of calcium-45 by heart 
muscle during potassium ion-lack contracture using frog 
ventricle for his work. He observed that when the 
ventricles were perfused with potassium ion-free Ringer's 
solution there was an increase in the uptake of calcium.
This increased uptake of calcium coincided with the gradual 
development of the contracture and was associated with a 
loss of potassium ion and a gain of sodium ion.

It appears from a study of the observations cited above, 
that the calcium ion plays a vital role in the normal 
functioning of the intact heart and of isolated cardiac 
tissue. Contractile strength seems to depend on the amount 
of calcium ion available and the observation (16-18) that 
contracture or fibrillation were associated with an increased 
calcium ion content of cardiac tissue indicates that 
depolarization of the membrane may be associated with a net 
entry of calcium ions into the myofibril. There seems to 
be an antagonistic relationship between calcium ions and 
sodium ions on the cardiac cell surface, while there is 
strong evidence that in the heart the calcium ion may supply 
the link between the electrical and mechanical events.

The/
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The influence of calcium ions on the heart in situ*
Rubin and his colleagues (19) made simultaneous records 

of the cortical electrogram and the electrocardiogram during 
intravenous injection of salts of potassium, calcium and 
magnesium in the cat. They observed that salts of potassium 
and calcium produced no changes in the cortical electrogram 
until the development of intraventricular block or cardiac 
arrest. There was subsequently a slowing of the cortical 
electrogram.

Clarke (20) studied the action of calcium ions on the 
human electrocardiogram. He observed that the changes 
produced were progressive and depended upon the calcium ion 
concentration of the blood. The earliest changes were 
bradycardia, sinus arrhythmia, shifting of the pacemaker 
and various degrees of heart block. Calcium ion was found 
to act directly upon the ventricular muscle, increasing its 
excitability, and producing foci of idiopathic ventricular 
rhythms and ventricular extrasystoles of large and unusual 
form. There were also alterations in blood pressure, the 
systolic level was raised and the diastolic pressure usually 
depressed.
The influence of drugs upon the flux of calcium ions in the 
isolated "intact" heart and on cardiac tissue preparations.

Loewi (21) in 1918 suggested that the action of 
strophanthin on the heart was due to an increased sensitivity 
to calcium ions and Thomas (22) in 1957 suggested that 
digitoxin altered the affinity of binding sites in heart muscle 
for/

-  8  -



for calcium ions*
Harvey and Daniel (23) using calcium-45 as a tracer 

investigated in the isolated perfused guinea-pig heart, 
the possibility that digitalis acted by altering the influx 
and/or efflux of calcium ions in the heart muscle* Perfusion 
with a normal medium was sustained for 30 minutes, after 
which a calcium-45 labelled medium was introduced for periods 
of from 5 minutes to 1 hour along with different concentrations 
of digitoxin* At the end of this time the hearts were 
analysed for calcium-45 content. It was observed that even 
in intoxicated hearts the calcium ion content did not vary 
significantly with regard to either the time of perfusion or 
digitoxin treatment.

Thomas and his co-workers (24) studied the effects of 
potassium ion-free perfusion and certain contracture 
producing agents, e.g* ouabain, adrenaline and iodoacetate 
on calcium-45 uptake by isolated frog hearts. Electrically 
stimulated ventricles mounted on Straub cannulae were 
perfused with calcium-45 labelled Ringer's solution. It 
was found that ventricles perfused with potassium ion-free 
Ringer's solution to the point of final contracture, 
accumulated 100 per cent more calcium-45 than the controls. 
Ventricles put into contracture by toxic doses of ouabain 
took up 20 per cent more calcium-45 than the controls, but 
non-toxic doses of ouabain had no effect. Ventricles put 
into contracture by adrenaline or iodoacetate took up no 
more calcium-45 than the controls.

Holland/
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Holland and Sekul (25) studied the effect of ouabain 
on calcium-45 exchange in isolated rabbit atria. Freshly 
dissected atria weighing between 300 and 400 mg. obtained 
from young rabbits were employed. Influx was determined 
by incubating the atria for periods of 2 hours in Ringer's 
solution containing calcium-45 in the presence or absence 
of ouabain. After the incubation period, the atria were 
washed with non-radioactive Ringer's solution for a period 
of 5 minutes, weighed and homogenized in distilled water and 
the counts were made upon evaporated samples of the homogenate. 
Efflux was determined by incubating the atria in Ringer's 
solution containing calcium-45 for a period of 2 hours. At 
the end of this time the preparations were washed three times 
with non-radioactive Ringer's solution. The atria were 
then incubated in a number of samples of non-radioactive 
Ringer's solution with and without ouabain for a period of 
1 hour, after which they were blotted dry, weighed and 
homogenized in distilled water. The number of counts remain
ing in the tissue was determined by counting the evaporated 
samples of the homogenate.

It was observed that ouabain increased calcium ion 
influx but did not alter calcium ion efflux. The action 
on the influx was enhanced by an increase of calcium ion, 
and blocked by an increase of potassium ion in the medium. 
Thomas (26) also found that in frog ventricles when 
sufficient ouabain was given to cause contracture, it increased 
the rate of influx but not of the efflux of calcium-45 •

Sekul/
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Sekul and Holland (17) using rabbit atria found that 
acetylcholine had no demonstrable action on the calcium ion 
ezchange, but in acetylcholine-induced fibrillation the rate 
of entry of calcium ionswas greater than in the rapidly 
stimulated atria.

The effect of calcium ions upon skeletal muscle.
Calcium is known to exist in biological materials in 

both the ionic and •'bound11 states. The influence of calcium 
ions in the process of muscle contraction has received the 
attention of many workers. There is no evidence that bound 
calcium plays a part in the activity of nerve or muscle.

Ringer (2, 3) in 1887 observed that calcium salts added 
to a saline solution sustained contractility in frog 
skeletal muscle and Mines (27) in 1908 using the method of 
submaximal stimulation, observed that addition of a small 
amount of calcium chloride to a sodium chloride solution 
which was bathing isolated frog sartorius muscle, caused an 
immediate diminution in the muscular excitability towards 
electrical currents of long duration.

Brown and Harvey (28) in 1940 observed that a kid 
kept on a diet deficient in calcium showed a defect in 
neuromuscular transmission, such that a single maximal motor 
nerve volley failed to elicit a maximal response from the 
muscle. With repeated stimulation, at a sufficiently high 
frequency, each successive response of the muscle became 
greater until transmission was fully restored at the fifth 
or sixth response.

Heilbrunn/
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Heilbrunn and Wiercinski (29) studied the action of 
various cations on the muscle protoplasm by injecting 
solutions of various salts into the interior of isolated frog 
muscle fibres. The effects of these solutions on the lengths 
of the muscle fibres were then determined by measurements 
made under the microscope. Calcium ions even in rather 
high dilutions caused an immediate and pronounced shortening 
of the muscle fibres. This effect was not shared by any 
one of the other cations normally present in any quantity 
in muscle.

Merlis (30) studied the effect of changes in the 
calcium ion content of a balanced salt solution (Na, 0.141;
K, 0.0033; Ca, 0.00125; Mg, 0.0012; Cl, 0.152; HPC>4, 
0.00048; HCO^, 0.021; glucose, 0.0034; urea, 0.0022 
moles per litre) perfused through the lower spinal sub
arachnoid space at constant pressure and temperature in dogs 
with spinal cord transectioned at T10. He observed that 
calcium ion-free solutions produced an augmentation of the 
spinal flexion reflex, an increase in muscle tone and 
spontaneous twitching of the muscles of the lower half of 
the body.

Btflbring and her colleagues (31) studied the behaviour 
of isolated frog skeletal muscle in a calcium ion-deficient 
medium and observed that lowering the calcium ion content 
of the bathing medium led to a fall in the membrane potential.

Del Castillo and Stark (32) studied the relation 
between the size of the motor end plate potential and the 
calcium/
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calcium ion concentration using frog sartorius nruscle for 
their experiments. It was observed that over a wide range 
of change of calcium ion concentration there was an 
approximately linear proportionality between the calcium ion 
concentration and the amplitude of the end plate potential.
It was noted that by increasing the calcium ion concentration 
from 0.45 to 7.2 mM the size of the end plate potential 
increased from 0*15 to 2.26 times that obtained in Ringer’s 
solution (1.8 mM calcium ion concentration)*

Harris (35) studied the exchange of calcxum-45 in frog 
sartorius muscle. He soaked the muscles for a period of 
from 4 to 12 hours in a bicarbonate saline solution contain
ing 0.5 mM calcium chloride which included a portion of 
calcium-45 and found that the muscles took up 10 to 25 per
cent of the calcium-45* He also followed the loss of
calcium-45 into Ringer’s solution from muscles loaded with 
calcium-45* He observed a rapid initial loss which became 
slow after 1 to 2 hours. The rate of loss was increased 
when the muscles were placed in calcium ion-free solutions, 
but returned to the previous slow rate after replacement 
of the calcium ion.

Harris (34) extended his work further and studied the
uptake and loss of calcium-45 in the sartorius muscles of
Rana temporaria. He observed an initial rapid uptake which 
diminished with time. The radioactivity of muscle measured 
at 16 hours and 20 hours showed no change. In some 
experiments calcium-45 content became constant after a 1 
hour period of exposure. He noted that calcium-45 uptake 
reaches/
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reaches a limit, after which there is no further increase.
In experiments in which the muscles were exposed to solutions 
containing calcium-45 for about 16 hours, it was observed 
that the exchange between the calcium ions in the solutions 
and the muscle calcium ions was far from complete. Even 
exposure to labelled solutions for a period of 60 hours did 
not bring about any noticeably increased exchange. Observations 
on the loss of calcium-45 were made upon muscle which had 
been labelled by exposure for 16 hours at 4°C. The output 
of calcium-45 was initially rapid but slowed down after 
about 1 hour. In experiments lasting from 4 to 5 hours 
there was from 10 to 20 per cent of the original calcium-45 
content remaining in the muscle and most of it could not 
be removed by treatment for 16 hours with ethylene diamine 
tetra acetate. The output was reduced if the temperature 
of the system was reduced from the usual 20°C to 0°C. When 
the muscles were Immersed in calcium ion-free solutions 
there was sometimes a definite acceleration of the efflux 
but this was variable. In some experiments ho acceleration 
of calcium ion efflux could be detected at all. Acceleration 
of calcium-45 efflux in calcium ion-free solution was stopped 
by the addition of 5 mM magnesium ion. Addition of 
ethylene diamine tetra acetate always caused an increased 
output. Stimulation at either 15 or 75 impulses per minute 
did not cause any change in the rate of efflux of calcium-45 
from the muscle. Erom the results of these experiments it 
was concluded that the muscle calcium was held principally
in a bound form, but the strength of the binding forces was 
variable./
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variable.
Gilbert and Fenn (35, 36) studied the uptake of 

calcium-45 by isolated frog sartorius muscle. Before use 
the muscles were kept overnight in Ringer's solution at 
5^0, followed by standing for to 3 hours at room 
temperature. They were then soaked for various periods of 
time in Ringer's solution containing calcium-45 and then 
weighed and ashed. The ash was dissolved in water, 
transferred to planchets and dried. The radioactivity was 
measured by using a thin mica end window Geiger Miller tube. 
The radioactivity of the sample was expressed as a percentage 
of the radioactivity in Ringer's solution. Although the 
biological variability was fairly large, they observed that 
the surface phase took up calcium-45 in about 1 minute, the 
extracellular space and connective tissue in about 30 minutes 
and the intracellular space in about 300 minutes. The 
distribution of the total calcium ion in the whole muscle 
immersed in Ringer's solution was calculated to be 10 per 
cent in the surface phase, 12 per cent in the extracellular 
water space, 17 per cent in the dry connective tissue, 24 
per cent in the intracellular space and 37 per cent as 
non-exchangeable calcium ion.

Shanes and Bianchi (37) studied the distribution and 
kinetics of the release of calcium-45 in tendon and skeletal 
muscle, using the sartorius muscle and Achilles tendon of 
the frog (Rana pipiens). The muscles and tendons were 
mounted on glass rods and soaked for 4 hours in oxygenated 
Ringer's solution containing 2 microcuries per ml. of 
calcium-45*/
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calcium-45* After this period the muscles and tendons were 
placed at regular intervals in a volume of 2 or 3 ml* of 
non-radioactive Ringer’s solution. The radioactivity of 
each collection and that of the acid extract of the ashed 
tissues obtained at the end of the wash out series, were 
measured with a low background gas flow counter. In some 
of the experiments Shanes and Bianchi introduced two 
modifications. In the first of these one member of a pair 
of muscles which had been soaked in Ringer's solution contain
ing calcium-45> was allowed to lose its calcium-45 into 
non-radioactive, calcium ion-free Ringer's solution while 
its partner was kept in normal Ringer's solution. It was 
observed that an additional fraction of the calcium-45 was 
retained by the tissue in calcium ion-free Ringer's solution* 
In the second modification it was noted that in the case of 
the labelled tissue exposed for a period to calcium ion-free, 
non-radioactive Ringer's solution, addition of calcium 
at the normal level caused a rapid additional release of 
calcium-45* This showed that the retained calcium ion 
actually consisted of easily accessible, exchangeable bound 
calcium. Prom the results of these experiments Shanes and 
Bianchi (37) concluded that in muscle the exchangeable bound 
calcium ion is in the connective tissue, on superficial fibre 
sites and in the myoplasm. About 80 per cent of the 
superficial sites on the fibres can lose calcium ionsin 
exchange for other physiological cations when calcium ion is 
lacking in the medium, the remaining 20 per cent can only 
exchange with calcium ion.

Cosmos/
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Cosmos (38) studied the movement of calcium ions in frog 
and rat muscles in vivo using calcium-45 as a tracer. Both 
frogs and rats were injected intraperitoneally with 15*6 
microcuries per 100 g. body weight calcium-45 in a 0.7 per 
cent sodium chloride solution. The injected frogs were 
stimulated using a Grass stimulator. The duration and 
voltage employed for each stimulus were adjusted so that each 
shock elicited a complete extension of the hind legs, followed 
by a return to the normal sitting position. The duration 
of the experiment was from 40 to 520 minutes. Control 
animals were run in a parallel fashion. The animals were 
weighed before and after stimulation. After the end of the 
experiment the frogs were pithed, blood was taken from the 
aortic arches, allowed to clot and then centrifuged. The 
serum was separated, an aliquot of serum was ashed in a 
furnace and the calcium estimated. Muscles were removed 
from the hind legs immediately following the blood sampling. 
The rats were killed with pentobarbitone at various time 
intervals from 20 to 1,080 minutes after the time of 
injection. Blood samples were drawn from heart punctures, 
following which leg muscle samples were removed. The 
results show that approximately 400 minutes of periodic 
stimulation was required for all the muscle calcium ion in 
the frog to exchange with calcium-45, whereas the rat 
exchanged all its muscle calcium within 100 to 150 minutes 
without any artificial stimulation. From the results of 
these experiments Cosmos (38) concluded that with muscular 
activity there is increased movement of calcium ion, 
implying/
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implying the conversion of bound calcium ion of the resting 
muscle to an ionized form, free to exchange with available 
calcium-45 during the active state of the muscle. Frank 
(39) also observed that there was an inward movement of the 
calcium ion when the muscle fibre was depolarized and he 
suggested that this calcium ion acted as a link between the 
electrical and mechanical events in muscle contraction.

Woodward (40) studied the release of calcium-45 from 
muscle during electrical stimulation. He used frog 
sartorius muscles for his work and immersed them for a period 
of 3 to 4 hours at 5°C. in Ringer's solution containing 
5 microcuries of calcium-45 per ml. The muscles were then 
removed, rinsed and washed in 5 to 7 successive baths, 
each containing the same volume of Ringer's solution, the 
time spent in each bath being the same. After washing, 
the muscles were stimulated electrically while immersed for 
the same length of time in a bath of Ringer's solution. It 
was found that electrical stimulation caused an increase of 
from 30 per cent to 200 per cent in the amount of calcium-45 
released into the bathing medium.

Bianchi and Shanes (41) using the sartorius muscle of 
the frog (Rana pipiens) and calcium-45 as a tracer studied 
the calcium ion influx in skeletal muscle at rest, during 
activity and during potassium ion contracture. They 
observed that on stimulation of the muscle the influx of 
calcium ions was almost double the influx in the resting 
condition. It was also noted that potassium ion contracture 
markedly augmented the entry of calcium ion into the muscle.

Shanes/
- 18 -



Shanes and Bianchi (42) also studied the calcium ion 
release by stimulated and potassium ion-treated frog 
sartorius muscle using calcium-45 as a tracer. They 
observed that the muscles exhibited an increased release of 
calcium-45 during the period of stimulation. No difference 
was seen when the stimulation was at a rate of 20 per sec. 
or at 0.5 per sec. Prior stimulation, however, appreciably 
increased the loss per impulse. The release of calcium-45 
during potassium ion depolarization depended upon the nature 
of the contracture. When the contracture was isometric 
the rate of release was doubled and when it was isotonic the 
rate of release was four times greater than normal. Shanes 
and Bianchi pointed out that the close equality of calcium 
ion entry and exit during stimulation and potassium ion 
depolarization was not inconsistent with a net entry of 
calcium ion.

It seems likely that a part at least of the muscle 
calcium may exchange with the available radioactive calcium 
and this exchange is enhanced by mechanical activity of the 
muscle. Both the inward and outward movements of calcium 
ion during stimulation and potassium ion contracture indicate 
that calcium ion movement is intimately connected with the 
process of depolarization.
The effects of calcium ions on nerves, nervous tissue and 
the functioning of nerves

Brink (43) Has reviewed the role of the calcium ion in 
neural processes and Shanes (44) has reviewed extensively 
the/
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the electrochemical aspects of its physiological and 
pharmacological action in excitable cells*

Libet and Gerard (45) studied the physico-chemical 
and nervous factors controlling spontaneous potentials in 
the olfactory bulb of the isolated frog brain which continued 
to show its in vivo electrical activity. They observed that 
moderately increasing the calcium ion content of the Ringer1 s 
solution produced slow electrical waves, whereas reducing 
the calcium ion content produced fast ones - an indication 
that calcium ions were concerned in the maintenance of 
normal electrical activity in the olfactory bulb.

Sidney Saloway and his colleagues (46) studied the 
transport of calcium-45 in chela axons of the crayfish 
Cambarus virilis. These axons are thinly myelinated and 
essentially free from connective tissue. The nerves were 
incubated for a period of 1 hour in a volume of 6 ml. of 
van Harreveld's solution (47) in which stable calcium was 
replaced by calcium-45* The nerves were then washed for 
10 minutes in a large excess of non-radioactive van Harreveld's 
solution, after which they were transferred to an aluminium 
planchet containing 1 ml. of the same solution. The nerves 
were allowed to remain in the planchet for a length of time 
sufficient to yield to the surrounding medium an amount of 
calcium-45 which could be easily measured. They were then 
transferred to the second planchet and the process repeated. 
This procedure was continued until a total of about 8 
planchets had been employed. The nerves were then coiled at 
the bottom of the 9th planchet and dried under a lamp along 
with/
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with the entire set of planchets. The radioactivity of 
each planchet was then measured. The results indicated 
that the loss of calcium-45 from crayfish nerve could he 
described by a curve consisting of two exponential terms* 
Lowering the calcium ion concentration of the bathing medium 
did not affect the rate of calcium-45 loss. When the 
temperature of the system was raised to 25°0 from the usual 
15°C there was either very little or no change in the process 
of calcium-45 loss.

Hodgkin and Keynes (48) studied the movements of 
labelled calcium ions in squid giant axons using calcium-45 
as a tracer. They observed that depolarization of the 
membrane by raising the external potassium ion concentration 
caused a five-fold increase and stimulation at 156 impulses 
per second a twenty-fold increase in the calcium ion influx.

Krankenhaeuser (49) studied the influence of different 
external calcium ion concentrations on the membrane action 
potentials in myelinated frog nerve fibres and observed that 
the action potential amplitude was smaller when the calcium 
ion concentration was low.

Dalton (50) while studying the transmembrane potentials 
in the crayfish giant axons observed that a decrease in the 
external calcium ion concentration resulted in a decrease 
in both the resting potential and the action potential.

Adelman and Adams (51) studied the action potential in 
motor axons from the lobster limbs and observed that upon 
exposure to a calcium ion-free solution the spike amplitude 
was/
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was rapidly decreased and this was followed within a few 
minutes by a slow linear decline,

Frankenhaeuser and Hodgkin (52) while studying the action 
of calcium ions on the electrical properties of squid axons, 
observed that changes in the calcium ion concentration and 
changes in the membrane potential had similar effects on the 
system which allowed sodium ion and potassium ion to move 
through the membrane during the spike,

Adelman (53) pointed out that if in calcium ion lack 
a reduction in membrane resistance was assumed, it might be 
concluded that this means an increased membrane permeability 
to both sodium ions and potassium ions, St&mpfli and Nishie 
(54) observed that calcium ion lack enhanced the membrane 
permeability, particularly for sodium lore but also for 
potassium ions,

Shanes and his co-workers (55) from experiments on the 
voltage clamped squid axon suggested that multivalent ions 
reacted with the cell membrane to reduce the number of sites 
available for the passage of monovalent ions at lower levels 
of depolarization - yet athigher levels of depolarization 
more sites were available. This, they suggested, could be 
accounted for if calcium ions occupied sites normally available 
to monovalent ions with activity. Calcium ions interact 
with the membrane to cause more of such sites to appear and 
occupy them prior to activity. When depolarization takes 
place calcium ions leave these sites, which are then free to 
function in the transfer of monovalent ions.

Dalton/
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Dalton and Adelman (56) stated that the reduction in the
external concentration of calcium ions produced changes in the

\

lobster axon which could not be accounted for solely on the 
basis of alterations in the potassium potential. Their 
results indicated that in low calcium ion solution there was 
a direct action on the action potential and low external 
calcium ion affects to some extent the resting potential and 
the action potential independently, i.e. calcium ions may have 
a dual role in the production and maintenance of transmembrane 
potentials. Adelman and Dalton (57) have also concluded 
that the calcium ion has a direct effect upon the spike- 
producing mechanism which is mediated through sodium ion, 
and that there is also direct interaction between calcium ion 
and potassium ion on the spike generating mechanism.

It seems likely that calcium ion plays a distinct role 
in maintaining the transmembrane potentials. When the 
equilibrium is altered by depolarization, permeability to the 
calcium ion and other cations at the membrane is increased, 
leading to a change in the ionic environment.

The effects of calcium ions on smooth muscle.
Bacq and Rosenblueth (58) observed that intravenous 

injection of calcium and potassium ions caused contractions 
of the non-pregnant uterus of the cat. Dumont and his 
colleagues (59) found that calcium ion was necessary for the 
active transport of sodium ion in the rat small intestine. 
Dowdle and his co-workers (60) and Schachter and his co-workers 
(61) have shown that transport of calcium ionsacross the wall 
of/
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of the everted rat gut sac depended on the presence of 
vitamin D,as did calcium ion accumulation in respiring 
slices of rat small intestine*

Robert son (62) studied the influence of calcium ion 
on contractility in depolarized smooth muscle* In a thin 
preparation of rabbit ileum exposed to calcium ion-free 
potassium-Ringer1s solution, he observed a gradual reduction 
in the response to acetylcholine, eventually leading to an 
almost negligible response. There was a quick recovery 
which was significant at 15 seconds and complete 2 minutes 
after calcium ion was added to the bathing fluid. This 
result showed that the presence of calcium ions in the 
bathing fluid were necessary for isolated smooth muscle, 
already depolarized by potassium ion, to contract with 
acetylcholine•

The effects of calcium ions on ganglion cells and the 
adrenal medulla*

Bronk and his colleagues (64) studied the influence of 
an altered chemical environment on the activity of ganglion 
cells. They perfused the stellate ganglion and observed 
that an increase of calcium ion concentration in the perfusion 
fluid blocked transmission. When calcium ion concentration 
was reduced by perfusion with sodium citrate, the cells 
discharged spontaneously at a time when synaptic transmission 
was blocked. Harvey and Macintosh (65) investigated the 
role of the calcium ion on synaptic transmission in a 
sympathetic ganglion. They perfused the superior cervical 
ganglion/

- 24 -



ganglion of the cat and observed that when calcium was 
omitted from the perfusion fluid the ganglion cells discharged 
spontaneously and, owing to the failure of the preganglionic 
impulses to liberate acetylcholine, synaptic transmission 
failed.

Bacq and Rosenblueth (58) studied the effects of 
intravenous injection of calcium and potassium ions on the 
adrenal medulla and nictitating membrane of the cat. Both 
the ions had a stimulant action on adrenal medullary 
secretion and a "sympathomimetic,f action on the nictitating 
membrane evoking a contraction.

Katz and Katz (66) studied the effect of potassium and 
calcium ions on the adrenal medulla of the spinal cat and 
observed that both caused a discharge of adrenaline.

The influence of drugs upon the flux of calcium ions in 
skeletal and smooth muscle.

Lister and Lewis (65) found that protoveratrine A caused 
an increased release of calcium ion from frog sartorius 
muscle labelled with calcium-45• Robertson (62) observed
that acetylcholine markedly increased the uptake of calcium- 
45 in depolarized smooth muscle.

POTASSIUM
The effects of potassium ions on skeletal muscle.

Potassium is generally acknowledged to be the primary 
intracellular cation. Skeletal muscle requires a definite 
concentration/
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concentration of potassium ion both intracellularly and 
extracellularly for optimum physiological functioning. 
Normally the concentration of intracellular potassium ion 
is maintained in skeletal muscle at a higher level than in 
the body fluids. Many investigations (67, 68) have shown 
that muscular activity leads to a loss of potassium ion from 
the cell and an entry of sodium ion from the extracellular 
fluid.

Mitchell and Wilson (69) perfused both legs of pithed 
frogs through a cannula inserted into the dorsal aorta.
The muscles of one leg were subjected to prolonged tetanizing 
stimuli, firstly by means of the nerVe, until they failed to 
respond, and then by direct stimulation of the muscle until 
no further response was obtained. The potassium ion content 
of the muscles of the stimulated leg was considerably less 
than the potassium ion content of the rested leg.

Hirschfelder and Haury (70) investigated the plasma 
potassium and magnesium ion levels in clinical "grand mal" 
epilepsy. In epileptics whose plasma was collected during 
or just before convulsions, the following deviations from 
normal values were observed. In five cases of status 
epilepticus. high potassium was found in five and low 
magnesium in four. In thirteen epileptics with very severe 
convulsions high potassium was observed in six and low 
magnesium in nine. In twelve moderately severe epileptics, 
high potassium was noted in eight and low magnesium in 
three. In five epileptics with mild convulsions a high 
potassium/
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potassium level was found in three and low magnesium in two*
In seventeen epileptics who were not having convulsions, 
the levels of plasma potassium and magnesium were normal. 
McQuarrie (71) also found that the potassium balance was 
strongly negative during convulsive seizures in epileptic 
patients. Since most of the potassium ion in the body is 
within the cells, this marked increase in potassium excretion 
indicated a leakage through the cell membrane.

Baetjar (72) while studying the diffusion of potassium 
ionsfrom resting cat skeletal muscle following a reduction 
in the blood supply, carried out some experiments in which 
blood samples were collected whilst the muscles were contracting 
rhythmically as a result of stimulation of the 6th and 7th 
anterior spinal nerve roots. The potassium ion content of 
the blood samples collected during the period when the 
muscles were completely exhausted showed an increase of from
22 to 50 per cent above normal values.

Penn and Cobb (73) studied the electrolyte changes in 
muscle during muscular activity in the rat and frog. They 
stimulated muscle both directly and indirectly and found that 
in rat muscle stimulation caused an exchange of about 15 per 
cent of the potassium ion content of the muscle for sodium
ion from the extracellular fluid. This change was largely
reversible during a recovery period of from 1 to 3 hours.
In frog muscles they observed a loss of potassium ion with 
certainty only when the muscle was stimulated directly.

Penn (74) studied the loss of potassium ion during 
voluntary/
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voluntary muscular contractions, in the rat. One sciatic 
nerve of the animal was cut and the rat made to swim. 
Immediately afterwards the muscles were analysed for their 
potassium ion content. It was observed that the muscular 
contractions produced a decrease in potassium ion content 
of the muscles of the healthy limb.

Drahota (75) studied the changes in the potassium ion
content of various muscles of the rat immediately after
denervation. He observed that after denervation there was
a rise in the potassium ion content in the tibialis anterior, 
extensor digitorum longus, soleus and diaphragmatic muscles 
of the.rat.

Penn and his colleagues (76) studied the electrolyte 
changes in cat skeletal muscles during stimulation. After 
stimulating one leg of a cat for 30 minutes, they analysed the 
muscles of both legs for potassium, sodium, calcium and 
magnesium content. The results calculated per 100 g. dry 
weight of muscle showed a loss of potassium ion which was 
balanced by a gain in sodium ion. After a recovery period 
of a few hours, there was a more or less complete reversal 
of the changes in the electrolytes from that which occurred 
during st imulat ion •

Tipton (77) observed that during stimulation, cat muscle 
lost about 20 per cent of the total potassium ion from the 
muscle fibres (potassium ion exchanging with sodium ion from 
the plasma), lost magnesium and gained water, along with 
sodium, chloride and small amounts of calcium. He further 
noted/

- 28 -



noted that after hours of stimulation muscles showed a 
much greater loss of potassium ion (with an approximately 
equivalent gain of sodium ion) than did muscles stimulated 
for 30 minutes or less. During recovery these changes were 
almost completely reversed. Injection of potassium 
chloride intravenously increased the loss of potassium ion 
during activity.

Heppel (78) using young rats (about 5 to 6 weeks old), 
studied the electrolyte changes in muscle during stimulation.
He found that the loss of potassium ion on muscular stimulation 
increased progressively as the duration of the contraction 
was lengthened. After 30 minutes there was no further change 
for at least another half hour. The changes in chloride and 
water were almost maximal after 5 minutes of stimulation. He 
noted further that young rats (about 6 weeks old) lost more 
potassium ion from their muscles on stimulation than adult 
rats. Feeding with diets low in potassium ion content and 
poisoning with monoiodoacetic acid had little or no effect on 
the potassium ion exchanges during stimulation.

Wood and his colleagues (79) studied the exchange of 
potassium ion during rest, stimulation and recovery by 
analysing the arterial and venous blood of the isolated dog 
gastrocnemius muscle perfused by means of a heart-lung 
preparation. The muscle was stimulated both indirectly and 
directly. They observed a rapid loss of potassium ion 
(about 2 mg. per 100 g. muscle) during indirect stimulation 
for a period of from 100 to 250 seconds. Similar results 
were /
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were obtained by direct stimulation of a normal muscle, a 
curarized muscle or a muscle to which the motor nerve had 
been transected 13 days earlier.

Penn (80) studied the factors which affected the loss 
of potassium ion from stimulated muscles. He observed that 
the loss of potassium ion from stimulated muscle was somewhat 
less when the tendon was cut than when the muscle pulled 
against an isometric lever at a high initial tension. Reducing 
the circulation through a stimulated muscle and thus partially 
asphyxiating it, decreased the loss of potassium ion. It 
was also decreased if the muscle was tetanized continuously.
He concluded that the loss of potassium ion was in general 
proportional to the magnitude of the contraction but was 
particularly favoured by rhythmic contractions.

Joseph and his colleagues (81) studied the absorption, 
distribution and excretion of potassium ions using 
potassium-42 as a tracer. Rats of either sex weighing 
between 200 and 300 g. were given potassium-42 by stomach 
tube or by intraperitoneal injection. After intervals 
varying from 10 minutes to 22 hours the animals were 
anaesthetized with chloroform, bled by heart puncture and certain 
tissues and organs (stomach, small intestine, liver and 
skeletal muscle) were dissected out for analysis. The 
radioactivity was extracted by covering the tissue with from 
10 to 20 ml. of 20 per cent trichloroacetic acid and grinding 
it up with clean sand. The filtered extract was transferred 
to an ashing capsule and evaporated to dryness. The 
radioactivity of the sample was measured on the electroscope. 
Extraction/
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Extraction was completed by ashing the tissue residue and 
testing it for any residual activity. Joseph and his 
colleagues (81) observed that the uptake of potassium-42 by 
skeletal muscle was slow, but increased continuously for at 
least 4 hours and remained at a constant level for about 22 
hours. The constant rate of increase of potassium-42 in 
skeletal muscle indicated the participation of the potassium 
ion in muscle metabolism. Similarly Noonan and his colleagues 
(82) observed that after subcutaneous or intraperitoneal 
injection into rats, potassium-42 was absorbed rapidly into 
most of the tissues of the body. The rate of absorption 
was high in liver, heart, kidney, lung and gastrointestinal 
tract, intermediate in muscle and skin and low in the testes, 
erythrocytes and brain. After equilibrium was established, 
the bulk of the potassium-42 was found in the muscles. Penn 
and his colleagues (83) carried out similar investigations 
using rabbit, cat and frog for their experiments. In these 
animals it was also observed that the visceral organs took 
up potassium-42 more rapidly than skin, muscle, testes or 
brain. These experiments indicated that the potassium-42 
was probably taken up quickly by the visceral organs from 
the plasma and then slowly transferred to the muscles.

(ximsburg and Wilde (84) studied the time course of the 
specific activity of potassium-42 in a number of organs in 
rats. They found that kidney, lung and intestine equilibriated 
very rapidly with plasma in about 4 to 10 minutes; liver, 
skin and spleen exchanged at an intermediate rate reaching 
equilibrium with plasma in about 100 minutes; muscle and 
testes/
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testes exchanged slowly reaching equilibrium in about 600 
minutes and brain and erythrocytes exchanged very slowly.
Since the specific activities of all the organs studied 
either equilibriated with or continued to approach 
equilibrium with plasma, it indicated that all the body 
potassium ion was exchangeable.

Abbott (85) investigated the potassium exchange using 
frog muscles. He used sartorius, semimembranosus, extensor 
digitorum longus and other foot muscles for his work. The 
muscles were soaked for a few hours in a physiological saline 
of known potassium ion content with a trace of potassium-42. 
The muscles were then washed for one minute in a similar but 
non-radioactive solution. Finally the muscles were dissolved 
in acid. The radioactivity of the dissolved muscles was 
compared with that of a known dilution of the soaking medium. 
It was observed that the degree of potassium ion exchange 
attained by the different muscles was the same when similar 
experimental conditions were applied.

Harris (86) also studied the exchange of frog muscle 
potassium ion using potassium-42 as a tracer. He used the 
sartorius, semimembranosus and semitendinosus muscles for his 
experiments. A muscle was exposed for about 4 hours to a 
solution containing a portion of potassium-42 and a number of 
readings of radioactivity, giving a measure of the potassium 
ion exchanged, were made during the period. The muscle was 
then put into a solution chemically identical and maintained 
at the same temperature but free from potassium-42. The 
loss/
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loss of radioactivity was measured for a further period of 
4 hours. It was observed that most of the potassium ion 
in frog muscle was exchangeable.

Keynes (87) studied the uptake of potassium ion using 
potassium-42 as a tracer. He used the extensor digitorum 
longus and sartorius muscles of the frog for his work. It 
was observed that the uptake of potassium-42 followed an 
exponential course, the time constant of which was close to 
that for the subsequent release of potassium-42. A final 
steady state appeared which corresponded to a virtually 
complete exchange of the internal potassium ions.

Creese (88) studied the cation fluxes in resting rat 
diaphragm strips using potassium-42 as a tracer. He observed 
that the potassium ion content of the diaphragm strip was 
entirely exchangeable.

Creese and his colleagues (89) studied the movements of 
potassium ions in the contracting rat diaphragm. Diaphragm 
muscle was soaked for from 2 to 4 hours in saline containing 
potassium-42. It was then transferred to a holder which 
was suitably wired for direct stimulation of the muscle. The 
radioactivity of the saline coming from the muscle after 
stimulation was measured. It was observed that when the 
muscle was stimulated at a frequency of 2 impulses per second, 
there was an increase of about 23 per cent in the rate of 
outward movement of potassium-42.

It appears from the findings of various workers that 
almost all the potassium ion content of the muscle is 
exchangeable /
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exchangeable with radioactive potassium. Contraction of 
muscle seem to be associated with a distinct loss of potassium 
ion and this indicates that extrusion of potassium ion is a 
factor in the process of depolarization.

The influence of drugs upon the flux of potassium ions in 
skeletal muscle.

Hardt and Pleckenstein (90) carried out experiments to 
find whether potassium ion was liberated when there was a 
muscle contraction induced by substances such as caffeine, 
chloroform, tribromethanol and nicotine, or by heat and to 
see whether local anaesthetics, which under certain conditions 
prevented contraction, exerted any influence upon the liberation 
of potassium ions. Hardt and Fleckenstein used frog gastro
cnemius muscle for their work. The muscles after being 
removed from the frogs were immersed for 1 hour in saline, 
after which an isotonic lever was attached to the muscle and 
the latter immersed in saline for a further period of 20 
minutes. Finally the muscle was immersed in saline contain
ing the drug for a further period of 20 minutes. The 
resulting contraction was recorded on a slowly moving surface. 
The amount of potassium ion which diffused outwards in the 
second and third immersions was measured. It was observed 
that the drugs tested caused a release of potassium ion from 
isolated frog muscles. When the muscles were previously 
treated with local anaesthetics to the point when no contraction 
could be produced, there was no release of potassium ion.
When the muscles were suddenly transferred from saline at 
18°C/
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18°C to saline at a higher temperature, contracture occurred 
from about 30°C upwards. The muscles also released 
potassium in this process. Hardt and Fleckenstein concluded 
that during muscular contraction, the mechanical process of 
shortening was closely associated with liberation of the 
potassium ion. Potassium ion liberation began with the 
onset of shortening and increased with the increase in the 
amplitude of contraction. Local anaesthetics which inhibited 
contraction had reinforcing and stabilising actions on the 
muscle membrane which were opposite to the drugs tested. By 
stabilising the superficial layers the local anesthetics 
suppressed the process which underlies every stimulus - membrane 
depolarisation,

Klupp and Kraupp (91) investigated whether depolarisation 
of the end plate region induced by substances similar to 
decamethonium was also associated with release of potassium 
ions from muscle. They used suxamethonium, decamethonium 
and octamethylbiscarbaminoylcholine for their work. Both 
,conscious and chloralose-anaesthetised dogs were used for the 
experiments. Blood samples were collected by means of a 
needle inserted into the saphenous vein. After collecting 
two control specimens of blood the drug was injected 
intravenously. Starting 3 minutes after injection, 5 ml, of 
blood was collected on each occasion at intervals of from 30 
to 40 seconds. Further blood samples were collected at 
longer intervals (3 to 5 minutes) for 1 hour after injection 
of the drug. The anaesthetised animal had a trachea cannula 
inserted half an hour before the injection of the drug and 
was/
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was on artificial respiration throughout the experiment. 
Immediately after the experiment all blood samples were 
centrifuged and the potassium ion content of the blood plasma 
estimated by flame photometry. They observed an average 
increase of from 3 to 4 mg. per cent of blood potassium ion 
in the first few minutes after injection of the drug. During 
the course of the next few minutes the blood potassium ion 
values were diminished, but there was a second increase from 
the 5th or 6th minutes. This rise in blood potassium ion 
content persisted for some time and returned to normal in 
about 30 to 50 minutes. Klupp and Kraupp could not exclude 
the possibility that the rise in the blood potassium content 
in the first few minutes was not due to restlessness or 
temporary asphyxia after injection of the drug. To avoid 
this possibility they carried out further experiments in which 
they used only chloralose-anaesthetised dogs. The animals 
were anaesthetised 2 hours earlier and put on artificial 
respiration 30 minutes before the beginning of the experiment. 
It was found that injection of the drugs caused a rise in 
the blood potassium ion level. In these experiments they 
also observed a biphasic increase in the blood potassium ion 
level.

To measure a possible increase in the excretion of 
potassium ion after administration of the drug, a constant 
osmotic diuresis was produced in dogs by slow intravenous 
injection of 25 per cent mannitol solution. The speed of 
infusion was so regulated that a constant flow of urine 
occurred per minute. It was observed in these experiments 
that/
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that shortly after administration of the drug there was an 
increase in the excretion of potassium ions, which returned 
to normal in an exponential manner*

to estimate the amount of potassium ion liberated, both 
hind limbs of cats under chloralose anaesthesia were perfused 
through the aorta with a blood-Tyrode's mixture, or with 
unmodified Tyrode*s solution. The upper half of the animal 
was separated from the perfused preparation by a crush clamp 
and drugs were injected into the aortic cannula. The 
potassium ion content of the perfusate was estimated at 
intervals of 30 seconds or 1 minute. After injection of the 
drug there was a considerable increase in the potassium ion 
content of the perfusate. From these experiments Klupp and 
Kraupp concluded that the depolarising neuromuscular blocking 
agents caused a release of potassium ions from the musculature.

Kraupp and his colleagues (92) also studied the liberation 
of potassium ions from innervated and denervated skeletal 
muscle following intra-arterial injection of acetylcholine.
One extremity of a cat was aseptically denervated 8 to 12 days 
before the experiment by cutting the sciatic and femoral 
nerves. The hindquarters of the animal were perfused with 
a blood-Tyrode1s mixture through a cannula inserted into 
the aorta. The perfusate was collected separately from the 
two iliac veins every 2 to 4 minutes and centrifuged 
immediately. The potassium ion content of the supernatant 
fluid was estimated by means of the flame photometer. 
Acetylcholine was injected into the aortic cannula. After 
intra-arterial injection of acetylcholine an increased 
release/
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release of potassium ion was found both in the innervated 
and in the denervated extremities.

Kraupp and his colleagues (93) studied the influence 
of tubocurarine and eserine on the acetylcholine-induced 
release of potassium ion from the skeletal musculature of the cat 
using a similar experimental preparation, and observed that 
eserine caused a lowering of the threshold dose of 
acetylcholine for liberation of potassium ion. Tubocurarine 
either caused suppression of potassium ion liberation or 
increased the threshold dose of acetylcholine for the 
liberation of potassium ion.

Werner and his colleagues (94) studied the influence 
of tetramethylammonium bromide on the liberation of 
potassium ion from skeletal muscle in a similar experimental 
preparation. They administered tetramethylammonium 
bromide either as a single dose into the aortic cannula or 
by dissolving it in the perfusing fluid in varying 
concentrations. They observed a demonstrable release of 
potassium ion from the musculature after a single injection 
of tetramethylammonium bromide. When perfusion was carried 
on using a solution containing different concentrations of 
tetramethylammonium bromide, there was an increase in the 
release of potassium ionswhich reached a maximum in about 
10 to 15 minutes.

Kraupp and his colleagues (95) also studied the resting 
potential of the gracilis muscle and the arteriovenous 
concentration difference for potassium ion in the isolated 
perfused/

- 38 -



perfused hind limbs of cats* After a control perfusion 
with Tyrode's solution, decamethonium bromide was added to 
the perfusion fluid in various concentrations* It was 
observed that decamethonium caused a significant 
depolarization of the end plate-rich parts of the gracilis 
muscle (from 91 mV. before to 74 mV. 10 to 40 minutes after 
the start of the decamethonium perfusion)* In all the 
experiments, depolarization was accompanied by a release 
of potassium ion from the hind limbs. Both potassium ion 
release and depolarization followed the same time course.

Penn and his colleagues (96) investigated the influence 
of the neuromuscular blocking agents - tubocurarine and 
dihydro- p -erythroidine, along with mephenesin and 
acetylcholine - on the release of potassium ion from 
perfused and isolated frog muscles. In these perfusion 
experiments a cannula was inserted into the abdominal aorta 
and perfusion carried out using either 3 per cent acacia 
(dialysed) in Ringer's solution also containing 10 per cent 
of washed beef red blood cells, or with unmodified Ringer's 
solution. The renal portal vein was tied off and all the 
perfusate from the legs collected by means of a cannula 
in samples of about 2 to 3 nil* These were centrifuged and 
analysed for potassium ion content by the flame photometer. 
Drugs were added to the perfusing fluid. Penn and his 
colleagues used the sartorius, semitendinosus or similar 
small muscles for their work. The muscles were immersed 
for varying periods of time in 200 ml. of Ringer's solution 
with or without the addition of drugs. Pinally the muscles 
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removed, blotted gently, weighed, ashed and analysed for 
potassium ion content. It was observed that tubocurarine 
had no influence on the release of potassium ion from muscle 
tissue. Similar results were obtained with dihydro- p - 
erythroidine and mephenesin. They noted, however, a small 
release of potassium ion from muscle tissue after treatment 
with acetylcholine.

There are also references in the literature indicating 
that the Veratrum alkaloids cause a release of potassium 
ion from skeletal muscle (97, 98).

SODIUM
The effects of sodium ions on skeletal muscle

Overton (99) in 1902 found that frog muscles became 
inexcitable when they were immersed in solutions containing 
less than 10 per cent of the amount of sodium ion normally 
present in Ringer*s solution. He also showed that chloride 
ions were not an essential constituent of Ringer's solution 
since excitability was maintained in solutions of sodium 
nitrate, benzoate, sulphate or phosphate. Hagiwara and 
Watanabe (100) observed that in the absence of sodium ions, 
choline and tetramethylammonium were not completely effective 
in restoring transmission in frog sartorius muscle fibres.
The experiments of Koketsu and Nishi (101, 102) on neuro
muscular transmission in frog muscle-nerve preparations in 
sodium ion-free media, suggested that the hydrazinium ion 
might act as a substitute for sodium ion, but the presence 
of calcium ions in the medium was essential for the effective 
restoration/
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restoration of neuromuscular transmission*
Nastuk and Hodgkin (103) studied the electrical activity 

of single muscle fibres taken from the frog sartorius muscle 
(Rana temporaria)* They recorded the resting potential and 
the action potential of the muscle fibres* The muscle was 
first immersed in Ringer's solution and electrical changes 
recorded from 6 to 12 fibres, after which a modified Ringer's 
solution in which 80 per cent of the sodium ion was replaced 
by choline was run into the bath. The bath was washed 
thoroughly with the new solution and a period of 5 minutes 
allowed for equilibration. At the end of this time, records 
of action potential and resting potential were taken from 
6 to 12 muscle fibres at intervals of from 1 to 2 minutes. 
Unmodified Ringer's solution was re-introduced after the 
muscle had been immersed in the test solution for about 20 
minutes. A period of 5 minutes was again allowed for 
equilibration and a further set of records obtained. It was 
observed that the resting potential increased slightly in 
the sodium-free solution, but the action potential was greatly 
reduced and was consistently less than the resting potential. 
The values obtained during the final period in unmodified 
Ringer's solution showed that the effect was reversible.
The action potential recovered promptly. Prom the results 
of this experiment Uastuk and Hodgkin concluded that the 
action potential was due to a specific increase in the 
permeability to sodium ion.

The effects of potassium and sodium ions on the functioning 
of nerves

Keynes/
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Keynes and Lewis (104) studied the exchange of 
potassium-42 in resting crab nerve. They made parallel 
determinations of the potassium-42 exchanged and the total 
potassium ion content of nerves soaked for long periods in 
Ringer's solution containing a proportion of potassium-42.
It was observed that about 97 per cent of the intracellular 
potassium ion exchanged readily with potassium-42.

Cowan (105) observed that when Maia nerves were 
stimulated in a small volume of sea water there was a 
definite loss of potassium ion from the nerve. The loss 
continued at a slower rate after the stimulation had been 
stopped.

Young (106) studied the effect of stimulation on the 
potassium ion content of Limulus leg nerves. He found a 
loss of 6 to 7 per cent of potassium ion during a tetanus 
of 15 minutes duration.

Arnett and Wilde (107) showed that stimulation of frog 
nerve for 60 to 210 minutes caused an appreciable leakage 
of potassium ion.

Asano and Hurlbut (108) observed that stimulation of 
intact or desheathed frog sciatic nerves produced an increase 
in the sodium ion content and a decrease in the potassium ion 
content of this tissue.

Keynes (109) studied the loss of potassium-42 from 
stimulated crab nerve. He observed that when nerves 
previously loaded with potassium-42 were stimulated in non
radioactive Ringer's solution there was a marked increase



in the rate at which potassium-42 was lost. When stimulation 
was carried on at 50 impulses per second there was an 
approximately tenfold increase in the loss of potassium-42 
over the resting value.

Keynes (110) also studied the movements of potassium-42 
and sodium-24 in resting and stimulated nervous tissue, 
using Qarcinus and Sepia axons for his work. He observed 
an influx of sodium-24 and an efflux of potassium-42 from 
nerve during stimulation and concluded that during the rising 
phase of the action potential the membrane becomes highly 
and specifically permeable to sodium-ions*

Keynes and Lewis (111) studied the sodium ion and 
potassium ion content of cephalopod nerves. They applied 
the technique of activation analysis to make simultaneous 
determinations of the sodium ion and potassium ion content of 
single axons. The nerves were irradiated in a neutron pile 
and the amount of sodium-24 and potassium-42 which had been 
formed were estimated by taking beta and gamma counts of the 
irradiated samples using the appropriate filters. Comparison 
of the ionic contents of the resting and stimulated Sepia 
axons showed that during activity there was a net entry of 
sodium ion and a net loss of potassium ion. Similar 
results were obtained by analysis of samples of extruded 
squid axoplasm.

Keynes (112) further studied the ionic movements 
during nervous activity in Sepia axons using sodium-24 and 
potassium-42•as tracer substances. He obtained the average 
values/
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values for inward and outward movements of sodium-24 and 
potassium-42 under resting conditions and compared these 
values with those obtained during stimulation. It was 
observed that during stimulation the inward sodium ion flux 
increased 18 times and the outward potassium ion flux 
increased 9*1 times.

Erlanger and Blair (113) studied the influence of 
isotonic, salt-free solutions on conduction in medullated 
nerve fibres. They used the spinal roots of the bullfrog 
for their experiments and substituted isotonic glucose 
solution for a salt solution. They recorded the action 
potential in the spinal root and observed that conduction 
in the spinal roots of the bullfrog was blocked in a few 
seconds by treatment with isotonic glucose solution. The 
block, when it had not been maintained for too long,was 
reasonably well reversed following treatment with Ringer's 
solution. By recording the action potential of single 
fibres in the spinal root it was found that topical application 
of glucose solution to short stretches of the spinal root 
2 to 3 mm. apart, caused block at a definite locus within a 
few seconds. It was concluded that the block by glucose 
solution was due to reduced excitability. Block from 
excessive treatment with glucose solution could not be 
reversed with Ringer's solution but could be effectively 
reversed by treatment with isotonic sodium chloride solution.

Huxley and St&npfli (114) studied the saltatory 
conduction in peripheral myelinated nerve fibres. They 
used single myelinated fibres isolated from the sciatic 
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nerves of large specimens of Rana temp or aria and Rana 
esculenta for their experimental work. It was observed that 
in freshly dissected fibres conduction was blocked within 
one second if the Ringer's solution surrounding the fibre 
was replaced by an isotonic sugar solution.

Hodgkin and Katz (115) studied the influence of sodium 
ion concentration on the form and size of the action potential 
recorded with an internal electrode in the giant axons of the 
squid. They observed that the action potential was 
abolished in sodium-free solutions., but returned to its former 
value when sea water was replaced. When sea water was 
diluted with isotonic dextrose solution there was a large 
and reversible decrease in the height of the action potential. 
The height of the action potential was increased by a 
hypertonic solution containing additional sodium chloride, 
but was not increased by addition of dextrose to the sea water. 
They noted that the changes produced by dilution of the sea 
water with isotonic dextrose solution were caused by reduction 
of the sodium ion concentration and not by alterations in 
the concentration of other ions. It was concluded that the 
reversal of the membrane potential during the action 
potential could be explained if it was assumed that the 
permeability conditions of the membrane in the active state 
were the reverse of those in the resting state. The resting 
membrane was taken to be more permeable to potassium ions than 
to sodium ions and the active membrane to be more permeable 
to sodium ions than to potassium ions.

Huxley/
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Huxley and StSnpfli (116) studied the effect of 
potassium ions and sodium ions on the resting potential and 
action potential of single myelinated frog nerve fibres.
At the beginning of the experiment they measured the values 
for the resting and action potentials in normal Ringer's 
solution. After these measurements had been made the 
Ringer's solution was replaced by a series of solutions 
containing different concentrations of potassium ions and 
sodium ions. It was observed that lowering the potassium 
ion concentration caused an increase and raising the 
potassium ion concentration a decrease in both the resting 
potential and the "overshoot" (excess of action potential 
over resting potential) • When part of the sodium chloride 
in the Ringer's solution was replaced by choline chloride 
it was found that the "overshoot" was markedly decreased 
while the resting potential was slightly raised.

Hodgkin (117) suggested that the active depolarization 
of a nerve fibre was determined by an entry of sodium ion. 
Hodgkin and his colleagues (118) further suggested that 
depolarization increased the permeability to potassium ions 
as well as the permeability to sodium ions. There was, 
however, an important difference in the time scale. When 
the membrane was suddenly depolarized the permeability to 
sodium ions increased rapidly and reached its maximum in a 
fraction of a millisecond. On the other hand the permeability 
to potassium ions did not increase instantaneously, but 
required 1 or 2 milliseconds to reach its maximum. The two 
processes might be sufficient to account for the rise and 
fall/
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fall of the action potential. Daring the rising phase the 
inward sodium current exceeded the outward potassium current 
with the result that the membrane was depolarized. Later 
the potassium ion permeability rose to a high value and the 
outward potassium current became greater than the inward 
sodium current. The membrane potential was, therefore, 
restored to its resting value and the sodium permeability 
thus reduced to its normal level.
The effects of potassium and sodium ions on the functioning 
of other organs.

Kehar and Hooker (119) studied the potassium ion content 
of the perfusate of normally beating and artificially 
fibrillating dog hearts. It was observed that while the 
potassium ion content of the perfusate was unchanged by 
passage through the normally beating heart, immediately after 
fibrillation was induced by tetanic stimulation of the 
ventricles there was an appreciable increase in the potassium 
ion content of the outflowing perfusate.

Conn and Wood (120) studied the sodium ion exchange in 
the isolated heart of the normal dog using sodium-24 as a 
tracer, and observed that sodium ion entry into the cell 
occurred almost entirely during the spike potential and was 
negligible during the resting potential and the remainder 
of the action potential.

Durbin and Jenkinson (121) studied the effect of 
carbachol upon potassium ion flux in depolarized smooth 
muscle using the taenia coli of the guinea-pig for their 
work./
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work. They observed that after a brief initial period the 
loss of potassium-42 from the tissue followed a simple 
exponential curve. When carbachol was applied there was a 
marked increase in the rate of efflux. Atropine was found 
to abolish reversibly this effect as well as the carbachol 
contracture.

In recent years there has been a great deal of 
progress in the understanding of the physical and biochemical 
changes that occur during muscular activity. Dale and his 
colleagues (122) showed that stimulation of motor nerve 
fibres to perfused voluntary muscles caused the appearance 
of acetylcholine in the venous fluid. Direct stimulation 
of a normal muscle, or of one deprived only of its autonomic 
nerve supply had a similar result, but when the muscle was 
completely denervated no acetylcholine appeared in response 
to stimulation. When transmission of excitation from nerve 
to the perfused muscle was prevented by curarine, stimulation 
of the motor nerve caused the usual release of acetylcholine. 
When conduction from the motor nerve fibres to the perfused 
muscle failed from exhaustion, following prolonged stimulation, 
acetylcholine was no longer released by stimulation of 
either motor nerve or muscle. They concluded that 
acetylcholine acted as the direct stimulant of the nerve or 
of the muscle end plate, releasing essentially new propagated 
waves of excitation in nerve or muscle fibres.

Cowan (123) suggested that in the nerve-muscle 
preparation acetylcholine liberated at the nerve ending 
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initiated a propagated response in the muscle fibres by 
producing a local depolarization. Similarly Eccles and his 
co-workers (124) also suggested that the chemical transmitter - 
acetylcholine - caused a transient depolarization of the 
muscle membrane.

Fatt and Katz (125) observed that the depolarizing 
effect of the transmitter - acetylcholine - led to a change 
of potential across the muscle membrane. This was 
responsible for the initiation of the propagated muscle 
action potential which produced the muscular contraction.

Hodgkin (126) stated that the action potential depended 
on a rapid sequence of changes in the permeability to sodium 
and potassium ions. The resting membrane behaved as though 
it were moderately permeable to potassium ions and sparingly 
permeable to sodium ions. A large but transient increase 
in the permeability to sodium ions occurred when the fibre 
was depolarized. Sodium ions, therefore, entered the fibre 
at a high rate and reversed the potential difference across 
the cell membrane. This increase in the permeability to 
sodium ions was followed by a similar rise in the permeability 
to potassium ions. Entry of sodium ions was approximately 
balanced by the leakage of a corresponding quantity of 
potassium ions. It has been suggested that the sodium ion 
enters the fibre during the rising phase of the action potential 
and the potassium ion leaves during the falling phase. The 
entry of sodium ions and the exit of potassium ions provides 
the immediate source of energy for the propagation of the 
impulse./

- 49 -



impulse.
Katz (127) summarized the complex mechanism of muscle 

contraction. He stated that the stimulus from the nerve 
was received by the muscle membrane and transmitted to the 
contractile substance. A special situation existed at the 
myoneural junction where a large post-synaptic cell was 
triggered into activity by an impulse arriving in the small 
pre-synaptic axon branches. Direct local circuit transmission 
came to a halt at this point and was replaced by chemical 
transmitter action. Acetylcholine was released, in discreet 
quantal parcels, from the nerve endings and acting on 
receptors upon the external surface of the end plate membrane, 
caused a large increase of permeability to sodium, potassium 
and possibly other free ions. This gave rise to local 
currents of sufficient intensity to depolarize and excite 
the surrounding area of the muscle fibre and so initiated 
a new propagated impulse.

Much work on the physiology of neuromuscular transmission 
has been carried out using neuromuscular blocking agents.
A neuromuscular blocking agent may be defined as a drug 
which interferes with the transmission of the nerve impulse 
through the neuromuscular junction to the muscle fibres, 
without modifying conduction in the nerve, and without affect
ing the twitch tension in response to direct stimulation of 
the muscle. Clinically useful neuromuscular blocking 
agents are all quaternary bases. Attempts have been made 
by various workers (128, 129, 130, 131) to classify the 
neuromuscular/
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neuromuscular blocking agents. The method of classification 
proposed by Paton and Zaimis (128) distinguishes three types 
of neuromuscular block; (i) competitive block, (ii) depolar
ization block and (iii) mixed or intermediate block.

Competitive neuromuscular block is caused by drugs which 
produce their effects by competing with acetylcholine for 
receptors at the end plate region. The end plate potential 
is gradually diminished in amplitude and shortened in 
duration. Eventually the amplitude of the end plate potential 
is insufficient to initiate a propagated muscle action 
potential and thus contraction does not occur. A large 
number of naturally occurring and synthetic substances of 
this type are known. Tubocurarine is generally considered 
to be the typical representative of this group, but compounds 
which have a more purely non-depolarizing action are known.

Depolarization block may be contrasted with that caused 
by competition by virtue of the fact that depolarizing drugs 
produce a persisting partial depolarization of the motor 
end plate similar to that caused by acetylcholine when it is 
protected from hydrolysis by an anticholinesterase. The 
amplitude of the end plate potential is thereby reduced to 
below that necessary for the initiation of a propagated 
electrical response in the muscle fibre, and thus contraction 
does not occur. On the basis of its action on mammalian 
(cat), avian (chick) and amphibian (frog) muscle, 
decamethonium may be taken as being representative of the 
group of drugs which produce neuromuscular block by depolar
ization, although suxamethonium is thought to be more 
typical/
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typical "by some. End plate depolarization caused by a 
depolarizing drug is associated with an initial phase of 
excitation, During this phase there is seen transient 
muscular fasciculations. As depolarization persists the
phase of increased excitability soon passes over into one of 
inexcitability.

The properties of drugs producing mixed or intermediate 
types of block are different from those described. The 
block produced by this type of drug is not typical of either 
competitive block or of depolarizing block. As an example 
of this group the properties of t ride came thonium may be 
considered. Tridecamethonium is a higher member of the 
methonium series. When injected into chicks it produces at 
first a contractural response followed slowly by a type of 
paralysis in which the legs are contracted but the head and 
neck are flaccid. Finally there appears a typical general
ized paralysis.

Foldes (129) in 1954 suggested that neuromuscular 
blocking agents could be divided into two instead of three 
groups; (i) anti-depolarizing agents corresponding to the 
competitive agents in the classification of Paton and Zaimis 
(128) and exemplified by tubocurarine and (i±) depolarizing 
agents, e.g. decamethonium. Foldes observed that the 
anti-depolarizing agents produced an anti-depolarization 
block at the neuromuscular Junction of all the species 
investigated but the type of neuromuscular block caused by 
the depolarizing agents depended on the properties of the 
receptor/

- 52 -



receptor protein of the species in question. In avians, 
amphibians and some mammals (e.g. cat) where the 
configuration of the receptor protein could be changed 
relatively easily, depolarizing agents (e.g. decamethonium) 
caused depolarization block. In other mammals (e.g. 
monkey) where the receptor protein was less inclined to 
configuration changes, decamethonium caused an anti-depolar
ization block.

Bovet and his co-workers (130) proposed a method of 
classification of neuromuscular blocking agents on the basis 
of their molecular shape. He called molecules such as 
decamethonium leptocurares, long, thin molecules and those 
bigger, bulkier molecules such as tubocurarine pachycurares.
i.e. thick molecules.

Van Rossum, AriSns and Linssen (131) noted that both the 
depolarizing and competitive neuromuscular blocking agents 
had affinity towards specific acetylcholine receptors, but 
there was a difference in intrinsic activity. The 
depolarizers, including acetylcholine had a high and the 
competitors a very low intrinsic activity. Non-depolarizing 
drugs such as dodecyltrimethylammonium were not antagonized 
by neostigmine while their action was synergistic with the 
depolarizers. The latter finding was interpreted as a 
non-competitive inhibition of acetylcholine.

On the basis of this concept three types of curariform 
drugs with shades of activity in between have been suggesteds- 
Type I. The depolarizers, which may also be called 
cho1inomimetics./
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eholinomimetics. This group induced a flaccid paralysis 
in most mammalian muscles which was not reversed by neostigmine. 
In avian muscles they induced a spastic paralysis and in the 
isolated frog rectus abdominis muscle a contracture.
Type II. The curarimimetics, cholinolytics or competitors.
This group induced a flaccid paralysis of both mammalian and 
avian muscles which was easily reversed by neostigmine.
Type III. The non-competitive antagonists of acetylcholine 
which may also be called non-competitors. This group 
inluced a flaccid paralysis of both mammalian and avian 
muscle which was not reversed by neostigmine.

Neuromuscular blocking agents have been used to study 
the flux of potassium ions in mammalian and in frog skeletal 
muscle. Depolarizing neuromuscular blocking agents, e.g., 
suxamethonium and decamethonium were found to cause an 
ixureased release of potassium ion from the skeletal muscles 
of the dog and the cat (91, 95)* Similar results were 
obtained using other depolarizing agents, e.g., acetylcholine 
(9-* 96) and tetramethylammonium bromide (94). Competitive 
neiromuscular blocking agents, e.g, tubocurarine and 
diiydro- p -erythroidine did not on the other hand show any 
su)h effect (93, 96). Tubocurarine either caused a suppression 
of potassium ion liberation or increased the threshold dose 
of acetylcholine required for the liberation of potassium 
iois (93).

Wilson and Wright (132) have demonstrated in 1936 that 
potassium ions antagonized the neuromuscular block induced 
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by curare, but Paton and Zaimis (133) did not observe such 
an effect in the neuromuscular block produced by decamethonium.

Since potassium ions are capable of causing depolar
ization of the end plate membrane (116) it is not surprising 
that they should show antagonism to a competitive neuro
muscular blocking agent and be ineffective against (or even 
enhance) a depolarization block. There is no doubt that 
the processes of depolarization and contraction imply a 
flux of potassium ions as an integral part of the physiological 
mechanism but we do not yet understand fully the mechanisms 
which control this flow and other ionic fluxes. The study 
to be described is partly directed towards this end.

It is a very old observation that the potassium ion of 
living organisms is largely confined to the interior of the cells 
(134), very little being present in the extracellular spaces, 
whereas the opposite is true with respect to sodium. This 
rule for the distribution of the two ion species holds true in 
the case of nearly all living cells, microorganisms, plant 
cells and animal cells alike.

The nature of the forces maintaining the intracellular 
potassium at a high and relatively constant level has been 
the subject of much speculation in the past, and even now no 
general agreement has been achieved. Ussing (135) has 
summarised the hypotheses advanced to explain the phenomenons-
(i) The cell membrane is impermeable to potassium.
(ii) The potassium ions are free in the cell interior but 

are kept from leaving the cell by the electric 
potential/
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potential difference between the cell and its 
surroundings (Donnan equilibrium).

(iii) The potassium ions are chemically bound by, or adsorbed 
on to non-diffusible cell constituents*

(iv) The potassium ions are supposed to be free in the cell 
interior but are transported actively inward through 
the cell membrane.
The low concentrations of sodium ion inside most cells 

is assumed to be due to active transport of this ion in 
the outward direction ("sodium pump").

The greatest amount of calcium in the body is present 
in the skeleton. Under conditions of inadequate calcium 
intake, increased calcium requirements or abnormal calcium 
metabolism, the bones give up calcium to the blood. There 
are references in the literature (35, 36) which suggest that 
at least part of the calcium in the muscle is intracellular.

Muscle fibres share with most other cells the property 
of having a continuous exchange of sodium as well as of 
potassium with the surrounding medium. But besides these 
resting exchanges, muscle, like other excitable tissues, 
including nerve and electric organs, exhibits grossly 
increased potassium and sodium shifts during activity. The 
electrical manifestations of activity are associated with a 
net loss of potassium and a net gain of sodium. During 
recovery the ionic composition of the fibres is reconstituted.

It is generally assumed that the active state and the 
associated action potentials of nerve and muscle arise as 
the/ - 56 -



the consequence of a sudden breakdown of the potassium 
selectivity of the membrane so that the other ions can .move 
through freely. In recent years the experiments of various 
workers (38-42, 136 ) have indicated that activity
in muscle is associated with increased movements of calcium 
ions both in the inward and the outward directions.

Considering these views it was thought that it would be 
fruitful to carry out some investigations on the uptake and 
release of calcium ion in a simple preparation such as the 
frog sartorius muscle, using drugs with known pharmacological 
properties and comparing calcium with potassium and sodium 
ion movements.

Drugs having depolarizing properties, e.g., suxamethonium, 
decamethonium and nicotine, drugs having mainly muscarinic 
properties, e.g., carbachol, drugs having anticholinesterase 
activity such as neostigmine and edrophonium and drugs 
producing contracture in skeletal muscle, including ryanodine, 
were selected for the study. Ryanodine is an alkaloid 
obtained from Ryania sneciosa Vahl. The most remarkable 
property of this compound is its ability to induce an 
irreversible contracture in mammalian skeletal muscle and 
smooth muscle and in frog muscle (137-140). It is highly 
toxic and used as an insecticide.

An attempt was made to compare the effects of these 
drugs with that of the non-depolarizers (competitors) 
tubocurarine and gallamine.

/Two Veratrum alkaloid esters, protoveratrine A and 
protoveratrine B/
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protoveratrine B were also included in the investigation 
because of the characteristic veratrinic response (production 
of a secondary tetanus, following the normal twitch induced 
by single direct or indirect shocks) to Veratrum alkaloids 
by skeletal muscle.
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0  H A P I E R II
A. M A T E R I A L S

Throughout this part of the thesis, the names of certain 
drugs have been abbreviated. The list of drugs, together 
with their shortened names, is as follows:-
(i) Suecinylcholine chloride dihydrate is described as 

suxamethonium.
(ii) Decamethonium iodide is described as decamethonium.
(iii) Neostigmine methylsulphate is described as neostigmine.
(iv) Tubocurarine chloride is described as tubocurarine.
(v) Gallamine triethiodide is described as gallamine.
(vi) Nicotine hydrogen tartrate is described as nicotine.

Radioactive materials for these investigations were 
obtained from the Radiochemical Centre, Amersham. Caleium-47 
was obtained as calcium-47 chloride in sterilised isotonic 
saline and had an activity of approximately 0.02 me. per ml. 
at the time of despatch from Amersham. Potassium-42 was 
obtained as sterilised isotonic solution of potassium-42 
chloride and had an activity of approximately 0.10 me. per ml. 
at the time of despatch from Amersham. Sodium-24 was obtained 
as sodium-24 chloride in serilised isotonic saline and had an 
activity of approximately 1.0 me. per ml. at the time of 
despatch from Amersham.

The/
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• The following drugs and their controls were obtained 
as commercial solutions
(i) Suxamethonium,

(Scoline, Allen <k Hanburys Ltd.).
(ii) Decamethonium,

(Eulissin A, Allen & Hanburys Ltd.).
(iii) Neostigmine,

(Prostigmin, Roche Products Ltd.).
(iv) Edrophonium,

(Tensilon, Roche Products Ltd.)•
(v) Tubocurarine,

(Tubarine, Burroughsr Wellcome & Co.).
(vi) Gallamine,

(Flaxedil, May & Baker, Ltd.).

The following drugs were obtained in crystalline form:-
(i) Nicotine
(ii) Carbachol
(iii) Ryanodine
(iv) Protoveratrine A
(v) Protoveratrine B
Nicotine, carbachol and ryanodine were soluble in water.
In Appendix II, page 395 , are detailed the methods used in
preparing solutions of protoveratrine A and protoveratrine B.

The composition and methods of preparation of 
physiological saline solutions used in this investigation are 
to be found in Appendix II , page 393 •
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B. EXPERIMENTAL
Frog sartorius muscle was used in the investigation. 

Experiments were designed to study the uptake of calcium-47, 
potassium-42 and sodium-24 by isolated muscle, and the 
release of calcium-47 and potassium-42 from similar muscle 
under the influence of drugs. The experiments fall into the 
following groups:-
(1) Investigation of the effect of drugs on calcium-47 

uptake by isolated frog sartorius muscle.
(2) Investigation of the effect of drugs on potassium-42 

uptake by isolated frog sartorius muscle.
(3) Investigation of the effect of drugs on sodium-24 

uptake by isolated frog sartorius muscle.
(4) Investigation of the effect of drugs on calcium-47 

release from isolated frog sartorius muscle.
(5) Investigation of the effect of drugs on potassium-42 

release from isolated frog sartorius muscle.
1* Investigation of the effect of drugs on calcium-47 

uptake by isolated frog sartorius muscle. .
METHOD
The method used was based on that described by Lister 

and Lewis (1). Common frogs (Rana temporaria) unselected 
as to age or sex and weighing from 25 to 70 g. were stunned 
by a sharp blow on the base of the head and decapitated with 
scissors. A pithing needle was passed down the spinal canal 
to destroy this and to prevent reflex movements. The skin 
covering/
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covering both the thighs and pelvic region was reflected to 
expose the attachments of both ends of the two sartorius 
muscles* Each muscle was carefully dissected free, extreme 
care being taken to prevent damage to the muscle fibres. The 
distal tendons were sectioned and the muscles freed by cutting 
through the pelvic attachments as close to the pelvis as 
possible. The muscles were blotted with absorbant tissues 
and then rapidly weighed on a torsion balance. With very 
careful dissection it was found that paired muscles could be 
obtained differing in weight from one another by less than 
1 mg. The muscles were then suspended by means of two 
stainless steel hooks in centrifuge tubes containing 10 ml. 
of frog Ringer's solution at room temperature, in which part 
of the stable calcium chloride was replaced by calcium-47 
chloride. One hook was fastened by a thread to a wire 
stirrup fitted across the top of the centrifuge tube. The 
other hook consisted of a No. 20 hypodermic needle which 
was bent into the required shape (Rig. 1 , page 84 ). The
control muscle was placed in the radioactive frog Ringer’s 
solution and the test muscle was placed in the radioactive 
frog Ringer’s solution to which the drug had been added. The 
radioactive bathing solutions were continuously agitated and 
oxygenated by a stream of oxygen. The muscles were left 
immersed for 30 minute periods, they were then removed from 
the radioactive bathing solution and each side of the muscle 
washed by a stream of non-radioactive frog Ringer’s solution 
and lightly blotted with absorbant tissues to remove adhering 
moisture. The hooks used for suspending the muscle in the 
radioactive/
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Fig. 2
Diagram of the apparatus used for measuring radioactivity 
in muscle.
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radioactive bathing solution were removed and the muscle put 
into a test tube. The radioactivity in the muscle was then 
counted in a thallium-activated, sodium iodide, scintillation 
crystal (Ekco type N 597) connected through a photomultiplier 
unit to an automatic scaler (Ekco type N 530 D), (Pig. 2, 
page 85). After counting, hooks were again attached to the
muscle and it was returned to the radioactive bathing fluid.

The muscles were usually exposed to the radioactive frog 
Ringer’s solution for a period of from 2 to 3 hours, the 
radioactivity of both the control and the test muscle being 
measured at 30 minute intervals. The total radioactivity 
in the muscle at the end of the experiment was measured by 
dissolving it in 1 ml. of concentrated nitric acid, putting it 
in a test tube and counting the digest in the scintillation 
counter. Corrections for decay were not made as a control 
muscle was compared under identical conditions in every 
experiment. After correcting for background the counts were 
expressed as counts per minute. A specimen protocol of
experiment is shown in Appendix I (page 338).

An appropriate dilution of the radioactive bathing 
solution was made and its radioactivity measured in the 
scintillation counter. Prom this measurement and the amount 
of radioactivity taken up by the muscle at different time 
intervals, the percentage of calcium-47 uptake by the muscle 
was worked out. Finally the results were plotted as 
percentage uptake of calcium-47 by the muscle against time.
2. Investigation of the effect of drugs on potassium-42

uptake by isolated frog sartorius muscle.
METHOD/ ' .
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METHOD
Paired sartorius muscles of common frogs (Rana temporaria) 

unselected as to age or sex and weighing from 25 to 70 g. 
were used in these experiments. The dissection was carried 
out as described in section 1, pages 82-83 • The muscles
were suspended in centrifuge tubes containing 10 ml. of frog 
Ringer’s solution in which part of the stable potassium 
chloride was replaced by potassium-42 chloride. The procedure 
for suspending the muscle was similar to that described in the 
previous section and shown in Pig.l (page 84 )• The
control muscle was placed in the radioactive frog Ringer's 
solution and the test muscle was placed in the radioactive 
frog Ringer’s solution to which the drug had been added.
The radioactive bathing solution was continuously agitated 
and oxygenated by a stream of oxygen. At intervals of 30 
minutes the muscles were removed from the bathing solution, 
each side washed by a stream of non-radioactive frog Ringer’s 
solution and lightly blotted with absorbant tissues to remove 
the adhering moisture. The radioactivity in the muscle was 
then counted in a thallium-activated, sodium iodide 
scintillation crystal (Ekco type N 597) connected through 
a photomultiplier unit to an automatic scaler (Ekco type 
N 530 D), (Pig. 2, page 85 )• The muscle was returned to 
the bathing fluid after counting.

The muscles were usually exposed to the radioactive 
frog Ringer's solution for a period of from 1-J- to 2i  hours, 
the radioactivity of both control and test muscles being 
measured/ - 87 -



measured at intervals of 30 minutes. At the end of the
experiment the total radioactivity in the muscle was measured
by dissolving it in 1 ml. of concentrated nitric acid and
counting the digest in the scintillation counter. Corrections
for decay were not made as a control muscle was compared
under identical conditions in every experiment. After
correcting for background the counts were expressed as counts
per minute. A specimen protocol of experiment is shown in Appendix I (page 389)*

A suitable dilution of the radioactive bathing solution
was made and its radioactivity measured in the scintillation 
counter. Prom this measurement and the amount of radio
activity taken up by the muscle at different time intervals, 
the percentage of potassium-42 uptake by the muscle was 
worked out. Finally the results were plotted as percentage 
uptake of potassium-42 by the muscle against time.

3* Investigation of the effect of drugs on sodium-24 untake 
by isolated frog sartorius muscle.
METHOD
Paired sartorius muscles from common frogs (Rana 

temporaria). unselected as to age or sex and weighing from 
25 to 70 g. were used in these experiments. Dissection was 
carried out as described in section 1, (pages 82-83 )• The
muscles were suspended in centrifuge tubes containing 10 ml. 
of frog Ringer’s solution in which part of the stable sodium 
chloride was replaced by sodium-24 chloride. The procedure 
for suspending the muscle was similar to that described for 
uptake/
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uptake of calcium-47 and is shown in Pig. 1, page 84. The 
control muscle was placed in the radioactive frog Ringer’s 
solution and the test muscle was placed in the radioactive 
frog Ringer’s solution to which the drug had been added. The 
radioactive bathing solution was continuously agitated and 
oxygenated by a stream of oxygen. The muscles were removed 
at intervals of 30 minutes from the bathing solution, each 
side washed by a stream of non-radioactive frog Ringer’s 
solution and blotted dry with absorbant tissues. The 
radioactivity in the muscle was then counted in a thallium- 
activated, sodium iodide scintillation crystal (Ekco type 
N 597) connected through a photomultiplier unit to an 
automatic scaler (Ekco type N 530 D), (Pig. 2, page 85).
The muscle was returned to the bathing fluid after counting.

The muscles were usually exposed for a period of l£ to 
2 hours in the radioactive frog Ringer's solution and the 
radioactivity of both the control and the test muscle measured 
at intervals of 30 minutes. At the end of the experiment 
the total radioactivity in the muscle was measured by 
dissolving it in 1 ml. of concentrated nitric acid and count
ing the digest in the scintillation counter. Corrections 
for decay were not made as a control muscle was compared under 
identical conditions in every experiment. After correcting 
for background the counts were expressed as counts per minute. 
A specimen protocol of experiment is shown in Appendix I (page
390).

An appropriate dilution of the radioactive bathing 
solution was made and its radioactivity measured in the 
scintillation counter. Prom this measurement and the amount 
of radioactivity taken up by the muscle at different time 
intervals/
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intervals, the percentage of sodium-24 uptake by the muscle 
was worked out. Pinally the results were plotted as 
percentage uptake of sodium-24 by the muscle against time.

4. Investigation of the effect of drugs on calcium-47
release from isolated frog sartorius muscle.
METHOD
Common frogs (Rana temporaria) unselected as to age or 

sex and weighing from 25 to 70 g. were used in these 
experiments. Dissection was carried out as described in 
Section 1, pages 82-83 • The muscles were blotted dry
with absorbant tissues and rapidly weighed on a torsion 
balance. They were then soaked in 10 ml. of frog Ringer's 
solution at room temperature in which part of the stable 
calcium chloride was replaced by calcium-47 chloride. The 
muscle was suspended in a manner similar to that described 
for uptake of calcium-47 and shown in Pig. 1, page 84 .
The radioactive bathing solution was continuously agitated 
and oxygenated by a stream of oxygen. The soaking was 
continued for a period of from 3 to 4 hours.

After soaking the muscles were removed from the radio
active frog Ringer's solution, each side washed by means of 
a stream of non-radioactive frog Ringer's solution, and using 
hooks attached to the two ends of the muscles, suspended in 
the first pair of two parallel series of centrifuge tubes 
each containing 10 ml. of non-radio active, calcium chloride- 
free oxygenated frog Ringer's solution at room temperature, 
one series being for control purposes only. After a 10 
minute/ - 90 -



minute period of immersion in the first tube the muscle was 
transferred to the next tube in the series. After removing 
the muscle from the tube the calcium-47 content of the 
bathing fluid was measured by means of a thallium-activated, 
sodium iodide scintillation crystal (Ekco type N 597) 
connected through a photomultiplier unit to an automatic 
scaler (Ekco type N 530 D). Corrections for decay were not 
made as a control muscle was compared under similar conditions 
in every experiment. After correcting for background the 
counts were expressed as counts per minute.

Each test or control series contained 7 centrifuge tubes. 
In the control series each tube contained 10 ml. of calcium 
chloride-free, oxygenated frog Ringer's solution. In the 
test series the fourth tube contained 10 ml. of oxygenated, 
calcium chloride-free frog Ringer's solution together with 
the drug, the remaining tubes in this series contained 10 ml. 
of calcium chloride-free oxygenated frog Ringer's solution.
A specimen protocol of experiment is shown in Appendix I (page
391).

Any change in the nature of the release of calcium-47 
when the muscle was in contact with the drug was shown by a 
change in the slope of the curve obtained by plotting the 
number of counts released against time. The total activity 
remaining in the muscle was measured by dissolving it in 1 
ml. of concentrated nitric acid and counting the digest in 
the scintillation counter. The release of calcium-47 by the 
test muscle and the control muscle was compared in both 
cases by plotting the output of calcium-47 against time.
5. Investigation of the effect of drugs on potassium-43 

release from isolated frog sartorius muscle.
METHOD/
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METHOD
The method used was based on that described by Lister 

and Lewis (l). Common frogs (Rana temporaria). unselected 
as to age or sex, weighing from 25 to 70 g. were injected 
with 0.5 to 1.0 ml. of radioactive potassium-42 chloride 
into the dorsal lymph sac. After a 2 hour equilibration 
period the frogs were stunned, decapitated and pithed. 
Dissection was carried out as described in section 1, 
pages 82 - 83 > and the sartorius muscles removed from both 
sides. One muscle served as the test object and the other 
was used as the control.

The muscles were washed on each side by a stream of 
non-radioactive frog Ringer's solution and suspended 
successively by means of stainless steel hooks attached to 
each end of the muscle in two parallel series of centrifuge 
tubes, each containing 10 ml. of oxygenated potassium chloride 
free frog Ringer's solution at room temperature. After a 
10 minute period of immersion in the first tube the muscle 
was transferred to the next tube in the series. After 
removing the muscle the potassium-42 content of the bathing 
fluid was measured by means of a G-eiger-MCfller liquid 
counter (type M6). The counter tube was connected through 
a probe unit to an automatic scaler (Ekco type H 530 D). 
Corrections for decay were not made as in every experiment a 
control muscle was compared under similar conditions. After 
correcting for background the counts were expressed as counts 
per minute.

Each/
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Each test or control series contained 7 centrifuge tubes*
In the control series each tube contained 10 ml. of
potassium chloride-free oxygenated frog Ringer's solution*
In the test series the fourth tube contained 10 ml* of
potassium chloride-free oxygenated frog Ringer's solution,
together with the drug* The remaining tubes in this series
contained 10 ml. of potassium chloride-free oxygenated frog
Ringer's solution. A specimen protocol of experiment is shown 
in Appendix I (page 392).Any change in the nature of the release of potassium-42
taking place when the muscle was in contact with the drug 
was shown by a change in the slope of the curve obtained by 
plotting the number of counts released against time* The 
total activity remaining in the muscle was measured by 
dissolving it in 1 ml. of concentrated nitric acid and count
ing the digest in a Geiger-Mlller liquid counter (type M6). 
The release of potassium-42 by the test muscle and the control 
muscle were compared in both cases by plotting the output of 
potassium-42 against time.

C. Statistical Analysis ‘
The standard Students* t test was used to determine the 

significance of the difference of the means (x-̂  and 5c ) of the 
test and control uptake experiments. Calculations were made 
using the standard equations modified to facilitate machine 
calculation (2, 3)*

oThe variance (S ) from the mean (x ) for each set of 
variates was calculated by the equation,

s2/
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S2 =£*2 - ( ix )2n
n - 1

where n is the number of variates.
The standard deviation from the mean (Sg ) for two sets 

of variates was calculated by the equation,

The value of t was then obtained by applying the 
equation,

In entering the tables of t, to obtain the values of 
P, the degrees of freedom (D.F.) were calculated from the 
expression,

D.P. = n^ + n^ - 2

2 2 2

ni
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3

C H A P T E R  III 
R E S U L T S

Uptake of calcium-47. potassium-42 and sodium-24 by isolated 
frog sartorius muscle in the presence of suxamethonium.

Suxamethonium blocks neuromuscular transmission in 
skeletal muscle by a persistent depolarization of the end 
plate region. The paralysis which it produces resembles that 
caused by decamethonium and large doses of acetylcholine in the 
presence of an anticholinesterase. Neuromuscular depression 
is preceded by transient stimulation,
Calcium-47

Suxamethonium in doses of from 1 mg, to 10 mg, per ml. 
caused a significant (P, >0,001) increase in the uptake of 
calcium-47 by isolated frog sartorius muscle. The control 
muscle showed a lower percentage uptake than the drug-treated 
muscle. Table 1 (page 152) and Pig. 3 (A)(page 97 ) show the 
results obtained in a group of ten experiments using 5 mg. 
per ml. of suxamethonium.
Potassium-42

Suxamethonium in doses of from 1 mg. to 10 mg. per ml. 
caused a significant (P,. ) 0.001) decrease in the uptake of 
potassium-42 by isolated frog sartorius muscle. The control 
muscle showed an increased percentage uptake when compared 
with/' - 96 -





compared with the drug-treated muscle. Table 1 (pa'ge 152 ) 
and Pig. 3(B) (page 97 ) show the results obtained in a group 
of ten experiments using 5 mg. per ml. of suxamethonium.
Sodium-24 <

Suxamethonium in doses of from 1 mg. to 10 mg. per ml. 
caused a significant (P, 0.01< 0.001) increase in the 
uptake of sodium-24 by isolated frog sartorius muscle. The 
control muscle showed a lower percentage uptake when 
compared with the drug-treated muscle. Table 1 (page 152) 
and Pig.3(C) (page 97 ) show the results obtained in a group 
of ten experiments using 5 mg. per ml. of suxamethonium.

Uptake of calcium-47, potassium-42 and sodium-24 by isolated 
frog sartorius muscle in the presence of decamethonium.

The main action of decamethonium on skeletal muscle is 
to depolarize persistently the motor end plate region and 
thus prevent muscular contraction in response to acetylcholine 
liberated at the neuromuscular synapse. Prior to causing 
paralysis, decamethonium evokes transient muscular 
fasciculations and causes a contracture.in avian muscle.
Calcium-47

Decamethonium in doses of from 50_y“g. to 0.5 mg. per
ml. caused a significant (P, 0.05^0.02) increase in the
uptake of calcium-47 by isolated frog sartorius muscle. The
control muscle showed a lower percentage uptake when compared
with the drug-treated muscle. Table 2 (page 153 ) and
Pig./ '
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Pig. 4(A) (page 99 ) show the results obtained in a group
of eleven experiments using 200 _ j g *  per ml* of decamethonium
Potassium-42

Decamethonium in doses of from 50 j u g .  to 0.5 mg. per 
ml. reduced significantly (P, y  0.001) the uptake of 
potassium-42 by isolated frog sartorius muscle. The control 
muscle showed an increased percentage uptake when compared 
with the drug-treated muscle. fable 2 (page 153 ) and 
Pig. 4(B) (page 99 ) show the results obtained in a group
of ten experiments using 200 j * g .  per ml. of decamethonium.
Sodium-24

Decamethonium in doses of from 50 j g .  to 0.5 mg. per 
ml. caused an increased (P, 0.01 <0.001) uptake of sodium-24 
by isolated frog sartorius muscle. The control muscle 
showed a lower percentage uptake when compared with the 
drug-treated muscle. Table 2 (page 153 ) and Pig.4 (C) 
(page 99 ) show the results obtained in a group of ten
experiments using 200 j u g .  per ml. of decamethonium.

Uptake of calcium-47. potassium-42 and sodium-24 by isolated 
frog sartorius muscle in the presence of nicotine.

Sollmann (1) has summarised the actions of nicotine in 
the frog as follows, "The injection of nicotine into frogs 
produces fibrillary twitching merging into tonic contracture. 
The minor grades may cease temporarily on section of the 
nerve, but return, especially on stimulation. They occur 
also in excised muscle and after degeneration of the 
nerve/ - 100 -
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nerve endings."
Qalcium-47

Nicotine in doses of from 200 j u g .  to 2 mg. per ml. 
caused a significant (P, > 0.001) increase in the uptake 
of calcium-47 by isolated frog sartorius muscle. The 
control muscle showed a lower percentage uptake when compared 
with the drug-treated muscle. Table 3 (page 154 ) and 
Pig.5(A) (page 101 ) show the results obtained in a group 
of ten experiments using 1 mg. per ml. of nicotine.
Potassium-42

Nicotine in doses of from 200 j u g .  to 2 mg. per ml. 
significantly (P, >0.001) reduced the uptake of potassium-42 
by isolated frog sartorius muscle. The control muscle 
showed an increased percentage uptake when compared with the 
drug-treated muscle. Table 3 (page 154 ) and Pig.5 (B) 
(page 101 ) show the results obtained in a group of ten 
experiments using 1 mg. per ml. of nicotine.
Sodium-24

Nicotine in doses of from 200 j u g .  to 2 mg. per ml. 
caused a significant (P,0.02< 0.01) increase in the uptake 
of sodium-24 by isolated frog sartorius muscle. The 
control muscle showed a lower percentage uptake when compared 
with the drug-treated muscle. Table 3 (page 154 ) and 
Pig.5(0) (page 101 ) show the results obtained in a group 
of ten experiments using 1 mg. per ml. of nicotine.

Uptake/
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Uptake of calcium-47. potassium-42 and sodium-24 by isolated 
frog sartorius muscle in the presence of ryanodine*

On skeletal muscle of the frog and of mammals, ryanodine 
causes an irreversible contracture* This action occurs 
without the resting membrane potential or the adenosine- 
triphosphatase activity being affected and it is independent 
of the innervation (2-4)*
Calcium-47

Ryanodine in doses of from 10J ^ g .  to 100 >g. per ml* 
caused a significant (P, 0*01< 0*001) increase in the uptake 
of calcium-47 by isolated frog sartorius muscle* The 
control muscle showed a lower percentage uptake when compared 
with the drug-treated muscle. Table 4 (page 155 ) and 
Pig. 6(A) (page 104 ) show the results obtained in a group 
of nine experiments using 50j u g .  per ml. of ryanodine.
Potassium-42

Ryanodine in doses of from 10 j u g *  to 100 j u g .  per ml* 
significantly (P,> 0.001) reduced the uptake of potassium-42 
by isolated frog sartorius muscle. The control muscle 
showed an increased percentage uptake when compared with the 
drug-treated muscle. Table 4 (page 155 ) and Pig. 6 (B) 
(page 104 ) show the results obtained in a group of nine 
experiments using 50 j u g .  per ml. of ryanodine.
Sodium-24

Ryanodine in doses of from 10 j u g . to 100 j u g . per ml. 
significantly (P,>0.001) increased the uptake of sodium-24
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by isolated frog sartorius muscle. The control muscle 
showed a lower percentage uptake when compared with the 
drug-treated muscle. Table 4 (page 155 ) and Pig. 6 (C) 
(page 104 ) show the results obtained in a group of ten 
experiments using 50 j u g .  per ml. of ryanodine.
Uptake of calcium-47, potassium-42 and sodium-24 by isolated 
frog sartorius muscle in the presence of carbachol.

Carbachol is one of the numerous synthetic acetylcholine 
analogues but it is more stable and is not susceptible to 
destruction by cholinesterase. In this compound the 
muscarinic actions of acetylcholine are retained but nicotinic 
activity is reduced. Although selective affinities of 
carbachol for particular organs are not readily demonstrable 
in intact animals, it has been suggested that it has a greater 
action on the gastrointestinal and urinary tracts than upon 
the cardiovascular system or respiration.
Calcium-47

Carbachol in doses of from 1 mg. to 5 mg. per ml. did 
not significantly (P, 0.3 <.0.2) alter the uptake of 
calcium-47 by isolated frog sartorius muscle. There was no 
significant difference between the percentage uptake by the 
control and that of the drug-treated muscle. Table 5 
(page 156 ) and Pig. 7(A) (page 106 ) show the results obtained 
in a group of ten experiments using 5 mg. per ml. of carbachol.
Potassium-42

Carbachol in doses of from 1 mg. to 5 mg. per ml. did
not/
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not significantly (P, 0.1 <0.05) alter the uptake of potassium- 
42 by isolated frog sartorius muscle. There was no 
significant difference between the percentage uptake by the 
control and that of the drug-treated muscle. Table 5
(page 156 ) and Pig. 7(B) (page 106 ) show the results
obtained in a group of ten experiments using 5 mg. per ml# 
of carbachol.
Sodium-24

Carbachol in doses of from 1 mg. to 5 mg. per ml. did 
not cause any significant (P, 0.8 <0.7) change in the uptake 
of sodium-24 by isolated frog sartorius muscle. There was 
no significant difference between the percentage uptake by 
the control and that of the drug-treated muscle. Table 5
(page 156 ) and Pig. 7(C) (page 106) show the results
obtained in a group of ten experiments using 5 mg. per ml. 
of carbachol.

Uptake of calcium-47, potassium-42 and sodium-24 by isolated 
frog sartorius muscle in the presence of neostigmine

Neostigmine is a potent anticholinesterase. In addition 
to this it has a direct depolarizing action on the muscle 
fibres. Denervated skeletal muscle contracts when treated 
with neostigmine and close intraarterial injection of this 
compound elicits a contractural response in skeletal muscle.
Calcium-47

Neostigmine in doses of from 25 j u g .  to 150 j u g .  per ml. 
did not influence significantly (P, 0.2 < 0.1) the uptake
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of calcium-47 by isolated frog sartorius muscle at the 
■beginning of the experiment, hut after a period of about one 
hour's exposure to the drug there was a significant 
(P, 0.01< 0,001) increase in the percentage uptake b y  the 
drug-treated muscle. Table 6 (page 157 ) and. Pig. 8 (A) 
(page 108 ) show the results obtained in a group of nine 
experiments using 100><g. per ml. of neostigmine.
Potassium-42

Neostigmine in doses of from 25 /̂ g. to 150 >cg. per ml. 
caused a significant (P, > 0.001) decrease in the uptake of 
potassium-42 by isolated frog sartorius muscle. The control 
muscle showed a higher percentage uptake when compared with 
the drug-treated muscle. Table 6 (page 157 ) and Pig. 8 (B) 
(page 108 ) show the results obtained in a group of nine 
experiments using 100>rg. per ml. of neostigmine.
Sodium-24

Neostigmine in doses of from 25>^g* to 150 _^g. per ml. 
caused a significant (P,> 0.001) increase in the uptake of 
sodium-24 by isolated frog sartorius muscle. The control 
muscle showed a lower percentage uptake when compared with 
the drug-treated muscle. Table 6 (page 157 ) and Pig. 8 (C) 
(page 108 ) show the results obtained in a group of ten 
experiments using 100ŷ g. per ml. of neostigmine.

Uptake of calcium-47* potassium-42 and sodium-24 by isolated 
frog sartorius muscle in the presence of edrophonium.

Edrophonium is a compound with properties similar to 
those/ - 109 -



those of neostigmine with a rapid and brief action. It is 
a competitive antagonist of drugs which act like tubocurarine 
and acts by displacing them from receptors on the post-synaptic 
membrane of the neuromuscular synapse, so permitting the 
acetylcholine to depolarize the end plate region.
Qalcium-47

Edrophonium in doses of from 0.5 mg. to 2 mg. per ml. 
caused a significant (P, 0.01 <0.001) decrease in the uptake 
of calcium-47 by isolated frog sartorius muscle. The 
control muscle showed a higher percentage uptake when 
compared with the drug-treated muscle. Table 7 (page 158 )
and Pig.9 (A) (page 111 ) show the results obtained in a 
group of ten experiments using 2 mg. per ml. of edrophonium.
Potassium-42

Edrophonium in doses of from 0.5 mg. to 2 mg. per ml. 
significantly (0.05< 0.02) reduced the uptake of potassium-42 
by isolated frog sartorius muscle. The control muscle, 
showed a higher percentage uptake when compared with the 
drug-treated muscle. Table 7 (page 158 ) and Pig. 9 (B) 
(page 111 ) show the results obtained in a group of ten 
experiments using 2 mg. per ml. of edrophonium.
Sodium-24

Edrophonium in doses of from 0.5 mg. to 2 mg. per ml. 
did not influence significantly (P, 0.4 <0.5) the uptake of 
sodium-24 by isolated frog sartorius muscle. There was no 
significant difference between the percentage uptake by the 
control/ - 110 -
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control muscle and that of the drug-treated muscle. Table 7 
(page 158) and Mg. 9 (C) (page 111) show the results 
obtained in a group of ten experiments using 2 mg. per ml. 
of edrophonium.
Uptake of calcium-47« potassium-42 and sodium-24 by isolated 
frog sartorius muscle in the presence of tubocurarine.

Tubocurarine causes a paralysis of skeletal muscle by 
preventing the response to motor nerve impulses, i.e. to 
acetylcholine liberated. The muscle can still be made to 
contract by direct stimulation. There is no initial phase 
of excitation as is seen with depolarizing agents such as 
suxamethonium and deeamethonium.
Calcium-47

Tubocurarine in doses of from 50j u g .  to 0.5 mg. per ml. poss
ibly significantly (P, 0.1< 0.05) altered the uptake of 
calcium-47 by isolated frog sartorius muscle. There was no clearly 
significant difference between the percentage uptake by the 
control muscle and that of the drug-treated muscle. Table 8 
(page 159) and Pig. 10 (A) (page 115) show the results 
obtained in a group of ten experiments using 200><g. per ml. 
of tubocurarine.
Potassium-42

Tubocurarine in doses of from 50^g. to 0.5 mg. per ml. 
did not- cause a significant (P, 0.8< 0.7) change in the uptake 
of potassium-42 by isolated frog sartorius muscle. There 
was no significant difference between the percentage uptake 
Uy/
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by the control muscle and that of the drug-treated muscle* 
Table 8 (page 159 ) and Pig*10 (B) (page 113 ) show the 
results obtained in a group of nine experiments using 200 ><g. 
per ml. of tubocurarine*
Sodium-24

Tubocurarine in doses of from 50j u g .  to 0*5 mg* per ml. 
did not cause a significant change in the uptake of sodium-24 
by isolated frog sartorius muscle. There was no significant 
difference between the percentage uptake by the control 
muscle and that of the drug-treated muscle. Table 8 
(page 159 ) and Pig. 10 (C)(page 113 ) show the results 
obtained in a group of nine experiments using 200j u g .  per ml. 
of tubocurarine.

Uptake of calcium-47* potassium-42 and sodium-24 by isolated 
frog sartorius muscle in the presence of gallamine♦

G-allamine is one of a series of synthetic curare 
substitutes prepared by Bovet and his co-workers (5)* The
major action of gallamine is a curare-like paralysis of 
skeletal muscle. Both neuromuscular transmission and the 
effects of acetylcholine on the neuromyal junction are 
blocked* Its duration of action is shorter than that of 
tubocurarine•
Calcium-47

G-allamine in doses of from 1 mg. to 8 mg. per ml. did 
not cause a significant (P, 0.4<0*5) change in the uptake 
of calcium-47 by isolated frog sartorius muscle. There was 
no/
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no significant difference between the percentage uptake by 
the control muscle and that of the drug-treated muscle.
Table 9 (page 160 ) and Pig. 11 (A) (page 115 ) show the 
results obtained in a group of nine experiments using 4 mg. 
per ml. of gallamine.
Potassium-42

Gallamine in doses of from 1 mg. to 8 mg. per ml. did 
not cause a significant (P, 0.2< 0.1) change in the uptake of 
potassium-42 by isolated frog sartorius muscle. There was 
no significant difference between the percentage uptake by 
the control muscle and that of the drug-treated muscle.
Table 9 (page 160 ) and Pig. 11(B) (page 115 ) show the 
results obtained in a group of ten experiments using 4 mg. per 
ml. of gallamine•
Sodium-24

Gallamine in doses of from 1 mg. to 8 mg. per ml. did 
not cause a significant (P, 0.7< 0.6) change in the uptake 
of sodium-24 by isolated frog sartorius muscle. There was 
no significant difference between the percentage uptake by 
the control muscle and that of the drug-treated muscle.
Table 9 (page 160 ) and Pig. 11(C) (page 115 ) show the 
results obtained in a group of ten experiments using 4 mg. 
per ml. of gallamine.

Uptake of calcium-47, potassium-42 and sodium-24 by isolated 
frog sartorius muscle in the presence of protoveratrine A.

Resting amphibian skeletal muscle treated with certain 
Veratrum/
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Veratrum alkaloids especially veratrine, shows no obvious 
abnormality. If a stimulus is delivered to the muscle, 
either directly, or indirectly via the nerve, the magnitude 
of the twitch is as a rule higher than normal and is followed 
by a phase of slow relaxation. This is the typical 
veratrinic response.

Protoveratrine A is an ester alkaloid obtained from 
Veratrum album and it has typical veratrinic actions.
Calcium-47

Protoveratrine A in doses of from 50><g. to 0.5 mg. per 
ml# caused a significant (P, 0.05 <0.02) depression in the 
uptake of calcium-47 by isolated frog sartorius muscle at 
the beginning of the experiment, but after a period of about 
1 hourfs exposure to the drug there was no significant 
(P, 0.4 <0.5) change in the percentage uptake by the control 
muscle and that of the drug-treated muscle. Table 10 
(page 161 ) and Pig. 12(A) (page 118 ) show the results
obtained in a group of nine experiments using 100 j u g m per ml. 
of protoveratrine A.
Potassium-42

Protoveratrine A in doses of from 50^g. to 0.5 mg. 
per ml. did not cause a significant (P, 0.6 <0.5) change in 
the uptake of potassium-42 by isolated frog sartorius muscle. 
There was no significant difference between the percentage 
uptake by the control muscle and that of the drug-treated 
muscle. TablelO(page 161 ) and .Pig. 12(B) (page 118 ) show 
the/
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the results obtained in a group of ten experiments using 
100 j u g .  per ml. of protoveratrine A.
Sodium-24

Protoveratrine A in doses of from 50 j u g .  to 0.5 mg. per 
ml. caused a significant (P,>0.001) increase in the uptake 
of sodium-24 by isolated frog sartorius muscle. The 
control muscle showed a lower percentage uptake than the 
drug-treated muscle. Table 10 (page 161 ) and Pig. 12 (C)
(page 118 ) show the results obtained in a group of ten 
experiments using 100 j u g .  per ml. of protoveratrine A.

Uptake of calcium-47, potassium-42 and sodium-24 by isolated 
frog sartorius muscle in the presence of protoveratrine B.

Protoveratrine B is an ester alkaloid obtained from 
Veratrum album, which like protoveratrine A has typical 
veratrinic actions.
Calcium-47

Protoveratrine B in doses of from 50j u g .  to 0.5 mg. 
per ml. caused a significant (P, 0.05 Q.02) decrease in the
uptake of calcium-47 by isolated frog sartorius muscle. The 
control muscle showed a higher percentage uptake when compared 
with the drug-treated muscle. Table 11 (page 162 ) and 
Pig. 13(A) (page 120 ) show the results obtained in a group 
of nine experiments using 100 j u g .  per ml. of protoveratrine B.
Potassium-42

Protoveratrine B in doses of from 50 j u g .  to 0.5 mg.
per/
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Ĵ- O
1 CQ

0 3__ a
•H
O 0
H P
c3 •H
0 P

«H
O
P

O P
0

a3
0

a3 b D
-P O
Ph P

<P

- 120 -

1



per ml. did not cause significant (P, 0.2< 0.1) change in 
the uptake of potassium-42 by isolated frog sartorius muscle. 
There was no significant difference between the percentage 
uptake by the control muscle and that of the drug-treated 
muscle. Table 11 (page 162) and Pig. 13 (B) (page 120) 
show the results obtained in a group of nine experiments 
using 100j u g .  per ml. of protoveratrine B.
Sodium-24

Protoveratrine B in doses of from 50J i g .  to 0.5 mg. 
per ml. did not cause a significant (P, 0.2<C 0.1) change in 
the uptake of sodium-24 by isolated frog sartorius muscle. 
There was no significant difference between the percentage 
uptake by the control muscle and that of the drug-treated 
muscle. Table 11 (page 162) and Pig. 13 (0) (Page 120) 
show the results obtained in a group of ten experiments using 
100 J u g .  per ml. of protoveratrine B.
Effect of suxamethonium on the release of calcium-47 and 
potassium-42 from isolated frog sartorius muscle.
Calcium-47

Suxamethonium in doses of from 1 mg. to 10 mg. per ml. 
caused an increase in the release of calcium-47 from 
isolated frog sartorius muscle. The increase in the release 
of calcium-47 was more pronounced with the increase in the 
dose of suxamethonium. Pig. 14 (page 122) shows the 
results of a typical experiment and Table 12 (page 163) 
shows the results of a group of nine experiments using 5 mg. 
per ml of suxamethonium.
Potassium-42/
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Time in minutes

Fig. 14
Effect of suxamethonium ( 1 mg* per ml*) on the release of 
calcium-47 from isolated frog sartorius muscle. The vertical 
arrow indicates the point of exposure of the test muscle to 
the drug.

- 122 -



Pig. 15
Effect of suxamethonium (5 mg. per ml.) on the release of 
potassium-42 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug.

- 123 -



Potassium-42 ’
Suxamethonium in doses of from 1 mg. to 10 mg. per ml. 

caused an increase in the release of potassium-42 from 
isolated frog sartorius muscle. The increase in the release 
of potassium-42 was more pronounced with the increase in the 
dose of suxamethonium. Pig. 15 (page 123) shows the 
results of a typical experiment and Table 23 (page 174) 
shows the results of a group of nine experiments using 5 mg. 
per ml. of suxamethonium.
Effect of decamethonium on the release of calcium-47 and 
potassium-42 from isolated frog sartorius muscle.
Calcium-47

Decamethonium in doses of from 50J J - g * to 0.5 mg. per ml. 
had no significant effect on the release of calcium-47 from 
isolated frog sartorius muscle, although in a few experiments 
there was apparently a very slight increase in the release of 
calcium-47. Pig* 16 (page 125) shows the results of an
experiment showing no increased release of calcium-47 and
Table 13 (page 164) shows the results of a group of ten 
experiments using 200j u * g . per ml. of decamethonium.
Potassium-42

Decamethonium in doses of from 50J ^ g *  to 0.5 mg. per ml.
caused an increase in the release of potassium-42 from isolated .
frog sartorius muscle. The increase in the release of 
potassium-42 was more pronounced with the increase in the dose 
of decamethonium. Pig. 17 (page 126) shows the results of 
a typical experiment and Table 24 (page 175) shows the results of 
a group/
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Pig. 16
Effect of decamethonium (200j u g .  per ml.) on the release 
of calcium-47 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug.
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Pig. 17
Effect of decamethonium (200j u g .  per ml.) on the release 
of potassium-42 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug.

- 126 -



group of* nine experiment s. using 200 j u g .  per ml. of decametlionium.

Effect of nicotine on the release of calcium-47 and potassium-42 
hy isolated frog sartorius muscle.
Calcium-47

Nicotine in doses of from 200j u g .  to 2 mg. per ml. 
caused an increase in the release of calcium-47 from isolated 
frog sartorius muscle. The increase in the release of 
calcium-47 was more pronounced with the increase in the dose 
of nicotine. Fig. 18 (page 128 ) shows the results of a
typical experiment and Table 14 (page 165 ) shows the results
of a group of eight experiment s. using 1 mg. per ml. of nicotine.
Potassium-42

Nicotine in doses of from 200 j u g .  to 2 mg. per ml. 
caused an increase in the release of potassium-42 from isolated 
frog sartorius muscle. The increase in the release of 
potassium-42 was more pronounced with the increase in the dose 
of nicotine. Fig. 19 (page 129 ) shows the results of a
typical experiment and Table 25 (page 176 ) shows the results
of a group of ten experiments.using 1 mg. per ml. of nicotine.

Effect of ryanodine on the release of calcium-47 and potassium-42 
from isolated frog sartorius muscle.
Calcium-47

Ryanodine in doses of from 10̂ /̂ g. to 100 j * g .  per ml. 
caused an increase in the release of calcium-47 from isolated 
frog sartorius muscle. The increase in the release of 
calcium-47/

- 127 -



Fig. 18
Effect of nicotine (1 mg. per ml.) on the release of 
calcium-47 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the 
test muscle to the drug.

- 128 -



I

Mg. 19
Effect of nicotine (1 mg. per ml.) on the release of 
potassium-42 from isolated frog sartorius muscle.
The vertical arrow indicates the point of exposure of the 
test muscle to the drug.

- 129 -



calcium-47 was more pronounced with the increase in the dose 
of ryanodine* In some experiments the release of calcium-47 
was delayed for 10 to 20 minutes after exposure of the test 
muscle to the drug and in a few experiments the release was 
not very marked. Fig. 20 (page 131 ) shows the results of 
an experiment showing increased release of calcium-47 and 
Table 15 (page 166 ) shows the results of a group of ten 
experiments-using 50j u g .  per ml. of ryanodine.
Potassium-42

Ryanodine in doses of from 10 j u g .  to 100j u g .  per ml.
caused an increase in the release of potassium-42 from
isolated frog sartorius muscle. The increase in the release
of potassium-42 was more pronounced with the increase in the
dose of ryanodine. In some experiments the release of
potassium-42 was delayed for 10 to 20 minutes after exposure
of the test muscle to the drug. Pig.21 (page 132 ) shows
the results of one such experiment and Table 26 (page 177 )
shows the results of a group of nine experiments .using 50J u g .  per ml. of ryanodine.
Effect of carbachol on the release of calcium-47 and notassium- 
42 from isolated frog sartorius muscle.
Calcium-47

Carbachol in doses of from 1 mg. to 5 mg. per ml. did 
not apparently cause either a marked or a consistent effect 
on the release of calcium-47 from isolated frog sartorius 
muscle. In a few experiments there was apparently a very 
slight increase in the release of calcium-47 but in others no 
such/
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Pig* 20
Effect of ryanodine { 5 0 j u g .  per ml.) on the release of 
calcium-47 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug.
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Fig. 21
Effect of ryanodine (50 j u g .  per ml.) on the release of 
potassium-42 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug.
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such effect was observed. Fig. 22 (page 134 ) shows, the 
result of an experiment showing no release of calcium-47 
and Table 16 shows the results of a group of eight 
experiments .using 5 mg* per nil. of carbachol.
Potassium-42

Carbachol in doses of from 1 mg. to 5 mg* per ml. caused
an increase in the release of potassium-42 from isolated
frog sartorius muscle. The increase in the release of
potassium-42 was more pronounced with the increase in the dose
of carbachol. Fig. 23 (page 135 ) shows the results of a
typical experiment and Table 27 (page 178 ) shows the
results of a group of ten experiments using 5 mg. per ml. of 
carbachol.
Effect of neostigmine on the release of calcium-47 and 
potassium-42 from isolated frog sartorius muscle.
Calcium-47

Neostigmine in doses of from 25 J t g .  to 150 j u g .  per ml.
caused an increase in the release of calcium-47 from isolated
frog sartorius muscle. The increase in the release of
calcium-47 was more pronounced with the increase in the dose
of neostigmine. Fig. 24 (page 137 ) shows the results of
a typical experiment and Table 17 (page 168) shows the
results of a group of eight experiment s. using 100 J j i g . per ml. of 
neostigmine.Potassium-42

Neostigmine in doses of from 25 j u g .  to 150 j u g .  per ml. 
caused an increase in the release of potassium-42 from 
isolated frog sartorius muscle. The increase in the release 
of/
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Time in min.

Pig. 22
Effect of carbachol (5 mg. per ml.) on the release of 
calcium-47 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug.
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Pig. 23
Effect of carbachol (5 mg. per ml.) on the release of 
potassium-42 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug.
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of potassium-42 was more pronounced with the increase in the
dose of neostigmine. Fig. 25 (page 138 ) shows the
results of a typical experiment and Table 28 (page 179 )
shows the results of a group of nine experiments .using 75 per 
ml. of neostigmine.
Effect of edrophonium on the release of calcium-47 and 
potassium-42 from isolated frog sartorius muscle.
Oalcium-47 .

Edrophonium in doses of from 0.5 mg. to 2 mg. per ml.
caused an increase in the release of calcium-47 from isolated
frog sartorius muscle. The increase in the release of
calcium-47 was more pronounced with the increase in the dose
of edrophonium. Pig. 26 (page 139 ) shows the results of a
typical experiment and Table 18 (page 169 ) shows the
results of a group of nine experiment s. using 2 mg. per ml. of edrophonium.
Potassium-42

Edrophonium in doses of from 0.5 mg. to 2 mg. per ml. did
not apparently cause change in the release of potassium-42
from isolated frog sartorius muscle. Pig. 27 (page 140 )
shows the results of a typical experiment and Table 29
(page 180 ) shows the results of a group of ten experiments. using 2 mg. per ml. of edrophonium.
Effect of tubocurarine on the release of cal,cium-47 and 
potassium-42 from isolated frog sartorius muscle.
Oalcium-47

Tubocurarine in doses of from 50j * g .  to 200 j u g .  per ml. 
did not apparently affect the release of calcium-47 from 
isolated/
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o  25  5 0  75
Time in minutes

Fig* 24
Effect of neostigmine (lOO^ag. per ml.) on the release of 
calcium-47 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug.
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Fig* 25
Effect of neostigmine (75 j u g .  per ml.) on the release of 
potassium-42 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug.

-  1 3 8  -



o  25 5 0  75
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Pig. 26
Effect of edrophonium (0.5 mg. per ml.) on the release of 
calcium-47 from isolated frog sartorius muscle. The vertical 
arrow indicates the point of exposure of the test muscle to 
the drug.
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Fig. 27
Effect of edrophonium (0.5 nig. per ml.) on the release of 
potassium-42 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug.
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isolated frog sartorius muscle, but larger doses (0.5 mg. to
1 mg. per ml.) caused an increase in the release of calcium-47
in some experiments. The result of one such experiment is
shown in Pig. 28 (page 142 ). Table 19 (page 170 ) shows
the results of a group of nine experiments.using 1 mg. per ml. of 
tubocurarine. '
Potassium-42

Tubocurarine in doses of from 50 J i g *  to 1 mg. per ml. 
did not apparently cause any effect on the release of 
potassium-42 from isolated frog sartorius muscle. Pig. 29 
(page 143 ) shows the results obtained during a typical 
experiment and Table 30 (page 181 ) shows the results from 
a group of nine e x p e r i m e n t s .using 1 mg. per ml. of tubocurarine.

Effect of jgcallamine on the release of calcium-47 and 
potassium-42 from isolated frog sartorius muscle.
Calcium-47

G-allamine in doses of from 1 mg. to 8 mg. per ml. did not
cause any apparent effect on the release of calcium-47 from
isolated frog sartorius muscle. Pig. 30 (page 144 ) shows
the results of a typical experiment and Table 20 (page 171 )
shows the results of a group of eight experiments.using 4 mg. per 
ml. of gallamine.
Potassium-42

Grallamine in doses of from 1 mg. to 8 mg. per ml. did not 
cause any apparent effect on the release of potassium-42 from 
isolated frog sartorius muscle. Pig. 31 (page 145 ) shows 
the results of a typical experiment and Table 31 (page 182 ) 
shows/
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Pig. 28
Effect of tubocurarine (l mg. per ml.) on the release of 
calcium-47 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug.
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Fig. 29
Effect of tubocurarine (1 mg. per ml.) on the release of 
potassium-42 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug. ‘
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Fig* 30
Effect of gall amine (4 mg. per ml.) on the release of calcium-47 
from isolated frog sartorius muscle. The vertical arrow 
indicates the point of exposure of the test muscle to the 
drug.
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Fig. 31
Effect of gallamine (4 mg. per ml.) on the release of 
potassium-42 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug.
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shows the results of a group of eight experiments using 4 mg. per ml. of gallamine. .
Effect of protoveratrine A on the release of calcium-47 and
potassium-42 from isolated frog sartorius muscle.
Calcium-47

Protoveratrine A in doses of from 50j ^ g *  to 0.5 mg* per ml. 
had variable effects upon the release of calcium-47 from 
isolated frog sartorius muscle. In some experiments there 
was an increased release of calcium-47 whereas in others no 
distinct release was observed. In a few experiments the 
release of calcium-47 was delayed by from 10 to 20 minutes 
after initial exposure of the test muscle to the drug. The 
result of one such experiment is shown in Pig. 32 (page 147 )• 
Table 21 (page 172 )shows the results of a group of nine 
experiments .using 100 j u g *  per ml. of protoveratrine A.
Potassium-42

Protoveratrine A in doses of from 50 y u g *  to 0.5 mg. per
ml. caused an increased release of potassium-42 from isolated
frog sartorius muscle in most of the experiments, whereas in
a few experiments no increase in release could be seen. Pig. 33
(page 148 ) shows the results of an experiment showing increased
release of potassium-42 and Table 32 (page 183 ) shows the
results of a group of ten experiment s. using 100>tg. per ml. of 
protoveratrine A.
Effect of protoveratrine B on the release of calcium-47 and 
potassium-42 from isolated frog sartorius muscle.
Calcium-47

Protoveratrine B/
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Fig. 32
Effect of protoveratrine A (100j u g .  per ml.) on the release 
of calcium-47 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug.
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Fig. 33
Effect of protoveratrine A (100 j u g .  per ml.) on the release 
of potassium-42 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug.
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Protoveratrine B in doses of from 50j u g .  to 0.5 mg# per 
ml. caused variable effects upon the release of calcium-47 
from isolated frog sartorius muscle. In some experiments there 
was an increased release of calcium-47 (Pig. 34 , page 150 ),
whereas in others no distinct release was observed. In some 
experiments the release of calcium-47 was delayed by from 10 
to 20 minutes after exposure of the test muscle to the drug. 
Table 22 (page 173) shows the results of a group of ten 
experiments, using 100 j u g .  per ml. of protoveratrine B.
Potassium-42

Protoveratrine B in doses of from 50j u g .  to 0.5 mg. per 
ml. had a variable effect on the release of potassium-42 from 
isolated frog sartorius muscle. In some experiments there 
was a slight increase in the release of potassium-42 (Pig. 35 , 
page 151 ), whereas in others no such effect was noted. In 
a few experiments potassium-42 release was delayed by from 10 
to 20 minutes after exposure of the test muscle to the drug. 
Table 33>P.184shows the results of a group of ten experiments, 
using 100j A g .  per ml. of protoveratrine B.
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Fig. 34
Effect of protoveratrine B (100 j x g .  per ml.) on the release 
of calcium-47 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug.
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Pig. 35
Effect of protoveratrine B (100 j u g *  per ml.) on the release 
of potassium-42 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the drug.
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C H A P T E R  IV
D I S C U S S I O N

The difference between the composition of the interior 
of the cell and that of its surrounding medium is maintained 
by a membrane* The living cell depends upon the ability of 
this membrane to permit the passage of some Substances and 
prevent that of others. There has been much speculation on 
the structure of the cell membrane because it is neither possible 
to demonstrate this by conventional ̂ optical methods nor to 
isolate the membrane unchanged for chemical analysis.

Clark (1) has reviewed the structure of the cell and 
Davson and Danielli (2) have summarised the theories of the 
nature of the cell membrane as follows
(i) The cell membrane consists of a thin layer of fatty 

material.
(ii) It is a sieve with pores of molecular dimensions.
(iii) The membrane consists of a mosaic made up of areas of 

more than molecular dimensions, each of which possesses 
different chemical properties.

(iv) The cell membrane consists of a sieve structure made 
up of polypeptide chains or proteins superimposed 
upon a lipid layer.

(v) The membrane is a bimolecular leaflet of fatty molecules.
(vi) The membrane is a lipid layer a few fatty molecules 

thick, with an adsorbed protein layer at each fat-water 
interface./
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interface.
Mullins (3) observed that it seems difficult to understand 

how a lipid film membrane can remain stable between two 
aqueous phases and can show specificity to the passage of 
certain substances and prevent that of others.

When attempts are made to explain the permeability to 
ions of a lipid layer in relation to recent studies on the 
nature and time course of the action potential, it appears 
that the fatty layer theory is incompatible with the membrane 
capacity during activity (4).

More recent studies (5-8) however, favour the presence 
of a membrane with pores. Mullins (3) has, for example, 
suggested that if one assumes 11 a membrane with pores two 
general types may be considered: (a) the random polymer
network, a structure of fibrous molecules that are cross-linked 
so as to yield pores of widely varying size and shape, and 
b̂) the oriented macromoleeular liquid membrane, a structure 

in which the pores are formed by the inability of the 
macromolecules, in their most efficient packing, to fill all 
the space in the liquid. The simplest example of (b) is 
that of macromoleeular cylinders in regular haxagonal packing; 
the pores exist at the junction between any three cylinders 
and are characterised by a regularity of size but, ••••••••
can show a considerable degree of specificity in their 
interaction with molecules of various sorts.11

Katz (9) suggested that the membrane is a very thin lipid 
sieve/
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Macromoleeular cylinders, representing structural elements 
of the cell membrane. The spacing between the macromolecules 
show the membrane pore formed between any three cylinders 
being occupied by ions (after Mullins, 3)«

Mg. 36
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sieve which consists almost entirely of insulating dielectric 
material but contains a few scattered gaps through which 
water and ions can pass.

Shanes (10) stated that "natural membranes appear to 
combine the properties of a solvent of low dielectric constant 
as well as of a porous structure. Available data suggests 
that the penetration of ions into the untreated membrane is 
governed by the ease with which water can be removed from 
them (hydration energies) and their unhydrated diameters; and 
that permeability changes may be due (a) to changes in the 
diameters of the channels through which unhydrated, or 
incompletely or fully hydrated ions move, and possibly (b) 
to changes in the membrane-ion interaction (solvation)."

Winton and Bayliss (11) stated "the cell membranes of 
nerves, as of most other living cells as far as is known, 
consist of radially arranged long-chain fatty acids probably 
forming parts of lecithin molecules, with superimposed 
tangential leaflets of protein. This palisade-like structure 
can probably act as an ionic sieve permitting the passage of 
some kinds of ion with their attendant water molecules, but 
not others."

Thus, it appears that we are far from understanding 
adequately the nature and properties of the cell membrane, 
yet the existence of such a membrane between the intracellular 
and interstitial fluid, is however, well established.

It is known that substances in solution tend to move 
from regions where they are present in high concentration to 
regions/
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regions where they are in lower concentration. They will 
move in this direction unless they are prevented from doing 
so by some obstruction, or driven in the opposite direction 
by some other force. One of the characteristics of most 
living cells is the fact that the concentration of ions in 
the interior is quite different from that in the extracellular 
fluid. Sodium concentration on the outside is usually about 
ten times as high as that inside the cell and the reverse is 
true for potassium. The hypotheses advanced to explain 
this phenomenon has been summarised in Chapter I. Winton 
and Bayliss (12) stated that owing to the presence within the 
cell of anions which are unable to diffuse outwards, 
potassium ions are drawn in and chloride ions are driven out, 
a steady state being reached when the inflow of potassium 
ions and the outflow of chloride ions, produced by the 
electrical potential gradient, is just equal to the outflow 
of potassium ions and inflow of chloride ions produced by the 
concentration gradient. The electrical potential difference 
between the cell interior and the external solution is the 
resting membrane potential of the cell. Sodium ions are 
also drawn in by the electrical potential gradient. However, 
they penetrate the resting membrane far less readily than do 
potassium ions, so that the rate of inflow is not very large. 
Those that do enter are actively extruded again by the 11 sodium 
pumpH and the concentration remaining within the cell is much 
smaller than that in the external solution.

It is generally assumed (13) that the active state and 
the associated action potential of muscle and nerve fibres 
arise/
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arise as the consequence of a sudden breakdown of the 
potassium ion selectivity of the membrane, so that sodium 
and possibly other ions can move freely through it. There 
can be no doubt that a sudden increase in membrane permeability 
takes place during the active state of the membrane. The 
hypothesis advanced by Hodgkin and Katz (14) to explain this 
situation assumes that in the resting state the fibre membrane 
is readily permeable to potassium ions, whereas the 
permeability to sodium ions is extremely low. The resting 
potential is determined by the distribution of and permeability 
to potassium ions. This hypothesis assumes, however, that 
during activity the membrane acquires a transient high 
permeability for the sodium ion, many times higher than that 
for the potassium ion. If the outside medium has a higher 
sodium ion concentration than the interior of the fibre, as 
is the case, the preferential sodium ion permeability should 
clearly lead to a reversal of the sign of the potential. In 
order for the potential to return to normal it is also 
necessary to postulate that there exists in the membrane a 
mechanism which reduces the sodium ion permeability so that 
it becomes once again potassium ion selective. The hypothesis 
implies that depolarization of the membrane has two effects:-
(i) it causes a rapid transient increase in sodium ion 

permeability and
(ii) a delayed but maintained increase in potassium ion 

permeability*
Hodgkin, Huxley and Katz (15) attempted to devise a 

theoretical model which would account for the cycle of 
permeability/
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permeability changes during the action potential. They 
assumed that the sodium ion crosses the membrane in 
combination with a carrier molecule which bears a negative 
charge. Each carrier molecule can combine with one sodium 
ion but not more. This system can transport very little 
sodium in the resting condition since the sodium carrier 
compound is attracted to the outside of the membrane by the 
potential difference across it. The restraining influence 
of the voltage gradient is removed when the membrane is 
depolarised and sodium ion transport then occurs at a high 
rate. External sodium ions combine, with the carrier 
molecules on the outside of the membrane and are then carried 
across the membrane by thermal agitation. The carrier 
compound dissociates on the insidef and the uncombined carrier 
then returns to the outside as a result of thermal agitation. 
Hodgkin, nuxley and ivatz (,15) also postulated that external 
calcium competes with sodium for the carrier and forms a large 
reservoir of an immobile calcium compound on the outside of 
the membrane. The calcium compound dissociates as the 
membrane is depolarised and this process leads to a large 
increase in the amount of carrier available for the transport 
of sodium ions in the active state. Erankenhaeuser and 
Hodgkin (16) suggested similarly that depolarisation acts by 
removing calcium ions from combination with a sodium ion 
carrier.

Shanes and his co-workers (17) suggested that the 
multivalent calcium ion interacts with the cell membrane so 
as to reduce the number of sites available for the passage 
of/
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of monovalent ions at lower levels of depolarisation, yet 
more sites apparently become available with higher levels of 
depolarisation. This can be accounted for if (i) the 
calcium ion occupies sites that normally become available to 
the monovalent ions with activity, (ii) in its interaction 
with the membrane the calcium ion causes more of such sites 
to appear and occupies them prior to activity and (iii) when 
depolarisation occurs, particularly above a certain level, 
the calcium ion is removed from these sites, which then 
function for the transfer of monovalent ions.

Adelman and Dalton (18) suggested that there are 
conductance channels for sodium and potassium ions in the 
membrane. In the resting state these channels are closed 
by bound divalent calcium ions. The bound calcium ion must 
be temporarily removed in order for excitation to occur and 
for any rapid rise of sodium conductance to take place in 
the channels. Driving current through the membrane from an
external source results in a displacement of the calcium ion 
from its channel-occupying position. The conductance 
channels are assumed to resemble the macromoleeular inter
spaces proposed by Mullins (3)* In this case calcium ions 
and sodium ions are assumed to compete for the same channel 
as their diameters will be nearly identical at all levels of 
hydration (18). The larger diameter hydrated potassium ion 
is assumed to require a larger diameter channel than the sodium 
or the calcium ion. According to this hypothesis, while the 
calcium ion and the sodium ion compete for the same channel 
the mobility of the calcium ion in the channel is much less 
than/
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than that of the sodium ion* This is assumed to he due to 
the forces established between the divalent calcium ions and 
the anonic sites on the membrane macromolecules* A channel 
in which the calcium ion is bound may be considered as 
maintaining a relatively constant effective diameter* Removal 
of calcium from the channel momentarily leaves an opening of 
appropriate size for the entry of sodium ions. The 
monovalent sodium ion is assumed to be less effective than 
the divalent calcium ion in maintaining an effective pore 
diameter which is less than that of the diameter of the 
hydrated potassium ion. The result of this situation is 
a rapid entry of sodium ions along its concentration gradient, 
followed in time by an enlargement of the effective pore 
diameter, producing a pore no longer suitable for sodium ion 
entry. Such a situation might arise as a result of 
competition with the internal potassium ions for these 
enlarged pores. While the flow of ions in such a channel 
or pore can be either inward or outward, but not in both 
directions at the same time, flow reversal must occur so that 
the potassium ions can move outwards, preventing further 
sodium ion entry. The entry of sodium ions produces the 
rising phase of the action potential. Repolarisation is 
accomplished by the outward movement of potassium ions in 
these channels. Return of the membrane potential from the 
peak of the spike towards the resting potential enhances the 
rebinding of calcium ions to the channel.

An understanding of the action of pharmacological agents 
on contraction (or contracture) in muscle could not be 
obtained/
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obtained without determining the extent to which alterations 
in excitability, action potential and contractile mechanism 
contribute to the effect. It has been recognised that 
under normal physiological conditions the spike potential 
triggers off the muscle contraction. Contraction (or 
contracture) may occur without depolarisation, e.g. in 
tetraethylammonium treated insect muscle (10). It has been 
observed (19) that excitation caused by a presynaptic impulse 
is modified by the local chemical environment of the nerve 
cells. The higher the calcium ion concentration, the lower 
is the excitability of the nerve cells. When the calcium 
ion concentration falls to low values the pre- and post- 
synaptic cells become more and more excitable. The end 
result is a repetitive self-excitation in each cell. The 
shape of the action potential especially in the heart bears 
no obvious relationship to the strength of the contraction of 
cardiac muscle, e.g., while the spike is reduced in magnitude 
and shortened in duration by lowering the sodium ion 
concentration the contraction of the heart may be greatly 
improved (10).

Thus, it is clearly possible that there is a chemical 
link between depolarisation and the shortening of the 
contractile elements in muscle. Shanes (10) suggested that 
this link may be the calcium ion. Heilbrunn (20) observed 
that of all the physiological ions only calcium when 
injected into the isolated muscle fibre of the frog caused 
an immediate and pronounced shortening. Frank (21) observed 
an inward movement of calcium ions when the muscle fibre was 
depolarised/
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depolarised and suggested that the calcium ion acted as a 
link between the electrical and mechanical events taking 
place during muscular contraction., Weidmann (22) similarly 
suggested that calcium ions mediated between electrical 
and mechanical activity throughout the period of membrane 
depolarisation.

Many observations (23-30) favour the view that activity 
brought about in skeletal muscle or cardiac tissue by 
electrical stimulation, potassium ions or drugs (e.g., 
ouabain on cardiac tissue) causes an increased movement of 
calcium ions across the membrane either in the inward or in 
the outward direction. Bianchi and Shanes (26) pointed out 
that the movement measured in the outward direction may not 
actually represent an increase in the transfer across the 
membrane but is rather an outward component complementary to 
the inward component of calcium ion movement when calcium 
ions are released briefly from their binding sites during 
activity. If an increase in the transfer in the outward 
direction from intracellular sites does occur it must take 
place after that of the influx if the calcium ion is to exert 
its full intracellular effect. Calcium ion entry might be 
by way of the sodium channel and its exit by way of the 
potassium channel during the rising and falling phases of 
the spike. The increased exit of calcium may be a 
consequence of a substantial increase in the ionised calcium 
of the myoplasm resulting from the increased entry. Thus, 
Shanes and Bianchi (31) suggested that the close equality 
of calcium ion entry and exit during activity in muscle was 
not/
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not inconsistent with a net entry of calcium ion.
Other investigations C32-37; have shown that depolarising 

agents and contraction ^or contracture)-producing substances 
cause an increase in the release of potassium ions from 
skeletal muscle. Keynes (38) observed an influx of sodium-24 
in nerve during stimulation and Conn and Wood (39) concluded 
that in cardiac tissue, sodium ion entry into the cell occurs 
almost entirely during the spike potential and .is negligible 
during the resting potential and the remainder of the action 
potential.

Analysis of the results presented in Chapter III (pages 
96-184) shows that drugs having a depolarising or a 
contracture-producing effect (suxamethonium, decamethonium, 
nicotine, ryanodine and neostigmine)caused marked alterations 
in the movements of calcium-47, potassium-42 and sodium-24 
in the isolated frog sartorius muscle at dose levels which 
also cause a mechanical response (Appendix I, pages 366-392 )• 
Carbachol, edrophonium, protoveratrine A and protoveratrine B 
caused moderate changes in the movement of one or more ions, 
whereas non-depolarising drugs, for example tubocurarine and 
gallamine did not induce any significant change in the ion 
movements.

In the isolated sartorius muscle of the frog calcium-47 
and sodium-24 uptake were increased and potassium-42 uptake 
was decreased by suxamethonium (Fig. 3, page 97, Table 1, 
page 152), decamethonium (Fig. 4, page 99, Table 2, page 153), 
nicotine (Fig. 5, page 101, Table 3, page 154), ryanodine 
(Fig. 6/
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( £ .  6, page 104, Table 4, page 155) and neostigmine (Pig. 8, 
page 108, Table 6, page 157). Edrophonium depressed the
uptake of calcium-47 and potassium-42 (Pig. 9, page 111, aole
7, pa, e 158). Protoveratrine A increased the uptake of 
sodixun-24 and depressed the uptake of calcium-47 (Pig. 12, 
page 118, Table 10, page 161). Protoveratrine B depressed
the uptake of calcium-47 (Fig. 13, PaSe 120 ’ Table 3*' P8Se 
162). Carbachol (Pig. 7, page 106, Table 5, page ,
tubocurarine (Pig. 10, page 113, Table 8, page 159) and

-.-if— m-u-io q r)«e:e 160) did not appeargallamine (Pig. 11, page 115, p . _
to cause any significant alteration in the uptake o 
47, potassium-42 or sodium-24 by this tissue.

Suxamethonium (Pigs. 14, 15, pages 1 2 2 > 125, ’
23, pa es 163 174), nicotine (Pigs. 18, 19, Pa es u > *

f  ’ P8geS ie>"  1/4;’ _  ,7 M  rvanodine (Pigs. 20, 21, pagesTables 14, 25, pages 165, 176), ry .i -i rr ’\nn\ find neostigmine
151, 132, Table. 13, 26 W M  ^  ^  ^  ^
(Figs. 24, 25, pages 3 , - _4? ^  potassiuim-42
caused an increased release 01
from the isolated frog sartorius muscle.

 ̂ t7q Table IB, page 169)
Edrophonium (Fig. 26, Ptb • fcoaoethonlim (pig.

increased the release of „  cerbectol (Fig. 23,
17, page 126, Table 24, M  lnbr.«sed rel.aee of
Page 135, Table 27, page 178) °» 147i
Potassium-42, Protoveratrine A ( i^- ;toTCtatri„e B
148, Tables 21, 32, pages 172, 3 ^  &  ^  ^  173, 184)
(Figs. 34, 35, pages 1 5 ° ’ 1 5 ' of calcium-47 and
had variable effects on Le r
Potassitun-42./ - 198 -



potassium-42. Tubocurarine and gallamine (Figs. 30, 31, 
pages 144, 145, Table 20, 31, pages 171, 182) did not cause 
any significant effect on the release of calcium-47 or 
potassium-42. Very large doses (1 mg. per ml.) of tubocurarine 
occasionally showed slight increase in the release of 
calcium-47, but did not show any change in the release of 
potassium-42 even in large doses (Figs. 28, 29, pages 142,
143, Tables 19, 30, pages 170, 181). The results are
summarised in Table 34*(page 200).

>These findings show that compounds capable of producing 
depolarisation or contracture cause an increased uptake of 
calcium and sodium ions but depress uptake of the potassium 
ion in the isolated frog sartorius muscle. At the same time 
they cause an increase in .the release of calcium and 
potassium ions from this tissue. The lesser effects of 
edrophonium and carbachol can perhaps be attributed to their 
low contracture producing potency at the dose levels used, 
while protoveratrine A and*protoveratrine B do not cause the 
characteristic veratrinic response in non-stimulated muscle.

After King (40) had established the structural formula 
of tubocurarine, it was thought that the activity of 
curarising drugs might be due to the presence of two onium 
groups at a certain optimal distance apart. The important 
work of Barlow and Ing (41) and of Paton and Zaimis (42) 
on the polymethylene bis-methonium series which included 
decamethonium supported this idea and led to the view that 
there was a cholinergic receptor which had two anionic sites 
at/

- 199 -



T
AB

LE



at 13 to 15 Angstrom units apart. It is true that in several 
series of bis-quaternary muscle relaxants the most potent 
compounds are those in which the interonium distance is about 
13 to 15 Angstrom units, but there are compounds with shorter 
interonium distances which are very potent. Thus, it appears 
that the interonium distance of 13 to 15 Angstrtfm units is 
not a requirement for maximum potency in this group of drugs.

The two major requirements for the interonium distance 
hypothesis are: (i) all compounds of this group should have
a measurable interonium distance and (ii) all should have the 
same mechanism of action. But the numerous curare-like 
drugs which are not bis-onium compounds and the qualitative 
differences in the modes of action of depolarising and non
depolarising drugs may invalidate this hypothesis. Loewe 
and Harvey (43) suggested the application of an "adumbration11 
hypothesis to the curarizing activity of the bis-onium 
polymethylene compounds to help to explain difficulties in 
the interonium distance hypothesis. This hypothesis applies 
to compounds which do not possess two onium groups as well as 
to bis-onium salts. According to it drugs, "the actions of 
which are often ascribed to spatial competition for a 
receptor site, the umbrella structure may function by some 
passive interference due to size and shape of the appendage, 
for example, an "adumbrating" influence which may hamper the 
access of substrate or other material to a biologically 
important site." Both this hypothesis and that postulating 
spaced receptor sites at an optimal distance apart become 
more relevant when considered together with Waser's work 
(44, 45)./
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Waser (44, 45) carried out investigations which were 
amied at localising the site of action of non-depolarising 
and depolarising muscle relaxants. Calabash curarine and 
decamethonium were labelled with carbon-14 and experiments 
carried out with these compounds. The drugs in aqueous 
solution were injected into the tail veins of mice and the 
distribution studied by autoradiographic analysis of the 
diaphragm. The similarity between the autoradiographs of 
the two types of drugs demonstrated the direct action of the 
curarizing (non-depolarising) and depolarising drugs at the 
end plate region. There were some differences, however, the 
end plate, band of the decamethonium-treated animals showed 
a blurred appearance whereas clear pictures showing individual 
end plates were seen with curarine-treated animals. It 
was suggested by Waser (45) that the diffuse appearance of 
the end plate band may be explained by fixation of decamethonium 
not only in the receptor area but farther out on to the muscle 
membrane around the end plate region. Perhaps the very 
different chemical structure enables decamethonium, in 
contrast to curarine, to diffuse from the post-synaptic space 
into the muscle, which would explain the extended region of 
depolarisation pointed out by Burns and Paton (46) and Paton 
and Zaimis (47).

Waser (45) also studied the antagonism of neostigmine ' 
to curarine at the level of the end plate region by 
simultaneous injection of both drugs. He observed that the - 
radioactivity/

(44, 4 5 ) . '
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radioactivity of the end plate region was not noticeably 
diminished by low doses of neostigmine* Radiocurarine,
however, was lost by the end plates only when a lethal, ten 
times normal dose of neostigmine was given. This may 
indicate that the cholinergic receptors blocked by curarine 
and the cholinesterase blocked by neostigmine are located at 
different sites. To show the competitive antagonism between 
acetylcholine and curarine at the same receptor, drugs were 
given by close intraarterial injection. With different 
combinations of both drugs the antagonism was apparent by 
the quenching of the radioactivity in the end plate region.

It was concluded (44, 45) that the receptor sites 
cannot be in one plane but have a three dimensional structure 
and cholinergic molecules fit into them. For depolarisation 
to occur the quaternary nitrogen, carbonyl and ether oxygen 
will form bonds (polar, covalent, hydrogen and van der Waals 
bonds) with the corresponding groups of the receptor 
substance. The receptor site might be a pore in the 
post-synaptic membrane having an anionic wall and an 
esteratic site to which the acetylcholine molecule becomes 
attached. This arrangement possibly causes a change in the 
macromoleeular configuration of the wall resulting in the 
development of permeability changes in the membrane. On 
these assumptions the neuromuscular blocking action of 
curare-like substances could be visualised as due to a 
covering of the pores of the end plate region by the large 
molecules of tubocurarine or gallamine, which act by inhibiting 
the access of acetylcholine to the receptors and thus by 
preventing/
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preventing the flow of ions through the membrane, i.e., a 
view similar to that of Loewe and Harvey (43)• On the
other hand the depolarising drugs would attach themselves 
to the anionic sites and bridge the pore at different 
chords. The molecules may not cover the whole circular 
area of the pore but may increase depolarisation by mechanical 
deformation of the end plate region. Ions can pass on 
both sides of the molecules, especially when the circular 
shape of the pore is changed to oval by the strain exerted 
by depolarising molecules such as suxamethonium or 
decamethonium attached to opposite parts of the anionic wall.

Chagas (48) has studied the nature of the curare 
receptor substance in the electric organ of the electric eel 
(Electrophorus electricus, 1.) and the rat diaphragm using 
carbon-14 labelled gallamine and dimethyl-d-isochondodendrine 
dimethiodide. The test objects were injected with a 
mixture of the radioactive and non-radioactive drug.
Experiments with rats were performed using groups of 10 animals 
and pooling their diaphragms after excision. The basis of 
the experimental approach consisted in analysing the 
radioactivity of various fractions obtained with different 
fractionation and separation procedures, thus determining the 
cell component to which the drug had become attached. A 
complex was extracted which consisted of the drug and a 
macromoleeular component of the cell. The properties of 
the complex in relation to the presence of competition with 
molecules containing quaternary ammonium groups were in close 
agreement with the phenomenon of curarisation. It behaved 
like/
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like a macromolecular system, being labile in the presence 
of a saline solution. Extraction with saline solution 
produced dissociation of the complex, the drug being removed. 
Chagas (48) suggested that when curare was injected into 
the blood stream and curarisation occurred a complex was 
formed between the injected drug and a macromolecular 
component of the cell. It was shown that the component was 
not identical with cholinesterase and may apparently be 
classified as a mucopolysaccharide. The high affinity of 
all molecules containing the quaternary ammonium group for 
the purified receptor substance may make it a general 
component of biochemical cellular structures where cholinergic 
transmission is involved.

Ehrenpreis (49, 50) pointed out that the complex 
observed by Chagas (48) dissociated in very dilute salt 
solution (0.02M) and this raised doubts as to whether the 
macromolecule responsible for the observed binding was 
indeed the cholinergic receptor, since curarisation of an 
electroplax was easily obtained with low concentrations of 
curare even in 0.18M salt solution (51). Ehrenpreis (49,
50) subjected the electroplax extracts to ammonium sulphate 
fractionation thereby eliminating non-specific binding.
He found such binding to occur with nucleic acid and 
chondroitin sulphuric acid (a mucopolysaccharide), components 
present to some extent in extracts of electric tissue but 
which could be eliminated by ammonium sulphate fractionation.

As a result of his studies Ehrenpreis (49, 50) was able 
to isolate a protein which was examined for its ability to 
bind/
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bind curare and other related substances. It was observed 
that (i) there was a qualitative parallelism between the 
degree of binding of curare and related substances in 
solution and the affinity of these compounds for the receptor, 
as measured by their effects on the electrical activity of 
the intact electroplax (51). The effectiveness of the 
two types of studies decreased in the following order - 
curare, dimethylcurare, neostigmine and eserine; (ii) the 
binding of curare although salt sensitive still occurred at 
a relatively higher concentration; (iii) decamethonium and 
neostigmine were not able to displace curare from its 
complex with the protein in solution.

It has been suggested that the material isolated, which 
had a protein-like ultra-violet spectrum, may form specific 
complexes with curare and related compounds and thus has 
cholinergic receptor-like properties.

In Chapter I the theory advanced by Van Rossum, AriShs 
and Linssen (52) on the mode of action of basic types of 
curariform drugs has been summarised. On the basis of this 
theory depolarising and non-depolarising (competitive) 
neuromuscular blocking agents have an affinity towards 
specific receptors but there is a difference in their 
intrinsic activity. The depolarising drugs such as 
suxamethonium have a high intrinsic activity whereas non
depolarising drugs (competitive) such as tubocurarine have 
a very low intrinsic activity.

Recently/
- 206 -



Recently Paton (53, 54) has presented a rate theory 
of the basis of drug-receptor interaction. According to 
this theory f,the drug associates with its specific receptors 
by an ionic exchange with potassium, stimulating in proportion 
to the rate of association. If it dissociates again rapidly 
more associations can take place (but not at the initial 
rate), and a vigorous but fading response can occur. This 
will ultimately be limited by the supply of intracellular 
potassium and desensitization develops, extending to other 
types of receptor also. If the drug dissociates very slowly 
its occupation of receptors occludes further association 
and it appears as a specific antagonist whose onset and 
offset of action and potency depend on its association and 
dissociation rate constants. Drugs with intermediate 
dissociation rate constants will exhibit both stimulant and 
antagonistic actions. The dissociation rate constant 
determines the character of the drug and the ratio of 
dissociation to association rate constant its potency."
On the basis of this theory the depolarising and non
depolarising drugs may have different dissociation rate 
constants which will determine the nature of their combination 
with the specific receptors.

In a recent publication (55) AriShs and Simonis have 
maintained that while the intrinsic activity of a drug 
includes by definition a consideration of the rate of drug 
receptor association, a measurement involving only this 
(indicated by Paton (53, 54) as the important determinant 
in drug activity) would be complicated by the question of 
drug/
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drug transference from the surrounding medium to the 
biophase.

Suxamethonium and decamethonium are depolarising 
neuromuscular blocking agents. Their main action on skeletal 
muscle is to depolarise the motor end plate region. The 
neuromuscular block produced by these drugs can be explained 
by a persisting partial depolarisation of -the motor end 
plate region similar to that caused by acetylcholine when it 
is protected from hydrolysis by an anticholinesterase.
Because of the persistent depolarisation which they produce, 
suxamethonium and decamethonium prevent muscular contraction 
in response to acetylcholine or stimulation of the motor 
nerve. With both drugs neuromuscular block is preceded by 
transient stimulation. It has been suggested (56) that 
suxamethonium is more selective in its action than 
decamethonium. Both suxamethonium and decamethonium caused 
an increased uptake of calcium-47 and sodium-24 but depressed 
the uptake of potassium-42 in isolated frog sartorius muscle. 
Both the drugs also caused increased release of potassium-42. 
Suxamethonium, in addition, increased the release of calcium- 
47. The results on potassium release confirms the 
observations of Kraupp and his co-workers (37) and of Klupp 
and Kraupp (34).

The depolarising nature of suxamethonium and decamethonium 
would be expected, to cause characteristic ionic changes in 
skeletal muscle as has been postulated by Hodgkin, Huxley 
and Katz (14, 15). The increased uptake of sodium-24 and 
the increased release of potassium-42 observed in experiments 
described/
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described on isolated frog sartorius muscle are in conformity 
with this view.

The major action of nicotine consists of a primary 
transient stimulation and secondary more persistent 
depression of all sympathetic and parasympathetic ganglia, 
hoth the initial excitation and the subsequent paralysis 
are due to a direct action on the ganglion cells. Nicotine 
does not interfere with the release of acetylcholine in 
ganglia by cholinergic preganglionic nerve impulses but it 
renders the ganglion cells temporarily more sensitive and 
then more resistent to acetylcholine. The finer mechanism 
of action of nicotine on ganglia has been elucidated by 
Pat on and Perry (57)* They have demonstrated that nicotine 
initially stimulates by depolarising the ganglion cell and 
subsequently prevents ganglionic transmission by a competitive 
type of blockade by acetylcholine. The effects of nicotine 
on skeletal muscle are similar to those on ganglia (58)*

Nicotine caused an increased uptake of calcium-47 and 
sodium-24 but depressed the uptake of potassium-42 in isolated 
frog sartorius muscle. It also caused increased release 
of calcium-47 and potassium-42. These ionic changes are 
similar to that seen with suxamethonium and are probably 
associated with the depolarising effect of nicotine.

In Chapter I the properties of ryanodine on skeletal 
and smooth muscle have been summarised. The most remarkable
property of ryanodine on mammalian and frog skeletal muscle 
is to induce an irreversible contracture (59, 60).

Our/
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Our present knowledge of the mechanism of muscular 
contraction suggests that the possible site of action of a 
drug capable of causing contraction (or contracture) are,
(i) at the end plate region, (ii) the muscle cell membrane,
(iii) the actual contractile elements or (iv) the metabolic 
system which supplies energy for muscular contraction and 
relaxation. It has been observed (59, 60) that tubocurarine 
and suxamethonium did not affect the contracture produced by 
ryanodine. Procita (59) obtained neuromuscular paralysis 
of the tibialis anterior muscle preparation of the cat by 
tubocurarine administered intravenously. After this 
ryanodine was given intraarterially and the muscle stimulated 
directly. It was observed that the muscle progressed into 
a contracture. Similarly in suxamethonium-treated muscle 
subsequent administration of ryanodine produced a sustained 
contracture. Blum and his co-workers (60) induced a 
contracture of the frog rectus muscle by ryanodine. All 
attempts to cause recovery of such a muscle by tubocurarine 
failed. These findings may be regarded as eliminating the 
end plate region as the site of action of ryanodine. Jenerick 
and Gerard (61) used ryanodine to alter the membrane potential 
cf single muscle fibres of the frog using concentrations of
0.1 to 1.0 mg. per cent in Ringerfs solution. They observed 
that ryanodine did produce slight (5 mV in one hour at 0.2 
mg. per cent; 10 mV at 0.4 mg. per cent; 8 mV after 10 sec. 
tetanus in 0.4 mg. per cent) depolarisation; but could 
elso produce a contracture even when there was no significant 
fall in potential (1 to 2 mV). The depolarisation and 
development/
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development of contracture were independent and threshold- 
potential relations were not measurable because of the 
contracture. Blum and his co-workers (60) have shown that 
in frog sartorius muscle the resting membrane potential was 
unaffected by ryanodine. Procita (59) suggested, however, 
that the muscle membrane cannot entirely be ruled out as 
a possible site of action of ryanodine. There are 
observations (61-63) in the literature which state that the 
correlation of electrical and mechanical events in frog 
muscle is not always possible. Liu and his co-workers (63) 
soaked the sartorius muscle of the toad in iodoacetate 
solution and then stimulated it. It was observed that the 
muscle went into a rigor. An indication that the rigor 
was not accompanied by any considerable depolarisation was 
obtained by showing that the muscle, soon after the 
development of rigor, gave a demarcation potential of the 
usual magnitude on crushing or on application of isotonic 
potassium chloride. Taylor (62) observed that frog sartorius 
muscles soaked in caffeine shorten and lose potential, but 
the two changes were independent. It was found that when 
the muscle had completed 50 per cent of its shortening the 
membrane potential was unchanged or lowered by only 5 per 
cent. Jenerick and Gerard (61) observed that eserine did 
not alter the membrane potential in frog muscle fibres.
The electrical phenomena are but one aspect of the activity 
of the cell membrane and contractile changes may not 
necessarily be associated with potential changes. Procita 
(59) observed that some degree of contractile activity of 
mammalian/
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mammalian muscle in situ was necessary for the production 
of a sustained contracture with ryanodine. It was found 
that when ryanodine was injected in the absence of an applied 
stimulus no sustained contracture was seen. He suggested 
that the ryanodine molecule was unable to traverse the 
muscle membrane and gain access to the contractile elements 
unless the membrane was rendered more permeable by 
depolarisation. Blum and his co-workers (60) observed that 
there was tearing of the muscle fibres during ryanodine 
contracture which could be readily seen by microscopic 
examination. When a weight was put to the muscle after 
treatment with ryanodine the muscle was not able to go into 
contracture and it was seen by a dissecting microscope that 
many of the muscle fibres were fractured. Membrane potential 
recorded from such a muscle showed that some of the fibres 
had normal potentials while many showed low potentials.
The low potentials were likely to be produced by the damaged 
muscle fibres. Blum and his co-workers (60) suggested the 
existence of a hypothetical substance present in limited 
quantity in muscle which was necessary for the normal cycle 
of contraction and relaxation. This was affected by 
ryanodine in an essentially irreversible manner and at a 
rate dependent upon the concentration of ryanodine present. 
When the amount of this hypothetical substance falls below 
a certain critical level an irreversible contracture ensues, 
possibly as a result of the extreme instability of the 
relaxed state in the absence of this substance. This 
suggestion may explain the phenomenon (59) that in a 
ryanodine-treated muscle each successive contraction was 
superimposed/
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superimposed upon incompletely relaxed contractile units.
Ryanodine caused an increased uptake of calcium-47 and 

sodium-24 but depressed the uptake of potassium-42 in 
isolated frog sartorius muscle. It also caused an increased 
release of calcium-47 and potassium-42. The ionic changes 
seen with ryanodine were similar to those caused by 
depolarising agents such as suxamethonium. This is not 
compatible with the view (14, 15) that the ionic changes are 
brought about by depolarisation of the membrane as it has 
been observed (60) that ryanodine does not apparently cause 
a significant alteration of the resting membrane potential.
It is to be borne in mind, however, that the contracture 
produced by ryanodine is associated with laceration of muscle 
fibres (60) and this may well bring about the marked 
permeability changes seen in the experiments described and 
which on the surface are similar to those following ■
depolarisation.

Neostigmine and edrophonium are synthetic anticholin
esterases. They produce their characteristic effects by 
enzyme inhibition. They promptly antagonise the neuro
muscular block produced by curare and related curarizing 
alkaloids and non-depolarising drugs. Over and above their
action on cholinesterase they have a component of direct 
action on the end plate region of the muscle fibre (64).
On the isolated frog sartorius muscle neostigmine caused 
contraction (Appendix I, page 369 ) whereas edrophonium did
not show any significant contraction in the dose levels (0.5 
to/
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to 2*0 mg, per ml.) used. Neostigmine caused an increase
in the uptake of calcium-47 and sodium-24 but depressed the
uptake of potassium-42 in isolated frog sartorius muscle.
It also caused an increased release of calcium-47 and 
potassium-42. The ionic changes seen with neostigmine were 
similar to those caused by depolarising agents such as 
suxamethonium. This may be ascribed to the direct action 
of neostigmine on the motor end plate region. Edrophonium 
depressed the uptake of calcium-47 and potassium-42 but did 
not cause any significant change in the uptake of sodium-24 
by isolated frog sartorius muscle. It increased the release 
of calcium-47 but did not shew any alteration in the release 
of potassium-42. The less marked and indifferent nature 
of the action of edrophonium on ionic changes may possibly
be due to its feeble action on the motor end plate.

Carbachol is a stable ester of choline which is not 
hydrolysed by cholinesterase. It possesses both the 
muscarinic and the nicotinic actions of acetylcholine but 
its muscarinic action is more pronounced. Its effects upon 
the gastrointestinal and urinary tracts are more marked than 
those upon the cardiovascular system or respiration.
Carbachol did not cause any significant alteration in the 
uptake of calcium-47, potassium-42 or sodium-24 by isolated 
frog sartorius muscle. It increased the release of 
potassium-42 but did not show any change in the release of 
calcium-47. The lack of change in ionic movement with 
carbachol may possibly be due to its mainly muscarinic action 
and the low dose levels used in the experiments described.

Tubocurarine/
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Tubocurarine and gallamine are non-depolarising 
(competitive) neuromuscular blocking agents. On a weight 
basis gallamine is about one-fifth as potent as tubocurarine. 
These drugs produce their characteristic action on skeletal 
muscle by preventing the response to motor nerve impulses.
They compete with acetylcholine for the same receptor at the 
end plate region. Tubocurarine and gallamine did not cause 
any significant alteration in the uptake of calcium-47, 
potassium-42 or sodium-24 by isolated frog sartorius muscle 
and they did not cause a change in the release of calcium-47 
or potassium-42. Ionic changes are normally associated with 
depolarisation of the muscle membrane (14, 15)* The 
non-depolarising character of tubocurarine and gallamine is 
reflected by the lack of changes in the ionic flux.

It is well known that certain Veratrum alkaloids, 
notably veratrine, can produce a secondary tetanus following 
a normal initial twitch in directly or indirectly stimulated 
skeletal muscle. This secondary phenomenon, the veratrinic 
response, is associated with a repetitive discharge of 
impulses in the muscle fibres (65). Kuffler (66) stated 
that the principal effect of veratrine was to increase the 
negative after-potential following the conduction of each 
muscle impulse along the fibre. The negative after-potential 
was associated with an increase in excitability and when it 
was sufficiently great additional muscle impulses were 
initiated. Thus, a single muscle action potential produced 
a self-sustained train of high frequency after discharges 
reflected on the myogram as a prolonged tetanus. Veratrine 
also/
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also produced repetitive discharges in peripheral nerve (65).
The accentuation of the negative after-potential may 

represent a marked slowing of the rate of repolarisation 
following the passage of an impulse. The theory of the 
ionic basis of the action potential proposed by Hodgkin,
Katz and Huxley (14, 15) suggests that the restoration of 
the resting potential after the spike is due to an outward 
shift of potassium ions. The result of a failure of 
repolarisation could be that the membrane remains in a state 
of total or partial depolarisation. In the case of muscle 
this may lead to a state of prolonged contraction and this 
may account for the characteristic response of the veratrine 
treated muscle. It could also increase sensitivity to 
acetylcholine•

Shanes (67) observed that depolarising concentrations 
of veratrine caused a continuous release of the potassium 
ion and an uptake of roughly equivalent amounts of sodium 
ion in frog nerve. Similarly Straub (68) observed that 
veratridine produced depolarisation in nerve fibres and 
suggested that its action was due to an increase of sodium 
and potassium ion permeability. Gordon and Welsh (69) 
suggested that veratrine gave rise to a repetitive response 
due to a "delay in the restoration of calcium ions to a 
surface complex, following the breaking of the chelate linkage 
of calcium ions to surface polar groups by an initial 
exciting impulse." Lister and Lewis (70) supporting the view 
of Gordon and Welsh (69) suggested that protoveratrine 
and related Veratrum alkaloids interfere with the normal 
metabolism/
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metabolism of calcium on the cell surface, altering membrane 
permeability and thus ionic balance which is the factor 
finally responsible for the characteristic actions of the 
Veratrum alkaloids on muscle and nerve.

Protoveratrine A decreased the uptake of calcium-47 and 
increased the uptake of sodium-24 but did not cause any 
significant change in the uptake of potassium-42. Proto
veratrine B decreased the uptake of calcium-47 but did not 
cause any significant change in the uptake of potassium-42 
or sodium-24* Both protoveratrine A and protoveratrine B 
caused variable changes in the release of calcium-47 or 
potassium-42. The ionic changes obtained with protoveratrine 
A and protoveratrine B in the experiments described indicate 
that protoveratrine A and protoveratrine B are capable of 
causing alterations in ionic movements across the cell 
membrane. The lesser effects on ionic changes shown by 
these drugs may possibly be due to the use of non-stimulated 
frog sartorius muscle.

It has been suggested by Waser (44, 45) that the 
cholinergic receptor site might be a pore in the post-synaptic 
membrane. This is an attractive hypothesis and may explain 
a good deal. There must be some structure on the post- 
synaptic membrane which permits flux of ions and this might 
well be a pore with flexible sides or walls which can be 
blocked by bound calcium as suggested by Adelman and Dalton 
(18) in the resting state. If it is assumed that the 
depolarisation produced by depolarising agents such as 
suxame t honium/

- 217 -



suxamethonium is capable of opening up the pores in the 
post-synaptic membrane by temporarily removing the bound 
calcium ions, this may lead to permeability changes with 
resultant flux of ions inside and outside the membrane.
On the other hand the absence of depolarisation in non
depolarising drugs such as tubocurarine cannot open up the 
pores in the post-synaptic membrane, thus no permeability 
changes can occur.

It seems likely from the experiments described that 
when depolarising or contracture producing compounds are 
applied to frog sartorius muscle calcium ions become more 
mobile, probably being dissociated from combination with a 
carrier as suggested by Hodgkin, Huxley and Katz (15) and 
Frankenhaeuser and Hodgkin (16) or displaced from a site in 
the membrane as suggested by Shanes and his co-workers (17) 
and Adelman and Dalton (18). This may result in the break
down of barriers which retain the potassium ion within the 
cell and sodium ion outside.

Depolarisation of any kind has been suggested (10) to 
allow calcium ions in the membrane to associate with 
available anions and to diffuse as ion pairs into the 
protoplasm where they dissociate. The importance of the 
calcium content of the membrane lies in providing an adequate 
source of calcium that will ionize on entering the fibre.
The rate of entry or the quantity of ionized calcium entering 
the myoplasm may be a factor in the rebinding of calcium 
ions to the membrane.

The/
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The results obtained in this study support the view 
(10, 21, 22) that depolarisation of the membrane or 
contracture of the muscle is intimately associated with an 
entry of calcium ion into the muscle fibre and that calcium 
ions may act as a link between electrical events and 
contraction (or contracture). They can also be taken as 
support for the view that the receptor is a pore (45 )> the 
physical properties of which are altered by depolarising 
agents and related drugs and that the calcium ion is an 
essential link between the mechanical events in contracting 
muscle and the preceding electrical and humoral changes.
The author of this thesis feels that his results not only 
confirm those of others concerned primarily with the 
physiology of skeletal muscle but are a logical extension 
of this aspect to the study of the mode of action of some 
important drugs.
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0 H A P J E R V
S U M M A R Y

In the introductory chapter of this part of the thesis 
the importance of calcium, potassium and sodium ions on the 
functioning of excitable tissues, especially in muscle and 
nerve, has been reviewed. The electrical properties of 
muscle and nerve and the mechanism of ion exchange across the 
cell membrane during activity have been summarised. A short 
account of the normal mechanisms of neuromuscular transmission 
has been given. The mechanisms of neuromuscular block and 
the classification of the neuromuscular blocking agents have 
been reviewed.

In Chapter II of this part the experimental procedures 
used in the investigation of the uptake of calcium-47, 
potassium-42 and sodium-24 by isolated frog sartorius muscle 
and release of calcium-47 and potassium-42 have been described. 
The method used for analysing the data statistically has also 
been described in this chapter.

In Chapter III of this part, the changes in the ionic 
movements produced by suxamethonium, decamethonium, nicotine, 
ryanodine, neostigmine, edrophonium, carbachol, tubocurarine, 
gallamine, protoveratrine A and protoveratrine B on isolated 
frog sartorius muscle have been described. It has been 
shown that drugs having a depolarising or contracture- 
producing/
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producing action on the frog sartorius muscle caused an 
increased uptake of calcium-47 and sodium-24 but depressed the 
uptake of potassium-42. These drugs also caused an increased 
release of calcium-47 and potassium-42. Suxamethonium, 
decamethonium, nicotine, ryanodine and neostigmine caused 
marked changes in the movements of calcium-47, potassium-42 
and sodium-24, whereas with other drugs, edrophonium, carbachol, 
protoveratrine A and protoveratrine B, the changes were not 
marked. The non-depolarising drugs, tubocurarine and 
gallamine did not show any significant change in the movement 
of calcium-47, potassium-42 or sodium-24. The results are 
summarised in Table 34 (page 200 ).

In Chapter IV of this section the importance of the cell 
membrane in relation to the flux of ions has been discussed.
The theories of the nature of the receptor site have also 
been discussed. An attempt has been made to explain the 
results obtained in Chapter III in the light of the present 
theories of the action of depolarising and non-depolarising 
drugs.
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P A R T  II

STUDIES ON THE PHARMACOLOGY OF PETALINE CHLORIDE. A
CONVULSANT ALKALOID FROM LEONTICE LEONIOPETALUM LINN



C H A P T E R  I

I N T R O D U C T I O N

Lovell (1) in his "Compleat HerballM of 1665 mentioned 
a plant leontopetalon ("lions-leafe") growing "among corne 
in Italy" and flowering in winter. The root of the plant 
was "taken in wine" to ease the pain of snake bite and 
sciatica. It was also used for cleaning and healing "old 
filthy ulcers." Lovell also stated that "the pouder of the 
old and greater roots” was used to remove spots from garments. 
Linnaeus (2) in his "Systema Vegetabilium" gave a short 
description of the plant genus Leontice. He mentioned five
different species of the genus (i) Leontice chrvsogonum;
(ii) Leontice leontopetalum; (iii) Leontice vesicaria Pallj 
(iv) Leontice altaica Pall and (v) Leontice thalictroides.
The genus was also described by other authors. Loudon (3) 
in his "Encyclopoedia of Plants" mentioned, the genus Leontice 
and observed that it is an abridgment of leontopetalum. its 
ancient name "because the shape of the leaves was thought 
to resemble the print of a lionfs foot." Lindley (4) in his 
"Vegetable Kingdom" stated that the roots of the plant 
Leontice leontopetalum were "used at Aleppo as a substitute 
for soap” and were "regarded by the Turks as a corrective of 
overdoses of opium." Post (5) in his "Plora of Syria, 
Palestine and Sinai" gave a short description of the genus 
Leontice. He noted that the roots of Leontice leontopetalum 
were/
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were ,fused as a remedy for epilepsy#" Bentham and Hooker (6) 
in "Genera Plantarum,, described the genus Leontice. Willis 
(7) in his "Flowering Plants and Perns11 included Leontice 
leontopetalum. in the Berberidaceae. Boissier (8) in his 
"Flora Orientalis" described five different species of the
genus Leontice (i) Leontice leontopetalum: (ii) Leontice
eversmanni: (iii) Leontice minor: (iv) Leontice vesicaria
and (v) Leontice altaica. Bailey (9) in his "Standard 
Cyclopedia of Horticulture" also described five different
species of the genus Leontice (i) Leontice tuberous.
growing from Southern Europe to Central Asia, (ii) Leontice 
leontopetalum, growing in Italy and the Orient, (iii) Leontice 
alberti. growing in Turkestan, (iv) Leontice altaica. growing 
in South Russia, Altai and Siberia and (v) Leontice 
chrysogonum. He observed that the roots of Leontice 
leontopetalum were "used ••••• against epilepsy." Gunther
(10) in his "Greek Herbal of Dioscorides" described two plants
 (i) Leontice chrysogonum and (ii) Leontice leontopetalum.
both of which grow in fields amongst wheat#

McShefferty and his co-workers (11) stated that their 
attention was first drawn to the plant Leontice 
leontopetalum Linn in 1951 by Dr. W.M# Ford-Robertson and 
Dr. A.S. Manugian of the Lebanon Hospital for Mental and 
Nervous Disorders, Asfuriyeh, Beirut. The latter, while 
making a special study of epilepsy in the Lebanon found that a 
preparation of the tuberous roots of the plant which grows 
wild in parts of the Lebanon had a reputation for curing 
epilepsy. "The '^uice1 prepared from the fresh roots, is 
bitter/
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bitter and poisonous. It is this juice which is used, in
the treatment   is regarded as ,,kill or cure” ......
several cures of confirmed cases of epilepsy have been 
observed. For treatment, the tuber is dug up after the 
aerial parts have died down, cut into small pieces and pounded 
in a mortar. The "juice” is given in a dose of about one 
teaspoonful three times daily. This dosage is continued 
for three days and during this time the patient is reported 
to be more or less in status epilepticus. having convulsions 
which recur every two or three minutes. The "juice” is 
prepared from freshly collected roots for each dose. At the 
end of this initial treatment the patient is given large 
quantities of an aqueous extract prepared from the marc left 
after preparation of the "juice.11 The marc is pounded in 
water, and glassfuls of the extract thus prepared are given 
frequently every day, usually for a period of several months. 
The native prescribers say that this extract stops the 
convulsive action of the drug, but Dr. Manugian believes that 
this is not an essential part of the treatment."

Pharmacognosy of Leontice leontopetalum Linn
Nelson and Fish (12) gave a detailed description of the 

macroscopical appearance of the plant Leontice leontopetalum 
with brief notes on the history and geographical distribution# 
They also described the microscopical character of the 
root tuber (13)* "The plant has been reported to inhabit 
an area including those countries bordering the eastern part 
of the Mediterranean from Italy, Greece and Turkey through 
Lebanon,/
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Lebanon, Syria, Israel, Jordan and Iraq to north-eastern 
parts of Egypt. It has also been seen on the island of 
Cyprus."

"(The plant is a perennial herb with large compound leaves, 
a compound inflorescence of yellow flowers and a large 
intercalary root tuber. The inflorescence grows to a height 
of about 29 to 45 cm. while the foliage leaves usually lie 
close to the surface of the ground both in plants with and 
without an inflorescence."

"The tuber varies greatly in size and shape but is usually 
irregularly circular to oval in outline and somewhat 
flattened dorsiventrally. The maximum size of the tubers 
of the flowering plants is about 23 cm. in diameter, by 
about 10 cm. in thickness while the smallest tubers from such 
plants are about 7 cm. in diameter by about 5 cm. thick. 
Externally it is covered with a thick brown cork with small 
protuberances from which fine white rootlets arise. The 
main stem is attached more or less centrally to the upper 
side of the tuber and some of the foliage leaves arise 
around the stem at this point."

Freshly collected tubers when washed, cut into slices 
and rapidly dried in the sun "consist of irregular slices 
about 0.5 cm. thick. Externally there is a thick brown
cork and the remainder is light brown in colour and
consists of starchy parenchyma with vascular bundles 
appearing as points or striations and the groups of selereids 
as/
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as protuberances* Often there are dark brown areas lying 
internal to the cork and these consist of lignified 
parenchyma* The texture is hard and brittle*11

Microscopically "the thick outer layer consistsof 1 to 
6 bands of lignified, suberised cork cells alternating with
bands of phellogen * Next to the innermost layer of
phellogen is a phelloderm which consist of up to 10 rows of 
cellulosic parenchyma, the cells of which are devoid of starch 
and are 32 - 86 - 158J* long and 1 2 - 3 1 - 6 2 ^  deep. The 
remainder of the tuber consists of ground tissue in which 
there are groups of sclereids and numerous vascular bundles.... 
The collateral vascular bundles ramify throughout the tuber
and in any section it is possible to find bundles cut
transversely, longitudinally or.obliquely." ......

"The yellowish-brown powder has a pleasant odour but
has a sternutatory effect and a bitter taste."

Chemical Investigation of the genus Leontice

Plants of the genus Leontice which have been chemically
investigated include (i) Leontice eversmanni; (ii)
Leontice alberti and (iii) Leontice leontopetalum* Orekhov
(14) reported that a mixture of crystalline alkaloids was 
obtained from the roots of Leontice eversmanni. but these 
have not been completely separated. Orekhov and Konovalova
(15) reported that the dried bulbs of Leontice eversmanni 
contained about 0.4 per cent of alkaloids, from which 
leont amine/
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leontamine was separated# Its hydrochloride, 
diiodomethylate chloroplatinate and picrate were crystallised 
and studied# Another alkaloid leontidine was obtained in 
colourless rhombic plates. Orekhov and Konovalova (16) 
also reported that the tubers of Leontice eversmanni were 
extracted first with alcohol and this extract later exhausted 
first with diethyl ether and subsequently with chloroform# 
These extracts finally yielded two well characterised
alkaloids leontamine and leontidine# In addition they
obtained a third alkaloid in small amounts in the form of a 
crystalline picrate# Yunusov and Sorokina (17) reported 
that extraction of the upper parts of Leontice eversmanni 
with dichloroethanol and 5 per cent ammonium hydroxide gave
0.87 per cent total alkaloids, from which leontidine was 
obtained as the free base# The mother liquor yielded 
pachycarpine, lupanine and leontine# Similar extraction of 
the tubers of the plant yielded 0.17 per cent total alkaloids 
from which leontidine hydrochloride, leontamine and leontine 
were obtained. Extraction of the seeds of the plant in a 
similar way yielded 1.1 per cent total alkaloids, which in 
turn gave leontidine hydrochloride and leontine. Platonova, 
Kuzovkov and Massagetov (18) reported that extraction of the 
upper parts of Leontice eversmanni with dichloroethanol in 
the presence of 10 per cent ammonium hydroxide and treatment 
of the extract with 15 per cent sulphuric acid gave a 
precipitate of taspine sulphate, which was purified by 
crystallisation from 10 per cent acetic acid, the yield was
0.18 per cent of the plant weight# The acidic filtrate 
made/
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made alkaline with ammonium hydroxide with cooling and 
extracted with chloroform yielded 0.56 per cent mixed bases 
as a dark oil. This in acetone acidified to congo red with 
alcoholic hydrochloric acid gave leontidine hydrochloride.
The mother liquor after evaporation was distilled in vacuo. 
yielding pachycarpine isolated as the hydrogen iodide salt, 
1-lupanine hydrogen iodide, isoleontine isolated as the 
picrate and leontidine hydrochloride. Leontidine 
hydrochloride with sodium hydroxide gave free leontidine.
On hydrogenation of leontidine over platinum oxide a new base 
leontidane was obtained. Isoleontine picrate treated with 
18 per cent hydrochloric acid, washed with dilute hydrochloric 
acid and the acid solution treated with sodium hydroxide after 
removal of picric acid gave free isoleontine. Platonova 
and Kuzovkov (19) studied taspine. They also reported that 
reduction of leontine with lithium aluminium hydride gave 
isoleontane (20).

Yunusov and Sorokina (17) reported that extraction of 
the tubers of Leontice alberti gave 0.75 per cent alkaloids 
and extraction of the upper parts of the plant gave 1 per cent 
alkaloids which on further extraction gave methyl cystine, 
leontine and leontidine.

McShefferty and his co-workers (11) studied the tubers 
of Leontice leontopetalum chemically. They obtained a pure 
quaternary alkaloid "after extraction of the chloroform- 
soluble alkaloids by precipitating as reineckate. The crude 
reineckate so obtained was readily purified by chromatography 
from/
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from acetone on alumina and obtained as a pale pink 
amorphous solid •••.«. Decomposition of the pure reineckate 
gave the pure quaternary alkaloid chloride, designated 
petaline chloride as bright greenish-yellow scales ......
Petaline chloride so obtained, has been formulated
Ĉ20H2203NC1,H20, is extremely hygroscopic, readily soluble 
in water, methanol and ethanol, but insoluble in ether and 
chloroform. All attempts to obtain the chloride in a 
crystalline state failed, largely due to the facility with
which it absorbs moisture A crystalline fraction was
finally isolated from the chloroform-soluble alkaloids by 
dissolving in acid, extracting from acid solution with ether 
and chloroform to remove impurities, basifying with ammonia 
and then extracting with ether. A small proportion only 
of the total alkaloids could be extracted in this way, 
yielding a clear, pale brown viscous oil, which partly 
crystallised from ethanol, to give a colourless, crystalline, 
optically inactive alkaloid, leonticine •••••• The oily
residue from the ether extraction was distilled under reduced 
pressure, giving a colourless, oily, strongly basic alkaloid, 
the properties of which resembled those reported for 
leontamine."

Pharmacology of alkaloids obtained from plants of the 
Berberidaceae and related families.

There has been no detailed report on the pharmacological 
activity of Leontice leontopetalum . its extracts or 
constituent alkaloids. Certain alkaloids from plants of 
the/
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the Berberidaceae and related families have been reported to 
exhibit convulsant activity and other pharmacological 
properties in experimental animals.

According to Malcolm (21) pukateine, an alkaloid 
obtained from the plant Pukatea belonging to the Monimiaceae 
family, one of the most characteristic plants of the 
northern part of New Zealand, has convulsant properties. 
Pukateine hydrochloride in doses of 0*25 g* per kg. is a 
spinal convulsant. In the rabbit the convulsions resemble 
those induced by strychnine. On intravenous injection the 
blood pressure falls slightly, the heart beats slowly and 
death results from respiratory failure. Applied to the tongue 
pukateine causes numbness. The alkaloid itself is inactive 
owing to its insolubility.

Reynolds and Waud (22) reported the pharmacological 
actions of capaurine and its 0-methyl ether. Capaurine was 
obtained from the plant Corydalis aurea. a member of the 
Fumariaceae family which is indigenous to Canada. The base 
produces paralysis in frogs and convulsions in mice and 
rabbits, both effects being of a central origin. The heart 
is depressed as is the smooth muscle of the intestine and 
the uterus. Capaurine-O-methyl ether is a convulsant 
substance exhibiting actions on the heart and smooth muscle 
very similar to those of the alkaloid itself.

Iwakawa (23) reported the pharmacological actions of 
dicentrine, an alkaloid obtained from the plant Dicentra 
pusilla. He observed that in frogs as well as in warm blooded 
animals/
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animals dicentrine causes in small doses light narcosis, 
in moderate doses tonic-clonic convulsions and in large 
doses paralysis of the respiratory centre preceded in warm 
blooded animals by a transient stimulation.

Raymond-Hamet (24) reported the pharmacological actions 
of boldine, an alkaloid obtained from the plant Boldea fragans. 
a member of the Monimiaceae family. Boldine lowers blood 
pressure. Large doses provoke violent convulsions. It 
antagonises but does not reverse the action of adrenaline on 
the blood pressure.

Schroeder (25) reported the pharmacological actions of 
cryptopine, an isoquinoline alkaloid of opium, also obtained 
from the plants Corydalis nobilis and Corydalis ochrolenca.
He observed that cryptopine stimulated the central nervous 
system before paralysing it. He considered that the 
convulsions, and with them the dilatation of the pupils, were 
not due to respiratory failure. Heathcote (26) reported 
that in experiments with isolated organs, cryptopine has a 
depressant action very similar to that of papaverine but was 
only one-half to one-third as potent. He found that in the 
toad cryptopine showed little evidence of stimulation but 
rather caused paralysis of the central nervous system.
Delphant and Blache (27) reported the actions of cryptopine 
on intact animals. For the dog the lethal dose of the 
hydrochloride was 80 mg. per kg. which when injected 
intravenously caused respiratory arrest. Smaller doses 
produced hypotension, depression of the heart, stimulation



of respiration and inhibition of the response of the vagus 
nerve to faradic stimulation. When injected into the 
spinal canal it inhibited the reflex response to faradic 
excitation of the sciatic nerve. For the rabbit the lethal 
dose was 40 to 80 mg. of the hydrochloride when injected 
intravenously and for the guinea pig it was 190 mg. per kg. 
when injected subcutaneously. Mercier (28) observed that 
a dilute solution of cryptopine (1 in 200,000) in Tyrode's 
solution decreased the tone of isolated intestine, whereas 
stronger solutions (1 in 20,000) arrested the movements.
On the dog intestine the above concentrations exerted a 
stimulating action while higher concentrations had a 
depressing action. Mercier, Delphant and Blache (29) 
compared the pharmacological actions of papaverine, cryptopine 
and berberine. They observed that the effects of cryptopine 
on the intestine, the central nervous system, blood pressure, 
heart action and respiration were intermediate between those 
of papaverine and berberine but resembled those of berberine 
more closely. Luduena (30) studied the pharmacological 
actions of cryptopine on intact animals and isolated organs. 
The mean lethal dose of cryptopine hydrochloride for guinea 
pigs injected intravenously was 160 mg. per kg. In the 
spinal cat doses of more than 5 mg. per kg. produced 
hypotension and an increase in respiration. The same effects 
were produced in rabbits anaesthetised with urethane. Oat, 
dog and rabbit uteri isolated or in situ were stimulated.
The tone of contraction of rabbit intestine in situ was 
increased by cryptopine but the contractions of isolated 
rabbit/
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rabbit intestine were inhibited.
Hesse (31) was the first to isolate the alkaloid 

protopine from opium. It has since been obtained from 
plants belonging to many genera, the best source being 
Picentra spectabilis. Pratopine in small doses has a 
narcotic action in frogs, while larger doses abolish reflex 
activity and show a curare-like action. At times there is 
evidence of medullary stimulation. According to Bolm (32) 
large doses (18 to 200 mg. per kg.) of protopine given 
parenterally to experimental animals induce excitement or 
convulsions. Small doses slow the heart, lower blood 
pressure and have a quietening effect. It has an 
inhibiting action on the isolated frog heart, muscle or nerve 
and a stimulating action on the guinea pig intestine.
According to Andersen and Chen (33) the 1D50 (mg. per kg.) for 
protopine hydrochloride by intravenous injection in mice is 
35.9 ± 1.90.

Tobitani (34) reported the pharmacological study of 
the alkaloid domesticine, obtained from Nandina domestica.
He compared the actions of domesticine with those of 
bulbocapine • Both the alkaloids at first inhibit voluntary 
movement in the rabbit, induce tremors of the whole body 
and trismus. Convulsions ensue with hyper-secretion of 
various glands. Large doses cause paralysis from the start. 
The actions of both alkaloids are closely related. The 
range of stimulation is narrower for domesticine and its 
paralysing action stronger. Nantenine, the methyl ether 
of domesticine acts on the central nervous system producing 
increased/
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increased reflex activity and on cardiac muscle causing 
bradycardia and weakening of the heart leading to a fall of 
blood pressure.

Peters (35) studied the pharmacological actions on 
frogs and mammals of the alkaloids corycavamine, eorycavine 
and corytuberine extracted from Corydalis tuberosa. His 
results indicated that the first two alkaloids produced 
narcosis in the frog followed by paralysis of the spinal 
cord, and in mammals increased secretion of tears and saliva 
and epileptiform convulsions without increase of reflex 
irritability. They also adversely affected the heart. 
Corytuberine did not produce narcosis but induced increased 
reflex irritability. In warm blooded animals corytuberine 
gave rise to tonic convulsions and a small increase in 
reflex irritability. It slowed the pulse by an action on 
the vagus. The blood pressure rose and the respiratory 
rate increased during convulsions.

Glaucine (36), an alkaloid obtained from the plant 
Corvdalis ternata nakai caused slight narcosis in animals.
This was interrupted by epileptiform convulsions. It 
was also depressant to the heart and blood vessels and 
damaged the striated muscles.
Pharmacology of alkaloids obtained from Leontice leontonetalum 
Linn. ......

With the isolation of alkaloids from the tubers of 
Leontice leontonetalum (11) it was reasonable to suppose 
that the pharmacological activity of the plant lay therein. 
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The pharmacological properties of the alkaloids were thought 
likely to he similar to those alkaloids obtained from plants 
of the same or related families. McShefferty and his 
co-workers (11) made a preliminary pharmacological 
investigation of the alkaloids petaline chloride and 
leonticine obtained from the tubers of Leontice leontopetalum• 
Petaline chloride, 0.05 mg. caused sedation and slowed 
respiration in 25 g. mice. Larger doses (0.075 mg.) induced 
respiratory distress and varying degrees of central nervous 
system stimulation. Loses of 0.08 or 0.1 mg. caused acute 
death from respiratory failure. It was concluded that the 
mean lethal dose of petaline chloride in the mouse was 
approximately 3*1 mg. per kg. In the rabbit a total dose of 
30 to 40 mg. of petaline chloride caused respiratory depression, 
mild clonic convulsions and death. The approximate mean 
lethal dose was 15*6 mg. per kg. Petaline chloride was also 
shown to antagonise the stimulant actions of acetylcholine 
on the isolated frog rectus abdominis muscle. On this 
preparation it had about 65 per cent of the potency of 
gallamine triethiodide and its effects were antagonised by 
eserine. Leonticine, 0.66 mg. caused respiratory and cardiac 
embarrassment in 25 g* mice. Doses of 0.7 mg. caused 
respiratory distress, cardiac disturbances and coma, preceded 
by powerful clonic spasms of the limbs. Doses of 0.8 mg. 
caused immediate respiratory failure and cardiac arrest.
It was concluded that the mean lethal dose in mice was 
approximately 33 mg. per kg.

Extracts of the tubers of Leontice leontonetalum are 
undoubtedly/
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undoubtedly complex mixtures and probably contain several 
pharmacologically potent compounds, each of which may possess 
different types of activity. Results obtained from a study 
of one compound can naturally not be taken as expressing the 
whole activity of the plant, but the bizarre mariner in which 
the extracts are made use of by local inhabitants, the 
reports of confirmed cures of epilepsy (11) and the 
convulsant activity of the extracts seemed of sufficient 
interest to warrant a fuller investigation of the properties 
of petaline chloride.
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C H A P 1 E R  II
A. MATERIALS

Throughout this part of the thesis the names of certain 
drugs have been abbreviated. The list of drugs used in this 
part, together with their shortened names, is as follows
1. Acetylcholine chloride is described as acetylcholine.
2. Sodium pentobarbitone "
3. Atropine sulphate 11
4. Histamine acid phosphate w 
5• 5-Hydroxytryptamine

creatinine sulphate "
6. Tubocurarine chloride 11
7. Decamethonium iodide 11
8. Neostigmine methyl

sulphate 11
9. Gallamine triethiodide "
10. Adrenaline bitartrate 11
11. Noradrenaline bitartrate11

11 pentobarbitone.
11 atropine.
11 histamine.

" 5-hydroxytryptamine. 
11 tubocurarine.
11 decamethonium.

,f neostigmine.
11 gallamine.
11 adrenaline •
11 noradrenaline.

The compositions and methods of preparation of all 
physiological saline solutions used in this investigation 
are to be found in Appendix II, page 393*

Petaline chloride was obtained in aqueous solution.
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C H A P T E R  II
B. EXPERIMENTAL

1. Convulsant:Anticonvulsant Activity
(A) Comparison of the convulsive reactions and mortality 

induced by petaline chloride, leptazol and picrotoxin.
METHOD
The method used was based on that of Goodman and his co

workers (1). Male albino mice weighing 20 - 1 g., or 
25 - 1 g«, were used as experimental animals. They were 
allowed free access to food and water except during the actual 
experimental period. To restrict the mouse, a small brass 
cylinder, one end of which was provided with a centrally 
perforated lid to allow exposure of the tail, was used. The 
other end of the cylinder was covered with a wire mesh to 
ensure adequate ventilation. The cylinder was fixed firmly 
to a stand in the horizontal position. The mouse was put 
into the cylinder and the tail taken out through the hole in 
the lid. The dorsal tail vein was made prominent by 
application of xylene. Drug solutions were injected into 
the dorsal tail vein by means of a number 22 needle from a 
graduated 1 ml. tuberculin syringe. The injections were given 
rapidly. The duration of injection did not exceed two to 
three seconds. Immediately after injection the animal was 
taken out of the cylinder and placed upon a big metal tray 
and/
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and the drug effects noted.

The experiment was started by injecting the smallest 
dose of the drug solution (petaline chloride, leptazol or 
picrotoxin) that was likely to produce convulsive reaction*
The dose of the drug was gradually increased until 100 per 
cent convulsive seizures and 100 per cent mortality were 
obtained. Each mouse was given a single injection and no 
mouse was used for the second time. In order to ensure 
reactions of uniform character, the volume of drug solution 
injected into the mice at any particular dose level was always 
kept constant. A minimum of 10 mice were injected at any 
dose level. The convulsive dose for 50 per cent of the 
animals (CD50) and the lethal dose for 50 per cent of the 
animals (LE50) were worked out by the conventional method for 
petaline chloride, for leptazol or for picrotoxin by plotting 
on graph paper the dose of the drug (in mg. per kg. body 
weight) as the abscissa and the percentage reaction 
(convulsive seizure or death) as the ordinate.

(B) Effect of pre-treatment with petaline chloride on the 
response to leptazol
METHOD
Three groups, each containing not less than 50 male 

albino mice were used. The weights of the individuals in 
each group were constant at 20 ^ 1 g., or 25 - 1 g. The 
groups were given respectively 2.5, 5.0 or 8.0 mg. per kg. 
of petaline chloride by intravenous injection. At the first 
dose/
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dose level no animal showed any convulsive reaction. At 
the second dose level some animals exhibited convulsive 
seizures. At the third dose level, a number of animals 
exhibited convulsive seizures and some of them died. After 
an interval of 45 to 60 minutes the members of each large 
group were divided into four groups of about ten in each 
and each group was given leptazol by intravenous injection#
The doses of leptazol used were from 20 to 75 mg. per kg.
The CD50 and LD50 were calculated for the pre-treated animals.

(0) Comparison of the effects of petaline chloride and
phenobarbitone on electro-shock seizures.
METHOD
The method used was based on that of Swinyard (2) but 

ear clip electrodes (3) were employed instead of corneal 
electrodes (4). Seven groups of 10 male albino mice were 
used, the weights of the members of each group were constant 
at 10 i 1 gM  1 5 - 1  g., or 20 i 1 g. The animals were 
allowed free access to food and water except during the actual 
experimental period. The mouse was held on its back, the 
electrodes clipped on to the ears and was then put into a
perspex box of dimensions14" x 6" x 6" and the lid closed.
The box was provided with holes on all of its sides to ensure 
adequate ventilation. The current was applied by pressing 
a switch. A supra-threshold current intensity of 20 mA. 
applied for five seconds was used to cause tonic extension
of the hind limbs, the appearance of which was taken as the
end-point. All animals to be used for the tests were 
treated/
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treated with 20 mA. for five seconds, twenty-four hours 
before the experiment, and those which did not give the end
point were discarded* Pour groups of 10 mice were pre
treated with 1.66, 2.5, 3*3. or 5.0 mg. per kg. of petaline 
chloride by intraperitoneal injection* The remaining 
three groups were given 4.0, 5*0 or 6.6 mg. perJcg. of 
phenobarbitone by the same route. After an interval of one 
hour, electro-shock treatment was repeated. The number of 
mice in each group failing to show the end-point was counted 
and the percentage protection calculated.

2. Muscle Relaxant Activity
(A) Oat gastrocnemius muscle-sciatic nerve preparation.

METHOD
The method adopted was that described by Lewis and 

Muir (5). Cats of either sex weighing from 2.0 to 3.0 kg. 
were used as experimental animals. They were anaesthetised 
by an intraperitoneal injection of pentobarbitone. The 
commercial solution containing 60 mg. per ml. pentobarbitone 
(Nembutal-Abbott) was employed. A dose of 60 mg. per kg. 
of cat was usually adequate for the production of surgical 
anaesthesia within ten to fifteen minutes.

The anaesthetised cat was laid upon a warmed operating 
table. The legs were secured by means of string ties, and 
the head was extended by passing a thread through the skin 
at the apex of the lower jaw. The skin covering the neck 
was cut away from the sternum to the apex of the mandible. 
The/
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The fascia covering the trachea was divided in the mid-line 
and the muscles pushed aside. A pair of blunt, curved 
forceps was passed under the trachea. A strong linen thread 
was passed round the trachea and a transverse cut made in the 
latter by means of a scalpel. The cut edge of the partly 
severed trachea was held by means of a pair of forceps and a 
tracheal cannula inserted. The cannula was tied securely 
in place. Cannulation of the trachea was a precautionary 
measure in case it became necessary (due to drug-induced 
respiratory depression or failure) to keep the animal alive 
under artificial respiration. The amount of air entering 
and leaving the cannula could be controlled by means of an 
adjustable sleeve.

The external jugular vein (usually of the left side) was 
then cannulated. To do this, the skin of the left
anterolateral part of the neck was carefully stretched with
a blunt dissector, and the left external jugular vein 
exposed. The fascia covering the vein was very carefully 
removed. A thread was tied around the cephalic end and a 
bulldog clip applied to the cardiac side of the vein. A small 
transverse cut was made in the dilated vein by means of a 
pair of sharp pointed iris scissors. A vein cannula filled
with heparin was then inserted through the cut with the
pointed end towards the heart. The cannula was connected by 
means of rubber tubing to a 50 ml. burette containing 
normal saline, all air bubbles being previously removed from 
the system. The bulldog clip was then removed. When the 
saline in the burette ran freely into the vein it indicated 
that/
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that the cannula had been correctly inserted#
After completing the cannulation of the trachea and the 

external jugular vein, one of the legs, usually the left one, 
was prepared for indirect stimulation of the gastrocnemius 
muscle via the sciatic nerve. The gastrocnemius muscle 
was partially dissected free from the surrounding tissues 
and the Achilles tendon severed at a point near to its 
insertion into the calcaneus. A strong linen thread was 
tied round the free end of the tendon. The limb was held 
with its long axis perpendicular to the operating table and 
fixed rigidly by means of two clamps, one at the knee joint 
and the other at the ankle. The thread tied to the Achilles 
tendon was led over pulleys and attached to a myograph lever, 
the writing point of which was adjusted so as to record the 
contractions of the muscle upon a moving smoked surface.

The skin on the outer surface of the thigh was removed. 
The hamstring muscles were separated by a blunt dissector 
and the sciatic nerve exposed. A pair of shielded platinum 
electrodes were placed round the nerve and the latter 
stimulated using single shocks from a Dobbie Mclnnes square 
wave generator at a frequency of 8 to 10 per minute, 15 to 
20 volts, pulse width 3 to 4 msec. In any given experiment 
frequency, voltage and pulse width were constant. In some 
experiments, however, a tetanizing current of 1,500 square 
impulses per minute was applied, voltage and pulse width 
remaining constant at the values stated.

Drugs in aqueous solution were injected into the rubber 
tubing/
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tubing between the cannula in the external jugular vein and 
the burette by means of a graduated 1 ml. tuberculin syringe. 
The drugs were washed in with 3 nil. or 4 ml. of normal saline 
from the burette.

(B) Rat phrenic nerve-dianhragm preparation.
(i) Using Bell’s electrode.
METHOD
The method adopted was based on that of Bulbring (6).

The electrode described by Bell (7) was used so that the 
muscle could be stimulated both directly and indirectly.

The electrode described by Bell consists of two perspex 
supports. The diaphragm support consists of an L-shaped 
piece of perspex to which is fixed at right angles a second, 
smaller L-shaped perspex rod carrying electrodes for 
stimulation of the nerve. The nerve stimulating electrode 
itself consists of two parallel platinum wires which run across 
the bottom of a groove cut in the short limb of the L, and are 
connected to two terminals on the upper end of the perspex 
rod. The whole assembly can be moved up or down by means of 
the clamp attached to it. The short horizontal limb of the 
diaphragm support to which the costal margin of the 
preparation is tied, carries a platinum wire which acts as one 
of the electrodes for direct stimulation of the muscle. This 
wire is connected to a terminal near the top of the diaphragm 
support. The tendon of the preparation is tied to a platinum 
wire fixed to the arm of a light isotonic heart lever which 
records/
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records the contractions. This wire hoth transmits the pull 
of the muscle and acts as the second electrode for direct 
stimulation of the muscle, the current passing along the 
diaphragm between the ribs and the tendon.

To make the preparation, adult rats of either sex were 
killed by a blow on the head. The throat was cut and the 
blood allowed to drain out. After this the animal was placed 
on its back and pinned upon a cork covered dissecting board.
The skin over the chest wall on both sides was removed. The 
abdomen was opened, a small incision made through the diaphragm 
from the abdominal side at the point of its attachment to the
ribs and close to one side of the sternum. One blade of a
pair of scissors was inserted through the incision and all the 
ribs were cut through close to the sternum. This procedure 
was repeated on the other side of the sternum. The sternum 
was then carefully dissected out from the mediastinal tissue 
and removed. A straight cut was then made across the ribs 
on the right side parallel to the diaphragmatic attachment, 
starting between the fifth and sixth ribs. All the ribs above
this cut were removed. A second transverse cut was made along
a curved line just below the attachment of the diaphragm to 
the chest wall. The right phrenic nerve was identified as 
1t entered the diaphragm. The nerve was very gently pulled 
^dially and the lohes of the right lung cut off near the hilum 
and removed. The thoracic cage was washed with Tyrodefs 
solution containing double the usual amount of glucose and 

right phrenic nerve carefully dissected free from the
ê iastinal tissues, beginning close to the diaphragm and 
w°rking/
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working upwards in the neck. When the nerve had been freed 
as high in the neck as possible a ligature was tied round it.
The nerve was cut above the ligature. A length of about 4 
to 5 cm. was usually obtained. After this, two ligatures 
were inserted through the costal segment which was attached 
to the diaphragm and lengths of threads were left with the 
ligatures. The ligatures were about 2 cm. to 2.5 cm. apart 
with the point of entry of the phrenic nerve lying midway 
between them. The ligatures were pulled gently to stretch 
the diaphragm and to observe the direction in which the 
muscle fibres ran. Two cuts were made parallel to the muscle 
fibres commencing just outside the costal ligatures, through 
the ribs and diaphragm, to converge on the central tendinous 
part of the diaphragm. The muscle-nerve preparation was 
then taken out of the animal and placed in a dish filled with 
Tyrode's solution. A similar preparation could also be made 
from the left side of the animal. The right sided preparation, 
however, is said to give better contractions, although the 
nerve is more difficult to dissect out than that on the left 
side where it is not so closely bound to the mediastinum.

The muscle-nerve preparation was then fitted to the 
electrode assembly. The two ligatures which had been passed 
through the costal margin were tied firmly to the horizontal 
arm of the diaphragm support. A platinum wire was tied to 
the tendinous part of the diaphragm. The other end of the 
wire was fixed to a light isotonic heart lever which recorded 
the contractions on a moving smoked surface. The phrenic 
nerve was passed into the groove described before so as to 
lie/
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Fig* 37
Diagram of the apparatus used for recording contractions 
of the rat diaphragm produced by either direct or 
indirect stimulation of the muscle using Bell's electrode*



lie across the two poles of the electrode* The end of the 
phrenic nerve was fixed between the electrode holder and 
the diaphragm support to keep the nerve firmly in place*

The whole assembly was lowered into a 100 ml* organ bath 
filled with Tyrode's solution containing double the usual 
amount of glucose* The solution in the organ bath was aerated 
with pure oxygen or 95 per cent oxygen and 5 per cent carbon 
dioxide through a gas distribution tube fitted to the bottom 
of the organ bath. Tyrode's solution was passed from the 
reservoir to the organ bath through a bottle which was kept 
in a heated water bath. The temperature of the water bath 
was maintained thermostatically at 29°C. Fig.37 (page 264) 
shows the apparatus used in this experiment. Drugs in 
aqueous solution were added directly to the bath by means of 
a graduated 1 ml. tuberculin syringe.

The preparation was stimulated from two Dobbie Mclnnes 
stimulators - one for indirect stimulation of the diaphragm 
via the phrenic nerve and the other for direct stimulation of 
the muscle. For indirect stimulation, a frequency of 6 to 8 
stimuli per minute, the voltage 8 to 10, pulse width 0*5 to 
1 msec., and for direct stimulation the frequency was 6 to 8, 
voltage 25 to 50 and pulse width 2 msec* In any particular 
experiment the frequency, voltage and pulse width both for 
indirect and direct stimulation were kept constant*

At the beginning of the experiment the muscle was 
stimulated indirectly via the phrenic nerve. After the 
addition of the drug the contractions of the muscle became 
gradually/
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gradually smaller and smaller and finally stopped* When the 
response to nerve stimulation failed the muscle was stimulated 
directly by switching on the stimulator connected to the 
muscle. After recording a few contractions following direct 
stimulation of the muscle the stimulator was switched off.
The fluid in the organ bath was changed several times and the 
muscle allowed to recover. The process was repeated again 
until the response of the muscle became normal.

(ii) Using Collison's fluid electrode.
METHOD
The procedure adopted was essentially that described by 

Bfllbring (6). Adult rats of either sex were killed by a blow 
on the head. The throats were cut and the blood allowed to 
drain out. The rat was then laid on its back upon a cork- 
covered dissecting board to which it was pinned. The skin 
over the chest was removed and the thorax opened along the 
right side of the sternum. The frontal part of the right
thoracic wall was removed. The mediastinum behind the
sternum was severed and a cut was made just above the frontal 
insertion of the diaphragm. Care was taken not to damage the 
phrenic nerve which is sometimes attached to the ribs. The 
frontal part of the left thoracic wall was then removed and the 
left phrenic nerve exposed. Both lobes of the left lung were 
removed and the left phrenic nerve carefully freed from fat 
and other tissues, the utmost care being taken not to injure 
it. The left abdominal muscles were cut along the costal 
margin. Holding the last rib by means of a pair of forceps, 
a segment of the diaphragm was then dissected out. Two 
converging/
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Pig. 38
Diagram of the apparatus used for recording contractions 
of the rat diaphragm produced by electrical stimulation 
of the phrenic nerve using Collison's fluid electrode (see 
inset)•
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converging cuts were made through the ribs towards the 
tendinous part of the diaphragm and parallel to the direction 
of its muscle fibres. The strip of diaphragm was dissected 
out beyond its tendinous part with about 5 cm. of the phrenic 
nerve attached to it. The final preparation was fan shaped, 
about 2 mm. wide at the tendinous end and about 20 mm. wide 
at the costal margin. The costal margin of the diaphragm 
segment was fixed to a J-shaped glass rod by means of 
platinum wires fixed to the concavity of the glass rod. A 
thread was tied around the tendinous end. The preparation 
was then set up in 100 ml. organ bath containing double glucose 
Tyrode's solution. The J-piece held the costal margin of 
the segment in position at the bottom of the organ hath, while 
the thread tied to the tendinous end was fixed to a light 
isotonic heart lever writing upon a moving smoked surface. 
Tyrode's solution containing double the usual amount of glucose 
was supplied to the organ bath through a bottle which was 
placed in a heated water bath while the flow was controlled by 
means of a spring clip. The temperature of the water hath
was maintained at 29°C. A suitable glass gas distribution
tube was fixed at the bottom of the bath to provide a
vigorous supply of pure oxygen or 95 per cent oxygen and 5 per
cent carbon dioxide, with which the bath fluid was aerated in 
the form of fine hubbies. A thread was tied to the cut end
of the phrenic nerve and by means of a fine needle about 1 cm.
of the phrenic nerve was drawn into a Collison's fluid 
electrode (8). The fluid electrode containing the nerve was 
filled with double glucose Tyrode's solution and the hole at 
the/
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the bottom of the electrode sealed with soft paraffin# By 
this arrangement the fluid surrounding the nerve at the point 
of stimulation was not, in electrical contact with the fluid 
surrounding the muscle in the organ bath# The nerve was 
left sufficiently slack to allow for any movement caused by 
the contraction of the diaphragm#

Single square wave impulses were applied to the nerve by 
means of a Dobbie Mclnnes square wave generator at a frequency 
of 6 to 10 per minute, voltage 8 to 10 and pulse width 0#5 
to 1.0 msec. In any particular experiment the frequency, 
voltage and pulse width were kept constant. Pig. 38 (page 267) 
is a diagram of the apparatus used in this e^qperiment •

Drug solutions were added to the organ bath by means of 
a graduated 1 ml. tuberculin syringe. The drug was allowed 
to act for three minutes, after which the Tyrode's solution 
in the organ bath was changed. Between the addition of one 
dose of the drug and the addition of the next there was an 
interval of fifteen minutes during which the Tyrode's 
solution was changed several times.

West (9) observed that the preparation gave a constant 
response of good magnitude for a long period if the 
temperature of the bath was lowered from 37°0. to 20°C.
He also observed that the rate of recovery of the muscle after 
the addition of a dose of tubocurarine was greatly 
accelerated by adding potassium chloride to the organ bath 
after the tubocurarine had been washed out. In the present 
series of experiments it was observed that lowering the 
bath/
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bath temperature from 37°C. to 29°C. without the addition of 
potassium chloride gave a satisfactory recovery and that 
the magnitude of the muscle contraction was maintained in a 
satisfactory manner.

Chou (10) using the rat phrenic nerve diaphragm 
preparation for the assay of curare-like substances, allowed 
the drug to act upon the muscle for three minutes. In the 
experiment described here this feature of Chou’s technique 
was adopted because it was thought that if the drug was 
allowed to act upon the muscle for long enough to produce 
its maximal effect, then so much time would be needed to wash 
the drug off the receptors that few comparisons could be 
made upon one preparation.
(C) Isolated frog rectus abdominis muscle preparation.

METHOD
The method adopted was based on that of de Jalon (ll).

The muscle was prepared as described by B u m  (12). An adult 
frog was stunned by a blow on the head. It was decapitated 
and pithed and then laid on its back upon a cork covered 
dissecting board to which it was pinned. The rectus 
abdominis muscle was exposed by cutting away the skin of the 
abdomen. The muscle was then dissected from the point of 
its insertion into the pelvic girdle to its insertion into 
the cartilage of the pectoral girdle, freed from the underlying 
connective tissue and removed from the frog. It was then 
suspended in a 10 ml. or 20 ml. organ bath by means of two 
threads/
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threads, one tied to each end of the muscle. A loop was 
made in the thread at one end in order to fix the muscle to 
the bent platinum wire at the bottom of the oxygen delivery 
tube. The long thread on the other end was tied to a 
frontal point writing lever which recorded the contractions 
of the muscle on a moving smoked surface. The bath 
contained oxygenated Frog Ringer's solution at room temperature. 
Fig. 39 (page 272 ) is a diagram of the apparatus used in this 
experiment.

Acetylcholine (0.10 to l.O^g/ml.) was added directly 
to the bath by means of a graduated 1 ml. tuberculin syringe 
and left in contact with the muscle for 90 seconds, the 
contraction being recorded. Uniform submaximal contractions 
to the same dose of acetylcholine were obtained before drug 
effects were studied. Drugs in aqueous solution were added 
to the bath 30 seconds before a subsequent addition of 
acetylcholine and the contraction recorded for 90 seconds.
In between recording of contractions the muscle was washed 
four or five times. There was an interval of 7 minutes 
between successive additions of acetylcholine.

3* Ganglion Blocking Activity
Experiments on the nictitating membrane of the
anaesthetised cat.
METHOD
Cats of either sex weighing from 2.0 to 3.0 kg. were 

anaesthetised with 60 mg. per kg. of body weight of 
pentobarbitone/
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Pig* 39
Diagram of the apparatus used for experiments upon the 
isolated frog rectus abdominis muscle*
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pentobarbitone injected intraperitoneally* The trachea and 
the left external jugular vein were cannulated in a manner 
similar to that described before (page 259)*

The head of the cat was rigidly fixed by passing a brass 
rod between the jaws and then tying the jaws firmly together 
with string* The ends of the rod were gripped firmly in 
clamps and the latter were supported on uprights fixed to the 
side of the operating table*

The right cervical sympathetic trunk in the neck was very 
carefully dissected and separated out from the vagus nerve and 
the common carotid artery* A fine cotton thread was tied 
tightly around the cervical sympathetic trunk at as low a 
point as possible in the neck* The chain was then severed 
below the ligature and low in the neck. The cut preganglionic 
cervical sympathetic chain was placed upon a pair of shielded 
platinum electrodes and kept moist by means of a piece of 
cotton wool soaked in normal saline.

Using a fine needle, a thin thread was passed through the 
mid-point of the margin of the nictitating membrane of the 
right eye and tied firmly into place. The thread was then 
pulled forward and to one side, making an angle of about 
30° to the long axis of the cat* It was then led around 
pulleys and attached to a frontal point writing lever. The 
contractions of the nictitating membrane were recorded on a 
moving smoked surface.

Contractions of the nictitating membrane were elicited 
by stimulation of the cut end of the preganglionic cervical 
sympathetic/
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sympathetic chain by means of square impulses from a Dobbie 
Mclnnes square wave generator at a frequency of 1,000 to 
1,200 per minute, 10 to 12 volts, and a pulse width of 0.5 to
1.0 msec. In any particular experiment the frequency, 
voltage and pulse width were kept constant. Fifteen second 
bursts were applied at intervals of three minutes.

At the beginning of the experiment a few normal 
contractions were taken until standard reproducible responses 
were obtained.

Drug solutions were injected into the left external 
jugular vein one minute prior to the next period of 
stimulation.
4» Experiments on Spinal Reflexes
(A) Patellar tendon reflex

METHOD .
Cats of either sex weighing from 2.0 to 3.0 kg. were 

used. Spinalization was carried out under ether anaesthesia 
as described by Bum (13)• Atropine (1.0 mg. per kg.) was 
administered by intraperitoneal injection and after about 
15 minutes the cat was anaesthetised with ether.

The anaesthetised cat was then tied to the warmed 
operating table and the head extended by passing a thread 
through the skin at the apex of the lower jaw* The trachea 
was cannulated in a manner similar to that described before 
(page 259). The tracheal cannula was connected by means 
of/
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of rubber tubing to a bottle containing ether which could 
be connected rapidly and easily to an artificial respiration 
pump. The common carotid arteries on both sides were freed 
from the accompanying vago-sympathetic trunks and tied as 
high up in the neck as possible. This was done to reduce 
the haemorrhage during the operation on the cat. The cat 
was then turned over on its belly and the legs secured by 
strings. The head of the cat was, however, kept free. A 
wooden block was put under the head and the head flexed gently 
downwards. The fur covering the dorsal neck region was 
clipped away. The skin was divided in the mid-line by a 
scalpel. The muscles were rapidly dissected away by a blunt 
dissector until the bony spine of the second cervical 
vertebra was exposed. Using a pair of bone forceps the layer 
of bone covering the spinal cord was nibbled away. Finally, 
the spinal cord was transected by a sharp scalpel. As soon 
as the transection was complete artificial respiration was 
started and ether removed. The brain was destroyed by 
inserting a blunt probe through the foramen magnum and pushing 
this up into the brain. Bleeding was arrested by means of 
cotton wool swabs soaked in hot, normal saline. The cut 
portion of the spinal canal was plugged with plasticine and 
the area swabbed clear. The skin at the back of the neck was 
sewn together with linen thread and the cat turned on its 
back again. The limbs were secured with strings. One of the 
external jugular veins was then caxmulated in a manner similar 
to that described before (page 259 ).

The method adopted for eliciting the patellar tendon 
reflex/
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reflex was based on that described by Schweitzer and Wright 
(14). One of the hind limbs, usually the left one, was 
semiflexed at the hip and supported by putting a brass rod 
under the knee joint. The leg was kept hanging. The 
fur over the area of the patellar tendon was clipped off.
The patellar tendon was tapped mechanically at intervals of 
5 seconds or 10 seconds by means of an electrically operated 
automatic hammer. Alternatively, the patellar tendon was 
stimulated electrically. To do this, a small incision was 
made by means of a scalpel to one side of the patellar tendon 
and a pair of shielded platinum electrodes were placed under 
the tendon. Electrical stimulation was applied as single 
square impulses from a Dobbie Mclnnes square wave generator 
at a frequency of 10 or 15 per minute, 25 to 50 volts, pulse 
width 5 to 4 msec. In any given experiment the frequency, 
voltage and pulse width were constant.

A thread was tied to the lower end of the tibia and 
passed over pulleys to a myograph lever, the writing point 
of which was so adjusted as to record the patellar tendon 
reflex on a moving smoked surface.

Drugs in aqueous solution were administered by injecting 
into the rubber tubing between the cannula in the external 
jugular vein and the burette by means of a graduated 1 ml. 
tuberculin syringe. These were washed in with 3 ml. or 4 ml 
of normal saline.

At least one hour was allowed to elapse before any drug 
was administered.



(B) Crossed extension reflex
METHOD
Cats of either sex weighing between 2.0 and 3*0 kg. were 

used. Spinalization under ether anaesthesia was carried out 
as described before (page 275) • Cannulation of the trachea 
and one of the external jugular veins was done in a manner 
similar to that described before (page 259). The method 
adopted for eliciting the crossed extension reflex was based 
on that described by Liddell and Sherrington (15)*

The cat was laid flat on its back upon the warmed operating 
table. The legs were secured by means of strings. One of 
the hind limbs, usually the left one, was semiflexed at the 
hip and supported by putting a brass rod under the knee joint.
It was fixed in position by putting two screws on the two 
sides of the knee joint. The skin over the patellar tendon 
was removed and the tendon detached from the tibial tubercle.
The patella was freed from the articular attachments. A 
strong linen thread was tied to the detached patellar tendon 
and passed over pulleys to a myograph lever, the writing 
point of which was adjusted so as to record the crossed 
extension reflex over a moving smoked surface.

The skin on the outer surface of the opposite thigh was 
removed. The hamstring muscles were separated by a blunt 
dissector and the sciatic nerve exposed. The nerve was cut 
or crushed as low in the thigh as possible. The central 
end of the cut or crushed nerve was placed over a pair of 
shielded platinum electrodes and stimulated by square impulses 
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from a Dobbie Mclnnes square wave generator at a frequency 
of 10 to 15 per minute, voltage 25 to 50, and pulse width 
3*0 to 4.0 msec* In any particular experiment, the frequency, 
voltage and pulse width were constant. On stimulation of 
the central end of the cut or crushed sciatic nerve, there 
was reflex contraction of the extensor muscles of the 
opposite side.

Drugs in aqueous solution were administered by injection 
into the rubber tubing between the external jugular vein 
cannula and the burette. A graduated 1 ml. tuberculin syringe 
was used. The drug solutions were washed in with 3 nil. or 
4 ml. of normal saline from the burette.

At least one hour was allowed to elapse before any drug 
was administered.

5* Cardiovascular Actions
(A) Experiments on the blood pressure of the anaesthetised

cat.
METHOD
Oats of either sex weighing between 2.0 and 3*0 kg. 

were used. Anaesthesia was induced by intraperitoneal 
injection of 60 mg. per kg. of pentobarbitone. In some cats 
chloralose was used as the anaesthetic. A 1 per cent solution 
of chloralose in distilled water was made. When this solution 
was used a dose of 8 ml. per kg. (80 mg. per kg.) was usually 
sufficient to produce surgical anaesthesia in about half an 
hour.

The/
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The anaesthetised cat was laid on its hack upon a 
warmed operating table. The legs were secured by means of 
strings. The trachea and the left external jugular vein 
were cannulated in a manner similar to that described before 
(page 259).

After the cannulation of the trachea and the external 
jugular vein, an artery cannula was inserted into one of 
the common carotid arteries, usually the right one. The 
artery was first separated from the accompanying vago
sympathetic trunk and tied off as high up in the neck as 
possible. A bulldog clip was then put on to the artery about 
3 cm. below the ligature. A thread was placed loosely under 
the artery and a small transverse cut made in the latter below 
the ligature by means of a pair of sharp pointed iris scissors. 
An artery cannula filled with heparin was then inserted 
through the cut with the pointed end towards the heart. The 
cannula was connected to a mercury manometer by means of
rubber tubing, the space between the mercury and the arteryW /being filled with 25 per cent /y solution of sodium 
thiosulphate as an anticoagulant. The air in the system was 
displaced by pumping the sodium thiosulphate solution through 
the cannula. After this, the bulldog clip was removed.
A writing flag on one arm of the mercury manometer recorded 
the blood pressure on a moving smoked surface.

Drugs in aqueous solution were injected by means of a 
graduated 1 ml. tuberculin syringe into the rubber tubing 
between the cannula in the external jugular vein and the 
burette/
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burette of normal saline. These were washed in with 3 ml* 
or 4 ml. of normal saline.
B. Experiments on the blood pressure of the spinal cat.

METHOD
Cats of either sex within the weight range of 2.0 to

3.0 kg. were used. Spinalization was carried out as
described before (page 275 )• The left external jugular
vein was cannulated and connected by rubber tubing to a burette
filled with normal saline. The right common carotid artery
was cannulated and connected to a conventional pressureV /recording system filled with 25 per cent sodium
thiosulphate solution as an anticoagulant. A mercury
manometer with a writing flag on one arm recorded the blood 
pressure on a moving smoked surface.

Drugs in aqueous solution were injected by means of 
a graduated 1 ml. tuberculin syringe into the rubber tubing 
between the vein cannula and the burette. These were 
washed in with 3 ml. or 4 ml. of normal saline from the 
burette.

At least one hour was allowed to elapse before any drug 
was administered.

C. Experiments on the blood pressure of the anaesthetised 
rat.
METHOD
The procedure adopted was essentially that described by 

Dekanski/
- 280 -



Dekanski (16). Albino rats of either sex weighing about 
300 g. were used as experimental animals. Anaesthesia was 
induced by urethane (175 mg. per 100 g. body weight) injected 
subcutaneously.

After 45 to 60 minutes the rat was laid on its back upon 
an operating board and the limbs were secured by means of 
strings. The skin covering the middle of the neck was cut 
away by a pair of scissors. The skin on the left 
anterolateral side of the neck was carefully stretched with 
the help of a blunt dissector and the left external jugular 
vein was exposed. The fascia covering the vein was carefully 
removed. A thread was tied to the cephalic end of the vein 
and a small bulldog clip was put on the cardiac end. A 
small transverse cut was made in the dilated vein with the 
help of a pair of sharp pointed iris scissors. A thin 
polythene cannula filled with heparin and fitted with a 
small piece of rubber tubing, the open end of which was 
closed by a bulldog clip, was inserted through the cut with 
the pointed end towards the heart. The cannula was fixed 
to the vein by tying a thread around it. The right common 
carotid artery was then freed from the surrounding structures 
and tied off as high up in the neck as possible. A small 
bulldog clip was placed on the artery a little below the 
ligature and a small transverse cut was made in the artery 
by means of a pair of sharp pointed iris scissors. A thin 
polythene cannula filled with heparin was then inserted 
through the cut with the pointed end towards the heart. The 
cannula was fixed to the artery by tying a thread around it. 
The/
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Fig. 40
Diagram of the manometer used for recording the arterial 
blood pressure of the anaesthetised rat.
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The cannula was then connected by means of rubber tubing to 
a mercury manometer of the type described by Condon (17), 
the space between the artery and the mercury being filled 
with normal saline. Pig. 40 (page 282) shows the diagram 
of the manometer used in this experiment. Before making 
the connection extreme care was taken to exclude all air 
bubbles from the system. The bulldog clip was removed and 
the blood pressure was recorded upon a smoked surface by a 
writing flag on one arm of the mercury manometer. In some 
rats the trachea was freed from the surrounding muscles and 
tissues and a small transverse cut was made in it by means 
of a pair of sharp scissors. The partly severed trachea 
was then held by a blunt pair of forceps and a polythene 
cannula introduced into the trachea and tied to it by a 
thread. This acted as a tracheal cannula and eased 
respiration. Artificial respiration was not used.

Drugs in aqueous solution were administered by injecting 
by means of a 1 ml. graduated tuberculin syringe into the 
rubber tubing attached to the cannula in the left external 
jugular vein and washed in with 0.2 to 0.3 ml. of normal 
saline from another tuberculin syringe. Extreme care was 
taken to exclude the air from being injected. The volume 
of the drug solution injected was kept constant at 0.1 ml*

D. Experiments on the isolated perfused rat hindquarters.
METHOD
In these experiments the pressure at which the 

physiological fluid passed through the blood vessels was 
kept/
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kept constant and alterations in the rate of outflow of the 
perfusion fluid which were produced by drugs, were recorded 
by Stephenson's outflow recorder (18). The vessels were 
perfused with oxygenated Locke's solution at room temperature.

The method adopted was that described by Burn (19).
Rats of either sex .were killed by a blow on the head. The
throats were cut and the blood allowed to drain out. The
rat was then placed on its back upon a cork covered 
dissecting board. The abdominal cavity was opened by an 
incision from the sternum to the anus. The rectum, the 
oesophagus, the superior mesenteric artery and the inferior 
mesenteric artery were divided between ligatures. The 
abdominal viscera were then removed. This brought into 
view the abdominal aorta which was separated from the 
surrounding structures and tissues and cannulated using a 
polythene cannula. The body wall and the vertebral column 
of the rat were then transected above the point of 
cannulation. The cannula was attached to the perfusion 
system by means of thin rubber tubing and the hindquarters 
preparation placed upon a gauze rest within a filter funnel. 
The outflow from the preparation was led via the funnel to 
the Stephenson's recorder, which in turn was connected with 
a float recorder. Changes in the outflow isere recorded on 
a moving smoked surface. Fig. 41 (page 285) shows a diagram 
of the apparatus used in this experiment. .

After setting up the preparation, a uniform outflow 
record was obtained for at least 15 minutes before drugs 
were administered. Drugs in aqueous solution were 
administered/
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Pig. 41
Diagram of the apparatus used for perfusion of the 
isolated rat hindquarters.
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administered, by injecting by means of a graduated 1 ml. 
tuberculin syringe very slowly into the rubber tubing nearest 
to the cannula.
E. Experiments on the isolated perfused rabbit and kitten

hearts.
METHOD
The isolated hearts of both rabbits and kittens were 

perfused according to the method of Langendorff (20) as 
described by B um (21). Wegria (22) in his review on the 
pharmacology of the coronary circulation made several 
criticisms of this method. It was pointed out that the 
recorded outflow will give a true picture of the state of 
tonus of the coronary vessels only if the aortic valves are 
competent, which is not always so. In the event of aortic 
incompetence, some perfusion fluid will leak past the valves 
into theXLeft ventricle and so into the left atrium and thence 
to the exterior. The increased outflow may, therefore, 
exceed the time coronary outflow by the amount of fluid which 
has passed into the left ventricle. The volume of fluid 
draining into the atrium via the ventricle is not constant 
and in addition cannot be measured satisfactorily. It has 
also been pointed out that the volume of coronary perfusate 
may be increased by a purely mechanical massaging effect 
which cardiac muscle, stimulated by a cardiotonic drug, has 
upon the coronary vessels. Under these circumstances an 
increase in outflow might be taken to indicate a coronary 
dilatation which in fact was not present. For these reasons 
it/
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Fig. 42
Diagram of the apparatus used for recording contractions 
of the isolated rabbit or kitten heart.
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it was decided that the fluid draining from the heart should 
he described simply as the "cardiac outflow." In spite 
of the objections raised to the use of this method, it was 
felt that the langendorff preparation still gives useful 
information about the effects of the drug on cardiac function 
in vitro. By carefully observing the heart rate, the 
amplitude of contractions and at the same time measuring the 
outflow, an estimation of the alterations of cardiac function 
as well as of the tonus of the coronary vessels can be obtained.

Rabbits and kittens used were within the weight ranges 
of 1.0 to 2.0 kg. and 0.6 to 1.0 kg. respectively. The 
animal was killed by a blow on the head. The throat was 
cut and the blood allowed to drain out. The animal was then 
placed upon its back on a cork covered dissecting board and 
the thoracic cavity opened. Great care was taken not to 
damage the heart with scissors or other instruments. The 
lungs were separated and the pericardium opened. The 
heart along with the aorta, was then taken out of the animal 
and placed in a dish of warmed, oxygenated and heparinised 
Locke's solution. The temperature of the solution was 
about 37°C. The heart was squeezed very gently to expel the 
blood from inside and after this a cannula was tied into the 
aorta, taking care that its tip was distal to the opening 
of the coronary artery. The preparation was then set up by 
connecting the cannula to the perfusion apparatus. Perfusion 
of Locke's solution containing double the usual amount of 
glucose, was started at a constant rate of flow, care being 
taken that no air bubbles entered the aorta. Fig. 42 (page 287) 
shows/
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shows a diagram of the apparatus used in this experiment.
Any blood remaining in the preparation was rapidly washed 
away and as a rule the heart started to beat immediately.
After about 30 minutes when the contractions became regular 
a bent entomological pin was inserted into the tip of the 
ventricle and was connected by a thread over pulleys to a 
Starling's type heart lever which recorded the contractions 
of the heart on a moving smoked surface. Doubling the 
normal amount of glucose in the perfusion fluid gave a more 
active preparation which did not fatigue so easily. The 
Locke's solution from the reservoir passed through a spiral 
glass tubing placed in a heated water bath, the temperature 
of which was maintained thermostatically at 37°0.

Drugs in aqueous solution were administered by injecting 
into the perfusion cannula by means of a graduated 1 ml. 
tuberculin syringe. The heart rate was counted by inspection 
of the tracing or by direct observation. The cardiac 
outflow was measured by Stephenson's outflow recorder (18).

In some experiments petaline chloride was dissolved in 
Locke's solution to give a concentration of 200 ju g . per ml., 
and perfusion of the isolated heart carried on with this 
solution.

3?. Experiments on the isolated auricles of the guinea-pig.
METHOD
These experiments were carried out in order to study the 

action of drugs on cardiac muscle in vitro. Adult guinea- 
pigs/
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pigs of either sex were killed by a blow on the head. The 
throats were cut and the blood allowed to drain out. The 
thoracic cage was opened and the hearts removed as rapidly 
as possible and immersed in warmed, heparinised and oxygenated 
Locke’s solution. Using a fine pair of scissors the 
ventricles were carefully removed and the auricles placed in 
a dish filled with warmed and oxygenated Locke's solution.
All extraneous tissues were dissected carefully until only 
the horse-shoe shaped auricles remained. The auricles were 
then suspended in a 10 ml. organ bath by means of threads 
tied to the apices. One thread was connected to the bent 
hook fixed at the base of the organ bath and the other was 
attached to a Starling's heart lever set up so as to record 
the contractions of the auricles upon a moving smoked surface. 
The bath was well oxygenated through a hypodermic needle fixed 
to the base of the organ bath. Locke's solution was passed 
into the organ bath through a spiral glass coil which was 
placed in a heated water bath, while the flow was controlled 
by a spring clip. The temperature of the water bath was 
maintained thermostatically at 29°G. After about 20 to 30 
minutes the contractions of the auricles usually became regular 
and the experiment was started. The rate of the auricles 
was estimated by inspection of the tracing, or by direct 
observation. Drugs in aqueous solution were added to the 
organ bath directly by means of a graduated 1 ml. tuberculin 
syringe. The drug effects were noted for 1 or 2 minutes, 
after which the fluid in the bath was changed. Sufficient 
time was allowed for the auricles to regain their normal 
regular/
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regular rhythm and amplitude before the next addition of the 
drug.

In those experiments where the Locke’s solution was 
changed to low calcium Locke’s solution, two spiral coils 
were provided. These were joined by means of a glass 
Y-piece to the inlet tube of the organ bath. Normal Locke's 
solution or low calcium Locke's solution could be passed to 
the organ bath from the respective reservoirs by opening up 
the spring clip which controlled the flow of the particular 
solution.

6. Effects on Smooth Muscle
A. Experiments upon isolated guinea-pig ileum

The method adopted was a modification of that described 
by Guggenheim and Loffler (23). Adult guinea-pigs of either 
sex were fasted overnight. Next morning they were killed 
by a blow on the head. The throats cut and the blood 
drained out. The abdominal cavity was opened and the 
ileocaecal junction found. A piece of ileum about 10 cm. 
long was removed from a point near to the ileocaecal junction 
and placed in a dish containing Tyrode's solution. The 
contents of the ileum were washed out by inserting a pipette 
into the end away from the ileocaecal junction and perfusing 
the gut with Tyrode's solution. Great care was taken not 
to distend the gut. The mesentery was removed from the gut 
using a fine pair of scissors, care being taken not to damage 
the ileum itself. The final inch of the ileum was discarded 
as it contains a large lymph node and any other portion of 
the/
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the ileum containing lymph nodes was also discarded. A 
piece of ileum about 3 cm. long taken from a point nearest 
to the ileocaecal junction was used for the experiment. A 
small loop of cotton thread was sewn to one end of the piece 
of ileum and a long piece of cotton thread was sewn to the 
other end. The cotton threads were tied to the wall away 
from the side to which the mesentery was attached. The gut 
was then set up in a 5 ml. organ bath containing oxygenated 
Tyrode's solution. The Tyrode's solution was passed into 
the organ bath from the reservoir through a spiral glass coil 
which was placed in a heated water bath. The flow of 
Tyrode's solution was controlled by a spring clip. The loop 
of the thread sewn to the gut was fixed to a hook attached 
to the base of the organ bath while the long thread sewn to 
the other end was attached to a modified frontal point writing 
lever, which in turn recorded the contractions of the gut on 
a moving smoked surface. The fluid in the bath was oxygenated 
by passing oxygen through a hypodermic needle fixed to the 
base of the organ bath. The temperature of the water bath 
was maintained thermostatically at 37°C. Fig. 43 (page 293) 
is a diagram of the apparatus used in this experiment.

Spasmogens were added to the bath directly by means of 
a graduated 1 ml. tuberculin syringe every 3 minutes and left 
in contact with the tissues for 15 or 30 seconds, after which 
the fluid in the organ bath was changed. Spasmogens used 
were (i) acetylcholine (1.0 jug. per ml.); (ii) histamine 
(0.3>tg. per ml.); (iii) 5-hydroxytryptamine (1.0>g. per ml.); 
(iv) barium chloride (0.6 mg. per ml.) and (v) potassium 
chloride/
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Fig. 43
Diagram of the organ bath used for experiments upon 
isolated strips of guinea-pig ileum or rat uterus.
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chloride (5*0 mg. per ml.). Reproducible submaximal 
contractions were produced by the spasmogen at the beginning 
of the experiment. When the response to the spasmogen 
became constant, drugs in aqueous solution were added directly 
to the bath by means of a graduated 1 ml. tuberculin syringe, 
30 seconds before the next addition of the spasmogen. Any 
changes in the normal response of the spasmogen were noted.
When the drug had a direct effect upon the tissue this was 
noted. Contractions were allowed to return to their normal 
level before the next addition of the drug.

B. Experiments upon isolated rat uterus
The method adopted was a modification of that described 

by Amin, Crawford and Gaddum (24). Virgin female rats 
weighing 150 to 180 g. were given subcutaneous injections 
of stilboestrol in arachis oil (0.J.0 mg. per 100 g.) 24 hours 
before use. On the following day the animals were killed 
by a blow on the head. The throats cut and the blood allowed 
to drain out. The abdominal cavity was opened and both 
horns and the body of the uterus removed and placed in a dish 
containing de Jalon's solution. All fat and extraneous 
tissues were carefully removed. A piece of one horn of the 
uterus about 2.5 cm. long was taken and used for the 
experiment. Threads were tied to both ends of the uterus 
and at one end a loop was made with the thread. It was then 
suspended in a 5 ml. organ bath containing de Jalon's 
solution aerated with pure oxygen or a mixture of 95 per cent 
oxygen and 5 per cent carbon dioxide through a hypodermic 
needle/
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needle fixed to the base of the organ bath. The de Jalon's 
solution was passed from the reservoir into the organ bath 
via a spiral glass coil which was immersed in the heated 
outer water bath. The flow of the de Jalon's solution was 
controlled by a spring clip. The loop of the thread at one
end of the uterus was fixed to the hook at the base of the 
organ bath, while the thread on the other end of the uterus 
was attached to a frontal point writing lever which recorded 
the contractions of the uterus on a moviag smoked surface.
The temperature of the water bath was maintained thermostatically 
at 29°C. Some uteri showed much spontaneous activity which 
could be reduced by lowering the temperature of the water bath 
or by decreasing the calcium content of the de Jalon's 
solution. In some tissues these alterations did not reduce 
the spontaneous activity and these, therefore, had to be 
rejected.

Spasmogen (acetylcholine 0.1 to 0 . 5 per ml.) was 
added directly to the bath by means of a graduated 1 ml. 
tuberculin syringe every 4 minutes and left in contact with 
the tissue for 30 seconds, after which the fluid in the organ 
bath was changed. Reproducible submaximal contractions 
were produced by the spasmogen at the beginning of the 
experiment. When the response to the spasmogen became 
constant, the drug solution under investigation was added 
directly to the organ bath by means of a graduated 1 ml. 
tuberculin syringe 30 seconds before the next addition of the 
spasmogen. Any change in the response of the spasmogen was 
noted. When the drugs showed a direct effect on the tissue 
this/
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this was also noted* The contractions were allowed to 
return to normal levels before the next addition of the drug*
7« Toxic Effects on the Rabbit

METHOD
Rabbits of either sex weighing from 2.25 to 2*75 kg* 

and not having been previously used for experimental purposes 
were used* They were placed in individual wooden bleeding 
boxes with the head protruding through the opening at the 
front. The animals were allowed to settle quietly in the 
box for some time* The ear vein was made prominent by 
application of xylene* Petaline chloride in aqeuous solution 
was injected into the vein from a graduated syringe. 
Immediately after the injection the rabbit was taken out of 
the box and the effects of the drug noted.
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RESULTS

Convulsant:Anticonvulsant Activity
(A) Comparison of convulsive reactions.and mortality 

induced by petaline chloride, leptazol and picrotoxin*

Tables 33 and 36 show the range of doses used for 
petaline chloride, leptazol and picrotoxin* The CL50 were 
found to be approximately 6.6 mg. per kg., 40 mg. per kg., 
and 1*8 mg. per kg., respectively for petaline chloride, 
leptazol and picrotoxin (Pig. 44 > page 303 and Pig. 45 ,
page 304 )• The LD50 was found to be approximately 9*2 mg. 
per kg., 56 mg. per kg., and 3 mg. per kg., respectively for 
petaline chloride, leptazol and picrotoxin (Pig. 46 , page 305
and Pig. 47 , page 306 ). Petaline chloride is a more 
potent convulsant and is more toxic than leptazol, but it 
has less convulsant potency and it is less toxic than picrotoxin.

(B) Effect of pre-treatment with petaline chloride on the 
response to leptazol.
Table 37 shows the doses of petaline chloride used for 

pre-treating the animals and the dose range of leptazol used 
to investigate the effect of the latter on pre-treatment.
The CD50 of leptazol were found to be respectively 42.8 mg. 
per kg., 43*5 mg. per kg., and 35*0 mg. per kg., for the three 
groups of pre-treated mice* The LD50 of leptazol was found 
respectively/
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Petaline chloride per cent per cent
dose mg./kg. convulsing mortality

4 10
6 40 -
8 70 20
10 100 70
12 100 100

Leptazol per cent per cent
dose mg./kg. convulsing mortality

30 13 —

40 51.4 11.4
50 83.3 22.2
60 92.8 57.1
80 100 100

TABLE 35
Convulsant activity and mortality in mice after petaline

chloride or leptazol.
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Picrotoxin per cent per cent
dose mg./kg. convulsing mortality

1 —

1.5 30 -
2 60 10
2.5 90 30
3 100 54.5
4 100 90

Petaline chloride per cent per cent
dose mg./kg. convulsing mortality

4 10 —

6 40 -

8 70 20
10 100 70
12 100 100

TABLE 36
Convulsant activity and mortality in mice after picrotoxin

or petaline chloride.
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Pig* 44
Convulsant activity of petaline chloride and leptazol 
in the mouse*
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Pig. 45
Convulsant activity of picrotoxin and petaline chloride in 
the mouse.
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Pig* 46
Mortality in mice from petaline chloride and leptazol.
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Mortality in mice from picrotoxin and petaline chloride.
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respectively to be 64*0 mg. per kg., 70.7 mg* per kg., and
48.0 mg. per kg., for the three groups of pre-treated animals. 
Pig. 48 (page 309 ) and Pig. 49 (page 510 ) show the effect 
of pre-treatment with 5 mg. per kg., or 8 mg. per kg., 
petaline chloride on the eonvulsant activity and mortality 
due to leptazol. Lower doses of petaline chloride may give 
some protection, but higher doses increase both the eonvulsant 
activity and toxicity of leptazol.
(c) Comparison of the effects of petaline chloride and 

phenobarbitone on electroshock seizures.
Table 38 shows the doses of petaline chloride and 

phenobarbitone administered and the percentage protection 
conferred by these compounds. Pig. 50 (page 312) shows 
a comparison of the percentage protection obtained by treatment 
with petaline chloride or phenobarbitone. Petaline chloride 
is apparently capable -of conferring some protection but it 
is very much less potent than phenobarbitone. At higher 
doses petaline chloride protection was reduced.

Muscle Relaxant Activity
(A) Cat gastrocnemius muscle-sciatic nerve preparation.
(i) Neuromuscular blocking activity.

Petaline chloride reduced the twitch height of the 
gastrocnemius muscle in response to indirect stimulation via 
the sciatic nerve. There was incomplete or complete 
neuromuscular block depending upon the dose administered.
The block was completely reversible.

Petaline/
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Leptazol Petaline chloride
dose mg./kg* dose mg./kg.

Petaline chloride 
dose mg./kg*

2.5 5.0 8.0 2.5 5.0 8.0per cent per cent
animals convulsing___________ mortality

20 — — 0 — — —

25 0 - 10 - - 0
30 - 0 - - — -

37.5 20 40 - 0 - -
40 62.5 - 68.75 - — 12.5
50 90 60 100 10 0 58.5
60 - - - 42.8 - 70.5
62.5 - 100 - 71.4 50
75 100 — — 80 60 —

TABLE 57

Convulsant activity and mortality from leptazol given 45 to 
60 minutes after petaline chloride.
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dose mg/kg

Fig* 48
Effects of pre-treatment with petaline chloride (5 or 8 mg*/kg*) 
on the convulsant activity of leptazol*
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Pig* 49'
Effects of pre-treatment with petaline chloride (5 or 8 mg./kg.) 
on the mortality due to leptazol.
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Petaline chloride 
dosage mg./kg.

per cent 
protection

1.6 10
2.5 25
3.3 37.5
5.0 20

Phenobarb it one per cent
dosage mg./kg. protection

4 20
5 50
6.6 80

TABLE 38
Protection of mice from electroshock seizure 
by pre-treatment with petaline chloride or

phenobarbitone•
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Pig. 50
Protection of mice from electroshock seizures by treatment 
with petaline chloride or phenobarbitone.
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Petaline chloride caused about 50 per cent reduction of the 
amplitude of the muscle twitch when doses from 5*0 to 5*0 mg. 
per kg. were injected, whereas 10 to 12 mg. per kg. was needed 
to cause complete neuromuscular block. The doses needed to 
produce these effects were comparable in magnitude with the doses 
of tubocurarine required to produce similar effects on twitch 
height. Petaline chloride was much less potent than tubocurarine, 
and in order to produce equivalent effects doses were needed 
which were from between twenty to twenty-five times greater than 
those of tubocurarine.

Recovery from the petaline chloride block occurred in 
about 15 to 20 minutes. The maximum degree of neuromuscular 
block was usually reached within 2 to 3 minutes. Subsequent 
doses of petaline chloride did not prolong the neuromuscular 
block. Pig. 51 (page 314 ) shows the neuromuscular block 
caused by petaline chloride and tubocurarine.

(ii) Effect of indirect tetanization of the partially blocked 
muscle.
If the muscles partly blocked by tubocurarine are tetanized 

indirectly the tension rapidly wanes (1,2). Previous 
tetanization decreases the intensity of the neuromuscular block 
produced by tubocurarine or by other drugs having a similar 
mechanism of action (1,2). In contrast to this, tetanization 
does not affect the intensity of a neuromuscular block caused 
by decamethonium or other depolarising agents, and the tetanus 
is well maintained in cat muscles in which partial neuromuscular 
block/
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Pig. 51
Cat gastrocnemius muscle-sciatic nerve preparation. 
Pentobarbitone anaesthesia (60 mg. per kg.). Indirect 
stimulation via sciatic nerve. Contraction downwards. 
Drugs in aqueous solution administered intravenously.

At TC, 0.50 mg. per kg. tubocurarine.
At P, 10.0 mg. per kg. petaline chloride.
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Pig. 52
Cat gastrocnemius muscle-sciatic nerve preparation. 
Pentobarbitone anaesthesia (60 mg. per kg.). Comparison 
of the effects of tubocurarine and petaline chloride on the 
response of muscle to indirect tetanization via the sciatic 
nerve. Tetanization by square impulses, 15 volts; 3 msec; 
1,500 per minute during incomplete neuromuscular block. 
Drugs in aqueous solution administered intravenously.

At TC, 0.20 mg. per kg. tubocurarine.
At P, 10.0 mg. oer kg. petaline chloride.
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block has been produced (1, 3, 4).
When a tetanizing current was applied to the nerve of a 

petaline chloride-treated muscle, the tetanus was not maintained 
an effect similar to that seen when tubocurarine is used.
Pig. 52 (page 315 ) shows the typical effects of tetanizing 
petaline chloride and tubocurarine-treated muscles.

(iii) Drug antagonism
The neuromuscular block produced by tubocurarine or other 

substances having a similar mechanism of action is antagonised 
by depolarising drugs (5> 6, 7), anticholinesterases (8)* 
edrophonium (9, 10), adrenaline and potassium ions (11). 
Anticholinesterases increase the neuromuscular blocking activity 
of depolarising agents (12, 13)* Edrophonium has either no 
effect on or potentiates a depolarisation block (7, 14). The 
antagonistic effect shown by neostigmine to the neuromuscular 
block caused by different types of muscle relaxants is one of 
the major differentiating factors in the determination of their 
mechanism of action. Neostigmine antagonises the block caused 
by the competitive type of neuromuscular blocking agents (8,
15, 16), while it has a potentiating effect upon the effects 
of the depolarising drugs (17).

Edrophonium and neostigmine were used to compare the type 
of antagonism to the block produced by petaline chloride and 
tubocurarine. The antagonists were injected into the cat 
at the point of maximal neuromuscular block.

Edrophonium (1.0 mg. per kg.) and neostigmine (0.1 mg. per 
kg.) antagonised the neuromuscular block produced by petaline 
chloride/
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Fig. 53
Gat gastrocnemius muscle-sciatic nerve preparation. 
Pentobarbitone anaesthesia (60 . per kg.). Indirect
stimulation via sciatic nerve. Contraction downwards.
Jrugs in aqueous solution administered intravenously.

At P, 4.4 mg. per kg. petaline chloride.
At E, 1.0 mg. per kg. edrophonium.
At TC, 0.133 mg. per kg. tubocurarine.
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Pig. 54
Cat gastrocnemius muscle-sciatic nerve preparation. 
Pentobarbitone anaesthesia (oO mg. per kg.). Indirect 
stimulation via sciatic nerve. Contraction downwards. 
Drugs in aqueous solution administered intravenously.

At TC, 0.133 mg. per kg. tubocurarine.
At N, 0.10 mg. per kg. neostigmine.
At P, 4.4 mg. per kg. petaline chloride.
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chloride and tabocurarine • Fig* 53 (page 317 ) and Fig. 54
(page 318) show the antagonism caused hy edrophonium and 
neostigmine on petaline chloride and tuho curarine-treated 
muscles.

(B) (i) Rat phrenic nerve-dianhragm preparation using 
Bell's electrode,

Petaline chloride in the dose range of 0.20 to 0.30 mg. 
per ml. gradually reduced and finally abolished the response 
of the rat diaphragm to indirect stimulation via the phrenic 
nerve. The time taken was about 5 to 7 minutes. Directly 
stimulated muscle, using a higher voltage and a wider pulse, 
produced regular contractions. In this respect the effect 
was similar to that observed when tubocurarine was used. A 
typical experiment is shown in Fig. 55 (page 320 ).
(ii) Rat phrenic nerve-diaphragm using Collison's fluid 

electrode
Petaline chloride in the dose range of 0.20 to 0.30 mg. 

per ml. reduced the twitch height of the rat diaphragm in 
response to indirect stimulation via the phrenic nerve. The 
effect was always reversible on washing. Tubocurarine was 
much more potent than petaline chloride. On this preparation 
petaline chloride was found to be more or less equipotent to 
gallamine. Fig. 56 (page 321 ) and Fig. 57 (page 322 ) 
show the effects of petaline chloride, tubocurarine and 
gallamine on the rat phrenic nerve-diaphragm preparation.

( 0 ) /
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Fig. 55
Rat phrenic nerve-diaphragm preparation. Contractions 
induced by indirect stimulation of the phrenic nerve 
or by direct stimulation of the muscle using the electrode 
described by Bell.
Bath 100 ml., temperature 29°C., bath fluid, oxygenated 
"double glucose" Tyrode*s solution.

At TC, 3*0jug. per ml. tubocurarine added to bath.
At P, 0.2 mg. per ml. petaline chloride added to bath.
At DS, direct stimulation of the muscle.
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Fig. 56
Rat phrenic nerve-diaphragm preparation using Collison's 
fluid electrode. Contractions due to indirect stimulation 
via the phrenic nerve.
Bath 100 ml., temperature 29°C., bath fluid, "double glucose" 
Tyrode's solution gassed with 95 per cent oxygen and 5 per 
cent carbon dioxide.
drugs in aqueous solution left in contact with the muscle 
for 5 minutes.

At pi> 0.15 mg. per ml. petaline chloride
At p2, 0.25 mg. per ml. ft tt
At I O p 1.0 per ml. tubocurarine.
At TC2 , 2.0 jug. per ml. tt
At W L , 5.0 jug. per ml. it
At V, Wash out .
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Fig. 57
Rat phrenic nerve-diaphragm preparation using Collison's 
fluid electrode. Contractions due to indirect stimulation 
via the phrenic nerve.
Bath 100 ml., temperature 29°C.f bath fluid, "double gDucose" 
Tyrone’s solution gassed with 95 per cent oxygen and 5 per 
cent carbon dioxide.
hrugs in aqueous solution in contact with the muscle for 3
minutes •

At p, OCO•o mg. per ml. petaline chloride.
At Gi> 0.20 mg. per ml. gallamine•
At O

J

Oto•o mg. per ml. "
At w, Wash out •
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(C) Isolated frog rectus abdominis muscle preparation*
Petaline chloride did not possess any direct stimulant 

effect on this preparation at doses of up to 2 0  j u g .  per ml.
In the dose range of 5 to 20 j u g .  per ml. petaline chloride 
caused graded inhibition of contractions induced by 0.10 to 
1*0 j u g .  per ml. acetylcholine. Fig. 58 (page 524 ) shows 
a typical experiment. Fig. 59 (page 325 ) shows a 
comparison between petaline chloride and gallamine on the 
frog rectus abdominis muscle. On this preparation, petaline 
chloride was found to have about 50 per cent of the potency 
of gallamine (Fig. 60 , page 326 ).

Ganglion Blocking Activity
(A) Nictitating membrane of the anaesthetised cat.

Petaline chloride in doses of from 2.0 to 4*0 mg. per 
kg. did not produce any direct effect upon the nictitating 
membrane of the anaesthetised cat. In the dose range of
2.0 to 4.0 mg. per kg. petaline chloride caused some reduction 
of the height of contractions of the nictitating membrane in 
response to stimulation of the preganglionic fibres of the 
cervical sympathetic. The height of contraction returned to 
normal within the subsequent second or third contraction.
Fig. 61 (page 327 ) shows a typical effect.

Experiments on Spinal Reflexes
(A) Patellar tendon reflex

Petaline chloride in the dose range of from 10 to 15 mg.
per/
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Fig. 56
Isolated frog rectus abdominis muscle preparation.
Bath 10 ml., bath fluid oxygenated Frog Ringer’s solution 
at room temperature.
All contractions due to 0.10JLg. per ml. acetylcholine. 
Addition of acetylcholine was preceded 30 seconds earlier 
by:-

At P-̂ , 10><g. per ml. petaline chloride.
At P^, 15 jig. per ml. 11 M



Fig, 59
Isolated frog rectus abdominis muscle preparation.
Bath 10 ml., bath fluid oxygenated Frog Ringer's solution 
at room temperature.
All contractions due to 1.0J+g. per ml. acetylcholine. 
Addition of acetylcholine was preceded 30 seconds earlier
t>y;-

At pi’ 5 - M g . per ml. petaline chloride.
At p2, 7• 5^g. per ml ii it•

At p3, 1 0 per ml. M 11

At 5 - M g . per ml. gallamine
At G2’ 7.5 j ( g .  per ml ii•

At ^  9 1 0 J * g . per ml • ft
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Pig* 60
A comparison of the effects of gallamine and petaline 
chloride on acetylcholine-induced contractions of the 
frog rectus abdominis muscle*
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Contractions of the nictitating membrane of the pentobarbitone 
anaesthetised (60 mg. per kg.) cat induced by electrical 
stimulation of the preganglionic fibres of the cervical 
sympathetic using square impulses at a frequency of 1,000 
impulses per minute, 1C volts, pulse width 1 msec, for a period 
of 15 seconds.
Drugs in aqueous solution administered intravenously.
At P, 2 mg. per kg. petaline chloride.

Pig. 61
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per kg., depressed the patellar tendon reflex of the spinal 
cat. The onset of depression was rapid (about 2 minutes) 
and the recovery was complete in about 15 to 20 minutes.
Fig. 62 (page 329 ) shows the results of a typical experiment. 
A similar effect was seen with tubocurarine in a dose range 
which produces neuromuscular block (0.1 to 0.5 mg. per kg.). 
Fig. 63 (page 330 ) shows the effect of tubocurarine on the 
patellar tendon reflex of the spinal cat. The depression 
produced by tubocurarine was much more prolonged than that 
produced by petaline chloride.
(B) Crossed extension reflex

Petaline chloride in the dose range of from 10 to 15 mg. 
per kg., depressed the crossed extension reflex in the spinal 
cat. The onset of effect was rapid reaching a maximum in 
about 2 minutes. The recovery was complete in about 15 to 
20 minutes. The effect of petaline chloride on this reflex 
was compared with that of mephenesin (20 to 40 mg. per kg.), 
which was less effective on this preparation. Fig. 64 
(page 331 ) shows a comparison of petaline chloride and 
mephenesin on the crossed extension reflex of the spinal cat. 
Tubocurarine in a dose range (0.1 to 0.5 mg. per kg.) which 
produces neuromuscular block caused prolonged depression of 
the crossed extension reflex. Fig. 65 (page 332 ) shows the 
effect of tubocurarine on the crossed extension reflex of the 
spinal cat.

Cardiovascular Actions
(A)/
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Fig. 62
Reflex response to electrical stimulation of the patellar 
tendon of the spinal cat.
Frequency 15 per minute, voltage 50, pulse width 5 msec. 
Drugs in aqueous solution administered intravenously.

At P, 15 mg. per kg. petaline chloride.
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Fig. 6 5

Reflex response to electrical stimulation of the patellar 
tendon of the spinal cat.
Frequency 15 per minute, voltage 50, pulse width 3 msec. 
Drugs in aqueous solution administered intravenously.

At TC, 0.20 mg. per kg. tubocurarine.
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Pig. 6 4

Reflex response to electrical stimulation of the cut central 
end of the contralateral sciatic nerve of the spinal cat. 
Frequency 15 per minute, voltage 50, pulse width 4 msec. 
Drugs in aqueous solution administered intravenously.

At P, 12 mg. per kg. petaline chloride.
At M, 40 mg. per kg. mephenesin.
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Fig. 65
Reflex response to electrical stimulation of the cut central 
end of the contralateral sciatic nerve of the spinal cat. 
Frequency 15 per minute, voltage 50, pulse width 4 msec. 
Drugs in aqueous solution administered intravenously.

At TG, 0.20 mg. per kg. tubocurarine.



(A) Blood pressure of the anaesthetised cat
Petaline chloride in doses of from 2*0 to 4*0 mg. per

kg., produced an immediate fall of blood pressure. The level
returned to normal in from 5 to 10 minutes. Pig. 66
(page 334 ) shows the effect of petaline chloride on the blood
pressure of the cat anaesthetised with pentobarbitone. In 
some experiments there was a slow secondary fall after the 
blood pressure level had returned to normal. This was only 
seen with higher doses of petaline chloride.
(B) Blood pressure of the spinal cat

In the spinal cat petaline chloride caused no fall in 
blood pressure in the dose range (2.0 to 4*0 mg. per kg.) 
which produced a fall in anaesthetised cats. Even at doses 
of up to 8.0 mg. per kg. petaline chloride, there was no 
effect on the blood pressure level of the spinal cats.
(C) Blood pressure of the anaesthetised rat

Petaline chloride in doses of from 20 to 60j u g .  per 
100 g. caused an immediate but short-lived fall in the blood 
pressure level of rats anaesthetised with urethane. In some 
experiments when higher doses of petaline chloride were 
administered there was a gradual secondary fall. Pig* 67 
(page 335 ) shows the effect of petaline chloride on the blood 
pressure of an anaesthetised rat.

Petaline chloride in the dose range of from 30 to 40j m g .  

per 100 g. caused slight antagonism to the pressor effects 
of adrenaline or noradrenaline (0.05 to 0.10 j i g .  per 100 g.).



Fig. 66
Record of carotid arterial blood pressure of a pentobarbitone- 
anaesthetised (60 mg. per kg.) cat.
Drugs in aqueous solution administered intravenously.

At P, 2.0 mg. per kg. petaline chloride.
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Fig. 67
Record of carotid arterial blood pressure of urethane- 
anaesthetised (175 mg. per 100 g.) rat.
Drugs in aqueous solution administered intravenously. 
At P, 58j u g *  per 100 g. petaline chloride.
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Fig. 68
Record of carotid arterial blood pressure of the methane 
anaesthetised (175 mg. per 100 g.) rat.
Drugs in aqueous solution administered intravenously.

At N, 0.066 y u g .  per 100 g. noradrenaline.
At P, 33*3 j u g *  per 100 g. petaline chloride.
At A, 0.066 j A . g .  per 100 g. adrenaline.



Fig. 68 (page 336 ) shows the antagonism between petaline 
chloride and noradrenaline or adrenaline.

(D) Isolated perfused rat hindquarters
Petaline chloride in doses of 2.0 to 3«0 mg. produced 

slight vasodilatation in the isolated perfused rat hindquarters 
preparation. In the same dose range it showed slight 
antagonism to the vasoconstrictor effects of 1.0 j u g .  

noradrenaline or adrenaline (Pig. 69 , page 338 ). A dose
of 5.0 mg. petaline chloride antagonised the vasoconstrictor 
action of 3*0 mg. barium chloride. Pig. 70 (page 339) 
shows the antagonism of petaline chloride and barium chloride.

(E) Isolated perfused rabbit and kitten hearts
No differences were noted in the results obtained when 

the experiments were carried out with either rabbit or kitten 
hearts. Petaline chloride in doses of from 2.0 to 4.0 mg. 
caused a slight increase in the rate and amplitude of the 
ventricular contractions. The increased rate and amplitude, 
however, returned to normal in a few minutes (Pig.71 , page340).
A similar effect was seen when the heart was perfused with 
200j u g .  per ml. petaline chloride in "double glucose" Locke*s 
solution. Pig. 72 (page 341 ) shows the effect of perfusion 
with petaline chloride on the isolated kitten heart.

(P) Isolated guinea-pig; auricles
Petaline chloride in the dose range of from 200 to 400 j i g .  

per ml. increased the rate and amplitude of the auricular 
contract ions • /
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Pig. 69
Perfused rat hindquarters. Perfusion with oxygenated Locke 1s 
solution at room temperature. Outflow recorded by Stephenson’s 
outflow recorder.
Drugs in aqueous solution injected into the perfusion cannula.

At N, 1.0 j u g .  noradrenaline
At A, 1.0 j J L g m adrenaline
At P, 2.0 mg. petaline chloride.
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Fig. 70
Perfused rat hindquarters. Perfusion with oxygenated 
Lockefs solution at room temperature. Outflow recorded by 
Stephenson’s outflow recorder.
Drugs in aqueous solution injected into the perfusion cannula. 

At B, 3 mg. barium chloride
At P, 5 mg. petaline chloride.
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Pig. 71
Contractions of an isolated kitten heart perfused by 
Langendorff?s method with oxygenated "double glucose" Lockefs 
solution at 37°C.
Numbers above the recording indicate rate in beats per minute 
before and after administration of the drug.
Drug in aqueous solution injected into the perfusion cannula. 

At P, 2.0 mg. petaline chloride.



102 120 120 116 116 110 110 100

Fig. 72
Contractions of an isolated kitten heart perfused by 
Langendorff1s method with oxygenated "double glucose" Locke’s 
solution at 37°C.
Numbers above the recording indicate the rate in beats per 
minute before and after administration of the drug.
At P, perfusion started with Locke’s solution containing
200 jug. per ml. petaline chloride, and continued for 60 minutes.
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contractions. After washing, the rate and amplitude returned 
to their original levels. Fig. 73 (page 343 ) shows the 
results of a typical experiment. Petaline chloride (200 to 
400 j i g .  per ml.) had no antagonism or very slight antagonism, 
to the effects of 0.10 j g .  per ml. of adrenaline or of 
noradrenaline (Fig. 74 , page 344 ). Petaline chloride did
not show any antagonism or potentiation to the effect of
0.10 j g .  per ml. histamine (Fig. 75 , page345 ). It did,
however, antagonise the effect of 0.02 j u g .  per ml. acetylcholine 
(Fig. 76 , page 346 ).

When the auricles were perfused with Locke's solution 
containing half the usual amount of calcium chloride, the 
amplitude and rate were reduced and the auricles gradually came 
to rest. Petaline chloride (200j u g .  per ml.) added to the 
hath restored the rate to normal and the amplitude to 
supranormal levels. Fig. 77 (page 347 ) shows the results 
of a typical experiment. Similar results were obtained with 
10 j u g .  per ml. digoxin (Fig. 77 , page 347 ).

Effects on Smooth Muscle
(A) Isolated guinea-pig; ileum

Petaline chloride when added in small doses to the bath, 
did not produce any direct effect on the isolated guinea-pig 
ileum. However, large doses (1.0 to 2.0 mg. per ml.) of 
petaline chloride caused a slight increase in the spontaneous 
activity. In doses of 100 j g .  to 1.0 mg. per ml. petaline 
chloride/

-342-



Pig. 73
Isolated guinea-pig auricles. Record of spontaneous 
contractions.
Bath 10 ml., temperature 29°G, bath fluid, oxygenated Locke*s 
solution.
Numbers above the recording indicate rate in beats per minute 
before and after administration of the a ru g .
Drug in aqueous solution in contact with the auricles for 
60 seconds.

At P, 200 ug. per ml. petaline chloride.



Fig. 74
Isolated guinea-pig auricles. Record of spontaneous 
contractions.
Bath 10 ml., temperature 29°G., bath fluid oxygenated 
Locke's solution.
The lower row of figures above the recording indicates the 
rate in beats per minute before and in between addition of 
drugs.
The upper row of figures above the recording indicates the 
rate in beats per minute after addition of drugs.
Drugs in aqueous solution in contact with the auricles for 
60 seconds.

At A, 0.10 jug. per ml. adrenaline.
At N, 0.10jug. per ml. noradrenaline.
At P, 200jug. per ml. petaline chloride.



Fig. 75
Isolated guinea-pig auricles. Record of spontaneous 
contractions.
Bath 10 ml., temperature 29°C, hath fluid oxygenated Locke's 
solution.
Drugs in aqueous solution in contact with the auricles for 60 
seconds.

At H, 0.10 jug. per ml. histamine.
At P, 200 jug. per ml. petaline chloride.

- 345 -



Pig. 76
Isolated guinea-pig auricles. Record of spontaneous 
contractions.
Bath 10 ml., temperature 29°C, hath fluid, oxygenated Locke*s 
solution.
Drugs in aqueous solution in contact with the auricles for 
60 seconds.

At A, 0.02 _><g. per ml. acetylcholine.
At P, 200 jxg. per ml. petaline chloride.
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Fig.
Isolated guinea-pig auricles. Record of spontaneous 
contractions.
Bath 10 ml., temperature 29°C, bath fluid, oxygenated Locke's
solution.

At NL, Lockefs solution.
At LG, the bath fluid changed to "half calcium"

Locke's solution.
At P, 200 ><g. per ml. petaline chloride.
At D, 10_Ag. per ml. digoxin.
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chloride antagonised the responses of 1.0j u g .  per ml. 
acetylcholine (Fig. 78 , page 349 )• Similar doses of 
petaline chloride antagonised the responses of 0.3 per ml.
histamine (Fig. 79 , page 350 ), 1.0>^g. per ml. 5-hydroxy- 
tryptamine (Fig. 80 9 page 351 ), 0.6 mg. per ml. barium 
chloride (Fig. 81 , page 352) and 5»0 nig. per ml. potassium
chloride (Fig. 82 , page 353)* These effects were reversible
on washing and there was a graded inhibition according to the 
dose.
(B) Isolated rat uterus

Petaline chloride in doses of from 20 to 60 j J - g . per ml. 
reduced the height of contractions produced by 0.10 to 0.50 

J t g .  per ml. acetylcholine. There was a graded inhibition 
according to the dose and recovery to control levels was 
usually complete. No direct effect was seen. Fig. 83 
(page 354) shows the results of a typical experiment.
(0)- Toxic effects on the rabbit

Only two rabbits were used. One weighing 2.75 kg. was 
given 30 mg. petaline chloride by intravenous injection. It 
immediately developed convulsive jerky movements, respiration 
stopped and about 3 minutes later the heart ceased to beat. 
After death the animal was flaccid. Similar effects were 
seen in a second rabbit weighing 2.25 kg. which was given 35 
mg. of petaline chloride. These results are similar to those 
of McShefferty and his colleagues (18).
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Fig. 78
Contractions of an isolated strip of guinea-pig ileum 
suspended in 5 ml. of oxygenated Tyroae's solution at 37 C. 
All contractions due to 1.0 j*g. per ml. acetylcholine. 
Addition of acetylcholine was preceded 30 seconds earlier 
by:-

At pi> 400 j u g .  per ml. petaline chloride.
At Po,r 600 j u g .  per ml. it

At 800 j*g. per ml. n tt

At 1 mg. per ml. if »i
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Fig. 79
Contractions of an isolated strip of guinea-pig ileum 
suspended in 5 ml. of oxygenated Tyrode's solution at 
All contractions due to 0 .3 0 ^g. per ml. histamine, 
of histamine was preceded 3 0 seconds earlier oy:-

At pi>
At p 2,
At P3 ’
At V

per ml. petaline chloride.
per ml. ti

per •l—1 & tt ti

per ml. ti tt

37°C.
Addition
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Pig. 80
Contractions of an isolated strip of guinea-pig ileum 
suspended in 5 nil. of oxygenated Tyrodefs solution at 37°0. 
All contractions due to 1.0 jxg. per ml. 5-hydroxytrypamine. 
Addition of 5-hydroxytryptamine was preceded 30 seconds 
earlier by:-

At Pl ’ 100 jxg. per ml. petaline chloride.
At P2, 200 jug. per ml. ii i i

At P3 ’ 300 Jig. per ml. i i i i

At P4 ’ 400 jug. per ml. i i i i
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Contractions of an isolated strip of guinea-pig ileum 
suspended in 5 ml. of oxygenated Tyrode’s solution at 37°C. 
All contractions due to 0.6 mg. per ml. barium chloride. 
Addition of barium chloride was preceded 30 seconds earlier 
by:-

Fig. 31

At pi» 400 jug. per ml. petaline chloride.
At p 2, 600 jug. per ml. tt it

At p3, 800 jug. per ml. it n
At *4’ 1.0 mg. per ml. ii it
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Fig* 82
Contractions of an isolated sxrip of gainea-pig ileum 
suspended in 5 ml, of oxygenated Tyrode's solution at 37 G* 
All contractions due to 5.0 mg. per ml. potassium chloride. 
Addition of potassium chloride was preceued 30 seconds ear'-ie
by:-

At P-,, 600 j*g. per ml. petaline chloride.
At P2, 800 jug. per ml. "
At P,, 1.0 mg. per ml. "
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Pig. 83
Contractions of isolated rat uterus suspended in 5 dJ-. of 
de Jalonfs solution gassed with 95 per cent oxygen and 5 per 
cent carbon dioxide at a temperature of 29°C.
All contractions due to 0.50^g. per ml. acetylcholine. 
Addition of acetylcholine was preceded 30 seconds earlier by

At P^, 40 jug* per ml. petaline chloride.
At P 2, 60jug. per ml. 11 11
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C H A P T E R  IV
D I S C U S S I O N

Petaline chloride, an alkaloidal salt obtained from 
Leontice leontopetalum Linn, is a potent convulsant which 
in mice is apparently 5 to 7 times as powerful as leptazol 
but is only one-third as active as picrotoxin. The CD50 
of petaline chloride in the mouse was 6.6 mg. per kg.
(Fig. 44, page 303), whereas those of leptazol and picrotoxin 
were 40 mg. per kg. (Fig. 44, page 303 ) and 1.8 mg. per kg*
(Fig. 45, page 304 ) respectively. The convulsant effects 
of petaline chloride in mice were similar to those observed 
by McShefferty and his co-workers (l) who in mice obtained 
varying degrees of stimulation of the central nervous system 
with a dose of 3 nig. per kg. of petaline chloride. These 
workers (l) using mice also observed respiratory distress, 
cardiac disturbances and coma preceded by powerful spasms 
with 28 mg. per kg. leonticine, another alkaloid obtained from 
Leontice leontopetalum Linn. In the rabbit petaline chloride 
produced immediate convulsive movements followed by death, 
the speed of death depending upon the dose. This confirms 
the findings of McShefferty and his co-workers (l). Thus, 
it appears that petaline chloride has distinct convulsant 
properties. Certain alkaloids from plants of the Berberidaceae 
and related families have also been reported (2-7) to exhibit 
convulsant activity in frogs, mice and rabbits.

Lower/
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Lower doses of petaline chloride were found to reduce 
the eonvulsant activity of a subsequent dose of leptazol.
It was observed that by pre-treating mice with 2.5 or 5 mg. 
per kg. of petaline chloride the CD50 of leptazol was 42.8 
or 43*5 mg. per kg. respectively (Pig. 48, page 309 ), but 
when the mice were pre-treated with 8 mg. per kg. of petaline 
chloride the CD50 of leptazol was found to be 35 mg. per kg. 
(Pig. 48, page 309 ).

The LD50 of petaline chloride and leptazol were 9*2 and 
56 mg. per kg. respectively in mice (Pig. 46, page 305 ). On 
pre-treatment of the mice with 2.5 or 5 mg. per kg. of petaline 
chloride the 1D50 of leptazol was now found to be 64 or 70.7 
mg. per kg. respectively (Pig* 49, page 310 ), but on pre
treatment with 8 mg. per kg. petaline chloride the 1D50 of 
leptazol was altered to 48 mg. per kg. (Pig. 49, page 310 )•
Thus it appears that lower doses of petaline chloride may give 
some protection but higher doses increase both the eonvulsant 
activity and toxicity of leptazol.

Similarly, smaller doses of petaline chloride were 
apparently capable of conferring some protection in mice against 
electro-shock seizures. It was found that petaline chloride 
in doses of 1.6, 2.5 or 3*3 mg. per kg. protected mice from 
subsequent electro-shock by 10, 25 or 37.5 per cent (Pig. 50, 
page -312 ), but a dose of 5 mg. per kg. petaline chloride 
gave only 20 per cent protection (Pig. 50, page 312 ). It 
seems that lower doses of petaline chloride may give some 
protection against electro-shock seizures but larger doses 
reduced/
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reduced the protection conferred. When compared with 
phenobarbitone, petaline chloride was found to be much less 
potent in protecting mice from electro-shock seizures.

Petaline chloride has muscle relaxant properties similar 
to those of tubocurarine, but it is much less potent than 
tubocurarine. On the cat gastrocnemius muscle-sciatic nerve 
preparation, petaline chloride was from twenty to twenty-five 
times weaker than tubocurarine (Pig. 51, page 314 ). On 
the isolated rat phrenic nerve-diaphragm preparation petaline 
chloride was found to be more or less equipotent with 
gallamine (Pig. 57, page 322 ). On the isolated frog rectus 
abdominis muscle preparation petaline chloride had about 50 
per cent of the potency of gallamine (Pigs. 59, 60, pages 325, 
326 ). The latter result is similar to that obtained by 
McShefferty and his co-workers (1).

Petaline chloride depressed the patellar tendon reflex 
(Pig. 62, page329 ) and the crossed extension reflex (Pig. 64, 
page 331 ) and was apparently more effective than mephenesin 
with respect to the latter (Pig. 64, page 331 ). Similar 
effects on the patellar tendon reflex (Pig. 63, page 330 ) 
and crossed extension reflex (Pig. 65, page 332 ) were seen
with tubocurarine in doses which produced neuromuscular block. 
The depressant effect on the patellar tendon reflex and the 
crossed extension reflex produced by petaline chloride may 
be due to its muscle relaxant properties.

Petaline chloride caused an immediate but short lived 
fall in the blood pressure levels of the anaesthetised cat 
(Pig. 66, page 334 )/
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(Pig. 66, page 334) or rat (Pig. 67, page 335) and caused 
slight antagonism to the pressor effects of adrenaline and 
noradrenaline (Fig. 68, page 336 ). It caused some reduction 
in the height of the contraction of the nicitating membrane 
in response to electrical stimulation of the preganglionic 
fibres of the cervical sympathetic in the anaesthetised cat 
(Fig. 61, page 327 ). On the isolated perfused rat hind
quarters, petaline chloride produced slight vasodilatation 
and antagonism to the vasoconstrictor effects of adrenaline, 
noradrenaline (Fig. 69, page 338) or barium chloride (Fig. 70, 
page 339 ). The rate and amplitude of the contractions of 
the isolated kitten or rabbit heart were increased by 
petaline chloride (Figs. 71, 72, pages 340, 341). Similar 
results were obtained in isolated guinea-pig auricles (Fig.
73, page 343 ) where it did not alter the characteristic actions 
of adrenaline, noradrenaline (Fig. 74, pages 344 ) or 
histamine (Fig. 75, page 345 ) but antagonised the effect of 
acetylcholine (Fig. 76, page 346 ). When the auricles were 
perfused with Lockefs solution containing half the usual 
amount of calcium chloride, the amplitude and the rate were 
reduced and the auricles gradually came to rest. Petaline 
chloride added to the bath restored the rate to normal and the 
amplitude to supranormal levels (Fig. 77, page 347 ). Similar 
effects were seen with digoxin (Fig. 77, page 347 ).

In the isolated guinea-pig ileum petaline chloride 
depressed the stimulant actions of acetylcholine (Fig. 78, 
page 349), histamine (Fig. 79, page 350 ), 5-hydroxytrymptamine 
(Fig. 80, page 351), barium chloride (Fig. 81, page 352 ) 
and/
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and potassium chloride (Pig. 82, page 353)* Similarly 
petaline chloride depressed the stimulant action of acetylcholine 
on the rat uterus (Pig. 83, page 354).

It is reported (l) that the "juice” prepared by pounding 
the fresh tubers of Leontice leontopetalum Linn has been 
used as a native remedy for curing epilepsy. In Chapter I 
of this part of the thesis the procedure of the treatment 
has been described. During the period of administration of 
this "juice” the patient is said to have convulsions which 
recur every 2 or 3 minutes. The convulsant properties of 
petaline chloride, an alkaloidal salt obtained from Leontice 
leontopetalum Linn confirm the convulsant activity of the 
"juice". Petaline chloride had slight anti-convulsant 
activity. It produced slight protection to leptazol-induced 
convulsions and electro-shock seizures in mice. It also had 
tubocurarine-like muscle relaxant properties. When these 
actions are taken in conjunction with its cardiovascular 
actions, in particular the effects on isolated auricles 
depressed in a low calcium medium,then there may be some basis 
for its use in folk medicine. It must not, however, be 
forgotten that the "juice" used undoubtedly contains other 
substances (i) and the disease reported to have been treated 
may not have been correctly diagnosed by the native physicians 
or the sufferer’s relatives. Unfortunately other active 
substances obtained from Leontice leontopetalum Linn (l) were 
not available for pharmacological investigation at the time 
of writing this thesis. It is hoped that it will be possible 
to complete this investigation in the future. The results 
presented/ - 361 -



presented do not in the writer’s view make out any case for 
using petaline chloride in epilepsy, rather the converse is 
true.
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C H A P T E R V 
3 U M M A It Y

In Chapter I of this part of the thesis the earlier 
literature on the plant genus Leontice has been summarised, 
and the pharmacognosy of Leontice leontopetalum Linn, 
described. A description of the method of preparation of 
the "juice" from the tubers of Leontice leontopetalum Linn, 
and of its administration for the treatment of epilepsy 
by native physicians has been given. A short account of the 
chemical investigation of the plant genus Leontice along with 
the method used for the isolation of the alkaloidal salt 
petaline chloride from Leentice leontopetalum Linn, has been 
described. Pharmacological properties of the alkaloids obtained 
from the plants of the Berberidaceae and related families and 
those of Leon»ico leontopetalum Linn, have been summarised.

In Chapter II of this part, the various experimental 
procedures used in the investigation of the properties of 
petaline chloride are described. These involve the use of 
conscious and anaesthetised animals as well as isolated tissues.

In Chapter III of this part, the results of the 
pharmacological investigation of petaline chloride are described. 
Petaline chloride was found to be a eonvulsant substance 
apparently five to seven times as powerful as leptazol but only 
one-third as potent as picrotoxin. At loiver dose levels it 
reduced the eonvulsant activity of leptazol and apparently 
gave/
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gave some protection from electrically induced seizures in 
mice. It had tubocurarine-like muscle relaxant activity 
and depressed the patellar tendon reflex and the crossed 
extension reflex. It caused a fall of blood pressure in the 
anaesthetised cat or rat and increased the rate and amplitude 
of the isolated intact heart or auricles. On the smooth muscle 
of the intestine or uterus it antagonised the contractions 
produced by different spasmogens.

In Chapter IV of this part, the properties of petaline 
chloride are discussed in relation to the use of the "juice" 
prepared from tubers of Leontice leontopetalum Linn, in folk 
medicine.

It is concluded that petaline chloride is a powerful 
convulsant poison and therefore of very dubious value in 
epilepsy.
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A P P E N D I X  I
Prog sartorius muscle preparation

Experiments were carried out to see whether the drugs 
used in the experiments described in Part I of this thesis 
had any direct effect upon the isolated frog sartorius muscle 
at the dose levels used in the tracer studies. The method 
adopted was similar to that described in Part II of this 
thesis for experiments on the isolated frog rectus abdominis 
muscle (page 270 )•

Dissection was carried out as described earlier (page 82 ).
Common frogs (Rana temporaria) unselected as to age or sex 
were stunned by a sharp blow on the base of the head and 
decapitated. A pithing needle was passed down the spinal 
canal to destroy the spinal cord and so to prevent reflex 
movements. The skin covering both thighs and pelvic regions 
was reflected to expose both ends of the two sartorius 
muscles. Each muscle was dissected, care being taken to 
prevent damage to the muscle fibres. The distal tendons 
were sectioned and the muscles freed by cutting through the 
pelvic attachments as close to the pelvis as possible. The 
muscle was then suspended in a 5 nil. or 10 ml. organ bath by 
means of two threads, one tied to each end of the muscle.
A loop was made in the thread at one end in order to fix the 
muscle to the bent platinum wire at the bottom of the oxygen 
delivery/
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delivery tube. The long thread on the other end was tied 
to a frontal point writing lever which recorded the 
contractions of the muscle on a moving smoked surface. The 
bath contained oxygenated Prog Ringer’s solution at room 
temperature. Drugs in aqueous solution were added directly 
to the bath and the contraction recorded for 60 or 90 
seconds. In experiments with ryanodine the drug was kept 
in contact with the muscle for from 3 to 5 minutes.
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R E S U L T S
The following drugs caused contraction (or contracture) 

of the isolated frog sartorius muscle - decamethonium (100 
to 300j u g .  per ml.), nicotine (0.5 to 1 mg. per ml.), 
neostigmine (50 to 200jxg. per ml.), suxamethonium (2 to 10 
mg. per ml.), carbachol (2 to 10 mg. per ml.) and ryanodine 
(20 to 100j u g *  per ml.), (Figs. 84, 85). The effect of 
ryanodine was delayed by 2 or 3 minutes.

The following drugs did not show any direct effect on 
the isolated frog sartorius muscle - edrophonium (0.5 to 
2 mg. per ml.), protoveratrine A ( 2 0 0  J U g .  to 1 mg. per ml.), 
protoveratrine B (200j u g .  to 1 mg. per ml.), tubocurarine 
and gallamine.
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Fig. 84.
Isolated frog sartorius muscle preparations.
bath 5 ml.; bath fluid, oxygenated Frog Ringer's solution
at room temperature.
Contractions due to decamethonium, nicotine and neostigmine 
in contact with the muscle for 90 seconds.
At Di> 1 0 0 per ml. decamethonium.
At D2 , 2 00 per ml. i i

At d 5 , 3 0 0 * per ml. it

At N i l , 0.5 mg-. per ml. nicotine
At cv

•H£5 0.75; mg. per ml. i i

At Hi-, 1 . 0 mg. per ml. i i

At 1—1 
£5 50 ^g. per ml. neostigmine

A t n 2 , 1 0 0 per •I—
1a ti

At 2 0 0 per ml. i i
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Pig. 85
Isolated frog sartorius muscle preparations.
iatn 5 ml.; bath fluid, oxygenated Prog Ringer’s solution
at room temperature.
Contractions due to ryanodine for 3 minutes and suxamethonium 
and carbachol for 60 seconds.
At R, 100 j u g .  per ml. ryanodine 
At S, 2.5 mg. per ml. suxamethonium
At C, 2 mg. per ml. carbachol
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T R A C E R  S T U D I E S
A series of experiments was carried out to see if there 

was any effect upon the flux of ions in the isolated frog 
sartorius muscle when the control solutions of the drugs 
obtained commercially were used. Control solutions of the 
following commercial drugs were used - suxamethonium, 
decamethonium, neostigmine, edrophonium and gallamine. 
Experiments were carried out exactly as has been described 
earlier (pages 82-93 ) to study the uptake and
release of calcium-47 and potassium-42 and sodium-24 uptake. 
Along with each drug control solution a control experiment 
was carried out using Frog Ringer’s solution.
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Suxamethonium control solution did not cause any 
apparent effect on the uptake and release of calcium-47 or 
potassium-42 or in sodium-24 uptake (Pigs. 86, 87, 88).

Decamethonium control solution did not cause any apparent 
effect on the uptake and release of calcium-47 or potassium- 
42 or in sodium-24 uptake (Pigs. 89, 90, 91)*

Neostigmine control solution did not cause any apparent 
effect on the uptake and release of calcium-47 or potassium- 
42 or in sodium-24 uptake (Pigs. 92, 93, 94).

Edrophonium control solution did not cause any apparent 
effect on the uptake and release of calcium-47 or potassium- 
42 or in sodium-24 uptake (Pigs. 95, 96, 97).

G-allamine control solution did not cause any apparent 
effect on the uptake and release of calcium-47 or potassium- 
42 or in sodium-24 uptake (Pigs. 98, 99, 100).

R E S U L T S
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suxamethonium control solution.
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Pig. 87
Effect of suxamethonium control solution on the release 
of calcium-47 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the suxamethonium control solution.
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Fig, 88
Effect of suxamethonium control solution on the release 
of potassium-42 from isolated frog sartorius muscle, The 
vertical arrow indicates the point of exposure of the test 
muscle to the suxamethonium control solution*
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Fig. 93 . .
Effect of neostigmine control solution on the release of 
calcium-47 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the neostigmine control solution.
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. Fig. 94 *
Effect of neostigmine control solution on the release of 
potassium-42 from isolated frog sartorius muscle. The 
vertical arrow•indicates the point of exposure of the test 
muscle to the neostigmine control solution.

-  381 -



A B 0
Pig. 95

Uptake of calcium-47 (A), potassium-42 (B) and sodium-24 
(C) by isolated frog sartorius muscle in the presence of 
edrophonium control solution.
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Effect of edrophonium control solution on the release of 
calcium-47 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the edrophonium control solution.
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Pig. 97 . '
Effect of edrophonium control solution on the release of 
potassium-42 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the edrophonium control solution.
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Fig< 99
Effect of gallamine control solution on the release of 
calcium-47 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the gallamine control solution.
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Pig. 100
Effect of gallamirie control solution on the release of 
potassium-42 from isolated frog sartorius muscle. The 
vertical arrow indicates the point of exposure of the test 
muscle to the gallamine control solution.
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In Table 39 (page 394 ) are given the formulae of the ' 
saline solutions used in the experimental work described in 
this thesis. All the chemicals used were of !fAnalar,, quality 
and only glass distilled water was used. In some cases 
aqueous stock solutions of certain salts were prepared to 
facilitate the rapid preparation of a saline solution. With 
the exception of sodium bicarbonate solution these stock 
solutions could be used for about two weeks after their 
preparation. Sodium bicarbonate stock solution was freshly 
prepared every three or four days. Glucose was added in 
the solid form to each batch of saline. .

- 393 -



TABLE 39.
Formulae of Physiological Saline Solutions

Salts 
(g. per litre)

Prog Ringer*s 
solution

Tyrode1s 
solution

Locke1s 
solution

de Jalon's 
solution

Sodium
chloride 6*5 8.0 9.0 9.0
Potassium
chloride 0.14 0.20 0.42 0.42
Calcium
chloride
anhydrous 0.12 0.20 0.24 0.06
Sodium
hydrogen
phosphate
(dihydrate) 0.05
Sodium
bicarbonate 0.20 1.0 0.50 0.5
Magnesium
chloride — 0.10 — —

Glucose 2.0 2.0 1.0 1.0


