VL

Universit
s of Glasgowy

https://theses.gla.ac.uk/

Theses Digitisation:

https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/

This is a digitised version of the original print thesis.

Copyright and moral rights for this work are retained by the author

A copy can be downloaded for personal non-commercial research or study,
without prior permission or charge

This work cannot be reproduced or quoted extensively from without first
obtaining permission in writing from the author

The content must not be changed in any way or sold commercially in any
format or medium without the formal permission of the author

When referring to this work, full bibliographic details including the author,
title, awarding institution and date of the thesis must be given

Enlighten: Theses
https://theses.qgla.ac.uk/
research-enlighten@glasgow.ac.uk



http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
http://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/
https://theses.gla.ac.uk/
mailto:research-enlighten@glasgow.ac.uk

STUDIES ON THE MODE OF ACTION OF QUATERNARY

AMIIONIUNM COMPOUNDS WITH INMUSCLE RELAXANT AND

OTHER PHARIACOLOGICAL ACTIVITIES

A Thesis submitted to the University
of Glasgow in candidature for the

degree of

Doctor of Philosophy
in the -
Faculty of lMedicine
by
Thomas €. lMuir, B.Sc., M.P.S.

Division of Experimental Pharmacology,
Institute of Physiology,
The University,

Glasgow,

March 1962.



ProQuest Number: 10656287

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 10656287

Published by ProQuest LLC(2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, M 48106- 1346



ACKNOWLEDGELMENTS

The author wishes to thank Professor R,C.Garry,
Regius Professor of Physiology and Professor S, Alstead,
C.B.E., Regius Professor of lMateria lledica and
Therapeutics at the University of Glasgow for the
opportunity to carry out this research, and for their
kind interest and encouragement.

He wishes to express hislsincere gratitude to
Mr, J.J. Lewls, Senior Lectufer in Experimental
Pharmacology at the University of Glasgow, for suggesting
the problem and for contlnued advice, and to acknowledge
his indebtedness to Dr, M. Martin-Smith, Senior Lecturer
in Pharmaceutical Chemistry at The Royal College of
Scilence and Technology, Glasgow, for many helpful
discusslons and constructive criticisms. The making
.available of certain unpublished results and the kindly
interest shown by Professor E.J. Arigns, of the University
of Nljmegan, Holland, 1s also gratefully éppreciated.

He would 1like to thank Professor J.B. Stenlake
and colleagues at The Royal Coilege of Science and
Technology, Mr. D, Brown, Beechams Laboratories Ltd,,
Dr. R.B. Barlow of the Department of Pharmacology of
the Unlversity of Edinburgh, Dr. H. lorren, Union

Chimique Belge, Brussels, Belgium and Dr. J.G.A. Fakstorp,



Aktleselskabet Pharmacia, Copenhagen, Denmark, for
gifts of the compounds investigated in thils thesis.

He 1s also indebted to Mr. R. Callander for
drawing the line diagrams, for lettering the figures
and for copying the formlae, to Mr, P, Leltch for
technical assistance and to Mrs, E. Stirling for typing
this thesis.

Finally, his sincere appreciation of his
colleagues in the Division of Experimental Pharmacology

of Glasgow Unlversity is gratefully acknowledged.



LIST OF PUBLICATIONS

Certain aspects of the work described in
this thesis have been published with J.J. Lewis
and with D. Edwards, D.E. MecPhail and J.B. Stenlake.

The publications are as follows:

Neuromuscular Blocking Activity in some NS-Bis-Onium

Compounds. J. Pharm., Lond. Suppl. (1959) 11,
91-947T.

Neuronmuscular Blocking Agents. Part VII.

J. Pharm., Lond. Suppl. (1960) 12, 137-152T.

Neuromuscular Blocking Agents. Part VIII.
J. Pharm, Lond., (1961) 13, 543-547.

The following articles have also been
published by the author of this thesis conjointly

with J.J. Lewis.

The Laboratory Estimation of Curare-Like Activity

in Natural and Synthetic Products. Laboratory

Practice (1959) 8, No. 10, 333-3%8; 8, No. 11,
364-368; 8, No. 12, 404-407.

The Laboratory Evaluation of Ganglion Blocking Agents.
Laboratory Practice (1960) 9, Wo. 6, 382-386; |

Reprints of the above publications are to be

found at the end of the thesis.



The conventions used in'this thesis are
those of the Journal of Physiology. Where journal
abbreviations did not appear in the 'Suggestions to
Authors' (J. Physiol. (1960), 150, 1-3%), resort was
made to 'World Medical Periodicals', published by.
the World Iledical Association, New York (1957).

In the case of réferences to patents, the
convention of the Journal of the Chemical Society
was used, Figures and Tables appear on the left
‘hand side in the order in which they are referred
to in the text. The conventions used in the chémical
formulae are also those of the Journal of the

Chemical Society.




I NNDEX

ACKNOWLEDGIENTS

LIST OF PUBLICATIONS AND CONMUNICATIONS

CHAPTER I
Page
INTRODUCTION
General Introduction | 1
The lMechanism of Action of 5
Neuromiscular Blocking Agents -

Non-Depolarizing Muscle Relaxant Drugs 16

Depolarizing lMuscle Relaxant Drugs 19
Muscle Relaxants and the 21
Receptor Theory
Muscle Relaxants and the Theory ’ 39
of Blological Antagonism
The Classification of 42
Muscle Relaxant Drues
Chemical Structure and 47
Muscle Relaxant Activity
llonogquaternary Derivatives 55
Bisquaternary Derivatives 56
Polyquaternary Derivatives 68

Purpose of Research T2




I'l DE X (contd.)

CHAPTER I

EXPERILENTAL METHODS

Experiments Using Cats

The Cat Gastrocnemius Muscle-Sciatic
Nerve Preparation

Recording the Blood Pressure of the
Anaesthetized Cat

The NWlctitating Membrane Preparation

To Record the Effect of Drugs on the

Respiration of the Anaesthetized Cat
and Rabbilt

Experiments on the Respiration of the
Anaesthetized Rabbit Using the Method
Devised by Gaddum

Experiments Using Avian Species

Experiments on chicks

The Chicken Gastrocnemius
Muscle-Sciatic Nerve Preparation

Experiments Using Rabbits

The Estimation of the Head Drop Dose

Experiments on Mice

Estimation of the Approximate Median
Paralyzing Dose (P.D.50)

Estimation of the Approximate lMedian
Lethal Dose (L,D,50)

Experiments on the Isolated Perfused
Rabbit Heart

Page
74
74

74
77
78

79

81

82
83

84

85
85
87

87

87

88



INDEZX (contd,)

CHAPTER I

Experiments Using the Isolated
Gulnea Pig Ileum

Inhibition of the Peristaltic Reflex

Experiments Using the Isolated Frog
Rectus Abdominis lMuscle

Experiments Using Frog Rectus Abdomlnis
Muscle Based on the Technlique of Arilens
and his Associates

EXPERIMENTAL RESULTS

RESULTS OF EXPERIMENTS DESIGNED TO
INVESTICGATE NEUROMUSCULAR BLOCKING POTENCY

Cat Gastrocnemius Muscle-Scilatlc
Nerve Preparatlion

Effect of Indirect Tetanization of
the Partially Blocked Muscle

The Effect of Tubocurarine and

Decame thonium on the Block Produced
by Compounds in Groups 1 and 2

Tubocurarine
Decame thonium
Effect of Ether Anaesthesla
Studies on Drug Antagonism
Edrophonium
Neostlgmine

Adrenaline

Page
90
90

93

06
99

99

101

104

105

106
107
108
109
110
111
112



INXNDEZX (contd,)

CHAPTER I

The Rabbit Head Drop Test

The Effect of Neostigmine upon
the Magnitude of the Head Drop Dose

Experiments on Avlian Muscle

Chick Paralysis Test

Chicken Gastrocnemlus Muscle-Sciatic
Nerve Preparation

Frog Rectus Abdominis Muscie

RESULTS OF TESTS OTHER THAN THOSE
DESIGNED TO INVESTIGATE NEUROMUSCULAR
BLOCKING POTENCY

Effects on the Blood Pressure of the
Anaesthetized Cat

Estimation of Ganglion Blocking Activity

Cat Nictitating Membrane Preparation
Sympathetic Ganglion Block

Guinea Plg Ileum-Parasympathetilc
Ganglion Blocking Activity

Experiments Upon Mice

Estimation of the Approximate Median
Paralyzing Dose (P.D.50)

Estimation of the Approximate Median
Lethal Dose (L.D,50)

Experiments on the Isolated Perfused
Rabbit Heart

Experiments on the Respiration of thse
Anaesthetized Rabblt and Cat

Page
115

116

117
117

117

119

120

120

121

122
122

122

123

125

125



INDEZX (contd.)

CHAPTER I
Page
EXPERIMENTS ON THE ISCLATED FROG
RECTUS ABDOMINIS MUSCLE USING ARIENS! 127
TECHNIQUE :
DISCUSSION . ‘ 136
SUMMARY 172

BIBLIOGRAPHY 175

e e 3




I ¥DEX (contd.)

CHAPTER II

Studlies on the Anti-cholinesterase Activity of

a_number of Bis- and Polyonium, Aliphatic Compounds

Posgessing Neuromuscular Blocking Propertiles.

Page
INTRODUCTION 216
VMETHOD - 221
EXPERIMENTAT RESULT§=é§P DISCUSSION 223
SUMMARY 231
BIBLIOGRAPHY 233
APPENDIX T 237
APPENDIX II | 238

APPENDIX III 247



CHAPTER I

Page

INTRODUCTION 1- 7L



QEEERQE=;N@EQDUCTION

The advent of drugs posséssing the ability
to produce a specific relaxation of skeletal muscle
has had far reaching 1mplicationsrin surgery and
anaesthetlcs. Thelr Introduction, approximately
twenty years ago, as adjuncts in anaesthesia, has
obviated the need for the high doses of the
anaesthetic agent otherwise required for the dual
purpose of relieving paln and preparing the skeletal
miscles for surglical manipulation. Lower doses of the
anaesthetic could thus be used solely for the analgesic
function, with a consequent gain 1n the safety margin.
Muscle relaxants have also proved valuable in the
treatment of tetanus, epllepsy, in the prevention of
trauma during electroshock therapy and in several
types of orthopaedic procedures.

Each of the three muascle relaxant preparations
in current clinical use, namely gallamine, tubocurarine
end suxamethonlum are capable of producing undesirable
side effects. Gallamine may produce tachycardia
(Riker & Wescoe, 1951), tubocurarine can cause both
histamine release (Sniper, 1952) and ganglion blockade
(Foldes, 1960), while the occurrence of rmscle pain

and the lrreversible nature of the paralysis produced



by suxamethonium and other depolarizing drugs are
disadvantages to theilr use (Foldes, 1960). The need
for an easily reversible nsuromuscular blockiﬁg agent,
free from side effeéts and preferably possessing a
tubocurarine-like mode of action persists and remains
the mandate for contlnued chemical and pharmacological
research in this field.

- A very large nﬁmber of compounds have been
prepared since the introduction of the first
blologically standardized muscle relaxant preparation,
Intocostrin, into c¢linical anaesthesla (Griffith &
Johnson, 1942). The continuing search for better
miscle relaxents has necessitated a vigorous laboratory
investigation of the precise pharmacological propertles
of these drugs and present day kmowledge stems largsely
from experiments using iaboratory animals, Ythile the
correlation of such information with c¢linical experience
- 1s often difficult, only a detailed and accurate.
experimental assessment of thelr basic mode of action
will permit the safe and rational clinical use of
miscle relaxant compounds., The mode of action of
Intocostrin was believed to be characteristic of all
miscle relaxant compounds but the introduction of

decamethonlum (Barlow & Ing, 1948a,b; Paton &



Zaimis, 1948a) revealed a second and different
mechanlsm. Present day concepts distingulish at
least three basic types of muscle relaxants (Van Rossum,
Arigns & Linssen, 1958). lMoreover, the existence of
drugs possessing a dual mode of action, first
demonstrated by Zaimis (1952), has emphasized the
necessity for a careful pharmacological evaluation of
these compounds prior to their clinlcal assessment.
Progress towards an aécurate pharmacological
investigation of musele relaxant drugs has been made by
the planned preparation of many series of compounds
closely related in chemical structure. Among these
have been several series of homologous compounds, for
example, polymethylene bisgquaternary methonium compounds
(Barlow & Ing, 1948a,b; Paton & Zaimis, 1948a,b), from
the study of which certaln correlations between chemical
structure and pharmacological activity were derived.
The dominant characteristic of the majority of these
drugs was the presence of one or more guaternary
ammonium groups in the molecule, yet the observed
blologlcal response was also affected by other molecular
constituents. Among the more interesting chemical
features associated with muscle relaxant activity in

synthetic compounds, is the ether oxygen function,



While many ether-containing muscle relaxants have been
prepared, atterpts to evaluate the precise role of the
ether link have been vague and inconclusive, On the
other hand, its presence in many clinically useful
dfugs, for example, tubocurarine, tubocurarine dimethyl
ether, laudexium, gallamine and oxydipentonium, has
- underlined the association of this chemical function
with the phenomenon of neuromuscular block. One of
the principal contributions of pharmacology is to
esatablish the basic mode of action of groups of drugs
which appear to act in a similar fashlon, By a
careful evaluation of the effect of individual
structural features on pharmacological behaviour,
~desirable chemlcal features may be retained in new
drugs and those believed to be responsible for the
devélopment of undesirable properties eliminated.
Moreover thls contribution will be enhanced if the
activity of thé compounds Investigated can be placed in
a perspective embracing the entire fileld of mascle
relaxant drugs. | |

The work undertaken in this thesls represents
an attempt to establish the baéic mode of action of a
number of synthetic muscle relaxant compounds and‘

where posslible to correlate their chemical structure



with the pharmacological activity observed. Particular
attentlon was pald to the presence of the ether oxygen
function in certain of the compounds studied, and an
endeavour was made to assess 1its contribution to the
ruscle relaxant potency of these drugs.

tion of Neuromuscular Bloclking

e e

The Mechanism of Ac Agents.

The classic experiments of Claude Bernard
(1856), were not only the first dempnstrations that
curare exerted its paralyzing action peripherally at
the junction of nerve and musdle, leaving both structures
unimpaired, but also indicated the speclalized nature
of this region and stirmlated interest in 1its
properties, Subsequent histologlcal and physiological
investigations have led to the view that while the nerve
impulse traverses the fibres by electrical propagation
(Bernstein, 1902), its transmission from neuron to
neuron or from neuron to effector cell 1s mediated by
specific chemlcal substances llberated frém the nerve
terminals, The existence of chemlical mediators or
neuro-hormones was first suggested by Elliott (1905),
who postulated the existence of sympathin to explain
transmission in the sympathetic nervous system. The
same concept was subsequently applied to parasympathetic

fibres (Le Heux, 1919, 1921; Dale, 1914; Dale & Dudley,



1929; Loewi, 1921; Loewil & Navratil, 1926) and
conclusive proof was provided nearly twenty years later
by the elegant demonstration by Dale, Feldberg and
Vogt (1936) of the existence of acetylcholine in the
perfusion fluid from the mammallan neuromscular
‘junction.following stimlation ofrthe motor nerve,

The acetylcholine-Iintensifying action and the anti-
curare effect of anticholinesterase drugs (Brown, Dale
& Feldberg, 1936; Bacq & Brown, 1937; see also reviews
by: Dale, 1937; Brown, 1937a,b; Eccles, 1936, 1937)
lent further support to this view, as did the effect
of curare-like substances in preventing acetylcholine-
induced twltch-like responses of skeletal muscle
(Brown et &l, 1936).

In order to understand the mechanism of action
of muscle relaxant drugs, 1t 1s necessary to consider
both the structure of the neuromﬁscular synapse and the
normal physlologlcal sequence of events occurring there.
Present day concepts are derived from improved recording
techniques using microelectrodes by which the intimate
mode of action of acetylcholine has been studied
intensively (Fatt & Katz, 1951; Fatt, 1954; Del Castillo
& Katz, 1956; Eccles, 1957).;. Recent histological

studies of the neuromuscular synapse (Couteaux, 1947,



1955; Robertson, 1956, 1957a,b) have revealed the
extensive branching of the motor nerve prior to 1lts
termination (Eccles, 1953),. and the structural
differentiation of the junctlonal region. The evidence
suggests that there is no direct cytoplasmic continulty
but merely a close association between the nerve endings
and the muscle fibre, the former lying in troughs 1in
the surface of the iétter (Eccles, 19572;‘Kétz, 1959;
Couteaux, 1955). Physiological observations have
confirmed the apparently speclalized role of the motor
end plate in neuromuscular tranémissioﬁ (Katz, 1958).
The neurormscular synapse is more readily fatigﬁed
in a nerve-mscle preparation than either nerve or
musclé fibres (Nachmansohn, 195Q§). Furthermore the}
junctional region possesses not only a high aﬁd specifiec
sensitivity to acetylcholine (Buchthal & Lindhard, 1942:
Kuffler, 1943, 1945), but also a relatively higher
concentration of acetylchollinesterase than other tissues
(Couteaux & Nachmansohn, 1940; douteaux, 1955), MNoreover
it differs qualitatively and qﬁantitatively from other
parts of the muscle and nerve in its response to many
drugs, including certain muscle relaxants (Katz, 1959).
Acetylcholine is synthesized by a reaction

Involving choline and acetylcoenzyme A (Nachmansohn,



1946; Lipmann & Kaplan, 1946) in the presence of

choline acetylase which appears to occur in the
mitochondria (Hebb & Smallman, 1956). The energy for
thls reaction 1s supplied by adenosinetriphosphate
(Nachmansohn & Machado, 1943) or from the metabolism

of glucose or pyruvate (McIlwain, 1959). In the
resting state the acetylcholine 1s stored in an inactive
protein-bound form (Nachmansohn, 1952b) within the motor
nerve fibre (Feldberg, 1945, 1950)., The presence of
vesicles in the terminal portion of motor neurones

(De Robertis & Bemnett, 1955; Palade, 1954; Palay, 1954)
1s believed to be intimately associated with this
storage of bound acetylcholine,

| The release of acetylcholine takes place in
response to nerve impulses passing along the motor
fibre (Kuffler, 1949)., The transmitter may then diffuse
across the Jjunctional region to become momentarily
attached to a hypothetical Specific;receptor site on
the post synaptic membrane of the motor end plate
(Eccles, 1953;- Del Castillo & Katz, 1957). There is
also evidence to suggest that acetylcholine-receptors
exist both in nerve terminals (Hasland & Wigton, 1940;
Riker, Roberts, Standaert & Fujimori, 1957; Riker,

Werner, Roberts & Kuperman, 1959), and in the axon itself



(Rosenberg & Ehrenpreis, 1961). The process of
liveration of acetylcholine is nelther fully understood
nor easily investigated (Del Castillo & Katz, 12£56).
While its release from the nerve terminal has been
frequently studied (Eccles, 1937), this site is not the
only source of acetylcholine (Nachmansohn, 1959b).
Histochemical (Koelle & Koelle, 1958) and biochemical
(Nachmansohn, 1959b,c) evidence has confirmed the
presence of acetylcholine in sensory filbres (Chang,
Hsieh, Lee, Li & Lim, 1939; Lissak.& Pasztor, 1941) and
also its release from within both the axon itself
(Brecht & Corsten, 1941l) and from stimulated denervated
miscle (Jarcho, Bermah, Lilienthal & Eyzaguirre, 1951;
McIntyre, 1958, 1959).

The concentrations of certain cations In the
environment, for example sodium, potassium, calcium and
magnesium, may influence transmitter release (Nastuk,
1959). By the use of intracellular microelectrode
technligues, it has been observed that high concentrations
of magnesium lons and low concentrations of calclum lons
may reduce the overall amount of acetylcholine liberated
(Del Castillo & Engbaek, 1953, 1954). Large
concentrations of the latter produce the opposite

effect (Del Castlllo & Stark, 1952). An intermediate,
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mitually antagonistic reaction involving calcium ions
and magnesium ions may take place between the arrival
of a nerve lmpulse and the release of acetylcholine
(Del Castillo & Katz, 19563 Jenkinson, 1957). High
concentrations of‘both magnesium and calcium cations
depress the direct excitabllity of the muscle membrane
(Del Castillo & Engbaek, 1954). Excess potassium ilons
applied externally to the neurommscular junctlon also
liberate acetylcholine from nerve endings but the
precise role of sodium in this connection has not been
clearly established (Del»Castillo & Katz, 1956; Nastuk,
1959).,

A spontaneous and intermlttent release of
dlscrete quanta of acetyicholine occurs at rest at the
neuromscular junction, eliclting minute potential
changes in the post junctlional membrane which'are,
however, below the 'threshold! of the adjacent muscle
membrane and insufficient to elicit a response (Fatt &
Katz, 1952), The synchronous release of a large
number of guanta of acetylcholine in response to lmpulses
in the motor nerve (Robertson, 1956; Del Castillo & Xatz,
19563 Werner; 1961) produces a depolarization of the end
plate of the muscle membrane (GOpfert & Schaefer, 1938;
Kuffler, 1942 - ; Fatt & Katz, 1951, 1952; Eccles, Katz
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& Kuffler, 1941), which is sufficient to generate a
wave of excltation in areas adjacent to the end plate
reglon, This.excitatory depolarizing effect, producing
the so called 'spike action! potential, propagates in
both directions along the membrane of the muscle Ffibre
inducing contraction. Acetylcholine-induced
depolarization is assoclated with rapid alterations in
the permeabllity of the muscle-cell membrane to sodium
ions (Hodgkin; 1951), and to potassium and ammonium ions
(Nastuk, 1959) and possibly opens up an {ndiscriminate
aqueous channel to all small ions on each slde of the
meribrane (Katz, 1959). Under normal resting conditions,
the postsynaptic membrane is moderately permeable to
potassium but only sparingly permeable to sodium lons.
On depolarization, however, a large, transient Increase
in the permeabillity of the end plate membrane to sodium
ions takes place (during the rising phase of the action
potential), causing a reversal of the potential
difference across the cell membrane., This is followed
by an increased, more prolonged, permsabillity to
potassium ions. It has been suggested that the energy
assoclated with this ionic transfer may contribute to
the propagation of the lmpulse along the mscle fibre
(Hodgkin, 1951)., Sites on the muscle cell membrane
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which at rest, are occupied by calcium ions, may, on
depolarization, be taken up by sodium and potassium lons
(Shanes, Freygang, Grundfest & Aﬁatniek, 1959; Adelman
& Dalton, 1960). Calcium lons may thus be important

in maintaining a selectlive lonic gradient across the
muscle cell membrane (Hodgkin, Huiley & Katz, 1949).

The rapid removal of acetylcholine from the site of
activity (0.5 to 1 msec), a prerequisite for its
essentlial role In conduction, may be accomplished by
several contributing mechanlsms. Among these the
importance of acetylcholinesterase as a specifilc
(Nachmansohn & Rothenberg, 1944, 1945) hydrolyzing
enzyme (Augustinséon & Nachmansohn, 1949) for acetylcholine,
has been clearly established. This enzyme, the exlstence
of which was suggestedlby Dale (1914) to explain the
rapid removal of acoetylcholine and which was flrst
demonstrated in 1932 (Stedman, Stedman & Easson, 1932),
occurs in high concentrations at the neuromuscular
synapse (Marnay & Nachmansohn, 1937) probably at the
lamellae of the subneural apparatus (Couteaux, 1955).
Histochemlcal evidence for ité presence at the motor end
plate has also been provided.(Couteaux & Nachmansohn,
1940; Couteaux, 1955; Koelle & Friedenwald, 1949).

The relatively high rate of hydrolysis of acetylcholine
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(Nachmansohn, 1959b) together with the significant
prolongation of the transmitter offect by means of
acetylcholinesterase inhibitors (Brown et al. 1936;
Eccles & MacFarlane, 1949; Fatt & Xatz, 1951), have
further confirmed the specialized/role of acetyl-
cholinesterase in the physiolégical function of
acetylcholins.

Other means of removing acetylcholine by its
diffusion into interstices (Brown et al. 1956),1ts
restitution to presynaptic terminals 1in a way analgous
to that demonstrated for choline at nerve endings
(Perry, 1953), or by the development of receptors
refractory to the transmitter (Thesleff, 1955a,b), have
not been experimentally substantlated.

In contrast to the view that transmission was a
purely electrical process (Eccles, 1946), the essential
role of acetylcholine has now been wldely accepted
(Eccles, 1949; Katz, 1959; Nachmansohn, 1959b), although
chemical transmission at all synapses has not been
established and electriéal transmission has been
demonstrated in the crayfish (Furshpan & Potter, 1957).
A difference of opinion, however, persists concerning
the precise mechanism of action of acetylcholine at the

neuromuscular junction. One school of thought
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(Feldberg, 1951; Del Castillo & Katz, 1956) has
proposed that acetylcholine is secreted at the terminal
nerve membrane and reaches the postsynaptic membrane

by diffuslion across the subneural spacs. On the other
hand there are proponents of the view that the current
generated at the terminal nerve membrane traverses the
subneural space liberating acetylcholine at the post-
junctional membrane (Nachmansohn, 1952a); i.e. the
combination of acetylcholline with the receptor is
responsible for the change of conductance and the -
initiation of ionic movements across the synapse. The
existence of protective barriers, surrounding the axon,
Impermeable to lipid-insoluble quaternary ammonium
compounds including acetylcholine (Bullock, Nachmensohn
& Rothenberg, 1946; Rothenberg, Sprinson & Nachmansohn,
1948), has proved a serious objection to the latter view.
Recent work has, however, revealed that when these are
removed, for example bﬁ ionic detergents, fcurare! can
exert its characterlstic blocking action both at the
nodes of Ranﬁier (Walsh & Deal, 19593 Dettbarn, 1960)
and in the axon proper (Rosenberg & Ehrenpreis, 1961),
Moreover, the liberation of acetylcholine from a nerve
fibre has also been confirmed (Brecht & Corsten, 1941),

Acceptance of these results supports the view that the
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actlon of acetylcholine at the neuromuscular synapse

is merely 'é local intensification of a general process
for the pmropagation of impulses along the nerve fibre!
(Dale, 1937, 1954).

It 1s apparent, despite this controversy, that
any drug affecting the synthesis or removal of
acetylcholine, or the formation of the acetylcholine-
receptdr complex, may interrupt the physiological |
process of neuromuscular transmission, _Such drugs can
be classified according to their anafomical site of
action (neuromuscular blocking agents), their therapeutic
effect (muscle relaxants), their pharmacological
mechanism of activlity, or their chemical or
pharmacognostical source of origin (Lewis, 1960a).
Consequently, while the term, muscle relaxant, may
correctly be given tolanyvdrug interfering with any stage
in the normal physiological sequence of events, the term,
neuromuscular blocking agent, is reserved for those drugs
Interferling with the actual functioning of the transmitter
itself rather than to its presynaptic release or its
enzymatic destruction. By definition, both conduction
in the motor nerve and the response of the skeletal
miscle to direct stimulation remain unimpaired. However,

in spite of valid objections (Hunt & Xuffler, 1950;
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Paton, 1951), neuromuscular blocking agents are often
collectively termed !curariform' or 'curarizing drugs!,
irrespective of whether or not.their pfecise mode of
actioﬁ 1s ldentical with that of tubocurarine.

Prom the clinical point of view, neuromuscular
blocking agents constltute the most lmportant group
of muscle relaxant drugs. Muscle relaxant drugs
have been conveniently classified into two maln
categorles, on the basis of thelr Intimate effects on
transmitter function:
(a) Non-depolarizing compounds which compete with
acetylcholine for receptors on the postsynaptic muscle
membrane and Interfere with the formation of the
acetylcholine-receptor complex. Tubocurarine is
generally consldered to be the classic example.
(b) Drugs which mimic the action of the transmitter and
induce block by a depolarization of the motor end plate,
e.8. decamethonium.
In addition, both types of actlion may be observed in
the same molecule, e,g., Tridecamethonium, (Paton &
Zalmis, 1952; Zaimis, 1952).

Non-Depolarizing Muscle Relaxant Drugs.

These selectively combine with acetylcholine-

receptors in the post-junctional muscle membrane and
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so reduce or prevent the depolarizing effect of the
transmitter. The combination of acetylcholine and
the :eceptor takes place by a 2 to & stage process
(Del Castillo & Katz,.1957), but tubocurarine appears
only to Interfere with the inlitial site of attachment
wlthout being involved in the subsequent changes in the
physical properties of the membrane itself, While
considerable evidence supports the bellief that this
antagonism is simply competitive (Fatt & Katz, 1952),
this may be an over-simplified view (Del Castillo &
Kafz, 1957).

Drugs of this type principally affect the end
plate potential, which undergoes a progressive reduction
in duration, rate of development and amplitude
terminating in its complete dlsappearance (Fatt & Xatz,
1951; Thesleff, 1955¢). When the amplitude has fallen
below the threshold value necessary to 'trigger off!
the action potential in the membrane of the muscle
fibre, conduction ceases and block is induced (Eccles
et al., 1941). Elimination of the drug cemuses a rapid
and complete recovery of transmission (Thesleff, 1955¢).
A muscle treated with tubocurarine is electrically
normal (Paton, 1951), there being no apparent alteration

in either the potential or lonic bernmability of the
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membrane, Although tubocurarine has been observed

to cause contractions of denervated muscle when

injected intra-arterially (McIntyre, King & Dunn, 1945;
Jarcho et al. 1951), the direct excitability of muscle
treated with tubocurarine appears indistinguishable

from that of the normal fibre (Fatt & Katz, 1951;

Paton, 1951; Del Castillo & Katz, 1957). On account

of the competitive nature of the block, any local
increase in the concentration of acetylcholine, for
example, by repetitive stimilation of the motor nerve
(Thesleff, 1955¢), or the use of anticholinesterase

drugs (Riker, 1953), will antagonize the effect of
tubocurarine and other members of this group. Moreover,
any reduction in the 'threshold! of the mmuscle fibre
will produce similar effects. The action of competitive
neuromuscular blocking agents may also be antagonized

by increasing the excitabllity of the muscle membrane to
the transmitter, inducing a !subthreshold! depolarization
of the muscle fibre. The anticurare activity of a
cathodal current (Burns & Paton, 1951) and the effect

of externally appllied potassium lons can be explaiﬁed

on this basis, Conversely, agents ralsing the membrane
'threshold!, for example, an anodal current (Paton, 1951),
will intensify this type of block.
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Nepolarizine Muscle Relaxant Drugs.

These achieve their effects primarily by a
marked depolarization of the motor end plate in a way
analogous to the action of acetylcholine 1tself,

Unlike the tubocurarine-treated muscle, that affected
by decamethonium 1is electrically’depolarized at those
regions contalning motor end plates. This sets up an
area of elecfrical Inexecltablllty at the ehd plate
region preventing the generation of pofentials to
exclite the adjacent miscle membrane. Evidence from
experiments describing the development of this effect
(Burns, Paton & Dias, 1949; Burns & Paton, 1951;

Paton, 1951) in the cat, indicaﬁed that the
depolarization effect was persistent and long lasting,
but more recent observations have opposed this view
(Zaimls, 1953; Jenden, Kamijo & Taylor, 1954; Thesleff,
1955a,¢c; Axelsson & Thesleff, 1958), These have shown
that the period of depolarization produced is brief and
is followed by a rapid and complete repolarization of
the miscle membrane. Neuromuscular block commences
during the perlod of depolarizatilon and the rmiscle
membrane remains Iinsensitive to acetylcholine even in
the repolarized condition.

The ability of the muscle membrane to undergo



TABLE I (contd.)

On Cat

9, Effect of

10.

11.

electric
current applied
to the end plate
region

Anodzl current

Cathodal
current

Effect on block
of reduction in
temperature

Nature of
Paralysis

(a) In avian
muscle (Chick
Test)

(b) In hen nerve-

skeletal muscle
preparation

- (e¢) In frog nuscle

Non-
Depolarizing
Type Drugs

Intensifies
Block

Lessens Block

Reduction 'in
mzgnitude but
not of duration
of block

Flaccid

Flaccid

Antagonism to
contracture
caused by
depolarizing

‘drugs (Low

Depolarizing
Tyre Drugs

Lessens Block

Intensifies
Block

Increase in
nagnitude and
duration of
block

Spastic

Contracture
superéimposed
on block
Contracture
(High Intrinsic
Activity)

Intrinsic Activity)
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TABLE I (contd.)

On Cat

Effect of
administration
of different
depolarizing

muscle relaxants

Indirect
tetanization of
the partially
blocked muscle

Effect of ether
anaesthesia

Effect of

(a) Previous
tetanization of
the motor nerve

- (b)Potassium

(c)Edrophoniun

(d)Neostiguine

Non-~
Depolarizing
Iype Drugs

Antagonistic

Contraction
poorly sustained
(Post-tetanic
facilitation)

Increased effect
(potentiation)

Antagonism

. Antagonism

Antagonism
(of short
duration)

Antagonism
(prolonged)

Depolarizing
Type Drugs

Additive

Contraction

well sustained

No effect or
entagonism

No effect

No effect or
slight
potentiation or
antagonism

No effect or
slight
potentiation or
antegonisnm

No effect or
slight
potentiation or

antagonism



TABLE I

A comparison of the pharmacological properties

of depolarizing and non-depolarizing nuscle

relaxants.

(After Paton & Zaimis, 1952

Zaimis, 1959; Van Rossun, Ariens & Iinssen, 1958).

Non-
On Cat Depolarizing
Type Drugs
Initial excitatory
effect on skeletal None
muscle
Varying order of Both 'red!
sensitivity of and 'white'
different nuscles fibres are
(see Pages T4 relatively
and 75) sensitive
Reversed order Rat>Hare,
of species 7Monkey»Rabbit
sensitivity >llan>Dog>>Cat
>Hen |
Effect of Additive
aduinistration

of different
non-depolearizing
mascle relaxants

Depolarizing
Type Drugs

Transient
fasiculations

and increased
twiteh tension

Reduced

sensitivity of
'red' fibres
€L
Increased

soleus.

sensitivity of
'white!
e.&. anterior
tibialis

fibres

Hen>»Cat>lian
7RabbityDog,
Zllonkey>Hare
ZRat

Antagonistic
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repolarization In the presence of a depolarizing
agent can be explalned, 1t is suggested, by a reversible
change in the end plate receptors, Meyer (1937), causing
them to become inert and insensitive to acetylcholine,
and producing a 'desensitization block! (Katz &
Thesleff, 1957; Axelsson & Thesleff, 1958). 1In
consequence, the high ionic permeability of the end
plate to 1oﬁs cannot be mailntained and conduction is
impalred. Simllar changes in the nature of the drug-
receptor complex have been observed using high
concentrations of acetylcholine itself (Katz & Thesleff,
1957; Axelsson & Thesleff, 1958). Differences between
the two main groups of neuromuscular blocking agents,
observed from electrical recording technigues, have
explalined to a considerable extent their overall
pharmacological activitles and their differing responses
to certain drugs. The major differences in the two
main types are given in Table I (Paton & Zaimis, 1952).
Interruption of transmission at the neuro-
muscular synapse is not specific to neuromuscular
blocking agents but is the common property 6f a
chemlcally diverse group of drugs, the particular study
of which is largely outwith the scope of this thesis.

Of these, drugs delaying the enzymatic hydrolysis of
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acetylcholine - the anticholinesterases - have

recelved speclal consideration and been the subject of
several reviews (Augustinsson, 1948; Xoelle & Gilman,
1949; Whittaker, 1951, Holmstedt, 1959). The effects
of botullnum toxlin at the neuromscular synapse (Burgen,
Dickens & Zatman, 1949) are believed to be largely due
to a fall in the number of units of acetylcholine
released by each nerve impulse (Wright, 1955), with a
consequent reduction in the frequency of the spontaneous
minliature end plate potential, No alteratlon in the
quantal amount of acetylcholine relesased was, however,
observed (Brooks, 1956),

Procaine-induced neurommscular block has been
ascribed to a diminished release of the transmitter
substance by each nerve lmpulse (Harvey, 1939; Foldes,
1959, 1960), while it is also bhelleved to exert a
depressant effect on the post junctional end plate
membrane (Nicholls & Quilliam, 1956; Del Castillo &
Katz, 1957),

The action of these drugs at the neuromuscular
synapse cannot be utlilised in surgery.

Muscle Relaxants and The Receptor Theory.

It 1s now generally accepted that

pharmacologically active agents can be classified as
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gpecific or non-specific drugs (Beckett, 1956;
Beckett et al. 1956; Ing, 1959), i.e. two main types
of chemical interference by drugs are envisaged. The
term, 'specific'!, is now generally used to refer to
the action of those drugs which, by virtue of their
unique chemlcal structure, possess the ability to
react with particular molecular species within cells
and form relatively stable combinatlons with individual
cellular constituents, 'Non-specific! drugs, on the
other hand, depend for their action upon the modification
of the physicochemical characteristics of living cells
and so distort the normal sequence of blochemical
events proceeding within them, In common with all
attempted bilologlcal classiflcations however, no strict
line of demarcation separates the two groups. Neuro-
mscular blocking agents are believed to act 1n a
structurally specific manner, interacting with
hypothetical receptors which impose certain limiting
spatial and electrical characteristics on drug molecules
capable of forming complexes wlth them,

The concept of receptors was first formally
~postulated by Ehrlich, who defined the term as 'that
combining group of the protoplasmic molecule to which

a forelgn group, when introduced, attaches itself!?
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(Ehrlich & Morgenroth, 1910). A similar view was
inherent in the lock and key analogy of Fischer (1894)
and in the work of Langley (1906) who, in order to
explain pharmacological activity, conceived the idea of
a 'receptive éubstance', which could be selectively
altered by curare-like agents (Lucas, 1907). Current
ldeas concerning the nature of receptors, although
considerably removed from those of Ehrlich, are still
fragmentary and inferential. However, much of the

most accurate and fundamental information on drug
action, including the work of Clark (1937),and Ing (1936)
and in more recent times, the interpretation (Van Rossum
et al, 1958) of the mode of action of muscle relaxant
drugs by Arifns and Paton (1961), has depended upon a
tacit acceptance of the receptor theory. llore recent
cpnfirmation of the existence of a receptor has come
from studies oﬁ the enzymatic hydrolysils of acetylcholine.
These have revealed that certain drugs, including
acetylcholine and carbaminoylcholine, induce
neuroruscular block without impalrment of acetyl-
cholinesterase activity (Altamlirano, Schleyer, Coates

& Nachmansohn, 1955), their effect being attributable

to a predilection for a similar cellular entity - the

postulated receptor.
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Little 1s known concerning the intimate
nature of drug receptors. Barly workers envisaged
a 'periterminal network! (Boeke, 1929) or a molecular
side chaln of cellular substance (Langley, 1906),
complementary in configuratiqn and polarity to those
drugs with which it combined. This view has not been
confirmed by recent results-obtained from electron
‘micfoscopy (Estable, 1959) and a narrow but distinct
space (150 to 600 %) between pre- and post synaptic
structures has been shown to exist, It has recently
been suggested (Cavallito & Gray, 1960) that a more
realistic picture of the receptor surface might involve
a lattlce of anionlec groups dispersed in a roughly
crystal shaped pattemrn.

Van Rossum and Ariens (1957) considered
drug-receptor combination to involve a general
interaction of complementary electrical fields of force
originating in the drug molecule and in the tissue,
Electrostatic and Van der Waals' forces were assumed
to play the dominant role and certaln specific
interactions within the general field of force determined
the potency of a given drug. The reletive unimportance
of covalent bonding.in the interaction of neuromiscular

blocking agents with the receptor 1s indicated by the
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reversible nature of the drug-receptor combination.
The receptor has also been regarded as belng Iinvolved
in an enzymatic energy - transport process (Drill, 1958),
or as a protein or lipoprotein enzyme with which
acetylchollne reacts as a coenzjme to release anions
from a substrate in the muscle-cell membrane (Welsh,
1949). The possibility that the receptor may
structurally resemble acetylcbolinesterase has also
beon suggested (Roepke, 1937). Although it 1s well
established that many drugs act by interfering with
enzymatic processes, it is dangerous to create the
generallzation that all drugs necessarlly do so.
Consequently, while certain similarities exist between
the receptor and acetylcholinesterase, for example’in
their common interaction with acetylcholine, the
combination of neuromuscular blocking agents with
cholinergic receptbrs in the post synaptic membrane 1is
bellieved to take place by a non-enzymatlc process
(Mattocks & Holtan, 1949; Jacobl, Stpesz & McIntyre,
1950; Katz, 1956).

The suggestion has recently been made that the
receptor need not be envisaged as a discrete physical
unit but rather as a volume in space or sphere of

influence, bounded and defined by enzymes, coenzymes
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and metallic ions (Martin-Smith & Reid, 1959). On
the‘oﬁher hand, another school of thought belleve the
receptor to be a physical unit, pqssessing definite
spatial and electrical properties. Attempts have

been made to predict the molecular shape and electrical
characteristics of the receptor by a consideration of
simllar features found 1In biologically active molecules,
in the belief that the receptor would have properties
complementary to those of the most active specles
(Pfeiffer, 1948; Ing, 1949; Kimura, Unna & Pfeiffer,
1949; Schueler, 1953), Resulting from this approach
oevidence has accurmlated that linear bisquaternary
ammonium compounds were more potent miscle relaxants
than the corresponding monoquaternary agents (Barlow &
Ing, 1948a,b; Paton & Zaimis, 1948a, 1949). This has
led to the hypotheslis that activity in bisqguaternary
and other active molecules (Pelikan & Unna, 1952) could
be explained by the interaction of optimally spaced
onilum centres approximately 13 to 15 K apart, with
equidlstant co-reactive groups of a bilological
cholipergic receptor system situated on the motor end
plate. The concept of ﬁharmacologically 'bivalent
molecules' was introduced (Barlow, 1955) to describe

the action of bis-onium salts, for example hexamethonium,



27

in combining with twb sets of receptors at the same
time. The complex so formed, it was suggested, would
be twice as stable as that formed by a similar
'univalent! molecgle for example, tetramethylammonium,
with one recseptor. One end of the 'bivalent'! molecule
might act as an anchoring mechanism for the other which
would be kept in close proximity to the receptor
surface, It has become evident, however, that a
one~-dimensional approach has over simplified the picture
of drug-receptor interaction. The inter-onium distance
in non~rigid molecqles has no flxed wvalue, on account
of conformational isomerism’&rising from uninhlibited
rotations about single carbényqarbon bonds in the
polymethylene chain (Cavallito, Gray & Spinmer, 1954;
Macri, 1954). There 1s therefore no reason to assume
that the thermodynamically most stable conformation of
the molecule is that actually involved in complex
formation with the receptor. The inter-onium distance
in tubocurarine, at the time of complex formation with
the receptor, formerly taken to be 13 to 15 K, as it

is In the extended conformation of the molecule, 1s

now thought to be less (6 to 12 K) due to the molecule
adopting a folded conformation.

Differences between conductimetric measurements
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(Rice, 1956, 1958) and statistically calculated
inter-onium distances (Gill, 1959) have underlined the
difficulty of assessing the precise molecular
conformation participating in any particular drug-
receptor combination (Cavallito & Gray, 1960).

The adumbration hypothesis (Loewe & Havery,
1952) emphasized the need for a consideration of the
overall molecular tectonlic and bonding potentialities,
in determining the degree of drug-receptor interaction.
It ascribed the muscle relaxant potency of drugs to a
spatial competition wifh acetylcholine, the adumbrating
dr umbrella=like structure of the molecule hindering
access to the receptor site by steric Interference.

A similar view has been advanced by Wien (1954) and is
inherent in Waser's theory concerning the nature of the
cholinergic receptor (Waser, 1959, 1960).

The use of rigid molecules appears to offer a
more accurate means of assessing the physical
characteristics of drug receptors, Acceptance of the
view that the characteristics of the receptor may alter
in response to the presence of drug molecules, as
suggested In the 'induced fit! theory (Koshland; 1958),
a premise of the theory of biological relativity

AMartin, 1956), has however cast doubts upon the value
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of this approach. In addition, the view that a
limited degree of flexibility is necessary for activity
in this type of structure (Gill & Ing, 1958; Gill, 1959)
is supported by the lack of ganglion and neuromuscular
blocking activity observed in the rigld molecule of
NNNN'N'ﬁ'-hexamethyl:p-phénylenediamine bisiodide (1)
(Wien & Mascn, 1953). Quaternary ammonium centres
which are separated by a rigid linking structure,
appear to be unable to yleld sufficlently to permit
a closé approach to the anlonic receptor site. This
characteristic eppears compatible only with a
tubocurarine~like action, Whidh, it 1s suggested, does
not demand a close anlonlic-cationic combination
(Cavallito & Gray, 1960). |

Other workers have attempted to Interpret
pharmagological activity In terms of the 'identity
‘distance! (Long & Schueler, 1954) which is the distance
between peptide bonds in a maximally extended peptide
and has a value of 3,61 R or, in terms of the distance
between two turns of an & ~-protein helix which has a
value of 5,5 K (Corey & Pauling, 1953). It 1is
interesting to note that the distance 14.5 & postulated
as the ideal inter-onlium distance in bisquaternary

ammonium neuromuscular blocking agents (Barlow &
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Ing, 1948b; Paton & Zaimis, 1949) is 4 x 3.61 g and
that the distance between the hydrogen bonding groups
In oestrogens is approximately 3 x 3.61 K or 2 x 5.5 ﬁ
(Fisher, Keasling & Schueler, 1952).

Experimental evidence, supporting the wview that
the receptor is a proteln, has been_provided by
Nachmensohn and his asseciates.(Altanirano, Coates,
Grundfest & Nachmansohm, 1953). Attempts have been
made to 1solate and characterize thls protein by complex
formation with radioactive muscle relaxants using the
electric tissue of the electric eel. Initially,
experimental evidence indicated strong, but probably
unspecific, binding of gallamine to a mcopolysaccharide
(Chagas, 1959). .Subsequent work using & more refined
technique has, however, led to the successful lsolatlon
and purification of a protein material (Ehrenpreis,'
1959a,b,1960) which showed many characteristics of
the in vivo receptor substance especially Iin its
ability to bind acetylcholine and muscle relaxant drugs
(Schoffeniels & Nachmansohn, 1957).

| Present day concepts of the nature of receptors
have been considerably clarified by the creation of
several‘pictorial representations based on experimental

results. Such representations, although they mey be
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without reality Iin much the same way as are the
Kekule's structures for benzéne,'have stressed the
value of three-dimensional molecular geometry in the

| drug molecule, Including considerations of the position
and electrical nature of the functional groups.
Examples of such an approach include the work of

Lands (1951) on the muscarinic receptor, of Beckett

and his associates (Beckett, 1956; Beckett et 2l. 1956)
on the morphine receptor site and, particularly
relevant to thls thesls, the experiments of Nachmansohn
and Wilson (1951) concerning acetylcholinesterase and
of Waser (1959, 1960) on the structure of the
cholinergic receptor. Nachmansohn and Wilson (1951)
studied the molecular forces aséociated with the
physiological activity of acetylcholine by means of
acetylcholinesteraée because of the réady availabilitj
of this enzyme in a highly purifled and stable form
(Nachmansohn, 1955). Information from an analysis of
the effective molecular forces concerned in the
acetylcholinesterase-~acetylcholine reaction have been
used to promote a better understanding of those forces
inﬁolved in other transmitter interactions (Nachmansohn,
1959D).

From an examlnation of the uptake of radloactive
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muscarone (II) by the dlaphragm of the mouse,

(Waser, 1957, 1959), using autoradiographic techniques,
concluded that the cholinergic receptor possessed a
three-dimensional pattern. A simllar view had been
previously advanced (Jenden et al. 1954; Taylor, 1955)
in a suggestion that the receptor possessed molecular
sieve properties (Barrer, 1947) réther than a planar
surface arrangement. From the results of similer
experliments using radioactive muscle relaxants, Waser
also indicated that the receptor surface was a pore.
12-14 K in dlameter in the post synaptic membrane.
Many problems, however, concerning the intimate nature
and function of the receptor remain unsolved while its
postulated existence 1in sites other than the post-
syneptic membrane (Riker ot al. 1959; Rosenberg &
Enhrenprels, 1961) remains virtually unexplored.

Muscle Relaxants and the Theory of Blologlical Antagonlsm.

A direct consequence of the receptor theory
of drug action, and an important factor in the
establishment of structure-action relationships in
neuromiscular blocking agents, 1s the principle of
blological antagonism. Thlis maintains that a drug
competes with a natural substrate, or l'essential

metabolite!, or perhaps another drug, for thse receptor.
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A wealth of experimental evidence from different
bilological disciplines, including bacteriology
(Fildes, 1940; Woods, 1940) and pharmacology
(Gaddum, 1926; Ing, 1936; Clark, 1937), has confirmed
the significance of this principle in a study of the
underlying mechanisms of drug action (Work‘& Work, 1948;
Sexton, 1949; Woolley, 1952; Albert, 1960).
Investigations of such mechanisms are best
carried out using 1solated organs, when the observed
effect 1s mainly attributable to the interaction of
the drug under test with the specific receptor system,
especlally if equilibrium conditionsprevail. It is
illogical to consider the results from whole animal
preparations where compiications of dlstribution,
- transport, breakdown and excretion may affect to a far
greater extent the overall drug response. On the
other hand tﬁere are some examples where whole animal
preparations may best indicate the nature of a
prharmacological phenomenon, e.g. Adrenaline reversal,
Furthermoré, only by means of,isolé§ed pre parations
can the time of exposure of the tissue and the
concentration of the drug be controlled to a reasonable
extent.

The concept of biological antagonlism has been
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placed on a quantltative basis, by relating the
measured blologlcal response elther to the amount of
drug absorbed by the receptors or to laws governing
enzyme kinetics. Experimental observations have
been glven theoretical expression by the derivation
of a number of equations. All mathematical
relationships so derived to explain drug action have
been developed fundamentally from the law of mass
action, an expression governing thermodynamic equilibria
in chemical reactions, Blologlical systems, however,
do not exhiblit true thermodynamic equilibrium but
exist in a steady state, In which the rates of chemical
synthesis and breakdown are balanced,
The correlation of pharmacologlical activity

to adsorption laws has been based on the mathematical

equations derived by Freundlich (Clark, 1937) and
| Langmiir (1916, 1917, 1918) on the assumption that the
degree of blological effect was a linear function of
the fractlon of the receptors occupled by the drug.
This premise has however been contested. The early
assumptions of Clark (1937) and Gaddum (1937) though
supported by Rocha e Silva (1957), have been questioned
by Stephenson (1956), Nickerson (1956), Arigns.ggngl.
(1957) and Schild (1957), who for different reasons
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have indicated possible exceptions to its overall
applicability.

The Freundlich isotherm is unsuitable as a
theoretical basis for the explanatlion of drug action,
since it lacks thermodynamic validlity and assumes an
infinite degree of adsorption, 1ncompatible.with
observed bilological saturation phenomena. Although
the Langmuir isotherm (Langmuir, 1’916,' 1917, 1918)
has thermodynamic validlty, practical difficulties
arise in determining the concentration in the blophase
and resort must be made to accepting the concentration
in the external phase as a near appyoximation. This
may Invalidate the results obtained, Furthermore,
In its original form, 1t 1s appllicable only to
bimolecular reactlions and to unimolecular layers of
adsorption. Therefore it is perhaps more realistic
to employ the extended equation of Brunauer and his
assoclates (1958), especially as evidence now exlists
that certain drug-receptor interactions'may be
trimolecﬁlar (Cavanaugh & Hearon, 1954),

Alternatively, the underlying mechanisms of
drug actlion have been correlated %o 1aws'governing
enzyme kinetics. In enzymology the principle of
biological antagonism has been based on the
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Michaelis-Menten equation (1913), and on more recent
extensions of this (Lineweaver & ﬁurke,v1934;
Haldane, 1930; Kirschner & Stone, 1951), which were
derived to explain the interaction of enzymes, their
substrates and inhibitors., lMichaelis and Menten
assumed that enzyme and substrate comblned to form an
intermediate complex and by applying the law of mass
action to this reversible reaction, a relationship was
obtained which provided an explanation for many
experimental observations and several theoretiqal—
experimental discrepancies (Work & Work, 1948). - Since

the Michaelis-Menten equafion_dealt specifically with
| enzyme systems, its applicébility to non-enzymatic
mechanisms is not readlly apparent. However, the
relationship established between the blological effect
and the velocity of an enzyme reaction (Michaelils &
Menten, 1913), or the law of adsorption (Langmulr, 1916,
1917, 1918), can be expressed mathematically in
identical forms, although the former is a kinetlcally-
derived relationship,

Thus equations derived from a consideration of

chemical reactions, physical adsorption laws, or
enzyme kinetics, mayllegitimately be applied to drug-

receptor interaction. Thelr identical mathematical
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form, however, denies any means of distingulshing
which of the three possibilities is responsible for
the ultimate mechanism of the drug action.

In more recent years, the concept of blological
antagonism has been extended to include instances
where the substrate analogue was itself capable of
eliciting a response (Chen & Russell, 1950; Furchgott,
1955). Different degrees of antagonism consequently
exlst (Gaddum, 1957), and several mathematical
expressions have been derived to explain them (Gaddum,
1937, 1943; Schild,_1947, 1954; Van»Maénen, 1950;
Ariens et al. 1957).

Por the purpose of this thesis, the explanation
of the various types of pharmacological interaction
developed by Ariens and his associates (Aridns et al.
1957), has been chosen for study and application for
the following reasons:

(2) The general applicability of the concepts involved

to different classes of pharmacological agents (Van

Rossum & Ariéns, 1959a,b,c).

(b) The particular reference made to miscle relaxant .
drugs (Van Rossum et al. 1958; Van Rossum & Arigns, 1959a),
offering a basis for interpreting the intimate mode

of actlion of these drugs and the possiblility of



38

establishing the effect of certain molecular entities,
particularly the ether oxygen function, on muscle |
relaxant activity.

(¢) The procedure developed by Ariéns and his
associates, made use'of a well known, suitable,
laboratory preparation - the frog rectus abdominis
muscle, -~ for the study of the properties of muscle
relaxant drugs.

Ari8ns had been led to a reconsideration of

the accepted views of biological antagonism by the
existence of apparent discrepancies encountered during
a study of certain drugs (Ariéns, 1954). Iﬁ many
homologous series, certain members apparently possessed
a dual mode of action, while presumably acting on the
same receptor. The action of certain metabolite-
promotor — metabolite~inhibitor derivatives of
p-amino benzoic acid (Ariens & Simonis, 1954), the
mechanism of action of muscle relaxant compounds which
both depolarized and inhibited depolarization (Raventos,
1937; Ginzel, Klupp & Werner, 195la,b,c), and the role
of certain sympathicomimetics which possessed hyper-
tensive and hypotensive properties (Marsh, 1948) seemed
paradoxical and inexplicable on the basis of accepted

views. Ariéns suggested an explanation of this dual
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behaviour by relating drug-receptor interaction to
the two basic constants of affinity and intrinsie
activity.

The affinity of a drug may be defined as the
ability to enter into complex fdfmation with a given
receptor. It is directly related to the dissociation
constant of the drug-receptor complex (Ariéns, 1954),
and this constant can therefore be used to assign to
the affinity a numefical value. As defined Dby
Ariéns (1954), the affinity of a drug is the
reciprocal of the dissociation constant of the complex
formed by the drug and the receptor. In more general
terms, affinity may be conceived as a product of a
general interaction of electrical fields of force,
originating in the drug molecule and the receptor
itself, among which contributions from electrostatic
and Van der Waal's forces are prominent (Van Rossunm &
Ariéns, 1957).

The intrinsic activity, on the other hand, is
a measure of the power of the drug-receptor complex to
evoke a positive biological response. As originally
defined (Ariéns, 1954), it is measured by the
proportionality constant a, relating the observed

bioclogical response to the proportion of receptors
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occupled when equilibrium between the drug and the
receptor has been achieved, The stimulus to
cellular actiwvity may result, however, from changes
in the electrical flelds of force accompanying formation
of the drug-receptor complex, rather than from simple
static occupancy of the receptofs (Paton, 1961).

In consegquence, the Arigns proportionality constant
may be split into two components, one being a rate
constituent for the speed of dissociation of the
drug?receptor comblex as stressed by Paton (1961),
and indicated by Arigns, and the other belng a |
constant indlcating the effectiveness of the inter-
action (Ariéns & Simonis, 1960).

In this way, the intrinsic activity of a
drug may be due to specific fluxes in the electrical
flelds of force responsible for the formation of the
drug receptor complex.

Both intrinsic activlity and affinity vary with
the chemical structure, molecular conf;guration and
physio-chemlical properties of the drug. .In a
homologous serles, therefore, different degrees of
intrinsic activity.and affinity may be observed.

This approach has offered a means of explaining the

mode of action of those compounds, hitherto
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unconsidered, whose activity fell somewhere between
those evoking a response, high intrinsic activity,

and thosg which induce receptor blockade, 1Qw intrinsic
activity. Varying degrees of drug-receptor
combination were thus believed to control a wide
spectrum of pharmacological aétivity. Thils view
permlts new compounds to be logically studled on the
basis of their fundamental mode of action.

All the mathematical expressions reprasent
idealized theoretical situations, because of the
simplifying assumptions made in deriving them (Aribns
ot al. 1957; Nickerson, 1957). In practice, perfect
agreement between experlmental and theoretical dose-
response curves 1s rarely attained and disérepancies
both in the slope (Arilns et al. 1956a,b; Cavanaugh
& Hearon, 1954; Clark & Raventos, 1937; Gaddum, Hameed,
Hathway & Stephen, 1955) and symmetry (Aridéns e% al.
1957) have been observed. On the other hand,
theoretical imperfections have been interpreted in
several ways, without invélidating the baslc
assumptions, For example, a higher order of reaction
than bimolecular (Cavanaugh & Hearon, 1954), of a
difference in the drug concentration in the bath from

that of the biophase (Furchgott, 1955; Aridns et al.
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1957), has been suggested to explain the difference
between the slope of'theoretical and experimental
dose-respénse curves.

Consequently, while the nature of the
receptor system with which drugs react at the neuro-
muscular synapse remains hypothetical even today,
the interactlon of drug molecules with 1t 1s belleved
to obey certain definlite mathematical laws, developed
on an extended concept of the principle of blological
antagonism.‘ |
The Classification of Muscle Relaxant Drugs.

It is now apparent that not all compounds
possessing ruscle relaxant mroperties act by
jdentical mechanisms (Zaimils, 1959), although it was
former practice to grbup all such drugs together,
regardless of their site or mechanism of actlon.

Thﬁs quaternary aemmonium bases, pyridine, Quinoline,
aconitine, miscarine and veratriné, were classifiled
together as 'curarizing'! drugs though the manner in
which this effect was achieved varied greatly
(Santesson quoted by Bovet, 1951). This practice
has now been superseded by several attempts to

subdivide muscle relaxants into loglcal divisions on
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the basis of thelr common chemlical or pharmacologilcal
proper ties.

The first of these distinguished two main
categories the'pachycurares'and the 'leptocurares'
(Bovet, 1951), The !pachycurares! consisted of
bulky molecules which were conéidered to have a
tubocurarine-like mode of action, while the long,
thin, 'leptocurares! were assumed to act in a manner
resembling acetylcholine. This stereochemical
classification has proved unsatisfactory because of
the lack of demarcatlion between the two types and
because of two quite different modes of action,

Thus several compounds which chemically resemble.one
class, show pharmacological properties befltting the
other. For example, nicotine, which has a thick
molecule and might be described as a !'pachycurare!
causes neuroruscular block by depolarization in the
cat (Paton, 1951), while tridecamethonium, a long
thin molecular structure, has a tubocurarine-like
action in the chicken (Zaimis, 1952),

The method of classification proposed by
Paton and Zaimis (Paton, 195k, 1953; Zaimis, 1851,
1952; ?aton & Zaimis, 1952), in which neuromuscular

blocking agents were divided into depolarizing and
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non-depolarizing drugs, has already been described.
This classification has been complicated by varlation
in the response of aifferent species (Buttle & Zaimis,
19049; Zaimis, 1952, 1953; Bigland, Goetzee, MacLagan
& Zalmls, 1958), and of different muscles wlthin the
same specles, to a particular mascle relaxant.drug
(Paton & Zaimis, 1952; Jewell & Zaimis, 1954). The
effectlve antagonism of antichollnesterases to
depolarization-block in certain species has stressed
these difficulties (Bovet, Bovet-Nitti, Guarino, Longo
& Fusco, 1951; Su, Kao & Karp, 1951). Furthermore,
the two-phase nature of the block induced by certain
depolarizing compounds in laboratory animals, (Tenden.
et al, 1951, 1954; Jenden, 1955) in an 1solated human
preperation (Sabawala & Dillon, 1959), and in man
(Brennan, 1956; Hodges & Foldes, 1956), together with
the observation that their depolarizing effect may
not account entirely for the block produced
(Thesleff, 195§gaphg), appear outwith the scopsof this
classification.

By a conslderation of both the chemical
structure of the drug and the protein nature of the
receptor system involved, Foldes (1954) attempted to

overcome these diffliculties and suggested the division
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of guaternary ammonium muscle relaxants into two
main groups:

(a) Anti-depolarizing agents -~ e.g. tubocurarine.

(b) Depolarizing agents - e.g. decamethonium.

¥hile those of the first group produced a similar
type of block in all speciles, that caused by
depolarizing agents depended on the nature of the
receptor prptein Qf the species_ipvqlved. In birds,
amphibians and certain mammals (6., cat) the
configuration of the receptor-protein could be altered
relatively easily‘anq depolarizing agents caused a
depolarization block, On the other hand, where the
receptor proteln was less prone to configurational
changes (e.g. monkey), decamethonium caused an
anti-depolarization block, This classification
_fitted most experimental observations but once more
appears too rigld to accommodate drugs possessing
characteristics of either group (Zaimis, 1953), or
those entlrely different from both (Gesler & Hoppe,
1956a2,b; Winter & Lehman, 1950). As a corollary to
thelir theoretical treatment of drug-receptor inter-
action in which mathematical constants are translated

into concepts of affinity and intrinsic activity
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(Ariens et al. 1956), Ariéns and his colleagues

have utilized the nature of the dose-response curve
obtained from experiments using the frog rectus
abdominis muscle as a basls for the classification of
mscle relaxant drugs (Van Rossﬁm.gg_gl. 1958), This
classification, confirmed by experiments using whole
animal preparations (Arigns, 1954 Arigns_gg.gl.
19592a,b), eliminates certain difficulties inherent in
that of Bovet (Bovet, 1951), while it extends those

of Paton and Zaimls (Paton & Zaimis, 1952; Zaimis, 1952)
and Foldes (1954). In this classification, muscle
relaxant drugs are considered to belong to three
principal groups, the depolarizers or cholinomimetics
having a high intrinslc activity, for example,
decamethonium, the competitors or cholinolyties
~having a low intrinsic activity, for example
tubocurarine, and the non-competitors, for example,
prodeconium, which have an affinity for reqeptors
other than those occupied by acetylcholine, The last
named group may be further subdivided (Linssen, 1961)
into compounds which are belleved to block the
synthesis of acetylcholine at the neuromuscular synapse,

for example, the hemicholiniums (Schueler, 1955;
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Reitzel & Long, 1959; Kase & Borison, 1958), the
inhibitors of acetylcholine release, for examnmple,
botulinum toxin (Ambache & Lessin, 1955) and magnesium
ions (Engbaek, 1952), and the anticholinesterases, for
example, neostigmine (Holmstedt, 1959). This
classiflication is not rigid and.is based on both the
molecular properties of the drug and on the inherent
characteristics of the neuromuscular synapse. It
recognises that variations in the dose level or

mole cular configuration of a drug may cemse gradual
changes in intrinsic activity and affinlity, with
consequent alterations from one category to another.

Chemical Structure and Muscle Relaxant Activity in

éznthetic Compounds.

Interest in synthetic muscle relaxants has |
been maintailned over the'past twenty years and a large
number of drugs have been syntheslized and tested,

The number of new substances reported 1is so considerable
that it makes a complete blblliography impracticable

and the diversity of bhemical structures so wide as to
render difficult the consideration of gach Individual
chemical type. While compounds other than guaternary
ammonium derivatives (Folkers & Major, 1937; Berger &

Bradley, 1947), may possess muscle relaxing properties,
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the vast majority of compounds exhibiting this

type of activity, including virtually all of those
employed in anaesthesia, are quaternary ammonium
salts. In consequence, a classification based on
the quaternary ammonium group would appear to offer
a logicél means of discussing synthetic muscle
relaxants.

Muscle relaxeant activity represents an
integrated product of many contributory biologlcal,
physical and chemlical factors including accessibility
of the drug to the site of actlon, the effective
concentration which 1t attains In the biophase and
fhe bonding characteristics of the drug-receptor
complex (Cavallito, 1959). Virtuallj all quaternary
ammonium salts of pharmacological iInterest are .
belleved to exert their principal effects by mimicking
or antagonizing the physlological actions of
Acetylcholine. Many of tﬁese compounds exhiblt
different pharmacological properties depending upon
the concentration, the duration of effect and the
specific site of action involved. Because they
lonize completely, quaternary ammonium salts have

an intense affinity for anionic receptors.
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The apparent absence of a membrane barrier
surrounding the neuromuscular junction (Couteaux, 1947)
facilitates access to thls site of both ionlzed
simple quaternary ammonium compounds and other more
bulky molecular specles as evidenced by the rapild
onset»of action of muscle relaxant drugs. |
Consequently, variation in chemical structure may have
relatively little‘influence on the potential ability
of a quaternary ammpnium qompound to reach the
anatomlcal site of action.

The muscle relaxant properties of onium salts,
first recognized by Crum Brown and Fraser in 1869,
have been the subject of several reviews, and
reference may be made to the work qf Trendelenburg,
1925; Alles, 1934 Ing, 1932, 1956; Cralg, 1948;
Bovet &.Bovet—Nitti, 1948a,b, and references cited
therelin, The assoclation of rather weak muscle
relaxant properties with more pptent cholinergic
effects in many monoquaternary compounds has virtually
eliminated the possibllity of thelr clinilcal use
(Huguenard & Martin, 1950). The 1solation of
tubocurarine and the determination of the structure
of its molecule (Xing, 1935; Wintersteiner & Dutcher,



S0

1943) revealed the presence of two quaternary

ammonium groups. Together with the successful
development of techniques for the clinical use of |
this compound (Bennett, 1941; Griffith & Johnson, 1942;
Cullen, 1943), a stimulus was provided for the
preparation and study of drugs whose molecule
possessédvtwo quaternary ammonium functions. This
led to the pharmacological investigation of a large
number of aromatic.and aliphatic derivatives
containing two onium groups, among which were included
some of the most actlve and clinically most useful
miscle relaxants (Bovet & Bovet-Nitti, 19483, b,

Bovet, 1951; Barlow & Ing, 1948a,b; Paton & Zaimis,
1948a,b; 1949; Collier & Taylor, 1949), For

detailed discussions of the chemical and pha:macological
properties of many of the compounds involved, reference
may be made to the extensive reports aﬁailable on

the subject, a few of the more recent of which are
cited here (Bovet, 1951; Paton & Zaimis, 1952;
Schnelder, 1953; Cheymol, 1954; Papper & De'Beer,
Symposium 1955; Bovet, Bovet-Nittl & Marini—Bettglo,
1959; Nachmansohn, Symposium 1959d; Lewis, 1960b).
Bisquaternary compounds possess a more intense and

pProlonged neuromuscular blocking action than the
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related monoquaternary derivatives, This may be

due to the former possessing a greater ability to
form bonds, i1.0. a greater number of points of
potential receptor attachment, producing an Increase
in the potential.bonding energy of the drug-receptor
complex, The deslgn and investigation of
polyquaternary derivatives containing three or four
nitrogen functions was thus undertaken in the belief
that a high degree of actlivity would be conferred by
virtue of thelr being reactants with a poiymeric
hypothetical receptor system (Kensler, Langemann &
Zirkle, 1954a; Kensler, Zirkle, Matallana & Conduris,
1954b; Edwards, Lewls, Stenlake & Zoha, 1957, 1958a,b;
Carey, Edwards, Lewis & Stenlake, 1959; Edwards,
Stenlake, Lewis & Stothers, 1959, 1961), In many of
the most actlve polyquaternaries; the ratio of
lipophilic to hydrophilic groupings is comparable to
that of many active bisqgaternary derivatives
(Cavallito & Gray, 1960). This suggests that the
enhanced potency of many blsquaternmary rmscle rélaxant
compounds may be due fo these molecules having
attained an cptimum compromlse between lipophiliec and
hydrophilic molecular bonding functions.

Introduction of hetero-atoms into the onium
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substituents may cause changes»in‘the overall size

and configuration of the moleculs. This may also
alter the cationic¢c charge dlistributlon, the secondary
bonding characteristics of the compound and its
ability to take up molecules of water. Among the
most interesting molecular constltuents associated with
the quaternary ammonium moiety in many muscle relaxant
compdunds, is the ether oxygen function. Interest

in this, originating from the muscle relaxant
properties of dlethyl ether itself (Auer & llekizer,1914),
has been maintained by the présence of the ether link
in tubocurarine (King, 1935) and other clinically.
useful,similarily aéting drugs (Bovet, Depierre &

‘De Lestrange, 1947; Collier, Paris & W001f? 1948;
Collier, 1952; Lévis, Preat & Dauby, 1953). Ether
anaesthesla has also been observed to potentiate the
muscle relaxant activity of non-depolarizing drugs _
(Foldes, 1959., 1960, and references cited therein),
The ether link provides a valency angle (110° in
diphenyl ether) approximately similar to that of the
carbon-carbon link (109°281), while replacement of a
-C~C-C-chain by a -C-0-C-chain reduces chain length
only slightly, (0.13 K) vhen extended conformatlons are
compared. An oxygen atom may thus be interposed in



an alkane chain without major stereochemical
disturbance (Sexton, 1949). On the other hand the
lone electron palirs on the ether oxygen atom confer
polar properties andAsuch molecules are capable of
orientation at lipid-aqueous interfaces, for example,
cellular membranes. Polar characteristics may also
significantly affect the molecular lipophilic-
hydrophilic ratio,altering the biological effect by
influencing the ability of_the drug to reach the
hypothetical receptor site. - Furthermore, a compound'
which 1s predominantly hydrophilic 1s also often
hydrated and although quaternary ammonium functlons
themselves are believed to be non-hydrated, the
presence of polar substituents may confer this
property to the overall molecule. Polar groupings
may thus be principally concerned with the distribution
of the compound between 'sites of activity'! and 'sites
of loss'! and numerous examples Indicate the reduced
muécle relaxant potency of predominantly hydrophilic
molecules (Barlow & Ing, 1948a,b; Hohmann & Jones,
1954; Thesleff & Unna, 1954).

The abilility of the molecule to form Van der

Waal's bonds may also be influenced by the polar-
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conferring properties of the ether oxygen function.
These short, weak, secondary bonding structures
contribute apprecilably towards maintaining the
stability of the drug-receptor complex, lloreover,
hydrogen bonding between the drug molecule and
certain hydrogen atoms, which may be located near the
site of drug activity, may be made possible by the
presence of the ether link, Formation of hydrogen
bonds has often been shown to have a deleterious
influence on muscle relaxant activity (Pnillips, 1952,
1955; Karczmar & Howard, 1955).

The ether oxygen link may also modify the
distribution of the elsctrostatic charge on the onium
centre itself (Teylor, 1951). Thus the inclusion of
an oxygen atom to form a morpholine ring may reducé
the electrical charge concentration on the onium
group and reduce the potency of the compounds compared
with that of their piperidine analogues (Cavallito,
Soria & Hoppe, 19503 Hazard, Cheymol, Chabrier, |
Corteggiani, Muller & Gay, 1953; Hazard, Cheymol,
Chabrier, Cortegglani, Mﬁller & Bourillet, 1954),
Concentration of electrical charge on the onium group

1s generally favourable to activity in both depolarizing
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(Riker, Roberts, Reilly & Roy, 1954) and non-
depolarizing drugs (Taylor, 1951).

Prom these considerations it might be expected
that the presence of the ether oxygen function would
unfavourably modify musele relaxant potency.

Increased polarity, alterations in the charge
distribution and bonding propensity of the molecule
may, however, be offset by increasing the lipophilic
bulk of the onium Qentres themselves or by increasing
the length of the inter-onium chain. In consegquence,
changes in the intensity of activity induced by the
presence o0f the ether oxygen are often subtle rather
than dramatic. Detailed consideration of several

of these changes occurring in synthetic muscle

relaxants will now be given.

Monooguaternary Derivatives.

Few monoquaternary ether-containing derivatives
possess muscle relaxant properties although simple
alkoxytrimethylammonium salts (Rogers, Bovet, Longo
& Marini-Bettolo, 1953) and several phenolic ether
derivatives of choline (Rosnati, Angelini-Kothny,

1958; Winter & Lehman, 19503 Bovet, Depierre,

Courvoisier & de Lestrange, 1949) are reported to
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possess this characteristic. The predominance of
cholinergic properties (Hey, 1952; Buchel, Guyonneau

& Lé@y, 1957) in monoguaternary compounds is in
keeping with similar pharmacological features generally
observed in analogous non-ether derivatives. It is
interesting to note that (-)-coclaurine (III), which
closely resembles half the molecule of tubocurarine
(Iv, R = H), possesses no neuromuscular blocking

activity in dogs,in doses up to 1 mg (Finkelstein, 1951).

Bisguaternary Derivatives.

Of those naturally occurring compounds which
have now been chemically synthesiséd, tubocurarine
itself, (IV, R = H) possessing two ether linkages,
is the most outstanding (King, 1935, 1948; Wintersteiner
& Dutcher, 1943).

The (-)-;somer 1s virtually inactive on the
rat (King, 1946). The isomeric (+)-chondocurarine (V)
which differs from tubocurarine solely in the position
of the methoxyl and hydroxyl substltuents 1is
approximately three times more potent on the rabbit

than the latter (Wintersteiner, 1959). Tubocurarine
dimethyl ether (IV, R = CHz) (Collier et al. 1948;
Collier & Hall, 1950) in which the phenolic groups of
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tubocurarine are converted to the methyl ethers,
possesses similar qualitative properties to the

parent compound. Quantitatively, potency wvaries
considerably with the animal species employed.
Tubocurarine dimethyl ether is reported to be more
potent than tubocurarine itself on the monkey, rabbit,
rat and in the human being but only equipotent on the
mouse (Wintersteiner, 1959; Swanson, Henderson & Chen,
1949). On the frog rectus abdominis‘muscle preparation,
under conditions which reduce the ionization of the
phenolic groups (low pH), tubocurarine is more potent
than its dimethyl ether (Kalow, 1954). Increase in the
size of the ether-containing alkyl radical generally
reduces potency. Only the diethyl ether is more
potent than tubocurarine while the di-n-butyl and

the dibenzyl derivatives show a marked reduction in
potency. The sYnthesis and investigation of
molecules, fhe relaxant potency of which was comparable
to that of natural products, initially involved
aromatic nuclei containing ether functions either in
the nucleus itself or in the interconnecting alkane
chain. The preparation of these and other related

compounds was inspired by the occurrence of similar
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molecular features in tubocurarine (Bovet & Bovet-

Nitti, 1948a,b; Bovet, 1951). Many of these compounds
were structurally complex, containing bulky ring systems
with several substifuents. Increasing molecular
complexity rendered the correlation of changes in the
biological response with specific physicochemical
variables more difficult. Consequently, it is difficult
to establish the precise role of the ether oxygen
functlon in compounds of this type.

Among the most active_produdts from this series
of investigations were the decamethylene bis-
tetrahydroisoquinolinium derivatives (Collier & Taylor,
1949; Taylor & Collier, 1951, 1952; Taylor, 1952). of
these, the N-methyltetrahydro derivatives were appreciably
more active than the isoquinolinium analogues,
indicating the favourable influence of concentration:
of electrostatic charge on the onium nitrogen atoms
for high muscle relaxant activity. 6,7-di- and
6,7,8-tri-methoxy substituents on the benzene ring
markedly enhanced the activity of the
tetrahydrolsoquinolinium derivatives, possibly by
enhancing the lipophilic characteristics of the molecule.

Of these compounds, salts of decamethylene~o,w-bls-
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[:?-(3',4'-dimethoxybenzyl)-l,z,5,4 - tetrahydro -

6,7 - dimethoxy -2- methylisoquinoliné], (laudexium)
were among the most important. Thils drug is a
clinically useful (Bodman, 1952), long acting,

ruscle relexant (Collier & Macauley, 1952) which

has predominantly non-depolarlzing properties.
Another relatea, non~-depolarizing compound with a
prolonged duration of action is reported to be seven
times more potent than suxamethonium (VI) (Collier,
Gladych, Macauley & Taylor, 1958). Although
Investigations were initlally concerned with the
design of compounds possessing features characteristic
of tubocurarine, neuromuscular blocking activity 1is |
not confined to complex quinoline or isoquinoline
structures but is also the property of simpler
molecules.‘ Among ether-containing drugs of this
type, the bisquaternary aroﬁatic amines described by
Bovet and his assoclates, for example bis~-{2,2'~
trimethylaminophenoxy)-1,5-pentane dilodide (VII),
were as potent as tubocurarine itself (Bovet,
Courvoisier, Ducrot & Horclois, 1946, 194%7).
Inclusiop of the onlium molety as nart of a piperidine

ring system has also been reported to produce active
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compounds (VIII; Fisher & Keasling, 1956, 1958)
showing characteristics of both depolarizing (nfflz)
and non-depolarizing (n>>12) muscle relaxants
depending on the length of the inter-onium chain.
Other unsymmetric piperidine, bisquaternary, ether-
containing compounds for example (IX) possess low
miscle relaxant activity (Elpern, 1954). That the
presence of the ether oxygen link may lncrease the
potency of such compounds has been suggested by Pradhan
and hls associates who investigated several élosely
related di-n-butyl and dibenzyl piperidinlum
derivatives (Pradhan, Ray, Varadan & De, 1954),

A number of hydroquinone di-ethers have also
been prepared and tested for mscle relaxant propertises
(x). | A bivliographic summary and table including
structural varlations in these compounds have been
provided by Bovet (1959). While no attempt has been
made to evaluate the contribution of the ether oxygen
function in these molecules, there is no evidence to
suggest that mmuscle relaxant potency 1ls enhanced by
its presence. Maximum actlvity was observed when
the inter-comnecting chain length was 12-15 atoms

(Bovet, 1958). Among lower analogues (n= 2; R = CHgz),
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potency was low but replacement of-a methyl by an
ethyl group on each quatefnary n;trogen group enhanced
activity (Winter & Lehman, 1950), Modification: in

- the actlivity of these compounds/produced by alﬁeration
in chemical structure is Influenced by specles
variation, which minimises the value of conclusions
drawn from different literature sources concerning
related compounds. The ortho and meta compounds
(n=2; R= CZH5) are more aétive than the corresponding
para defivatives (Bovet, 1951) while fhe corresponding
bis-dimethylethyl ortho derivatives Diethamine (n = 2)
and Dipropamine (n = 3) have also potent ruscle
relaxant properties (Winter & Lehman, 1950) and have
been clinically investigated (Hunter, 1953a).
Variations in the baslc hydroquinone structure have
produced‘compounds possessing different degrees of
activity. The insertion of a p,p!'-biphenyl (XI) centre
- molety in which R = CHz and n = 2 ylelded a compound
with slightly increasedAactivityLcompared with the
reference compound, (Bovet_gg_gl.‘1947; Levis et al.
1953) while extended ether structures (Funke, Engeler,
Jaqobs & Deplerre, 1949), for example p-xylylene-bis-

(p-trimethylammonium phenyl ether) (XII), also possess



.62

appreciable activity (Funke, Krucker & Depierre, 1950).
Ether-containing bisquaternary compounds have
contributed to the development of the supporting moiety
theory (Cavallini, Costa, Ferrari & Massarani, 1954;
Cavallini & Massarani, 1959). This contends that
pharmacologically active molecules consist of a radical
moiety, which controls the type of biological activity
exhibited,together with a supporting moiety which
confers affinity for the site of activity. It is
interesting to recall the analogy of the "haptophore-
toxiphiler relationship conceived for the process of
conferring immunity by Ehrlich. The value of the
anchoring fhaptophore* group iIn enabling the active
etoxiphile1r to be effective bears an obvious resemblance
to the present day concept of a supporting moiety, as
a contributory factor in explaining drug action.
Experimental support for the supporting moiety theory
has been provided by the investigation of activity in
certain steroidal quaternary derivatives (Cavallini

& Massarani, 1951) and in certain ether-containing
quaternary derivatives of stilboestrol, hexoestrol

and diphenylethane (Cavallini et al* 1954). The

combination, in the latter compounds, of the
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'stripped down' (Gero & Reese, 19563 Gero & Withrow,
1957) drug molecule or radical moiety, the quaternary
ammonium group, and the supporting stilboestrol,
hexoestrol or diphenylethane ether moiety produced
drugs with high muscle relaxant activity.

Other strﬁcturally related ether-containing
compounds investigated for neuromuscular blocking
activity have included derivatives of biphenyl
(Bovet et al. 1947; Levis et al. 1953) and dienoestrol
(Hazard et al. 1954). Although muscle relaxant
activity is a common feature of these drugs, the
precise contribution of the ether oxygen function has
not been evaluated. Interest has also been aroused
in certain pyridazine ether-containing compounds
(Steck, Brundage & Fletcher, 1954; Gesler & Hoppe, 1956)
(XIII; n = 2 or 3) reported to exert their muscle
relaxant effect by a presynaptic blocking action
(Gesler, Lasher, Hoppe & Steck, 1959)., fThis effect
is markedly influenced by the frequency of stimulation
employed. The role of the ether-oxygen function in
influencing muscle relaxant activity in certain
phenolic ethers has been more fully investigated by

Bovet (1951), who observed a similar curarizing
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potency on the rabbit for-qertain ether and non-ether
containing compounds (XIV), = In derivatives of this
type, therefore, the ether oxygen function is
relativély uniﬁportant. - Pursuit of these studies led
this school to investigate the effect of combining
both ether and ester functionyin the same molecule,
(Rosnati & Puschner, 1957) but no obvlous advantage
was achieved (XV)(Rosnati, Angelini-Kothny & Bovet, 1958),
The difficulty of assessing the effect of the
ether oxygen function in aromatic compounds is increased
by the complexlty of such structures and by the numerous
Influences on overall blological activity contributed
by resonance, gteric hindrence and other factors
previously discussed in this thesis. In view of thils,
a study of aliphatic ether-containing miscle relaxants
appeared to offer a more useful means of further
Investigation of this problem. The structure of
many of ﬁhese compounds has been based on that of
decamethonium and consists 6f the insertion of one or
more ether linkages into the polymethylene chain
linking two quaternary ammonium groups., The quantity,
and the diversity of structure of the molecules |

investigated is consilderable and a blblographic summary
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and structural table of many of the varlants

involved has been provided by Bovet (1959). Maximmum
rmiscle relaxant activity 1s observed when the
interconnecting chain 1ength comprises 1l1-16 atoms,
‘This 1is longer than observed in the non-éther
analogues (Paton & Zaimis, 1949; Barlow & Ing, 1948b)
and reflects the reduction in the effective chain
length and the polar characteristics assoclated with
the presence of the ether oxygen function. The former
consideration alone (0.13 E) can hardly account for

the marked reductlon In potency observed by the
introduction of one ether oxygen funetion in compounds
of this type (Ray, Kohli & De, 1957). Among an
extensive seriles of monoethers studied by Levis and

her associates (XVI) (1955) and others (G.P. 847000/1952'
G.P.921,267/1954), appreciable short-acting rmscle
relaxant properties were observed, which Increased
with increase in the length of the polymethlene

chain (n). Replacement of methyl (R = CHz) by ethyl

(R = C Hg) radicals did not significently affect
potency but increase in the size of the onium
substituents beyond the ethyl derivative was claimed

to increase the activity of these compounds (Pradhan,
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et al, 1954), The most active member, oxydipenfonium
(n = 5), has been successfully used in certain surgical
procedures (Levis et al. 1952: Mundaleer, 19523
Montemartini, 1956).

Ganglion blocking activity assoclated with
non-depolarizing mscle relaxant éctivity has also
been observed in a series of bisquaternary, branched
alkyl ethers (XVII) (Lenke, 1957). It is apparent
from these considerations that the introduction of one
ether oxygen function into straight chain, bis-onium,
polymethylene derivatives reduces muscle relaxant
potency. Introduction of a second ether function
appears to reduce potency further and the alteration
in total chain length is again disproportionate to the
observed fall in potency (Thesleff & Unna, 1954). In
compounds of the general type shown (XVIII), neuro-
miscular blocking potency (Girod & Hafliger, 1952) is
not primarily related to the overall inter-onium
chain length but to the middle part (n) and to a:
lesser extent to the onium substituents (R). While R
1s ethyl and n is 10, potency is not significantly
influenced by the wvalue of m (2,3 or 4), a simultaneous

increase in the value of m and a decrease in the value
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of n reduces potency to a marked degree. - The

position of the ether oxygen in the chain may thus
appreclably influence the activity of compounds of

this type. Weak muscle relaxant propefties have also
been observed wlth lower, ethyl homologues (n =2,

n = 2,3,4) (Vanecek & Votava, 1955). Hazard and his
colleagues (Hazard et al. 1953), investigating analogous
compounds in which m and n were 2, found the order of
potency, in relationship to the cationic head
substituents, to be least favourably influenced by the
ether-containing'morpholine group. The derivative

in which m = 2 and n = 4, possessed potent cholinergic
properties (Marsh & Herring, 1951). Muscle relaxant
activ;ty has also been reported in related quaternized
ether-containing triamines (G.P.848,825/1952) and in
certain quaternary ammonium polymers derived from

alkyl vinyl ethers (G.P.l,005,275/195'7). The
combination of an ester and an ether functlion in the
one molecule has produced an active'muscle relaxant of
short duration, whiqh has been used clinically (Frey,
1955; Hunter, 1959). In this compound, prodeconium
(n= 10, m= 2), one methjl group on each nitrogen atom

has been replaced by a propyl acetate molety. It
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produces a 'mixed' type of block more closely related
to tubocurarine than to decamethonium (Rendell-Baker,

& Poldes, 1957; Barbieri, Lodi & llalaguti, 1958).
Polymethylene bis-(oxytrimethylammonium)

derivatives (XIX n = 5,6 and 10) show anticholinesterase
activity only (Palazzo, Rogers & Marini-Bettolo, 1954)
while the polymethylene bis-(N-oxides) (XX n =2 -/2)
are devoid of muscle relaxant properties (Jerchel &
Jung, 1952). 'Decamethonium dioxide' is similarly
inactive (Hano, Wilimowski & Gieldanowski, 1958).

Polyguaternary Derivatives

From a series of p-hydroxyethyltriethylammonium
ethers synthesized and investigated by Bovet and his
associates (XXI) (Bovet et al. 1947, 1949), gallamine,
1,2,3, tris-(p=-triethylammoniumethoxy) benzene triiodide,
was Observed to possess the most potent tubocurarine-
like muscle relaxant ﬁroperties (Jacob & Depierre, 1950;
Bovet & Bovet-Nitti, 1948a,b; Riker & Wescoe, 1951;
Wien, 1948) and has proved a clinically valuable drug
(Doughty & Wylie, 1946; Mushin, Wien, Mason &

Langston, 1949).
The presence of a third quaternary ammonium

function in the molecule, it was suggested (Riker &



@
CHg CHp~CHo~ O - CHCHz N(CoHg )5
:: ©
N ® 31
CH3 CH,-CH,~ O - CHz CHz N (CoHs)4

XXIl

®
CHz~ CHz O - CH;~CH,~ N(C,Hs),
& & o -
CoHg N'——CH,- CH,;~O—-CH,CH,- N(CHs), 41

_ @
CH,~ CHy~ O —CH,~ CH,- N(CHy) 3

XXl




69

'Wescoe, 1951), might modify the freedom of rotation
lof the other two side chains attached to the aromatic
ring. In this way, the two terminal nitrogen groups
may be kept at an optimal interatomic distance for
muscle relaxant propertiss (Cavallitq, Schlleper &
0'Dell, 1954; Hohmann & Jones, 1954). Few aliphatiec,
polyquaternary ammohium,ether—containing compounds

have however heen prepared. Vanecek and Votava (1955)
prepared and investigated for musclé relaxant activity
one tris-ammonium (XXII) and one tetra-ammonium (XXIIT)
etherscontainingvcompound. Both were reported to
possess weak muscle relaxant properties, the former
belng slightly more potent than the latter;_ In nelther
case was the corresponding non-ether analogue
'invesﬁigated nor was any attempt made to evaluate the
contribution of the ether oxygen functlon to the
biological activity of the compound.

It is apparent from the literatuire cited, that
many synthetlc aromatlc and aliphatic ether-containing
derivatives possess mugcle reiaxant properties to a
greater or less degree. It 1s equally apparent,
however,that few attempts have been made to evaluate

| the contribution of the ether link to the observed
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biological effect and a study of the pertinent
1iteraﬁure has underlined the existence of thisr

problem rather than contributed to its solution.

A precise assessment of the part played by the ether
oxygen link is made even more difficult, since different
workers have employed different preparations and species,
while analogous non ethers have seldom been tested under
similar conditions. The compounds in a sefies of
alliphatic, bls-choline ethers possessing genglion
blocking propertles, which were synthbsized and tested
by Fakstorp and his associates (1953, 1954a,b,c, 1955,
1956, 1957§,§Lg), were reported to act by means of

~ the attachment of one quaternary ammonium group to the
receptor. It was deemed worthwhlile to investigate the
possibility of applying this hypothesis to neuromuscular
blocking activity in certain of these compounds. While
onium salts other than those of nitrogen have been of
relatively little pharmacological interest, several
investigations have been concerned with sulphur-
contéining derivatives. Early investigations described
the reduced nicotinic activity of methylated onium

salts of sulphur (Hunt & Renshaw, 1925) thelr weaker

paralyzing effects belng related to the larger radius
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of the sulphur atom (Ing & Wright, 1935) and to a
reduction in the concentration of the cationic charge.‘
The sulphonium analogue of acetylcholine is much weaker
than the parent compound (Prelog, Juhasz, Rezek &
étern, 1942) while the insertlion of two sulphur atoms
into the molecule of suxamethonium (Della Bella,
Villiani & Zuanazzi, 1956) markedly reduced the potency
but not the type of muscle relaxant activity. Similarly,
the disulphonium analogue of decamethonium was less
active than the parent compound while the ammonium-
sulphonium derivatiye‘was intermediate 1n‘potency
(Walker, 1950). 5,6-Dithiadecamethylene-
bistrimethy;ammonium dilodide 1s reported to poasess
properties qualitatively and quantitatively similar

to those df decamethonium (Hunter, 1953b). Replacement
of nitrogen 5y sulphur in several bis-onium ether
compounds d1d not alter muscle relaxant potency
(Vanecek & Votava, 1955). The evidence suggests,
therefore, that the replacement of nitrogen by sulphur
in Pbis-onium miscle relaxants has no advantageous
effect on potency and seldom alters their qualitative
pharmacological behaviour.
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Purpose of Research

The workvdescribed in this thesis was

undertaken to investigate the basle pharmacological

mode of actlion of several new synthetic muscle relaxant
drugs with a view to Investlgating, where possible,
structure-action relationships among then. In this
respect, particular attention was paid to the
contribution to muscle relaxant activity, of the ether
oxygen function, the effect of altering the length of
the polymethylene chain, the number and nature of

the onium centres present in the molecule and the

nature of the alkyl substituents on the onium centres.
Consequently, a number of straight-chain,polymethylene,
polyquaternary ammonium compounds several of which
contained one or more ether functlions was investigated
for muscle relaxant activity on both intact animals

and 1lsolated tissue preparations. Several corresponding
non-ether contalning compounds were similarly tested.

In addition,three sulphonium analogues of decame thonium
were examined for muscle relaxant activity. The
effects of these compounds on the cardiovascular

system and on ganglionic transmission were also observed.

Pharmacological investigations in the fiseld
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of muscle relaxants have been Increasingly concerned
over the past decade with piacing the basic modq of
drug action on a fundamental mathematical basis,

The work of Paton (1961) and of A:igns end his associates
(1957) has already been referred to and the systems

of classification of ruscle relaxants devised by the
latter workers described (Van Rossum et al. 1958).
This procedure could, it was belleved, logically be
applied to investigate the contribution of the ether
oxygen function and the effect of other molecular
features on the activity of tha compounds concerned
based on the concept of drug-receptor interaction.
Furthermore,this approach appeared to provide a simple
method of distinguishing ruscle relaxants of potential
clinical value from those with little or no clinical
value thus eliminating the considerable sacrifice of
1ife entalled in the standard sgreening procedures
adopted for drugs of this class, Consequently, an
additional examination of the compounds describsd and
others was made on the basis of their affinity and/or
intrinsic activity values, using the frog rectus
abdominis m@scle preparation described by Aridns (1954) "
and a correlatlon made of these results with those

obtained using more conventional methods.
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EXPERIIENTAL METHODS

Eiperiments Usling Cats.

In all these experiments, cats of elther sex
weighing between 2.0 and 5.0 kg were used. Ansesthesila
was induced by intraperitoneal Injectlon of sodium
pentobarbitone solution (50-60 mg/kg). To facilitate
the application, when necessary, of artificial
respiration, the trachea was cannulated, the amount of
air entering or leaving the cannula being controlled by
an adjustablé sleeve. The external jugular vein on
one side was exposed, freed from connective tissue and
a heparinised polythene cannu;a inserted with 1ts
pointed end towards the heart. The cannula was then
connected by means of rubber tublng to a 50 ml burette
containing normal saline solutlon, Dfugs under
investigation, dissolved in normal saline solution,
were administered by means of a 1 ml graduated
tuberculin syringe, injectlon being made into the
rubber tubing connecting the burette and the jugular
veln cannula. Each dose of drug was washed in by

a sultable volume of saline (3 ml).

The Cat Gastrocnemius Muscle-Sclatic Nerve Preparation.

Cat skeletal rmuscle is characterized by a
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marked colour differential into two main groups of
fibres and thence into three main types of muscle
(red, white and mixed):

(a) Red or slowly contracting fibres, e.g. soleﬁs
rmscle, These are generally very resistant to
depolarizing drugs (Paton & Zaiﬁis, 1951; Jewell &
Zaimis, 1954). o

(b) White or more rapidly contracting fibres, e.g.
anterior tibilalis. These are relatively very
sensitive to depolarlzing drugs (Paton & Zaimls, 1951).
Both types of fibres are sensitive to non-depolarizing
drugs.

The gastrocnemius mscle consists predominantly
of white fibres though a minority of red flbres are
also present (Denny-Brown, 1928-29). It was chosen
for these experliments since 1t combined the |
characteristles of both types of muscle fibres and
thus appeared to offer the most acecurate means of
assessing the overall blologlcal effect of muscle
relaxant drugs on mammalian skeletal muscle. Further-
more, use of this muscle would, it was believed, be
advantageous if the compounds under review were

observed to possess clinical potentialities. The



Fig. 1. The cat gastrocnemius muscle-sciatic

nerve preparation.
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preparation,similar to that described by Bﬁlbring and
Burn (1942), may be used to investigate both the
qualitative effects of neuromuscular blocking agents
and semi-quantitatively to compare the potency of new
drugs with that of tubocurarine or decamethonium.

The anlmal having been prepared as described,
one leg was arraﬁged for 1ndlrect stirmlation of the
gastrocﬁemigs miscle via the sciatic nerve. The leg
was held with ité long axis perpendicular to the
operating table and rigidly fixed by means of two
clamps, one at the knee.joint, and the other at the
ankle as shown (Fig. 1l). The gastrocnemlus muscle was
partially freed from surrounding tissues and the
Achilles'tendon §evered at a point near to lts Insertion
in the calcaneus, A strong linen threéd wés then
sewn through the central end of the tendon and the free
end of the thread led over pulleys and attached to a
Brown-Schuster myograph lever,.the writing point of
which was adjusted to record the muscle contractions on
a moving smoked surface, By means of an incision made
through the skin covering the lateral aspéct of the
thigh, the sciatic nerve was exposed between the

hamstring miscles and a pair of shlelded platinum
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electrodes placed around it. The nerve was then
stimulated éupramaximally, using a Dobble-lMcInnes
square-wave stimlator, at a frequency of 6-8/m1n, at
10 to 20 V and using a pulse width of 2,0 to 3.0 msec.
The stimilation and ths_tension/on the gastfocnemius
miscle (usually 0.2 - 0.3 kg) remained constant during
any one experiment.

Recording The Blood Pressure Of The Anaesthetized Cat,

In these experiments, one of the common carotid
arteries, on the opposlite side of the neck from the
cannulated jugular veln, was freed from the surrounding
tissues and ligated as near the cephalad end as possible.
A'bull-dog' clip was placed around the artery, distal
to the ligature and a heparin-filled glass artery
cannula inserted into the artery with its pointed end
towards the heart. The cannula was then connected to
a mercury manometer by rubber tubing which was fllled
wilith heparinised normal saline solution as an
anticoagulant. The ﬁressure in the mercury manometer
was set at approximately 120 mm of mercury to maintain
equllibrium agalnst the blood pressure of the animal,
The 'bull-dog! clip was then released and the blood

pressure recorded on a smoked surface.
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The Nictitating lMembrane Preparation.

The jaws of the animal were tied firmly over
a brass rod which was clamped to two tprights fixed
to either side of the operating table, This maintained
the head in a rigid poslition throughout the recording
of fhe contractions of the nictitating membrane,

The anlimal was then prepared as préﬁiouslﬁ described.
By means of a fine needle, a linen thread was passed
through the midpoint of the margin of the nictitating
membrane of the right ‘eye and tled firmly Into place.
The thread was then pulled forward and to one side
meking an angle of about 30° with the long exils of the
cat, It was led around pulleys and attached to a
frontal-point writing lever and the contractions of
the nictitating membrane recorded on a moving smoked
surface.

The right cervicél sympathetic chaln was now
dissected free from the combined vago-sympathetic
trunk and ligated at as low a point as possible in the
neck, The cervical sympathetic chain was severed
just above the ligature, placed on a pair of platinum
electrodes and kept moist with normal saline solution.

Contractions of the nictitating membrane could now be
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elicited by stimulation of the cervical sympathetic
nerve for short fixed perilods of time (15 seconds each
minute), at a freguency of 800 to 1200/min, at 8 to 15 V,
the pulse wildth being 0.5 msec to 1,0 msec. A
Dobble-licInnes square wave stimilator was used. These
values remained constant during any one experiment.
Having obtained standard, reproducible responses from
the nictitating membrane by stimleting the nerve trunk,
the drugs under investigation were injected into the
external jugular vein, one minute prior to the next
periocd of stimlation.

Stimulation of the cervical sympathetic nerve
chain reaches the nictitating membrane across the
synapses of gangllion cells in the superior cervical
ganglion, The nictitating membrane has no vagal
(parasympathetic) innervation and can be used for the
detectlon and estimation of sympathetlic ganglion block.
Therefore, if the drug under test possessed éympathetic
ganglion blocking activity, a reduction in the helght
or elimination of the contraction of the nictitating

membrane would be expected.,

To record the effect of drugs on the respiration of the

_ggaestheﬁ}zed cat and rabblt.

Respiratory movements were recorded in the cat
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by means of a thread sewn into the skin of the

epigastrium at a point along the midlinse. This thread
was then led over pulleys and attached to a frontal-
point writing lever. The common carotid artery on one
side was used to fecord the blood pressure of the animal.
After a record of the normal respiratory movements had
been obtained, the drﬁg under test, dissolved in normal
saline solution, was infused (0,75 ml/min) into an
external jugular or a femoral vein, by means of a needle
cannula attached to a Palmert!s slow infuslon apparatus.
In order to éstablish a more accurate picture
of the effects of neuromuscular blocking agents on the
volume of air exchanged by the lungs, rather than on
movements of the respiratory misculature, experiments
were carried out using the method devised by Gaddum (1941).
To effect a correlation between the respiratory and the
neurbmuscular paralyzing potency of new drugs, the
rabbit was chosen as the test species, Thus the head
drop dose 6ou1d be compared to the dose producing
respiratory paralysis. Rabblts, welghing hetween 1.5
and 4.5 kg, were anaesthetized by administration of
urethane solution 25 g/100 ml (approximately 4.5 mg/kg)

~into a marginal ear vein. Cannulation of the trachea,
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an external jugular vein on,one‘side and the common
carotid artery, on the other slde of the neck from the

cannulated vein, was then completed.

Experiments on the Resplration of the Anaesthetized

Rabbit.using the method of Gaddum.

The central limb of a Palmer's 'T!' shaped
resplratory valve was connected by means of rubber
tubing to the trachea cannula. The valve was then
connected to a donical flask, acting as a reservpir,
and leading to a tambour which recordgd the respiratory
movements of the animal, The apparatus used is shown
in the diagram (Fig. 2). The alir pressure in the
reservoir is adjusted by the screw-clip valve (C) to
maintain the recording lever 1n a horizontal position,

When the rabblit Inspired, air was drawn from
the reservoir faster than it entered through C and the
consequent drop in pressure in the system was recorded
by a depression in the tambour membrane and a rise in
the lever. = During expiration, the wvalve Rl closed,
alr entered the reservolr at C and normal pressure
conditiohs were restored. The lever fell to its normal
resting horizontal position. The expired air from the

anlmal escaped by the outlet wvalve Ro. Alterations in
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the rate and depth of respiration of the animal could
then be translated into changes in the frequency and
extent of the lever movements. A recording of normal
respiration was obtalned for several minutes prior to
administration of the drug into the external jugular
fein. The infusion was carried out at a constant
rate of 0,75 ml/min, using a Palmer's slow infusion
apparatus. Drugs (0.2 mg/ml)dissolved in normal saline
solution were administered via the external jugular
'vein'and,when spontaneous resplration had ceased,
infusion of the drug was stopped and the animal placed
on artificial respliration, The rate and time taken
for infusion of the drug were used to calculate the
respiratory paralyzing dose of the drug which was
expressed in mg/kg.

Experiments using Avian Specles.

Non-depolarizing neuromuscular blocking agents
produce a flaccld paralysis in birds whereas depolarizing
agents cause a typical spastic paralysis (Paton & Zaimis,
1952; Zaimis, 1954), These effects may be readily
demonstrated and the phenomenon can be adopted as a
means of distinguishing between these two classes of

compounds, Neurormiscular blocking agents of the
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intermediate type can be readily distinguished

because they produce a response embracing characteristics
of both the other types. Depending on the nature of

the compgund used, an inifial spastic paralysis can be
shown to change to a flaccid paralysis in the course of
the animal's response to the injected drugs.

Work on avian specles has been extended to
include nerve-muscle preparations (Ginzel et al, 1951a,
b,c; Pelikan, Smith & Unna, 1954; Thesleff & Unna, 1954;
Crema, Scognamiglio & Bovet, 1959). These studies have
primarily involved the use of the gastrocnemlus ruscle-
sciatic nerve preparation of the chicken and have
indicated that while non-depolarizing rmuscle relaxants
causeé only neuromuscular paralysis, depolariiing
activity involves, in additlion, a contracture i.e. a
shortening of the muscle, independent of the degree of
electrical stimilation applied. In the latter case
both the shortening effect end the neuromiscular
paralysis commenced simltaneously, but the maxirmm
contractural effect is attained before the full depression

of the twitch height is observed (Crema et al. 1959).

Experiments on'Chicks.
Four to elight day old chicks were used 1In these

experiments. Drugs dissolved in normal sallne solution
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~were injected Intraperlitoneally using groups of six
chicks for each compound and observations made of the

nature and mode of onset of the paralysis induced.

The Chicken Gastrocnemius lMuscle-Sclatlc Nerve Preparation.

The method described was essentlally that used
by Pelikan and his associates (Pelikan et al. 1954),
'Zeghorn chickens of either sex welghing between 1.0 and
3.0 kg were anaesthetized by slow intravenous injection
of sodium pentobarbitone solution (25-35 mg/kg) into
a wing vein. In order to maintain anaesthesia, it was
found necessary to inject sodium pentobarbilitone solution
frequently throughout the experiment (5-10 mg/kg at
approximately 20 ﬁiﬁute intervals). The sodium
pentobarbltone solution was diluted with an equal
volume of normal saline to facilitate the control of
anaesthesia,.

The trachea and the externél jugular vein on
one side were cannulated as previously described for
experlments on the cat gastrocnemius muscle-sclatic
nerve preparation. Likewise, the tendon of the
gastrocnemius miscle of one leg was carefully isolated,
cut and attachéd over pulleys to the lever of a
Brown-Schuster myograph by means of a strong linen thread

sewn through the cut end. The feathers and skin



coverlng the lateral aspect of the thigh were removed
and the sclatic nerve exposed, Alternatively, access
to the sciatic nerve could be gained by blunt dissection
of the hamstring rmscles on the dorsal aspect of the leg.
The distal end of the severed sciatic nerve was then
stimilated supramaximally using a Dobble-McInnes square
wave stimulator at a frequency of 6/min, at 12-25 V,

the pulse width beling 6 msec. The contractlions so
eliclted were recorded on a smoked surface. Drugs
under investligation were added via the external

jugular vein followed by a fixed volume (3 ml) of normal
saline solution.

The Rabblt Head Drop Method.

The Estimation of The Head Drop Dose (H.D.D.).

The basls of this method was outlined by
Bennett (1941), The modificatlion described by Varney,
Linegar and Holaday (1949) was used. Thls method of
assay is best suited to compounds having a fairly‘
rapid onset of action and a duration of effect
comparable to that of tubocurarine.

Rabbits of eithér sex, welghing from 1,5 to
3.0 kg were used for these experliments. Groups

consisting of nine animals were used for each drug under






Pig. 3b. Rabbit "Bleeding®™ Box with animal

prior to commencement of an experiment.
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Investigation to permlt statlstical analysis of the

results, The rabbits were placed 1n indlvidual
bleedling boxes preferably constructed of perspex, with
the head of the animal protruding through the opening
at the front (Fig. 3). Drugs under investigation were
~diluted in normal saline to gi#e a final concentration
of 0,01 mg/ml and were administered through a marginal
ear veln by means of a Palmer!s slow infusion apparatus.
This enabled drugs to be glven at a constant rate.
(0,75 ml/min) from an all glass syringe fixed in the
apparatus, The animal usually remained quiet until
just prlor to the end-~polint of the experliment, when there
was a brief period of restlessness, Intravenous
infusion was discontinued only when the mmuscles of the
neck were fully relexed and toneless and a light tap on
the muzzle produced no ralsing of the animal's head.

At this point, the reading on the timing device of the
slow injectlon apparatus was noted and the difference
between this and the original reading used to calculate
the quantlty of drug admlnistered. When expressed in
mg/ml of body weight this indicated the head drop

dose (H,D,D.).

The experiment could also be adapted to
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indicate the type of mascle relaxant actlvity involved.
Consequently, the effect of neostigmine (0.1 mg/kg),
injected subcutaneously into the rabbit 15 mlnutes

prior to commencement of the experiment, was investigated.
The ratio of the head drop dose for the neostigmine-
-treated animals, to the head drop dose for the untreated
animals, was determined. A ratio greater than unity
indicated a tubocurarine-like pafalysis, while a ratio
less than unity was taken %o Indicate a depolarizing

effect.

Experiments On Mlce.

Estimation of the Approximate Medilan Paralysing Dose

(P.D.50) and the Approximate Median Lethal Dose (L.D.50).

The method described 1s based upon that
originally used by Thomson (1946) for the assay of
insulin, Solutions of drugs, in normal saline, were
Intraperitoneally injected at different dose levels into
groups of ten mice of either sex welghing between 20 and
30 g. The mice were then placed on a fine-mesh wire
screen inclined at an angle of 50° to the horizontal,
Those mlce which developed a typlcal skeletal muscle
paralysis and abruptly slid off the screen within a period
of thirty minutes after injection of the drug, were

considered to show a positive reaction. The dose at
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which 5 out of 10 injected mice slid off the screen,

was considered to be the approximate medlan paralysing
dose (P.D.50) and was expressed in mg/kg of body weight.
In order to determine the approximate medlan lethal
dose (L.D.50), the dose at which five out of ten mice,
in a particular group, died within_half an hour, was
taken and expréssed in terms of mg/kg of the body
welght,

"Experiments on The Isolated Perfused Rabbit Heart.

The experiment was carried out according to the
nﬁethod of TLangendorff (1895) and involved a perfusion
of the coronary vessels of the heart through the aorta.
The recorded outflow of the heart 1s not necessarily an
accurate assessment of the state of tonus of the coronary
vessels, since the former is directly dependant upon
the competence of the aortic wvalves, As a result of
aortic incompetence, perfusion fluid may leak into the
left ventricle and so to the left atrium.and thence to
the exterior. Moreover, the volume of coronary
perfusate may be Increased by a purely mechanical
massaging effect which cardiac muscle, stimilated. by a
cardiotonic drug, may exert upon the coronary vessels,
In consequence, an increase iIn the recorded outflow

may falsely indicate a coronary dilatation (Wegria, 1951).
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The fluid draining from the heart is thus described
as the 'cardiac outflow'. By careful observation
of the heart rate, the amplitude of the contractions
and the cardiac outflow, an estimate of drug-linduced
alterations in the cafdiac function and in the tonus
of the coronary vessels. could be obtained.

Rabbits, weighing between 1,0 and 2.0 kg, were
killed and exsanguinated. The thoracic cavity was
exposed, the lungs removed and a thread tied loosely
~around the aortic arch near to the origin of the
innominate artery. The venae cavae and the aorta
were then severed, the pericardium removed and the heart
dissected out and placed in warm heparinised Locke's
solution to prevent clotting. A stream of Locke's
solution was then run through the superlor vena cava
from a pipette and prior to the imsertion of a cannula
Into the aorta, the heart was gently massaged. Care
was taken to ensure that the tip of the cannula was
dlstal to the ostia of the coronary artery.

The preparation was then set up by connecting
the cannula to the perfusion apparatus as shown (Fig. 4).
Perfusion of the heart with warm (37°C),oxygenated
Lockeo'!s solution containing double the normal

concentration of glucose, to prolong the activity of
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the preparation, was commenced at a constant rate and
ét a pressure of approximately 35mm of mercury,
measured by means of a manometer attached to the screw
clip but not shown in the sketch, care being taken

that no air bubbles entered the aorta. The temperature
drop between the thermostatically controlled water bath
and the cannula did not exceed 0.,2°C. VWhen the heart
beat had hecome regular, which was usually after about
fifteen minutes, a supporting thread was tled by means
of a fine nee@le through the tip of the left ventriclé.
A bent entomological pin inserted into the wall of the
right ventricie and connected to a Starling heart lever.
recorded the contractions of the heart on a:smoked drum
surface.

Drugs, dissolved in Locke'!'s solution, were
injected into the mibber tubing attached to the aortic
cannula by a 1 ml graduated tuberculin syringe. The
heart rate was counted by inspection and the cardlac

outflow recorded by a Thorp Drop-recorder.

Experiments CGarrled Out Using The Isolated Guinea Pig Tleum.

Inhibition of the Peristaltic Reflex.

Three types of muscular movement are shown by

mammallian small iIntestine:
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(2) Pendular motion, the frequency of which is

dependent on the size of the animal.

(b) Changes in tone, which are superimposed on the first
type of movement.

(¢) Peristalsis.

The peristaltic reflex is elicited by an
increase in intraluminal pressure from within the
intestine and has the specific function of propelling
the intestinal contents along the gut. I{¥ consists of
two'phases. Firstly, there 1s a preparatory phase
which is associated with contractlions of the longitudinal
ruscle of the 1ntestiné. These contractions are an
inherent property of the muscle fibres themselves and
remain unaffected by drugs interfering with nervous
structures in the.intestinal wall. The second phase
is an emptyling phase, in which contractions of the
circular mscle of the intestine take place and this 1s
controlled by the autonomic nervous system, and is
susceptible to drugs (Trendelenberg, 1917; Feldberg &
Lin, 1949).

The appearance of the peristaltic reflex in
response to an Increase in Intraluminal pressure is dus

to stimlation of pressure-sensitlve receptors in the
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intestinal mucosa, The nervous mechanism is controlled
from within the wall éf the intestine itself and
consequently the cutting of extrinsic nerve fibres does
not influence the reflex. It is, however, affected

by any interference with the sensory nerve fibres in

the mucosa. /

As the ganglia involved in the peristaltic
reflex are prbbably parasympathetic in origin (Feldberg
& Lin, 1949), inhiblition of the reflex can be used to
estimate the potency of drugs inducing parasympathetic
ganglion blockade, The most cormmonly employed method
of studying peristalsis is that of Trendelenburg (1917),
who chose isolated guinea plg intestine on account of
its having smaller pendular movements and less
variability in tone, than that of other mammalian
species, Guinea plgs of either sex weighing between
0.3 and 0.5 kg were kllled and exsangulnated and a pilece
of ileum (approximately 7-10 cm) removed from the region
proximal to the ileocaecal junction. A piece of thread
was tied around the oral end of the segment and the
thread attached to a writing lever. The camdal end
wag connected to a glass !'U! tube connected via a valve

to a Mariotte bottle containing Tyrode solution whilch
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was placed on a moveable platform (Fig. 5). The
bottle could be raised or lowered, as required, to
subject the intestine to a regulated, intraluminal
hydrostatic pressure. The level of the ligquid in the
bottle was simlilar to that In the organ bath which
contained ?he intestine, All alr bubbles were removed
from the system and the neck of the bottle connected
by rubber and glass tubing to a float volume recorder
which was connected to a frontal-point lever writing on
a smoked surface. The pendular movements of the
intestine were recorded, at the same time; by means of
a lever attached to the oral end of the preparation.
The temperature was maintained thermostatically at 30°C
throughout each experiment, In order to prevent
fatigue of the preparation, peristalsis was induced for
only a short period (15 sec) each minute, a three minute
time cycle belng used. Drugs under test were added
thirty seconds prior to the igducement of peristalsis
and the effects on the peristaltic reflex and on the
longitudinal contractions were recorded.

Experliments Using The Isolated Frog Rectus Abdominis lMuscle.

These experiments were based largely on the

method of Chang & Gaddum (1933) modified for muscle
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relaxant drugs by Garcia de Jalon (1947). An adult
frog was killed, decapltated and pithed. The skin of
the abdomen was removed, the rectﬁs miscle exposed and
dissected from its insertion in the pelvic girdle to
the point of insertion into the cartillage of the
pectoral girdle. One half of this miscle, obtalned by
1oﬂgitudinal dissection at the midline, was used in each
experiment. - A loop of thread was sewn through the
xiphisternum and é longer thread tied around the pubilc
end. The.muscle was then fixed, by means of thé loop,
to the base of a 10 ml organ bath filled with oxygenated
Ringer'!s solution at room temperature. The long thread
was then attached to a modified frontal-point writing
lever. The apparatus used for these experliments 1s
shown in Filg. 6.

Drugs under investigation, dissoived in normal
saline solution, were added to the batﬁ by means of a
1 mi graduated tuberculin syringe. These drugs were
first examined for their ability to induce a contracture
of the rectus mscle. Accordingly, non-contracture
inducing drugs (non-depolarizing) were quantitatively
compared with tubocurarine as inhibitors of acetylcholine,

while contracture~inducing synthetic compounds were



quantitatively compared with deéamethonium. Conditions,
~once established, remained constant throughout each
experiment.

In all experiments, at least two uniform
submaximal contractions to the same dose of either
acetylcholine or decamethonium were.obtained, prior to
the investigation of other drugs. A sultable time
interval between each dose of acetylcholine was found to
be approximately four or five minutes and the resulting
contractions were recorded for periods of thirty to )
ninety seconds. In the case of decamethonlum,:sufficient
time, not generally exceeding twenty minﬁtes, was allowed
for the muscle to regain its original length after the
contraction. Tﬁe recording of the contractions
themselves took approximately two to three minutes.
Acetylcholine-inhibiting drugs were added from, thirty to
sixty seconds prior to the addition of acetylcholine. .
The muscle was washed a fixed number of times with fresh
frog Ringer's solution at the completion of each time
eycle. Several addltions of acetylcholine or
decamethonium were needed for complete recovery, the
1ength of time taken depending on both the nature and the

quantity of the drug added to the bath, The conéentrations
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of agonists used to lnduce contractions of the muscle

were of the order of 1.0 to 10,0 lig/ml of decamethonium.

Experiments Using Frog Rectus Abdominis Muscle Based

On The Technigue Cf Arions And His Associates. (Van

Rossum & Ariens, 1959a).

These experliments were pérformed using the
1solated rectus abdominis rmscle of the frog Rana
tempdraria. The dlssectlion of the muscle and the
setting up of the preparation were similar to those
previously described. The contractures, induced by the
action of agonistic drugs, were recorded on a smoked
drum surface. In all cases the agonist chosen was
decamethonium iodide (2 mmoles/ml) and cumlative
dose-response curves were obtalned by the stepwilse
addition of this drug in the followlng sequence
ajajla;4a;8a; and so on (a = 0,01 ml added by an
automatic-constriction pipette). Each dose of drug
was left in contact with the muscle for 15 minutes to
permlt equillibration, then the concentration of drug
was doubled by adding the next dose according to the
sequence given above, When the meximum effect had been

recorded, the muscle was washed thoroughly for one or

one and one-half hours which was the time necessary for
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complete relaxation to be attained. This could be.
carried out in the normal way by continuously emptying
and filling the organ bath from the reservoilr bottle.
Alternatively, the washing could be accomplished
antomatically by Inserting a fine glass capillary in
the reservolr, equating the level of the Ringer's
solution in the reservoir with that in the bath and
.permitting the reservoir to empty 1ts contents into the
bath at a slow, predetermined rate (Fig. 7).
| When washing was complete the investigation
of other drugs affecting skeletal muscle could be
commenced. |
| Thus the potency of those drugs which possessed
a qﬁalitatively similar agonistic action to decamethonium
could be measured by noting the height of the dose
response curve elicited by thelr addition to the bath,
as described. Compounds possessing other types of
miscle relaxant activlty could be investigated by their
addition to the bath 15 minutes prior to the addition
of decamethonium and their effect on the subsequent dose
response curve recorded.
Log-dose response curves were constrﬁcted by

expressing the effect of each concentration of the drug,
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as a percentage of the maximum effect recorded.

Experiments with each drug under investigation
were repeated ten or twenty times and the results
analyzed statistically. Experimental and theoretical
dose response curves differ in slope but Arigns has
clearly stated that this difference in no way invalldates
the use of the experimentally derived curves to compare
the affinity and intrinsic activity values of the

compounds investigated (Van Rossum & Arigns, 1959a;

Aviéns & Simonis, 1960).
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TABLE II (contd.)

'The chemical structure and code number of compounds

in Group lc and 1d.

4
R* R
2\ + + 7 5
- R N (CHg)n— 0— (CH2)yy — N =~ R X~
Group 1ld
Chemical Structure
Code To, T
| R1gRRS n|m | R4ROR® X
P.&P,16575 (CHS)5 213 (CH5)5 I
F.& P.16677| CHz(CoHg)y | 2 |3 |(CHg), I
F.& P,8302 CH3(02H5)2 213 CH5(02H5)2 I
F.& P.,8303 (02H5)5 213 (02H5)3 Br
FJ& P.167Ol‘(CH5)5 313 (CH3)5 I




TLBILE II (contd.)

The chemical structure and code number of compounds

in Group lc and Group 1d.

+ + R

R (CH2)2~.O(CH2)2-N— (CHp)o=0(CHg)o=NZ R 3I-
id /N N el
CHz R

| Group lc
Code Xo. R Rt ”
E98 02H5 02H5
E99 Q2H5 Clz
E100 CHB CHz
E101 CH5 02H5
E102 CHS n-CzHry
E103 Colig n-CzHy




TABIE IT
The chemical structure and code number of

compounds in Group la and Group 1lb.

R\ + + R
R~ - (CHy) g —N = (CHp)p— X— (CHg) o= X —(GH2)6-N =R
Ry~ R R g RL R
41"
Group la
Code No, R Rl X
E77 CoHg CoHg 0
E78 CoHg CHz 0
E79 02H5 CZHS CH2
E80 02H5 'CHS CH2
E96 02H5 n-C5H:7 0
E9Y7 C2H5 n—C5H7 CH2
Rl # }1 ~ Ry
3"
Group 1lb
E90 CoHg Collg 0
E91 02H5 CH3 0
E9S3 -CoHg CHg3 ' CHg
E94 02H5 GZHS CHz
'E95 CoHy n-CzHy CHp




TABLE IIT

The chemical structure amnd code number of

compounds iIn Group 2.

g\ § (CH 2R 21~

e Neomm - g’

R - 2)n SRy |

Code \

Numbenr ] R Rl
I CH, CoHy
II CH, CHy
III CH, CHz
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RESULTS

On the basls of their chemlcal and
;pharmacological characteristics, the coméounds
investigated have been divided into two maln groups
(1 and 2). Group 1 was further divided into la, 1b,
lc and 14. The chemlcal structure of each compound,
together with a reference number, are_shown'in
Tables ITI and IIT. In certain cases, the scope of
the pharmacological testing was limlted by the amount
of material available. Compounds in Group 1d were
tested for neuromiscular blocking activity on the cat
only; 6ther pharmacolpgical properties possessed by
 these drugs have been reported elsewhere (Fakstorp and
his assoclates, 1954, 1955, 1956, 1957a,b,c). The
results are presented under three maln headings:
(2) Tests designed to Investigate neuromuscular blocking
activity and which use conventional techniques.
(b) Investigation of other effects including those at
autonomic ganglia, on the heart and on the‘muscles
controlling resplration.
(c) Investigation of the mode of action of certain
mu8cle relaxants on the frog rectus abdominis muscle

using the Ariéns! technique.
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Experiments to investigate neuromuscular
blocking potency were designed to classify the compounds
according to the criteria (Paton & Zaimis, 1952) for
depolarizing and non-depoclarizing drugs of this type.

These criterla are as follows:

(1) Depolarizing drugs produce rmuscular fasiculation

and briefly increase the tension of the muscle twitch
prior to its depression,

(2) The ability of edrophonium and neostigmine to
constantly antagonife the block produced by non-
depolarizing drugs and to potentiate, or only slightly
antagonize, the block produced by depolarilzing agents.
(3) The reciprocal antagonism of tubocurarine and
decamethonium to the block produced by depolarizing and
non-depolarizing agents respectively,

(4) The abllity of the muscle to maintain a tetanus
during partial neuromusculaf block by depolarizing

drugs as confirmed by several workers including Burns

and Paton (1951), Paton and Zaimis (1951). On the other
hand the tension In indirectly tetanized muscle, partially
blocked by non-depolarizing drugs, wanes rapidly (Paton
& Zaimis, 1951; Hutter, 1952),

(5) The induction of a spastic paralysis, in avian
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muscle, by depolarizing drugs as opposed to the
flaccid paralysis produced by non-depolarizing rmscle
relaxants.

(6) The ability of depolarizing compounds to induce

a contractural response on the 1solated_frog rectus
abdominis mscle and of non-depolarizing drugs to
antagonige the contracture.,

(7) The ability of neostigmine to effectively increase
the head drop dose of non-depolarizing drugs in the
rabbit. |

Cat Gastrocnemius Muscle-Scilatic Nerve Preparation.

—————

All the compounds, in the doses employed, with
the exceptlon of E9L and E100, induced complete or
incomplete, reversible block in the cat gastrocnemius
miscle-sciatic nerve preparation.. The potency of the
compounds varled considerably.

The N,N,N,N-tetra-onium compounds (Group la),
in doses of from 0,05 to 0,10 mg/kg, produced an
approximately 50% reduction in the amplitude of the
mscle twitch and, with the exception of E78, all were
appreciably more potent than tubocurarine. The
N,N,N-tris-onium compounds (Groups 1b abd lc) possessed

only weak muscle relaxant activity. 1In all cases,
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maximum activity was associated with the presence of
N - ethyl substituents and, although the ether
containing derivatives appeared to be less potent than
the corresponding non-ether cdmpounds, there were no
qualitative differences between themn. The N,N-bls-onium
ethers (Group 1ld) also possessed weak muscle relaxant
activity comparable to thaﬁ of compounds 1in Groups 1lb
and lc.

| A1l the compounds in Groups la, 1lb, lc and 1ld
appeared to be free from Initlal stimmlant effects and
there was no evidence of muscular twitching or
fibrillation,

The duration and degree of neuromscular block
induced by all the compounds in Group 1 depended both
upon the magnitude of the dose employed and the number
of doses administered, Neuromuscular block was more
prolonged following the second injectlon of the same
dose than following the first, Block caused by a
third and simllar dose was more prolonged than that
following the second. The effect of a fourth lnjection
of a simllar dose often did not significantly differ
from that of the thlrd dose. Typlecal examples of

these effects, which were also observed using tubocurarine,



(i)

Pig. 8. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia. Contractions
downwards. Indirect stimulation via the sciatic
nerve. Drugs administered intravenously.

(i) At A, tubocurarine 0.10 mg/kg. There was an
interval of 18, 24 and 26 minutes respectively
between successive doses.

(i1) At B, E78 0.15 mg/kg. There was an interval of

60 and 90 minutes respectively between successive doses.



Fig. 9. Cat gastrocnemius muscle-sciatic nerve
preparation. Pentobarbitone anaesthesia. Contraction
downwards. Indirect stimulation via the sciatic nerve.
Drugs administered intravenously.

At B, compound F. & P.8303 10 mg/kg.

There was an i1nterval of 23 and 35 minutes respectively

between successive doses.
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are shown in Figs, 8 and 9.

A1l the active compounds in Group 1 induced
a fairly prolonged neurormscular block and approxlimately
50-60 min were requlred for recovery after approximately
50% reduction in twitch amplitude. The onset of
paralysis and the time taken for the attainment of the
maximm effect of each drug in this group were rapid,

Compounds in Group 2 possessed potent muscle
relaxant properties resembling decamethonium rather
than tubocurarine. Compounds I (0.1 - 0.5 mg/kg),

IT (0.05 - 0.1 mg/kg) and IIT (0.1 - 0.5 mg/kg) reduced
twitch amplitude while II (0.25 mg/kg) caused an initial
increase in twitch height without a subsequent reduction
in amplitude. Generalized, intermlittent, fasiculatory
movements of the skeletal rmsculature were prbduced

by compounds II and III, None of the compounds in

this group was more potent than decamethonium.

Thg compounds in Group 2 further resembled
decamethoniﬁm in that the onset of block was more.
gradual, the attalnment of the maximum effect more
prolonged and the duratlon of effect greater than with
tubocurarine and the compounds of Group 1. Thus a

dose selected to produce an approximately 20% block



Fig. 10. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.

Contraction downwards. Indirect stimulation via

the sciatic nerve. Drugs administered intravenously.

At A, compound Il 0.05 mg/kg.



Fig. 11. Cat gastrocnemius muscle-sciatic nerve
preparation. Pentobarbitone anaesthesia.

Contraction downwards. Indirect stimulation via the
sciatic nerve.

At A, compound 111 0.10 mg/kg.

There was an interval of 38 and 45 minutes respectively

between sucessive doses.



Fig. 12. Cat gastrocnemius muscle-sciatic nerve
preparation. Pentobarbitone anaesthesia. Contraction
downwards. Drugs administered intravenously. Indirect
tetanization via the sciatic nerve (1400 impulses/min)
during partial block by:

a, Compound E78 0.10 mg/kg,

b, Decamethonium 0.09 mg/kg,

e, Tubocurarine 0.20 mg/kg,

d, Compound E95 0.40 mg/kg,

f, Compound E94 0.30 mg/kg,

e, untreated muscle.



Pig* 13. Cat gastrocnemius muscle-sciatic nerve
preparation. Pentobarbitone anaesthesia. Contraction
downwards. Drugs administered intravenously. Indirect
tetanization via the sciatic nerve (1400 impulses/min)
during partial block by:

a, Compound F. & P.8303 20 mg/kg,

b, Compound E98 1 mg/kg,

c, Compound E101 20 mg/kg .-
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required approximately 45 min for complete recovery.
Following a subsequent and similar dose of the same
’drug, given after complete recovery, the duration of
the block produced by these compounds was more prolonged
and more intense. The phenomenon was less marked,
however, than with the compounds in Group 1l. This
can be explalned by the more prolonged period of
recovery»from the effects of drugs in Group 2 during
which a considerable degree of drug elimination may
have occurred. These offects are shown in Figs. 10
and 11.

Effect of Indirect Tetanization of the Partially

Blocked Muscle.

The results can be divided into two distinct
categoriles, The compounds in Group 1l behaved
similarly to tubocurarine and to each other and typlcal
effects are shown in Figs. 12 and 13, The poorly
sustained responses of the partlally blocked, indirectly
tetanized miscle to the compounds E95 (Fig, 124),
E94 (Fig. 12f), E78 (Fig. 1l2a), F. & P, 8303 (Fig. 13a),
E10 (Fig. 13¢c) and E98 (Fig. 13b) were qualitatively
comparable to those produced by tubocurarine (Fig. 1l2c¢)

and different from the well-sustained tension of the



Pig. 14. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.
Contractions downwards. Drugs administered
intravenously. Indirect tetanization via the sciatic

nerve (1400 impulses/min) during partial block by:
a, compound 1 0.3 mg/kg,
b, compound II 0.05 mg/kg,

c, decamethonium 0.02 mg/kg.
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tetanized rmacle partlally blocked by decamethonium
(Fig. 12b) which resembled that of the untreatsd
miscle (Fig. 12e). |
| Fig. 14 shows the well-sustéined tension of

the tetanized muscle partially blocked by compounds II
and TII. It is obvious that their behaviour is
similar to that of decamethonium.,

It is interesting to note that the responses
of the muscle, partially blocked by the ether (Fig. 12a)
and non-ether (Figs. 124 and 12f) containing compounds,
wore qualltatively similar,

The Effect of Tubocurarine and Decamethonium on the

Block Produced by Compounds in Groups 1 and 2.

When muscle relaxants with similar types of
action are glven successively, theilr effects are
additive. Dissimilarly acting drugs may show
antagonism (Hutter & Pascoe, 1951; Riker & Wescoe, 1951;
Paton & Zaimis, 1952). The importance of these
phenomena, In eonfirming the mode of action of the
compounds under study, prompted an investigation of
the effects of tubocurarine and decamethonium on the
block induced by the compounds in Groups 1 and 2.

Investigations were carried out using a dose of



Pig. 15. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered

intravenously. Indirect stimulation via the
sciatic nerve.

At A, compound E96 0,08 mg/kg.

At T, tubocurarine 0.025 mg/kg.



Pig. 16. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.

Contraction downwards. Drugs administered

intravenously. Indirect stimulation via the

sciatic nerve.
compound P. & P.8303 10 mg/kg.

0.10 mg/kg.

At A,

At T, tubocurarine



Pig, 17, Oat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered
intravenously. Indirect stimulation via the

sciatic nerve.
At A, compound E102 7.5 mg/kg.

At T, tubocurarine 0.1 mg/kg.-
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Pig. 18. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.

Contraction downwards. Drugs administered

intravenously. Indirect stimulation via the

sciatic nerve.
At A, compound 1 0.5 mg/kg.
At T, tubocurarine 0.1 mg/kg.
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a new compound and a dose of elther tubocurarine or
decamethonium selected to produce, when given alone,
a measurable but not intense. depression of the twitch
height. |

Tubocurarine.

VWhen a dose of any one of the compounds in
Group 1 was followed by a dose of ftubocurarine given
at the point of maximal depression of twilitch ampllitude,
the intensity of the neuromuscular block was enhanced
(Figs. 15, 16 and 17). Thus, in Fig., 15 the dose of
E96 (0.08 mg/kg) end the dose of tubocurarine
(0,025 mg/kg) were each selected to produce a neuro-
miscular block of about 40%. When the dose of ES6
was followed by a dose of tubocurarine at the point
of maximal depression, the degree of neurommscular
block was increased to approximately 80%. In this
respect, both the ether and non-ether coﬁpounds in
Group 1 behaved in a qualitatively ldentical manner to
tubocurarine and to each other, On the other hand,
the effect of tubocurarine on the neuromuscular
blocking activity of the sulphur-containing decamethonium
analogues was quite different (Fig, 18). A dose of

compound I was selected to produce an incomplete but



Pig. 19. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered

intravenously. Indirect stimulation via the
sciatic nerve.

At A, compound 111 0.15 mg/kg-

At B, tubocurarine 0.20 mg/kg.



Pig. 20. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered
intravenously. Indirect stimulation via the

sciatic nerve.
At A, compound Il 0.025 mg/kg.
At B, compound 1110.100 mg/kg-

At C, compound 1  0.100 mg/kg.
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measurable paralysls and the injection of tubocurarine
(0.10 mg/kg), at the point of maximal depression,
increased the twitch height. In the case of

compound III, the addition of tubocurarine to the
partially blocked rmuscle did not produée the same
antagonlsm as was seen ﬁith compounds I and II and a
slight reduction in the amplitude of the twitch height
was initially produced. This was thought to indicate
the presence of mixed blocking properties in this
compdund but subsequent observatlons, on other species,
did not confirm this view.‘ Consequently, although
the effect was reproducible, the enhancing action,
demonstrated in Fig. 19, may have been due to the
adminlstration of a very large dose of tubocurarine,.
All three compounds in this group showed additive
effects (Fig. 20).

Decamethonium.

The matually antagonlstic effects of
depolarizing and non-depolarizing substances (Dellemagne
& Philippot, 1952; Hutter & Pascoe, 1951; Paton &
Zaimis, 1952) were further investigated by injecting
decamethonium (0,02 - 0,05 mg/kg) at the point of

maximal depression of the muscle twltch.



Pig. 21. Cat gastrocnemius muscle-sciratic nerve
preparation. Pentobarbitone anaesthesia.

Contraction downwards. Drugs administered
intravenously. Indirect stimulation via the

sciatic nerve.
At‘A& compound E103 30 mg/kg.

At B, decamethonium 0.30 mg/kg.



Pig* 22. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered
intravenously. Indirect stimulation via the

sciatic nerve.

At A, compound E96 0.12 mg/kg-

At B, decamethonium 0.80 mg/kg.



Pig. 23. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.

Contraction downwards. Drugs administered

intravenously. Indirect stimulation via the

sciatic nerve.

At A, compound 111 0.15 mg/kg.

At B, decamethonium 0.02 mg/kg.
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Immediately after injection of decamethonium,
the height of the muscle twitch, partially blocked by
compoundg in Group 1, increased in amplitude and, within
approximately five minutes (Figs. 21 and 22), a complete
reversal of the block was achleved. Oh the other hand,
decamethonium produced an addltive increaée in the
intenslty of the block produced by the compounds in
Group 2 (Fig. 23).

The investigations carried out using decamethonium
and tubocurarine confirmed the classification of the
drugs into depolarizing and non-depolarizing agents.
There was agaln no evidence of qualitative differences
between the ether and non-ether compounds in Group 1.

'Effect of Ether Anaesthesia.

Ether anaestheslia has been reported to increase
the effects of non-depolarizing neuromuscular blocking
agents (Burns & Paton, 1951; Foldes, 1959, 1960),
whereas the activity of depolarizing drugs appears to
be only slightly increased or reduced by this agent
(Paton, 1953). Other straight chéin aliphatic ethers
produce a similar effect, This effect was investigated
using compounds in Groups 1l and 2. A dose of drug was

selected to produce a consistent, measurable degree of



Pig. 2. Cat gastrocnemius muscle-sciratic nerve
preparation. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered
intravenously. Indirect stimulation via the
sciatic nerve.

At A®, compound E77 0.05 mg/kg.

At A, compound E77 0.05 mg/kg during ether

inhalation.



Pig. 25. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered
intravenously. Indirect stimulation via the

sciatic nerve.
At A, compound E78 0.050 mg/kg.
At B, compound E78 0.050 mg/kg during ether inhalation.

There was an interval of 38 minutes between A and B.
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Fig. 26. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.

Contraction downwards. Drugs administered

intravenously. Indirect stimulation via the

sciatic nerve.

At A, compound Il 0.10 mg/kg-

At B, compound Il 0.10 mg/kg during ether inhalation.

At C, ether withdrawn.
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neuromiscular block (approximately 20 - 50%). The
same dose was repeated, after full recovery had been
attained, in the presence of ether vapour adminlistered
from a bottle connected to the-artificial resplration
pump. The adminlstration of the anaesthetlc was
continued for a period of five minutes, and was begun
immediately after the injection of the drug. The
neuromi.scular blocking action-of each of the compounds
in Group 1 was intensifled by ether anaesthesla but
the activity of fhose.in Group 2 ﬁas influenced very
little, Some typical traéings from these’expériments
are shown in Figs, 24, 25 and 26. No differences
between the ether and non-ether compounds in Group 1
could be observéd from these experliments.

Studles On Drug Antagonism.

The actlvity of muscle relaxant drugs 1is
potentliated, prolonged or terminated by a varisety of
other agents’each of which, in addition, possesses its
own charécteristic pharmacologlcal actions at sites
other than the neuromiscular synapse (Paton & Zaimis,
1952; Foldes, 1959)., These may be employed in the
laboratory as a means of investigating’the nature of ﬁhe

block produced by new muscle relaxants. Thus
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antlicholinesterases, by virtué of their ability to
Intensify the actlon of acetylchollne, antagonigze the
block produced by non-depolarizing agents (Chase,
Schmidt & BhattaCharya, 1947; Bﬂlbring & Chou, 1947;
Blaschko, Bﬁlbring & Chou, 1949), but the block
produced by depolarizing agents may be potentiated or
only slightly antagonized (Hoppe, 1950; Paton, 1951).
While the action of those anticholinesterases containing
quaternary ammonlium groups 1is generally believed to be
due to the prolongation and intensification of the
activity of acetylcholine (Hobbiger, 1952; Nastuk &
Alexander, 1954; Katz & Thesleff, 1957), both
neostigmine (Riker & Wescoe, 1950) and edrophonium
(Tescoe & Riker, 1951§ Hougs & Johansen, 1958) exert

a depolarizing effect at the neuromuscular junction.
The anticholinesterases, edrophonium and neostigmline,
together with adrenallne, were selected for studles on
the stabilit& of the block produced by compounds in
Groups 1 and 2, Each was injected into the cat at the
point of maximal neuromuscular block or just as recovery
commencéd. ‘

Edrophonlum,

Partial or complete neuromscular block,

produced by the compounds in Group 1, was rapidly and



Pig. 27. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered
intravenously. Indirect stimulation via the

sciatic nerve.
At A, compound E79 0.03 mg/kg.

At B, edrophonium 0.50 mg/kg.



Fig. 28. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered
intravenously. Indirect stimulation via the

sciatic nerve.
At A, compound E96 0.04 mg/kg.

At B, edrophonium 0.50 mg/kg.



Pig. 29. Gat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered

intravenously. Indirect stimulation via the

sciatic nerve.

At A, compound P. & P. 16677 20 mg/kg.
At B, compound P. & P. 8302 10 mg/kg.
At C, edrophonium 0.5 mg/kg.



Pig. 30. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered
intravenously. Indirect stimulation via the

sciatic nerve.

At A, compound 11 0.05 mg/kg.
At B, edrophonium 0.50 mg/kg.



Pig. 31* Cat gastrocnemius muscle-sciatic nerve
preparation. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered
intravenously. Indirect stimulation via the
sciatic nerve.

At A, decamethonium 0.05 mg/kg.

At B, edrophonium 0.50 mg/kg.
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compléteiy reversed by the intravenous injection of
edrophonium (0.5 - 1 mg/kg) at the point of maximum
depression of the twitch height., The effect of
edrophonium was howevér short-lived. After complete
recovery of the twitch height following edrophonium,
a socond and similar dose of the drug produced a slight
reduction in the degree of neuromuscular block.
Typlcal experiments are shown in Figs. 27, 28 and 29.
The effect of edrophonium on the block produced
by the'sulphurécontaining decamethonium-like compounds
in Group 2 was not so striking as that observed using
compounds in Group 1, and doses of 0.5 mg/kg caused
either a slight intensification or a slighﬁ redﬁction
in the intensity of the block, All the compounds in
this group behaved similarly to decamethonium and to
each other. Typical effects are shown in Figs. 30 and
31.

Neostigmine.

The results obtained using neostigmine and
edrophonium wére gualitatively similar, although the
effect of neostigmine was much more prolonged. Thus a
second dose of drug given 30 minmutes after the first had
been reversed by neostigmine, produced little effect,

In doses ranging from 0,02 to 0.10 mg/kg, neostigmine



Pig. 32. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.

Contraction downwards. Drugs administered
intravenously. Indirect stimulation via the

sciatic nerve.

At A, compound E80 0.12 mg/kg.

At B, neostigmine 0.02 mg/kg.



Pig. 33. Cat gastrocnemius muscle-sciatic nerve
preparation. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered

intravenously. Indirect stimulation via the
sciatic nerve.

At A, compound E78 0.15 mg/kg.

At B, neostigmine 0.05 mg/kg.



Pig. 34. Cat gastrocnemius muscle-sciatic nerve
preparation. Pentobarbitone anaesthesia.
Indirect stimulation via the sciatic nerve.
Contraction downwards. Drugs administered
intravenously.

At A, compound 111 0.15 mg/kg.

At B, neostigmine, 0.15 mg/kg.
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effectlively antagonized those compounds possessing
non-depolarizing properties (Group 1) but had little
. intensifying or'antagonizing effect on the predominantly
depolarizing agents of Group 2. Characteristic
tracings are shown in Figs, 32, 33 and 34,

In these experiments, the ether and non-ether
contalning compounds produced identical qualitative
effects.

Adrenaline.

The mode of actlion of adrenaline at the
neuromiscular synapse is not fully understood (Hunt &
Kuffler, 1950 and references cited therein).

Adrenaline 1s believed t§ exert a dual action on the
motor end plate, increasing the quantity of acetylcholine
released by indirect stimulation and stabilizing and
decreasing the electrical excitabllity of the muscle
fibre (Krnjevic & Miledi, 1958). One or other effect
may predominate and consequently antagonism or
potentliation may be observed. These effects cannot,

1t has been suggested (Linssen, 1961), be explained by
its hyperpolarizing (Bulbring, 1956; Huldobro, 1960)

or hyperglycaemic effects nor by an increase in the
blood flow to the site of activity (Hunt & Kuffler, 1950).

The antagonism of adrenaline to the effects of
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tubocurarine and other non-depolarizing drugs has
been amply confirmed (Gruber, 191l4; Rosenblenth,
Lindsley & Morilson, 1936; Hutter & Loewenstelin, 1955;
Brown, Bﬂlbring & Burns, 1948; West & Zaimis, 1949).
On the other hand, adrenaline, in low concentrations,
potentiated the action of tubocurarine and gallamine
(Beckett & Ellis, 1955) in the rat (Montagw, 1955).
This effect was attributed to a diminlshed release of
acetylcholine. A simllar explanation was advanced to
explain the lnhibitlon, by adrenaline, of the early
depolarizing phase and the polentiation of the late,
non-depolarizing phase of acetylcholine, suxamethonlum
and decamethonium block (Beckett & Ellls, 1955). On
the other hand, the stabilizing effect of low
concentrations of adrenaline on the end plate might
nave been responsible (Foldes, 1959). The view that
adrenaline may Influence neuromuscular transmission by
an anticholihesterase effect, has also been suggested
(Foldes, 1959).

A dose of each of the compounds under sfudy
was selected to produce approximately 30-50% of
neuromiscular block and adrenaline was injected at the

point of maximum depression of the muscle twitch.



Fig, 35. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered
intravenously. Indirect stimulation via the

sciatic nerve.

At A, compound E77 0.04 mg/kg.



Pig. 36. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.

Contraction downwards. Drugs administered

intravenously. Indirect stimulation via the

sciatic nerve.

At A, compound E98 0.75 mg/kg.

At B, adrenaline 0.02 mg/kg.



Pig. 37. Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.

Contraction downwards. Drugs administered

intravenously. Indirect stimulation via the

sciatic nerve.

At A, decamethonium 0.06 mg/kg.

At B, adrenaline 0.04 mg/kg.-
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In all cases, a rapid but brief reversal of the block
was obtained. In some cases, the twitch amplitude
returned to control levels within a few minutes, but
soon declined again almost to the level prior to the
injection of adrenaline. In such cases adrenaline was
again given successively, until complete recovery was
obtained. Characteristic effects are shown in Figs. 35
and 36, Adrenaline (0.04 mg/kg) also exerted a slight
temporary antagonism on the block produced by
decamethonium and the compounds in Group 2 although the
effect was less pronounced than with the compounds in
Group 1 (Fig. 37}). A summary of the qualitative
pharmacological properties-of the compounds in Groups

1l and 2, as determined using the cat gastrocnemlus |
miscle-sclatic nerve preparation, is given in Tables IV
and V. When the preparation was giving a consistent
response, for example 50% inhibition of the twitch
amplitude to a fixed dose of any of the drugs in either
group, & dose of tubocurarine or decamethonium was
selected which produced a similar quantitative effect.
The approximate molar potencles, also included 1in
Tables IV and V, were then calculated with reference to

tubocurarine for drugs in Group 1 and to decamethonium



TABLE VI (continued)

0.24, 0,13,
0.16,

Head Drop Doses (H.D.D.) . Molar
= No.Died Pot
Compound | Individual lean ¥ 3.E.M. 0. (%uggcy
. k -
(mg/kg) (mg/%g) Injected|® 07, o
= 100)
5.4’ .
E90 3.4, 3,57 ¥ 0,15 1/3 5
3.9.
8 mg/kg
ES1 produced no - - -
head drop.
2,31, 2.6, 2.4 N
ES8 2.34, 2.8, 2.4.]2.50 & 0,20 0/10 0,366
2.50, 2.5,
2.3 2.8,
0.15, 0017’ +
Tubo- 0.15, 0.23, 0.18 = 0,02 4/9 100
curarine |0.17, 0.23,




TABLE VI

Individual and lMean Head Drop Doses of compounds E77, -

E78, E79, E80, E96, E97, E90, E91, E98 and tubocurarine

in the rabbit.

Head Drop Doses (H,D,D.) Molar
Compound | Individual Mean - S,E.M.| ™ No., (%uggcy
(mg/ke) (mg/kg) Injeoted | oot
= 100)
002‘1, 0.21.
E77 | 9425, 0.25 2 0,01 | 2/5 108
0.28,
0.23,
0.21, 0,19,
0.16, 0,20, . |
E79 0.2, 0.20, 0.20 = 0,01 | 4/9 125
0.21, 0.20, .
0.17.
0.30, 0.37,
0.35, 0,36, N
E78 0.34, 0,37, 0.36 = 0,01 | 0/9 66
0.35, 0,33, |
0.4:5.
0.25, 0.33,
.27, 0.30
0.29, 0.29.
0.26,
0.29, 0.28,
0.30, 0.21 .
E96 0.26, 0.22. 0.27 ¥ 0,01 | 6/9 96
0.30, 0,30,
0.25,
0.25, 0.23,
0.25, 0.20 .
E97 0.23, 0.28, 0.24 ¥ 0,01 [6/9 110
0.24, 0,23,




TABLE VIT

Individual and Mean Head Drop Doses of compounds
I, II, II, Oxydipentonium and Decamethonlum in

the rabbilt.

Head Drop Doses (H,D.D.) | No.Died |lMolar
1o, Potency
C;OII’lpOU.nd Individual Ilean + S.B.M,i In j ected (De ca-~
(mg/kg) (mg/ke) me thonium
| = 100)
* 1.8, 1.3 o
I 2.1, 1,6. 1.68 I 0,01 1/5 12
1.6,
0.42, 0,51,
0.49, 0,42, .
II 0.53, 0,47, | 0.47 = 0,01 2/9 4
0.51, 0,47.
0,44,
1.5, 1.0
0.9, 1.1,
ITI 1.1, 1.1, 1.29 ¥ 0.33 3/9 14
1.4, 1.6,
1.9.
0.55, 0.55,
Oxydi- 0.68, 0.595,
pentonium | 0.54, 0.54, | 0,56 ¥ 0,01 4/9 23
0,51, 0.56.
0.56,
0.17, 0,13,
Deca- 0.15, 0,16, N
methonium | 0.1, C.19, | 0.19 - 0,02 3/9 100
0.17, 0.22, |
0.23.

Insufficient material to permit further observations
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for those in Group 2 according to the formla

Approximate Molar Potency of
New Compound

Molecular Welght of Dose of Reference Compound

New Compound x producling a certaln effect =x 100
Molecular Weight of Dose of New Compound
Reference Compound producing the same effect

The reference compounds, tubocurarine and decamethonium,
were arbritarlly assigned the value 100.
The Rabbit Head Drop Test.

On account of the limlted amount of material
avallable only the potency of compounds in Groups la, 2
and compound E98 could be estimated. In addition,
the head drop doses of oxydipentonium, decamethonium
and tubocurarine were estimated and the results shown
in Tables VI and VITI,

Thenever possible, groups of. nine animals were
used to permit statistical analysis., The duration of
effect of the compounds iIn Group la varied between
5 and 10 min and complete recovery took approximatelﬁ
20 min, In some cases, the animals were revived
by strapping to an automatic resuscitator, which

consisted of & mounted platform tilting through an
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angle of 90 to the horizontal. This was not

successful in every case and E96 end ES7 appeared
particularly toxic. Compounds II and III were nrmch
shorter-acting than those in Group 1 and apparently
complete recovery was observed after approximately

5 min, In keeping with similer observations on

the cat, the ether-containihg compounds were less
potent on the rabbit than the corresponding non-ethers.
The sulphur-containing decamethonium analogues were
-qualitatively similar to, but quantitatively weaker

than decamethonium,

The Effect of Neostigmine Upon The Magnitude of The

Head Drop Dose.

The head drop dose of the compounds in Group la
and tubocurarins were found to be eppreciably lncreased
by subcutaneous injection of neostigmine (0.1 mg/kg)

15 min prior to injection of the drug under study.
This is in keeping with the well known antagonistic
effect of neostigmine on tubocurarine-like compounds
on other preparatlions and specles as already discussed
and is in contrast to the slightly intensifying effect
exerted by the anticholinesterases on compounds of

Group 2 as indicated by a reduction ir the head drop dose.



TABLE VIIT

liead Drop Doses (E.D.D.) of compounds E77, E78, E79,
E80, E96, E97 and Tubocurarine, in the rabbit, before
and after treatment with Neostigmlne and the ratlo

H.D.D.(neostigmine treated)/H.D.D. control.

, Mean Head Drop Dose (£.D.D.) Neostig-
Compound T S.E.M. (mg/ke) ‘ Ratiosmine
Neostigmine treated
Control (0.10 mg/kg), Control
subcutaneously
treated
L ] R
B77 0.23 ¥ 0,01 0.33 £ 0.01 1.43 P 0,001
(Filve rabbits
used)
E79 0.20 ¥ 0,01 0.29 ¥ 0.02 1.45 P 0.001
E78 0.36 ¥ 0,01 0.53 ¥ 0.02 1,47 P 0.001
ES0 0.20 ¥ o.01 0.50 ¥ 0.01 1.72 P 0.001
E96 0.27 ¥ 0.01 0,37 £ 0,01 |1.37 P 0.001
ES7 0.24 ¥ 0,01 0.40 ¥ o.01 1.67 P 0,001
Tubo- 0.18 ¥ 0.02 0.30 ¥ 0,02 1.67 P 0.001
curarine




TARTE IX

Individual and lMean Head Drop Dose (H.D.D.) of

compounds I, II and III and decamethonium in the

rabbit before and after treatment with neostigmine

and the ratio H,D.D. (Neostigmine treated)/H.D.D. control.

Name or | llean Head Drop Dose (H.D.D.) Neostigmine
Code No, + Ratio treated
Compound Neostigmine ontro
Control (0.10 mg/kg)
subcutaneously
+ * +
I 1.68 - 0002 1.60 - 0.15 0095
]‘ I
IT 0.47 ¥ 0,01 0. ¥ 0.03 0,72 °
III 1.29 ¥ 0,33 | 1.17 ¥ 0.33 0,91
| Deca- + + ‘
methoniunm 0,19 - 0,05 0.16- 0,01 0.84
|

Three observations only due to lack of material.



TABIE X
The qualitative and semi-quantitative propertles of
compounds E77, E79, E78, E80, E96, E97, E90, E94, E91,
EQ3, E95 and Tubocurarine in the chick,.

No., of Injections Approximate
Compound |regquired to Type of Molar potency
Induce paralysis { paralysis (Tubocurarine
(lmg/kg /min) observed = 100)
B77 5 Flaccid 139
E79 3 Flaccid 230
E78 6 Flacecid 110
E80 4 Flaccid . . 158
E96 3 . Flaccild 4.2
EQY7 3 Flaccid 242
ESO No paralysis - -
after three
injections
5 mg/kg
E94 S Flaccid 101
EQL1l¥* 6 Flacecid 16
E93 9 Flaccid o2
ESH 6 Flaceid 88
Tubo- ‘ 15) Flaccild 100
curarine
Oxydipen- 2 Spastic 250
tonium |

*5 mg/kg /min




TABLE XTI

The qualitative and semi-quantitative properties of

compounds I, II, IIT and decamethonium on the chick.

No. of Injectlons

Approximate
Com~- |TYequired to Iype of llolar potency
pound induce paralysis paralysis (Deca-
(1.0mg/£g/30 sec) observed me thonium
. = 100)
I 6 spastic 33
Flacecid
IT 3 Spastic 66
IIT 4 Spastic 48
Flaccid
Deca- 2 Spastic 100
methonium
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The head drop doses before and after treatment with
neostigmine and the ratio of these effects are shown
in Tables VIII and IX,

Experiments on Avian Muscle.

Chick paralysis test.

Following intraperitoneél injection of compounds
in Groups la and 1b (1 to 5 mg/kg every minute until
death ensued), a typical tubocurarine-like flaccid
paralysis was observed. The sulphonium analogues of
decamethonium (Group 2) produced different effects,
Compounds I and II (1.0 mg/kg every 30 seconds until
death ensued) produced an iInitial spastic paralysis
which became flaccld prlor to death. Compound II
(1.0 mg/kg every 30 seconds until death ensued) and
oxydipentonium (1,0 mg/kg every minute) produced a
typlcal decamethonium-like, spastic paralysils,

In all of these tests, groups of six chickens
were used, the results indigating the number of
injectibns required to produce paralysis are shown in
Tables X and XI.

Hen Gastrocnemius Muscle-=Sclatic Nefve Preparation.

Thls preparation is primarily of wvalue as a
means of differentiating between depolarizing and
non-depolarizing rmscle relaxants., It may also be

used, semi-guantitatively, to compare the approximate



TABLE XTI

The molar potency and the type of neuromuscular
blocking activity produced on the hen gastrocnemius
muscle~-sciatic nerve preparation by Group lc compounds,

E99, E100, E101, E102 and E103.

Name or Code Approx. Molar Type of Neuro-
Number of Potency muscular Block
Compound (Tubocurarine Produced

= 100)
E98 20.0 Non-Depolarizing
EQ9 ' 15.0 Non-Depolarizing
E100 * Non-Depolarizing
E101 5.0 Non-Depolarizing
E102 5e2 Non-Depolarizing
E103 46.0 Non-Depolarizing

* Insufficient material to permit quantitative
estimation.




Fig. 38. Hen gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered
intravenously. Indirect stimulation via the

sciatic nerve.

At A, oxydipentonium 0.10 mg/kg.
At B, compound 11 0.02 mg/kg.-
At C, compound 111 0.05 mg/kg.
At D, decamethonium 0.02 mg/kg.

At E, compound 1 0.50 mg/kg-



Pig. 39. Hen gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered
intravenously. Indirect stimulation via the

sciatic nerve.

At A, compound E100 20 mg/kg.



Fig. 40. Hen gastrocnemius muscle-sciratic nerve

preparations. Pentobarbitone anaesthesia.
Contraction downwards. Drugs administered
intravenously. Indirect stimulation via the

sciatic nerve.
At A, compound E101 20 mg/kg.

At T, tubocurarine 0.1 mg/kg.



- 118

potencies of new compounds with those of decamethonium
and tubocurarine (Table XII). |

The compounds tested on this preparation
included those of Groups la, lc and Group 2. All the
compounds in Group 2, together with oxydipentonium,
produced both a contracture and a contraction of the
gastrocnemius muscle confirming their depolarizing
activlity. Compounds I and IIT were much less potent
than II which was approximately equipotent with
decamethonium. Typical tracings.are shown in Fig. 38,
The onset of paralysis was raplid and the duration of
block brief. The maximum contracture-producing activity
was observed prior to the attalnment of the maximum
Inhibltion of twitch height.

On the othervhand, compounds in Groups la énd
lc were devold of contracture-ihducing properties and
behaved qualltatively like tubocurarine. The duration
of action was found to be more prolonged than when these
compounds were tested on a slimilar preparation In the cat.
It should be noted, that compound EL00, in which the
onium substituents were entirely methyl radicals
exhibited no depolarizing properties. Characteristic

tracings are shown in Figs. 39 and 40,




-ig. 41. Isolated frog rectus -
AT, * US abc*ominis muscle,

contractions were due to 0.01 mg/kg

acetylcholine acting for 45 sec.

At A> ° andS*" compound E80 2, 4and 6 / ,
At B, « andp + = ~s/ml respectively
and P” “bocurarine 2, i5 fliM, - ,, *

respectively. 1b0



Pig. 42. Isolated frog rectus abdominis muscle.

All contractions were due to 0.01 mg/ml acetylcholine
acting for 45 sec.

At A, C, E and G, tubocurarine 0.5, 1, 1.5 and

0.5 j-lg/ml respectively.

At B, D and P, compound E97 1, 2 and 3 |xg/ml

respectively.



Fig. 43. Isolated frog rectus abdominis muscle.
All contractions were due to 0.025 mg/ml
acetylcholine acting for 45 sec.

At A, D, E and G, compound E79 1, 1.5, 2.0 and
2.5 jj-o/ml respectively.

At B, C, F and H, tubocurarine 1.5, 0.5, 2.0 and

2.5 M,g/ml respectively.



Pig. 44. Isolated frog rectus abdominis muscle.
All contractions were due to 0.01 mg/ml
acetylcholine acting for 30 sec.

At A, C, E and G, tubocurarine 3.0, 4.0, 2.0 and
1.0 respectively.

At B, D and P, compound E103 20.0, 10.0 and

30.0 M-g/ml respectively.
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Fige 45. Frog rectus abdominis muscle. The
relative potencies of tubocurarine and compound EL03

in inhibiting the contracture induced by acetylcholine.



Pig. 46. Isolated frog rectus abdominis muscle.
All contractions were induced by drugs acting for
2 minutes.

At A, C, E, O, I, K and M, decamethonium,

2.5, 1.0, 2.0, 6.0, 3.5, 3.0 and 1.5 M-g/ml respectively.
At B, B, P, H, J, L and compound 111,

8, 5, 10, 50, 75, 100 and 25 ng/ml respectively.
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Fig. 47. Frog rectus abdomlnlis muscle.
Comparative estimation of the contracture-
inducing properties of decamethonium and

compound III.



TABLE XIIT

A comparison of the potency of the compounds E77,
=E78, E79, E80, E96, E97, E98, E99, E100, E101, E102
and E103 with tubocurarine and of compounds I, II

and IIT and decamethonium on the frog rectus abdominis

miscle.
Compound Code Number Approximate llolar Potency
~ Tubocurarine = 100
E77 375
E78 7
E79 208
ES0 26
EQ6 63
EQ7 72
E98 7
E99 ‘ 4
EL100 1
E10lL 2
E102 2.5
E103 10,5
Approximate liolar Potency
Decamethonium = 100
I ' ¥*
II 50
I1T 7.0

* Could not be estimated. Please see Fig. 48

opposite page 120.
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Frog Rectus Abdomlinls Muscle.

Results obtalned using this preparation
conflrmed the dlvislion of the compounds studled Into
depolarlizing (Group 2) and non-depolariszing (Groups la,
end le) agents.
| None of the compounds tested in Groups la and
lc caused any direct stlmulant effect, Each produced
graded Inhibitory effects on acetylcholine-induced
(1V~ 10 pg/ml) contractions, acting similarly to
tubocurarine (Figs. 41, 42, 43 and 44). On this basis,
a comparlson of these drugs wlth btubocurarine was made.
The potency of these compounds, as measured by the
degree of inhibition of acetylcholine-induced
contractions is shown in Table XIII. The potency of
each compound was determined graphically as shown in

the example (Fig. 45).

mg/k

respectively) produced a contracture and augmented'thewjﬁ

Compounds I, II and ITI (1.0, 0.2 and 1.0 mg
effects of acetylcholihe on this preparation. Flg. 46
shows typlcal examples of the contracture-inducing
effects of these compounds. ‘A1l were, however, woeaker
than decamethonium, the order of potency being

decame thonium > II } III > I (Fig. 47 and Table XIII),

Compound I possessed very weak stirmlant propertiles.



® Decamethonium
0 Compound 1

Contracture (cm).

i
4 3 2
Log Dose (wg/mi)

sy
OIL

- Plg. 48. Frog rectus abdominis muscle,

Comparison of the contracture-inducing
properties of decamethonium and compound I.
It is obviously impossible to compare
quantitatively the effects of each drug on

this preparation.



Fig. 49. Cat. Pentobarbitone anaesthesia.

Blood pressure record from common carotid artery.
Drugs administered intravenously. Vertical scale
on left hand side i1ndicates the blood pressure iIn mm
of mercury.

At A, B and C, compound E91 0.5 mg/kg, 0.75 mg/kg
and 1 mg/kg respectively.

At S, normal saline (0.9%), 4 ml.

AtT, tubocurarine 1 mg/kg.

At D andE, compound E79 0.05mg/kg and 0.1 mg/kg.
At F and G, compound E80 0.05mg/kg and 0.1 mg/Zkg.

At H and 1, compound E90 0.05mg/kg and 0.1 mg/kg.



Fig. 50. Cat. Pentobarbitone anaesthesia. Blood
pressure record from common carotid artery. Drugs
administered intravenously. Vertical scale on
left hand side indicates the blood pressure in mm
of mercury.

At A, compound E97 0.1 mg/kg.

At B and C, compound E96 0.2 mg/kg and 1.0 mg/kg.
respectively.

At and T2> tubocurarine 0.5 mg/kg and 1.0 mg/kg
respectively.

At D, E and F, compound E78 0.05 mg/kg, 0.15 mg/kg
and 0.20 mg/kg respectively.

At S, normal saline (0.9%), 3 ml.
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Inspection of the slopes of the log dose-responsse
curves (Fig. 48), showed that a quantitative comparison
of compound I and decamethonlum was impossible. These
results prompted a further invéstigation of the basic

mode of action using the Aridns? technique.

Results of Tests Othsr Than Those Desligned to Investigate

Neurormscular Blockihg Potency.

'

-Effect on the Blood Pressure of the Anaesthetlzed Cat.

| None of the compounds in Groups i;, 1b and lc
produced any significant rise or fall in the blood
pressure of the cat even when administered in doses in
excess of those required to induce complete neuromuscular
block (Figs. 49 end 50). Tubocurarine (0.5 - 1.0 mg/kg),
on the other hand, produced a slignificant fall in blood
pressure when tested on the same preparatlon, attributable,
it has been suggested, to a block of transmission of
sympathetic vasoconstrictor impulses at the ganglion
synapse (Landmésser, 1947) and to the liberation of
histamine (Paton, 1951). The more potent muscle
relaxant compounds in Group 1ld, which were reported to
possess comparatively weak ganglion blocking properties,
produced no significant changes in blood pressure levels
and in larger doses produced a slightly hypertensive

effect which might have been associated with anoxia.



Fig. 51. Oat. Pentobarbitone anaesthesia. Blood
pressure record from common carotid artery. Drugs
administered intravenously. Vertical scale, on
left hand side, iIndicates the blood pressure In mm
of mercury.

At T, tubocurarine 0.10 mg/kg.

At A, compound F. & P. 16677 20 mg/kg.
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Fig. 52. Oat. Pentobarbitone anaesthesia. Blood
pressure record from common carotid artery. Drugs
administered intravenously. Vertical scale, on left
hand side, i1ndicates the blood pressure in mm of
mercury. Recordings from three different animals.
At A, (from left to right) compound 1 0.1, 0.5 and
0.6 mg/kg respectively.

At B, (from left to right) compound 1l 0.05 and

0.25 respectively.

At 0, compound 11l 0.1 mg/kg.



Fig. 53. Cat. Pentobarbitone anaesthesia.
Contractions of the nictitating membrane elicited
at 3 minute intervals by preganglionic stimulation
of the superior cervical nerve trunk at a frequency
of 1200 mmpulses/min, 10 V and 1.0 msec for 15 sec.
Drugs administered intravenously 30 sec before
stimulation.

At A, B and C, compound E94 0.5, 1.0 and 2.0 mg/kg
respectively.

At D, E, F and G, compound E95 0.5, 1.0, 1.5 and
2.0 mg/kg respectively.

At H, compound E96 0.5 mg/kg.



Fig. 54. Cat. Pentobarbitone anaesthesia.
Contractions of the nictitating membrane elicited
at 3 minute intervals by preganglionic stimulation
of the superior cervical nerve trunk at a
frequency of 1000 mimpulses/min 10 V and 1.0 msec
for 15 sec. Drugs administered intravenously

30 sec before stimulation.

At A and B, compound E77 0.5 mg/Z/kg and 1 mg/kg
respectively.

At C and D, compound E78 0.5 mg/kg and 1 mg/kg
respectively. -

At E, compoundE79 0.5mg/kg.

At F, compoundE8O 0.5mg/kg.

At G, compoundE96 0.5mg/kg.

At H, compoundE87 1 mg/kg.

At T, tubocurarine 0.5 mg/kg.



Fig. 55. Cat. Pentobarbitone anaesthesia.
Contractions of the nictitating membrane elicited
at 3 minute 1i1ntervals by preganglionic stimulation
of the superior cervical nerve trunk at a frequency
of 800 mmpulses/min, 10 V and 1.0 msec for 15 sec.
Drugs administered intravenously 30 sec before
stimulation.

At A, compoundl 0.5 mg/kg.

At B, compoundlll 0.3 mg/kg.

At C, compoundll 0.5 mg/kg.-
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On the other hand, those compounds possessing potent
ganglion blocking properties,.for example compounds
r, & P, 16575, F, & P, 16677 and F, & P, 16678, produced,
as expected, a significant hypotensive action on this
preparation (Fig. 51).

The depolarizling compounds of Group 2, in doses
sufficient to produce partial neuromuscular block
(0.05 - 0.5 mg/kg) exerted no significant effect upon
the blood pressure, but in larger doses (0.2 - 0.5 mg/kg)
compound II produced a prolonged rise (Fig. 52).
Estimation of Ganglion Blécking,Activitx.

Cat Nictitating Membrane Preparation. Sympathetic

Gangllon Blockade.

Following injection of compound E94 (1 mg/kg),
a 8light reduction in the height of the contraction of
the nictitating membrane was observed (Fig. 53) but none
of the other compounds in Groups la, 1lb, 1lc or 2,
produced any sympathetic ganglion blocking effect (Filg. 54).
Compound II (0.5 mg/kg) produced 2 prolonged contraction
of the nictltating membrane (Fig; 55). In contrast
to these effects, tubocurarine (0.5 mg/kg) always
produced a marked reductlon in the height of contraction

of the nictitating membrane (Fig. 54).



Fig. 56. Guinea Pig i1leum. Composite picture.

The effect of drugs on contractions of the
longitudinal muscle layers (upper trace) and on
peristalsis (lower trace) recorded by Trendelenbergl
method (1917). Volume of bath used was 50 ml.

At A, compound 1 0.5 mg.

At B, compound 11 0.1 mg.-

At C, compound 11l 0.5 mg.

At D, decamethonium 0.1 mg.

At E, hexamethonium 0.2 mg.

At T, tubocurarine 0.5 mg.



Fig. 5V. Guinea Pig ileum. Composite picture.
The effect of drugs on contractions of the
longitudinal muscle layers (upper trace) and on
peristalsis (lower trace) recorded by Trendelenberg*
method (1917). Volume of bath used was 50 ml.
At A, compound E77 1 mg.

At B, compound E79 2 mg.

At C, compound E91 1 mg.

At D, compound E95 2 mg.

At E, hexamethonium 1 mg.

At F, compound E98 20 mg.

At T, tubocurarine 1 mg.
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dompounds in Group 1ld héve all been reported
to possess ganglion blocking properties vwhen tested
on a simllar preparation. A.full account of their
properties has been provided by ﬁakstorp and his
colleagues (1954, 1955, 1956, 1957a,b,c).

Guinea Plg Ileum - Parasympathetlic Ganglion Blocking

Activity. |
None of the compounds in Group la ( 1 - 3 mg)

or Group 2 (0.1 - 0,5 mg) (Fig. 56) exerted any ganglion
blocking activity on thls preparation. Compounds'EVV
(1 mg), E78 (3 mg) and I (0.5 mg) slightly enhanced

the longltudinal contractions of the gut without
interfering with peristalsis, Among the compounds in
Group 1lb, the tris-onium derivatives E91 (1 mg) and

E95 (2 mg) blocked peristaltic movements (Fig. 57).

This action was especially marked in the former but none
of the other compounds in this group exerted any gangllion
blocking action. In Group lc, compound E98, in very
ﬁigh_doses (10 - 20 mg) showed a ganglion blocking
action but none of the other compounds in this group
were active on this preparation.

Experiments Upon Mice.

Estimation Of The Approximate Median Paralyzing Dose (PDS0).

Compounds in Groups la, 1lb and 2 were tested on



TABLE XIV

X comparison tf the Potency and Toxicity of

compounds E77, E78, E80, E96, E97, E91, E93, E94

and E95 and Tubocurarine, in mice.

Name or Approx. Mean Approx, liean Thera- Com-
Code No,., | Median Lethal peutic parative
of Paralyzing Paralyzing Index Molar
Compound | Dose (P.D.50)} Dose (L.D.50) |(L.D.50)|Potency

me/kg ¥ S.EM] mg/kg T S.E.M. | (F.D.50) | (Tubo-
curarine
= 100)
E77 (5) | 0.21 ¥ 0.004 | 0.61 % 0.04 2,91 165
E78 (5) | 0,36 ¥ 0,02 1.2 % 0,10 3,33 132
E79 (4) | 0,20 ¥ 0,02 | 0.66 0,06 3.30 | 174
ES0 (4) | 0.20 ¥ 0,02 0.76 ¥ 0.11 3480 165
E96 (5) | 0.25 ¥ 0,01 0.52 ¥ 0,02 2.08 146
E97 (4) | 0.2¢ % 0,01 0.74 ¥ 0,05 3,08 151
E91 (6) No Paralysis - - -
with 20 mg/kg
E93 (6) | 2.15 ¥ 0,35 {14.6 £ 1.52 6.79 11
E94 (7) | 0.90 ¥ 0,06 3.1 ¥ o.22 3,44 22
E95 (8) | 2,0 % 0,16 8.0 ¥ 0.70 4,0 13
Tubo- 0.25 ¥ 0,01 | 0.52 ¥ 0,40 2.08 100
curaer ine i

('7)

The number, in brackets, in the first columm indicates

the number of groups of animals tested.
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this speciles. All the compounds tested induced
restlessness and increased movement after approximately
flve to ten minutes. A period of quiet then ensued,
prior-to‘the loss of the animals! ability to retain
thelr positions on the inclined plane and the onset of
‘paralysis. Recovery from paralysis was normally
complete within twenty minutes. The time of onset of
action and the period required for recovery from
paralysis were greater for the compounds in Group 2

than for those in Group 1.

Estimation of The Approximate Medlan Lethal Dose (LD50).
The median lethal dose was determined in a

similar way. Following an intfaperitoneal injection
of a2 minimal lethal dose of the compounds in Groups la
and 1lb, there was a rapld development of a typical
flaccid paralysis followed by fallure of respiration.
Resplratory collapse, In almost all cases, preceded
cardlac arrest. |

With compounds in Group 2, death was preceded
by clonlc convulsions and an extensor spasm of the
hindlegs. The therapeutic ratio (%‘g‘g'), as shown in
Table XIV, was highest for compound III and lowest for
decamethonium, |

The medlan lethal paralyzing dose for compounds



LD 50

Paralysing and Lethal Effect on Mice (after 30 rmunutes)
)

i 1 _— L I Lt L1 i
1 2 3 4 6 8 10 20
Dosage (mg/kq) Eg3

Fig. 58. Diagram of the graphical estimation
of the PD50 and the ID50 for compound E93
(Miller & Tainter, 1944). From original graph
PDS0 = 2.15 £'0,27; IDSO = 14.6 = 1.52.

(Please see accompanying text).



TABIE XV

A comparisbn of the Potency and Toxicity of

compounds I, IT and III and Decamethonium in mice.

Compound

Approx, Mean Approx. Mean | Thera- | Com-
and no. of | Median Lethal peutic | parative
Groups Paralyzing Paralyzing Index . | Molar
tested Dose (E-D-50) Dose (L.D.50) | (L.D.50)| Potency
mg/kg ¥ s.E.M. | mg/kg ¥ s.E.1.} (F.D.50)| (Deca-
me thonium
= 100)
T (5) 4.1 ¥ 0,20 11.1 ¥ o.60 2,7 a4
IT (4) 2,1 % 0,453 9.3 ¥ 0.60 2.3 44
IIT (6) 3.1 ¥ 0,58 24,3 % 2.8 7.8 55
Deca- 1.9 ¥ 0,11 3.8 % 0,18 2.1 100

methoni%g)




TABLE XVI

Method of calculating the mean P.D,50, L,D.50
and their standard errors (S.E.M.) in mice for

compound E95 (Miller & Tainter, 1944).

Group Dose Number Nunmber Probit
No. (mg/kg) | Paralyzed | Killed Value
(%) (%) |
1 1 40 4.75
2 2 90 6.28
3 5 10 3,72
4 6 20 4.16
5 7 40 4.75
6 8 60 5.25
Prom original graph, P.D.50 =2.0, L.D.50 = 8.0.
Standard Error (P.D.50) Standard Error (I;D.SO"
Probit 4 = 1.0 Probit 4 = 5.6
Probit 6 = 2.0 - Probit 6 = 11.0
28 = 1.0 28 = 5.4
No. treated (N) = 20 No. treated (N) = 80
S.E.Me =23 = 1.0 = 0.16 S.EM., =25 =5.4_ = 0,60
6.32 Ven.  8.944
P.D.50 = 2.0 £ 0,16

1+

L.D.50 = 8.0 0.70
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in Group ld, has been estimated by Fakstorp and
Pedersen (1957b). The results of compounds in Groups
la, 1b and 2 were calculated by the graphical method
described by Miller and Tainter (1944) and are shown in
Table XV, The pércentage paralyzed or killed in each
group, at each dose level, was plotted on a logarithmlc
scale; as a problt value, against the dose (mg/kg) of
drug producing the effect. The estimated PD50 was
that dose corresponding to 50% (probit 5.0) and could
be read directly from the graph in mg/kg. The median
lethal dose (ILD50) was determined in a simllar fashion.
In order to estimate the standard error of the
PD50 and the ID50, two additional values were read
. from the graph (Fig. 58 and Table XVI). These
corresponded to.the dose producing 16% and 84% (probits
4,0 and 6,0) of the effect, the difference between these
vélues being the estimated increment necessary to
increase the effects by two problts in thils dose range
(23). The approximate average standard error was
determined using the following formula

Approximate standard error of the mean.(S.E.M.) = 28

‘mnartuman

\

The value N indicated the total number of

animals in the groups which would be expected to show



Fig. 59. Isolated rabbit heart, Upper tracing
shows heart rate, lower tracing, the cardiac outflow,
Numbers represent the heart rate iIn beats/min.

At T, tubocurarine 1 mg.

At A and D, compound E96 1 mg.

At B and C, compound E97 1 mg.

At E, compound E77 1 mg.-

At F, compound ES80 1 mg.
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results between 6,77 and 93.3% (probits 3.50 and 6.50)
as describeﬁ by Miller and Tainter (1944),

Experiments on the TIsolated Perfused Rabbit Heart.

In view of the qualitative and quantitative
aspects of the block produced by compounds in Groups 1l
and 2, only drugs 1in Group la wére believed to possess
clinical potentialities, Accordiﬁgly, thelr effects on
the isolated rabbit heart préparation were investigated.
None of these compounds, in doses from 1,0 to 3.0 mg,
produced any significant depressant or accelerating
effect on the rate or amplitude of the heart. An example
of a characteristic'tracing is given in Fig. 59.

From the tests darried out, no toxic effects on
the heart rmmscle of the rabbit could be detected.
While it is Impossible to forecast, from these experiments;
the effect of tyese drugs on human cardlac rmuscle, the
presence of toxlc effects on this preparation would
eliminate the possibility of their being clinically
investigated.

Experiments on the Resplration of the Anaesthetized

Rabblt and Cat.

The clinical importance of the actlion of
miscle relaxants on the mscles controlling respiration,

prompted an investigation of the effect of the more
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potent coﬁpounds upon resplration in experimental
animals. However, on account of the lack of material,
only the compounds in Group la and Group 2 were
investigated, the former on the rabblt and the latter
on the cat. -

Irrespective of the species employed, the
continuous Intravenous infusion of the compounds under
test (E77, E79, E80, E96, E97 and tubocurarine, 0,2 mg/ml;
I, 1 mg/ml; II, III and decamethonium, 0.1 mg/ml)
always resulted in respiratory paralysis. Spontaneous
respiratory movements only returned following the use
of artificilal respiration although complete recovery
was attained in every case,

Each drug was tested several times on different
animals, The respliratory paralyzing dose was that
administered during the first experiment on each animal,
Subsequent doses, less than the first, were not
included. The respiratory paralyzling doses of the
compounds In Group la were similar to thelr head drop
doses (H.D.D.) and all were more potent than tubocurarine
in this respect, On the other hand, the doses of
compounds I, II and III, required to induce complete
resplratory paralysis‘in the cat, were less than those

regiired to paralyze. resplration in the same specles.



TABLE XVII

1

A comparison df the individual and mean respiratory
iparalyzing doses of compounds E77, E79, E80, E96 and
E97 and tubocurarine on the urethane-anaesthetized
rabbit and of compounds I, II And III and

decamethonium on the pentobarbitone-anaesthetized cat.

'{Name or | Respiratory Paralyzing Dose Potency
“Code No. - (Tubo-
of Com- | Individual (ng/kg) Average curarine
pound (mg/kg) = 100)
ET7 0.22, 0.24, 0.21 0.22 139
ET79 0.10, 0.16, 0.14 0.13 235
E80 0.21, 0.26, 0.33 0.27 107
E96 +10.26, 0.25, 0.30 0.27 119
B97 0.27, 0.24, 0.30 0.27 119
Tubo-
curarine |0.,16, 0.26, 0.24 0.22 100
Potency
(Deca~
methoniur
= 100)
I l L] 5 [} 1 ] 6 9 l ] 1 l ] 4’ 8
II 0.36, 0.36, 0.36 0.36 31
III 0.42, 0.35, 0.45 0.41 24
Deca— 0009, O.ll, 0012 Ooll 100
methoniumnm




Pig. 60. Oat. Pentobarbitone anaesthesia.

Record of respiratory movements from the epigastrium.
Vertical scale i1ndicates the blood pressure In mm

of mercury.

At C, intravenous infusion of compound 111 0.20 mg/ml.
At AR, artificial respiration commenced.

Rate of infusion of drug was 0.75 ml/mm.

Rate of respiration of animal at commencement

of experiment was 18/min.



Fig. 61. Rabbit. Urethane anaesthesia.

Record of respiratory movements using the method
of G-addum (194-1). Vertical scale indicates the
blood pressure 1n mm of mercury.

At A, i1ntravenous infusion of compound E79 0.20mg/ml.
At AR, artificial respiration commenced.

Rate of infusion of drug was 0.75 ml/min.

Rate of respiration of animal at commencement of

infusion was 92/min.



TABLE XVIIT

Compounds investigated using the Arilns! procedure.

The compounds investigated using this technique

inelude tubocurarine dimethyl ether and tubocurarine

(formilae opposite page 56) compounds E77, E78, E79,

E80, EE8, E99, E100, E101, E1l02, E103, I, II, III

and decamethonium (forrmlae in Tables IT and IIT

opposite page 99) and oxydipentonium and compound

E151 (formlae glven below).

Name or
Code No. Basic Chemical R An- Type
of Structure ion of
Compound Block
+ + ' -
Oxydi- RglN- (CHg ) -0~ (CHy) -NRz | CHz C1l™ | Depolar-
pentonium _ ' izing
+ + + -
E151 R5N-(CH2)nyN-(CH2)n7NR5 CHgz I on-De-
I{ \R polar-~
izing




Pig. Eil Prog rectus abdominis muscle preparati
Ariens* procedure. Experimental recordings of
contractures from three different pieces of
tissue induced by;

At a, decamethonium (2 M,moles/ml)

At b, compound Il (2 pmoles/ml)

At c, compound 11l (2 i1xmoles/ml)

Volume of bath = 10 ml.

Numbers indicate the volume of drug

solution added.



Pig. 63. Prog rectus abdominis muscle preparation.

Ariens* procedure. Experimental recordings

of
At
At
of
At
of
At

of

contractures induced by;

a, decametlioniurn alone (2 pmoles/ml)

b, decamethonium (10 pmoles/ml) 1In the presence
compound E101 (100 (imoles/l)

c, decamethonium (10 |j-moles/ml) iIn the presence
compound E101 (600 pmoles/l)

d, decamethonium (10 pmoles/ml) 1iIn the presence

compound E101 (1000 umoles/l).

Numbers i1ndicate the volume of decamethonium

solution added.
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A1l the compounds of Group 2 were less potent than
decamethonium. The results of these experiments are
shown in Table XVII and characteristic tracings shown
in FPigs, 60 and 61,

Experiments on the Isolated Frog Rectus Abdominls Muscle

Using Aridns!? Technigue.

The chemlcal structures of the compounds whose
mode of action was invesfigated using the experimental
procedure first described by Ariens (Ariéns & de Groot,
1954) are shown in Table XVIII. Cumlative log
dose-response curves were constructed for agonists
alone and inrthe presence of constant doses of non-
depolarizing miscle relaxants, The results, which can
be most conveniently expressed graphically, are showmn
in Figs, 64 to 71.

On the bésis of these graphs, a classificatlion
of the drugs under lnvestligation was made according to
the original scheme devised by Aridns and his assoclates
(Van Rossum et al. 1958). Typical experimental
recordings are shown in Figs.'éz and 65.

The Interactlon of a substance A with a
hypothetical receptor system Gf63 containing R receptors,
is represented by the equation

E, = ~%a
A
TN + 1
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(cn,),ﬁ-(cn,)‘;ﬁ(cna), 21°
Dcc.amethoniurn °
(CH); N-(CHa); O (CiHp); NEHy), 21°
Oxydipentonium
s ) A-cH); Sty 21°
5B

(cu,)ﬁ{cu,)‘— g’(ci-s,\, 21°

% Contracture
It
[o]
1

2 |

o L L
1 2 3

log _umotes/|.

Fig., 64. Cumulative log dose response curves for
decamethonium, oxydipentonium and compounds I,

IT and ITII performed on the isolated frog rectus
abdominis mscle, The variation in the meximum
height produced and the displacement of the curves .
along the abscissa indicate the differences in the
intrinsic activity and the affinity values of these

compounds.
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where Ep 1s the effect of substance A, Ky the
dissociation constant of the complex R A, and o the
intrinsic activity of drug A whdSe'concentration is
represented by [ j.

The maximum effect of a compound (E meximm), is
proportional to 1ts intrinsic activity. The dose of a
compound producing a consfant fraction4of the meximum
response, for example'so%, is proportional to the wvalue
of the dissociation constant of the drug-receptor
complex,

FPig. 64 represents a comparison of the agonistiec,
contracturefinducing properties of decamethonium whose
intrinsic activity and affinify ﬁalue was arbritarily
asslgned unity, oxydipentonium and compounds I, II and
ITI. The order of addition of the drug and decamethonium
to the bath was determined from a table of random numbers
assigning egual chances of comlng first or second to
elther decamethonium or the drug with which it was being
compared. Oxydipentonium and compound II were each
compared wlth decamethonium in twenty experiments while
compounds I and III were similarly investigated ten
times. TUsing Student'!s t test (Snedecor, 1956) no
significant difference in the intrinsic activity value

of decamethonium, oxydipentonium and compound IT



——=-— Emaximum

50% Emaximum (Kﬂ
OO U——— e — e m e = —=— -—

(CHb)a :’ (CHz)p':l (CH3)3 2 16

(decamethonium)

75

% contracture
8

@ @ o
(CH3)3 N-(CHa)g-S (CHa); 21
(compound III')

/ A 1 S|
1 2 3
log _umoles/I.

Pig. 65. Frog rectus abdominis muscle. . llethod

of comparing the intrinsic activity and affinity
values of decamethonium and compound IIX.

Prom original graph,

Emaximum (decamethonium) = 1.0 (arbritarily assigned)

Emaximum (compound III) = 0.6.

50% Emaximum, K, (decamethonium) = antilog 0.72 = 5.25
A

50% Emaximum, K (compoﬁnd III) = antilog 1l.21 = 16.22
A :

Affinity = 1 ; Intrinsic activity is proportional

Ky

to Emaximum (Ari8ns & de Groot, 1954).
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(O.27Pl)jp.1) was revealed., There were, however,
significant differences between the intrinsic activity
values of decamethonium and compound I (P&£L 0.001) and
between decamethonium and compound III (P<;0.001) as
indicated by the reduction in the ﬁaximum contractural
helght produced.'

The wvalue of the dissociation constant (KA)rfor
each drug was also calculated by determining that dose
which produced 50% of the maximum observed biological
response (Arifns & de Groot, 1954). The reciprocal
of this value represented the affinity of the compound.
- Flg. 65 shows the calculation of intrinsic activity and
affinity values for decamethonium and compound IIT,
These values, for all five compounds, appear 1n Table XIX
and are discuséed on page /50. |

The comparatively low intrinsic activity of
compound I, conflrmed by observations using the
conventlonal frog rectus assay procedure, prompted a
further investigation into the basic mode of action of
this drug. Accordingly, a series of log dose-response
curves were constructed for different molar doses of |
this compound and the response of each dose level
expressed as a percentage of that observed using a

solution of 1 mole/ml. The shape of the curves obtained,



100
3] ']
( (CH3), CHg)N-(CHL) - S(CoHs) (CH3)
21°
75 +
1
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Fig. 66, Cumlative log dose-response curves

for varlous concentrations of compound I
performed on the isolated frog recfus abdominis
rmscle. The agonistic and auto-inhibiting
effects of this drug are observed as a gradual
decrease in the’maximnm.height and a displacement

of the curves along the absclssa.



100 (CHa)zccsz):‘(CHz)a‘g (CHs)CH3) .
: 21° o

% Contracture

2200

L J N 400umoles i
o6 075 10 125 15
log _umoles/l. Decamethonium

Fig. 67. Cumlative log dose-response curves

for decamethonium performed on the isolated

frog rectus abdominis muscle alone (0 pumoles/1)

and in the prescence of constant concentrations

(4, 8, 40, 80, 200 and 400 umoles/l) of compound I.
The agonistic and non-competitively antagonistic
properties of compound I appear as a contracture

and a decline of the maximum height of the curves.
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shown in Fig..66, Indicated that this drug possessed
both agonistic and non-competitively antagonistic
blocking properties. At higher dose levels, the
aunto-antagonlstic action of the drug was apparent.
Investigation of these properties, by constructing a
series of log dose-response curves for decamethonium
in the presence of different doses of compound I
(Fig. 67) confirmed these properties. The dose of
compound I employed in any one experiment remained
constant throughout. Due to insufflcient material, 1t
was impossible to construct hyperbolic log dose-response
curves for compound I alone, 1In ordef to confirm,
quantitatively, the nature of the amto-interaction
produced. The preponderance of experimental evidence
obtained, however, is not incompatible with the view
that compound III possessed auto-inhibitory, non-
competitive properfies (Arigns et al., 1957).

According to the Aridns' classification
(Van Rossum et al. 1958), all the remaining compounds
possessed Type 2, non-depblarizing properties, The
dose of each drug chosen for inlitial Investigation was
related to 1ts molar potency compared to tubocurarine,

as based on experiments carried out using the conventlonal



@ @ @
(CH3), (GHs)N-(CH,); O- (CHy), - N- {cH2),; O- (CH- NCHICH)),
CHy CoHs 31®

100 r

300/ umole/I.

75 1

50 |

% Contracture
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1 2 3
log _umoles/|. Decamethonium

Fig. 68. Cumulative log dose-response curves
for decamethonium performed on the isolated
frog rectus abdominis muscle, alone (0 upmoles/1)
and in the presence of constant concentrations
(100 and 300 pmoles/l) of compound E1O1l. Tﬂe
conpetitively antagonistic properties of
compound E101 appear as a displacement of the

curves along the abscissa unaccompanied by any

reduction in the maximum height.



131

frog rectus assay method., The'dose of tubocurarine
initially used (1 pmole/1l) was that employed by Ariens
(Van Rossum'gﬁ.gl. 1958).  Subseguently whole multiples
of this dose of tubocurarine and of the other compounds
were investigated.

The compoundé tested included tris- and
tetra~onlum compounds contalning one or two ether
oxygen functions together with several corresponding
non-ether homologues. Of these, none possessed any
contracture-producing properties on the frog rectus
- abdominis rmscle preparation but when placed in the bath
prior tb the addftion of decamethonium, all displaced
the log dose-response curve along the abscissa wlthout
affecting either the slope or the maximmm observed
contractural response. Thus, iIn the presence of
constant doses of these compounds, the decamethonlum
log dose-response curve suffered a paralled displacement
along the abscilssa.

A typical example of these effects 1is shown in
Fig. 68.

The interaction of depolarizing and non-

depolarizing compounds has been dlscussed by Ariéns

and de Groot (1954). The mathematical relationship
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derived to represent this interaction has been expressed

as E mx = Fx x [g]f E max = maximum effect
EAB K“‘B - 5] Exp = combined effect
of A and B)

where KA and KB are the dissociation constants of the
drug-receptor complex produced by the depolarizing
agent A, [A], aﬁd the non-depolarizing compounds

B, [ B, respectively. From this equation, if
parallel log dose-response curves are obtained

experimentally for an agonist alone, and in the presence
LB
CATD

mst remain constant. That 1s, the observed parallelism

of constant doses of an antagonistic drug, the term

is related to alteration in the rates of dissociation of
the respective drug-receptor complexes involved. The
ratio EA% determined for doses producing 50% of the
maximum response, has been termed the 'inhibition index!
Ariéns & de Groot, 1954) and is constant when a truly
competitive antagonism between two drugs prevaills, In
consequence, for the interaction of such compounds, the
inhibition indlces may be used as a measure of the
dissoclatlon constants, or the affinities, of the compounds
concerned. When several non-depolarizing compounds are

investigated using the same depolarizing compound, for

example decamethonium, since KA for the latter is
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Pig. 69. PFrog rectus abdominis muscle.
Method of comparing the 'inhibition indices' of
compounds E100 and E151.

From original graph,

Inhibition Index (E100) = 100 100 = 6.6
Antilog 1.18 15.14

]

Inhibition Index (E151) = 100 100 = 2.3
| Antilog 1.63 42,66 .
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Pig. 70. Cumulative log dose-response curves

for decamethonium, performed on the isolated

- frog rectus abdominis muscle, alone (0 pmoles/l)

and in the presence of constant concentrations

(100, 300, 600 and 1000 umoles/l) of compound E.101.
The competitively antagonistic properties of
compound E101 in lower concentrations (100 and

300 umoles/1l) gives way to non-competitively
antagonistic effects at higher concentrations

(600 and 1000 pmoles/l) as shown by the decline in

the curves and the decrease in the maximum height.



133

constant, the "inhibition indices' are inversely
proportional to the affinities between the receptor
and the non-depolarizing compounds. Accordingly,
'inhibition indices' for these compounds in Group I,

tested by the Ariéns procedure, were calculated on this
basls and the mean of at least three individual results
taken Iin each case. An example of the'method of
calculating the 'inhibition indicesd for compounds E100
andvE151vis;given in Fig. 69. The results are shown

in Table XX and discussed on page /50,

Then doses of these drugs were used, in excess
of those normally required to completely inhibit
acetylcholine-induced contractural responses, differences
in the shape and height of the decamethonium log dose-
response curves were observed. In addition to a
non-parallel shift of the curves along the ordinate, a
decline in the maximum helght of the contractural
response was also observed. The shape of these curves
was characterlstic of a non-competitlive antagonism on
the basis of the Ariens' classification (Van Rossum
et al, 1958). An example of the transition from a
competltively antagonistic to a non-competitively
antagonistic drug is shown in Fig. 70.

The role of the ether oxygen function was
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Investigated by comparing the degree of displacement

of the decamethonium log dose-response curve produced

by equimolar doses of the ether-contalning and the
related non-ether compounds. In addition to
oxydip