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PREFACE

G'oon muscular relaxation js an essential requirement
for the performance of many surgical procedures. In the
past adequate xelaxation could only be obtained with
deep planes of general anesthesia or by various regional
procedures, primarily by subarachnoid block.

Ether and chloroform, the first two agents used for
the production of anesthesia, were capable of producing
good muscular relaxation without causing undue respira-
tory depression. In the 1930’s first cyclopropane®**¢ and
then thiopenthal sodium?®* rapidly became popular anes-
thetic agents. It soon became evident, however, that with
regard to muscular relaxation neither cyclopropane, nor
thiopenthal sodium was always capable of fulfilling the
requirements of good surgical anesthesia.

While the search continued for new anesthetic agents
that would combine the advantages of ether and chloro-
form on one hand and those of cyclopropane and thio-
penthal sodium on the other, more information became
available on the pharmacological effects of the anesthetic
agents already in use. Chloroform was the first agent to
fall victim to the findings of such investigations.®* In
recent years more and more evidence became available
that ether, the old standby of anesthesiologists, is by no
means harmless under all circumstances. It has been
known long that profound changes of intermediary
metabolism, such as hyperglycemia and glycopenia, ac-
company ether anesthesia*>*® Various investigators re-
ported that deep ether anesthesia, necessary for produc-
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vi MUSCLE RELAXANTS IN ANESTHESIOLOGY

tion of muscular relaxation, can interfere with kidney® and
liver®'®” function and decreases myocardial efficiency in
laboratory animals*** Ether may also adversely affect
cardiae function in patients with myocardial damage.*°
The unfavorable effect of deep ether anesthesia on circula-
tory homeostasis has also been demonstrated ®®

The growing conviction of many anesthesiologists was
recently summed up by Gillies'™ who stated, “In many
clinics uncompensated depression of respiratory and circu-
latory functions, seen at its worse in third or fourth plane
ether anesthesia and regarded as ideal for abdominal
surgery became routine. In submitting to operations in-
volving vital functions directly or indirectly to an extent
never before known, patients had enough to overcome on
their way to recovery without the extra burden of the
metabolic, respiratory and cardiovascular disturbances
added by prolonged general anesthesia.”

Although subarachnoid block gives excellent muscular
relaxation and analgesia with minimal disturbance of the
metabolic processes, when it includes the upper thoracic
nerves it is frequently accompanied by unwanted circula-
tory side effects. Furthermore, it does not eliminate the
traction reflexes mediated through the vagus that accom-
pany upper abdominal surgery and which usually necessi-
tates the use of heavy supplementation. Another factor
responsible for the decreasing popularity of spinal anes-
thesia has been the emphasis (far out of proportion to
their significance) placed in the lay literature on the
incidence and severity of neurological complications which
occasionally follow its use.

It gradually became evident that the search for a single
anesthetic agent, which would ideally fulfill all the re-
quirements of the surgeon, without unduly interfering
with the physiological mechanisms of the patient is not
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likely to be successful. More and more pharmacologists
and anesthesiologists came to believe that ideal operating
conditions could be best achieved by the judicious com-
bination of several agents. The goal sct was: to utilize
the characteristic properties of several agents for the
selective depression of certain organic functions, without
interfering with vital mechanisms, the depression of
which would only endanger the patient, but would not
contribute to the requirements of good anesthesia. As
early as 1914 Crile" advocated the simultaneous use of
more than one anesthetic agent. Later Lundy®tt=t
developed this approach further and coined the term of
“balanced anesthesia.” It took the foresight of L. H.
Wright'® and the courage and clinical ability of Griffith?®
to introduce curare for the production of muscular relaxa-
tion into anesthesiology.

The use of curare in anesthesiology became rapidly pop-
ular. Its extensive clinical use and the accompanying
experimental studies revealed, however, that the action of
curare is not entirely restricted to the neuromuscular
junction but that occasionally it effects ganglionic trans-
mission™ and is responsible for liberation of histaminet
These unwanted side effects of curare, which occasionally
caused severe fall in blood pressure®® and bronchiolar
spasm,*** stimulated the search for other compounds with
greater selectivity on neuromuscular conduction,

The groundwork for the development of synthetic
muscle relaxants was laid by King®* who isolated d-tubo-
curarine and determined its structural formula. ‘The
pioneering work of Bovet'® and his associates and the
efforts of Barlow and Ing,™® Paton and Zaimis®? and many
others resulted in the development of a large series of
neuromuscular blocking agents, several of which have
been used successfully in clinical anesthesia.






AUTHOR’S NOTE

MY interest in the use of synthetic muscle relaxants
was aroused by Dr. Geoffry Organe of London who in
1949 gave me the first samples of decamethonium. Sub-
sequently, as they became available, other synthetic
muscle relaxants were also investigated in the Department
of Anesthesia of the Mercy Hospital. All these* 144156
fulfilled their main purpose: they produced good musecu-
lar relaxation for surgical procedures but all had unwanted
side effects and their controllability left much to be desired.
Not until we had the opportunity to use succinylcholine
in continuous intravenous drip for the production of
muscular relaxation'™ did we feel that the goal of the ideal
muscle relaxant had been approached as closely as it can
be hoped for in the foreseeable future. I felt that the time
was ripe for a summing up of the experience gained in
more than a decade of clinical and experimental work
of numerous investigators with muscle relaxants and
started to gather material for a book on the pharmacology
and clinical application of neuromuscular blocking agents.
In the midst of this work, Dr. John Adriani suggested that
I write a monograph on the Use of Muscle Relaxants in
Anesthesiology. He had little difficulty in convincing me
of the urgent need for a practical guide in the use of muscle
relaxants and 1 interrupted my work on the contemplated
more extensive treatise to write this monograph, primarily
intended for my fellow anesthesiologists.

In accordance with the main purpose of the book the
emphasis has been placed on practical considerations

ix
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necessary for the safe and efficient administration of muscle
relaxants. At the same time I have attempted to
include as much of the chemical, physiological and
pharmacological aspects of the use of muscle relaxants
as is necessary for the understanding of the principles
of their clinical application. It is hoped that the first
part of the book will also satisfy the needs of medical
students and anesthesiologists in training who would like
to have easy access to more information on the subject
than that available in textbooks of pharmacology. Those
who may wish to pursue further certain points are referred
to the pertinent bibliographic references. A conscientious
effort was made to include in the bibliography as many of
the important original publications as feasible within the
scope of this little volume. No claim is made for complete-
ness since undoubtedly reference to many excellent papers
had to be omitted.

In general instead of proprietary names, generic names
have been used. The trade names most familiar to
anesthesiologists in the U.S.A, are given when a drug is
mentioned the first time. Other trade names are men-
tioned in the glossary.

To save time for the busy clinician certain terms which
might not be familiar to all users of the book are also
briefly explained in the glossary. On occasion important
practical aspects have been stressed repeatedly in various
parts of the book. This has been done partly for quick
reference and partly from the point of view of the patient’s
safety.
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GLOSSARY

acetylcholine esterase enzyme which hydrolyzes acetylcholine
to acetic acid and choline.

action potential propagated change in the electrical charge of
the endplate region responsible for the initiation of muscular
contraction.

afferent pathway sensory pathway leading from the periphery
to the central nervous system.

Iphaprodine hydrochloride Nisentil.

assisted respiration maintenance of adequate alveolar ventila-
tion through supplementation of the decreased respiratory
tidal volume of the patient by manual or mechanical means;
respiratory rate and rhythm is controlled by the patient,
tidal volume by the anesthetist.

axoplasm the protoplasmic core of the nerve fiber.

benzoquinonium chloride Mytolon, Win 2747,

B. W. 49-204 an antagonist of decamethonium.

B. W. 51-212 an antagonist of succinylcholine.

choline acetylase the enzyme which synthesizes acetic acid and
choline to acetylcholine.

cholinergic receptor hypothetical protein molecule with great
affinity to acetylcholine, muscle relaxants and certain other

quaternary ammonium compounds.

Chondodendron t plant containing d-tubocurarine.

controlled respiration maintenance of adequate alveolar ven-
tilation by manual or mechanical means in the absence of
all discernible respiratory activity of patient; respiratory rate,
rbythm and tidal volume are controlled by the anesthetist.

curarines quaternary ammonium bases isolated from “cala.
bash curare.”

curines tertiary ammonium bases isolated from “pot” and
“tube curare.”

decamethonium bromide C10, Syncurine.

.
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depolarization change in the resting potential of membranes
caused by a permeability change for sodium and potassium
ions.

depolarization block caused by the adsorption of musele xe-
Iaxants (e.g., decamethonium) capable of producing pro-
longed depolarization of the endplate,

DFP Diisopropylfluorophosphate, a cholinesterase inhibitor.

dihydro-g-erythroidine synthetic derivative of g-erythroidine.

dimethyl tubocurarine synthetic dimethyl ether of d-tubocura-
rine, Metubine, Mecostrin.

edrophonium chloride Tensilon, R02-3198.

efferent pathway leads from the central mervous system to-
wards the peripheral effector organs.

endplate sole plate of Kuhne; modified sarcoplasm.

endplate potential non-propagated change in the electric
charge of the endplate.

B-erythroidine alkaloid of Erythrina americana.

eserine physostigmine,

gallamine triethiodide Flaxedil, 2559 F., 3697 R.P.

hexamethonium bromide Bistrium, Hexameton.

hydrolysis the breakdown of an ester to its acid and alcohol
constituents,

hypercapnia elevation of the carbon dioxide tension of the
blood and tissues; may cause respiratory acidosis.

hypocapnia decreased carbon dioxide tension of the blood
and tissues; may cause respiratory alkalosis.

Intocostrin standardized curare extract from Chondendron
tomentosum.

Jaudexium methyl sulpt Landolissin, Compound 20.

Ievallorphan tartrate Lorfan, a narcotic antagonist.

Iepto-curares muscle relaxants with “thin,” elongated mole-
cules.

membrane potential (resting) -90 millivolts, maintained by
accumulation of sodium ions on outer surface and that of
potassium jons on inner surface of the membranes.

meperidine hydrochloride Pethidine, Demerol.

mixed block a type of neuromuscular block in which a non.
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depolarization block is preceded by a depolarization block
of short duration.

muscle relaxant neuromuscular blocking agent, myoncural
blocking agent.

muscle bwitch brief contraction of the muscle fiber; the
physiological response to a single nerve stimulus.

muscular contraction the normal response of the mammalian
muscle fiber to the stimulation of its motor nerve, or to the
rapid intra-arterial injection of acetylcholine; it is a bricf
shortening of the muscle fiber.

myelin sheath the interior cover of the nerve fiber.

neallylnormorphine Nalline, Lethidrone a narcotic antagonist.

neostigmine methylsulphate Prostigmine.

neurilemma sheath of Schwann, outside cover of nerve fiber.

neuromuscular junction myoneural junction, myoneural syn-
apse, synapse.

neur lar tr ission propagation of the nerve impulse
through the myoneural junction to the muscle fiber.

non-depolarization block “competitive” block of Paton; caused
by the adsorption of non-depolarizing muscle relaxants (e.g.,
curare) to the cholinergic receptors of the endplate.

overshoot terminal phase of the depolarization process during
which the endplate becomes electropositive.

pachy-curares muscle relaxants with “thick” round molecules.

parasympathelytic drugs drugs which antagonize the periph-

eral effects of parasympathetic stimulation; atropine or
scopolamine,

pentobarbital sodium Nembutal.

phenobarbital sodium Luminal,

postjunctional membrane functional membrane covering the
sole plate; distal boundary of the subneural space.

protocurines quaternary ammonium bases isolated from “pot
curare.”

quaternary ammonium group a radical containing positively
charged nitrogen atom with five chemical valences.
rabbit head-drop test method used for the biolo

ical
muscle relaxants. gical assay of
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“red muscle” darker than “white muscle”; contracts slowly; can
be tetanized at relatively slow rates of stimulation; more
sensitive to d-tubocurarine than to decamethonium.

repolarization restitution of the resting membrane potential of
the endplate to its original value of -90 millivolts.

sarcolemma membranous cover of the muscle fiber.
sarcoplasm protoplasm of muscle fiber.

stilbamidine tertiary nitrogen compound with neuromuscular
activity.

storage protein a hypothetical protein that keeps acetylcholine
in inactive bondage.

subneural space microscopic gap between the terminal mem-
brane and the sole plate.

succinyldicholine succinylcholine, suxamethonium, diacetyl-
cholin, succinoylcholine, Anectine, Scoline, Brevidil “M,”
Celocurine.

suxethonium Brevidil “E.”

sympathetic hyper-reactor patient with an increased irritability
and reactivity of the sympathetic nervous system.

tachyphylaxis decreased pharmacological response to the same
dose on repeated administration.

TEPP tetracthylpyrophosphate, a cholinesterase inhibitor.

terminal membrane the membranous termination of the axo-
plams at the myoneural junction; the proximal boundary of
the subneural space.

tetanus the sustained contraction of the muscle fiber caused
by repetitive stimulation at short intervals (less than 50
milliseconds).

thiopental sodium thiopentone, Pentothal,

toxiferine-I alkaloid of Strychnos toxifera, ingredient of “cala-
bash curare.”

Tubadil a depository d-tubocurarine preparation.

tubocurarines quaternary ammonium bases isolated from “tube
curare.”

d-tubocurarine alkaloid from Chondodendron tomentosum.

white muscle lighter than “red muscle”; contracts rapidly; can
be tetanized with relatively high rates only; more sensitive to
decamethonium than to d-tubocurarine.
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1
THE HISTORY OF MUSCLE RELAXANTS

Early history. Botanical identification. Early
experimental work. Physlology of ncuromuscular
transmission. Early attempts at clinical application.
Introduction of curarc into anesthesiology. Devel-
opment of synthetic muscle relazants.

THE history of muscle relaxants has its beginning in the
sixteenth century. This fascinating subject is masterfully
discussed in two excellent monographs by McIntyre*™”
and Granier-Doyeux.!®* Most of the data relating to
the outstanding events in the history of curare to be.dis-
cussed in this chapter have been obtained from these
publications. A

Sir Walter Raleigh in his Discovery of Guiana,™* pub-
lished in 1595, mentions the arrow poison of the Indians.
The first eyewitness account of the preparation of curare
was by Humboldt?*® who suspected that curare was pre-
pared from various plants of the Strychnos family by
natives of British Guiana. Schomburgk®*® later verified
his assumption,

The botanical identification of the sources of the various
curares, and the analysis of their active ingredients has
never been carried out satisfactorily, Some semblance
of order was made in this chaotic complex by Boehi?® <
who distinguished, depending on the container in which
they were available, tube, pot, and calabash curare; but

5
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many years were to pass before a more scientific classifi-
cation became possible.

Early experimental work with curare dates back to the
eighteenth century. A variety of animals were used in
these experiments, the detailed description of these can
be found in MeIntyre’s®”” monograph. At about the same
time that Brodie® 5! showed that fully curarized animals
could be kept alive by artificial respiration, Humboldt and
Bonpland®*® carried out the first curare experiments with
frog nerve-muscle preparations. The earliest scientifically
planned investigations on the neuro-muscular activity of
curare were done by Claude Bernard in 1850 He
showed that the injection of curare into the lymph sac of
frogs paralyzed the animals although the conductivity of
the nerves and the irritability of the muscles to direct
stimulation remained unchanged.®

The isolation of d-tubocurarine from tube curare by
King in 1935 gave renewed impetus to the investigation
of the mode of action of neuromuscular blocking agents.
It was followed rapidly by a number of important steps
in the development of the pharmacology and clinical
application of muscle relaxants. Thus Dale and his co-
workers'®* showed that the stimulation of motor nerves
was accompanied by acetylcholine release at the neuro-
muscular junction. Cowan®® demonstrated that the
acetylcholine released depolarized the endplate and the
current produced by this depolarization, later termed
endplate potential by Eccles and his coworkers,?* was
responsible for the initiation of muscular contraction,
Subsequently Eccles and his colleagues' showed that the
anti-curare activity of eserine, first described by Pal in
1800,°® depends on its anticholinesterase activity. In the
following decade neuromuscular transmission was the
subject of lively debate between exponents of the elec-
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trical and chemical transmission theories. It is now almost
universally accepted that both physico-chemical processes
centering around the role of acctylcholine and electrical
phenomena are essential for ncuromuscular transmission.*
Much of the work on the physiology of neuromuscular
transmission was done with the help of muscle relaxants.
Thanks to the work of Burns and his coworkers,®* Burns
and Paton,™ Paton and Zaimis®® and others, considerable
information became available on the mechanism of action
of the various neuromuscular blocking agents.

‘While the exposition of the physiology of neuromuscular
transmission and the pharmacology of neuromuscular
blocking agents was progressing, the clinical use of muscle
relaxants became more and more widespread. Sporadic
attempts at the clinical application of various curare
preparation date back to the middle of the nineteenth
century. The early pioneers of the modern therapeutic
application of curare were Bremer and his coworkerst®47
and Hartridge and West.20%203

Real progress in the clinical application of curare was
made possible by the cooperation of several investigators.
Melntyre and his associates at the University of Nebraska
together with the research staff of I. R. Squibb and Sons
prepared first a purified curare extract from crude curare
brought to the United States by Gill*"* This preparation,
on the suggestion of MclIntyre, was used by Bennett in
1938 for the prevention of trauma in electroshock
therapy.®*®  Subsequently Intocostrin, a curare extract
standardized by the ingenious rabbit head-drop test of
Holaday,**** was obtained from 2 single plant, Chondo-
dendron tomentosum.  Later Wintersteiner and
Dutcher**® prepared erystalline d-tubocurarine from the
same plant.

Curare was first used in anesthesia by Grifith and
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Johnson,®* who at the suggestion of L. H. Wright,
administered it in the form of Intocostrin to anesthetized
patients. Soon thereafter Cullen®®® published his experi-
ences with the first large series of cases in which curare
was used for the production of muscular relaxation in
anesthetized patients.

Partly because of the relatively difficult access to
Chondodendron tomentosum, and partly because of the
incidence of unwanted side effects?®"2%® that occasionally
accompanied the use of d-tubocurarine, 2 systematic search
was started by several independent groups of investiga-
tors for synthetic compounds with more selective action
on the neuromuscular junction. In 1946 Bovet and his
associates*? synthetized 3381RP. The neuromuscular
activity of this compound was comparable to that of d-
tubocurarine. In the following year Bovet and his
coworkers*? described the synthesis and the pharmacologi-
cal properties of gallamine triethiodide (Flaxedil) (see
formula on p. 16), an agent which since has been used
extensively in anesthesiology. Shortly afterwards, Barlow
and Ing" and Paton and Zaimis**?> simultaneously, but
independently, reported on the neuromuscular activity
of decamethonium (Syncurine). At about the same time
Collier*® described the pharmacological properties of the
dimethyl ether of d-tubocurarine previously prepared by
King** and Dutcher'?’. Benzoquinonium chloride, (My-
tolon) another compound that also has been wused
clinically, was synthetized by Cavallito et al.”™ and studied
by Hoppe.*

The synthetic compound succinyldicholine which ap-
proaches most closely the ideal muscle relaxant,’’! has
been lying idly on the shelves of chemists since it was first
prepared by Hunt in 1906 In 1949 Bovet and his
associates*® and Phillips®*® independently discovered the
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neuromuscular activity of this compound. After exten-
sive pharmacological investigations by Bovet et ol *
Bovet-Nitti,** Castillo and de Beer,™ Ginzel et al.,}?3170.177
Theslef**52%%%%7 and many others, it was introduced into
clinical practice in Austria by Briicke et al.*® and Mayr-
hofer and Hassfurther,* in Sweden by Dardel and Thes-
1eff,1*41% jn England by Scurr®! and Bourne ef al.,** and
in the United States by Foldes et al.'®™*

The search for the ideal muscle relaxant can by no
means be considered concluded. In recent years numer-
ous agents have been synthetized. Some of these for ex-
ample, suxethonium®™® (Brevedil “E”) and laudexium®
(Laudolissin} have been used clinically, the investigation
of many other compounds, however, have been abandoned
at the laboratory stage.



2
CHEMISTRY OF MUSCLE RELAXANTS

Naturally oceurring muscle relaxents.  Synthetic
muscle relaxants.

A ravee pumber of naturally occurring and synthetic
compounds are capable of inhibiting neuromuscular trans-
mission. The chemistry of most of these compounds
known before 1948 was summarized by Craig®® and much
of the recent work on the chemistry of synthetic neuro-
muscular blocking agents was reviewed by Bovet*® and
Barlow.™®

Though the clinically used muscle relaxants discussed
in the present monograph all contain at least two quater-
nary ammonium groups, the presence of this radieal is
not indispensable for neuromuscular blocking activity.
In the following paragraphs the neuromuscular blocking
agents will be arbitrarily divided into: a) naturally oceur-
ring alkaloids and their derivatives, and b) synthetic
compounds. A further subdivision will be made based
on the presence or absence of quaternary ammonium
groups (see Table 1).

NATURALLY OCCURRING MUSCLE RELAXANTS

Most naturally occurring neuromuscular blocking agents
have been isolated from erude curare preparations. The
main ingredient of the various curares made by the
Indians of South America was either the bark of one of

10
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TABLE 1
Tie CLASSIFICATION OF Muscrr RELAXANTS

A. Noturally Occurring Alkalotds and Their Derivatioes®

Compound Source Characteristic Groups
Curarines Calabash Curare 8 Quaternary Nitrogen
Protocurines Pot Curare 2 Quaternary Nitrogen
d-Tubocurarine Tube Curare 2 Quaternary Nitrogen

Chondodendron Tomen-
tosum

Dimethyl Tubocurarine Synthetie 2 Quaternary Nitrogen

2 Mcthyl Ether

Toxiferins Calabash Curare 1 Quaternary Nitrogen
Strychnos Toxifera
Curines Tube Curare 2 Tertlary Nitrogen
g-Erythroidine Erythrina Americana 1 Testiary Nitrogen
Dihydro g-Erythroidine Synthetic 1 Testiary Nitrogen
B. Synthetic Muscle Relaxants®®
Non-depolarizing®®® Depolarizing®®®

Gallamine Triethiodide Decamethonium Chloride
Benzoquinonium Chloride Suceinylcholine Chloride
Laudedum Methylsulphate Suxethonium Bromide
A maturall ing alkaloids are non-depolarizing muscle el

2% All synthetic muscle relaxants contain guaternary nitrogens.
©°% Based on their activity in man.

the many varjeties of the genus Strychnos, most frequently
Strychnos toxifera, or the vines of Chondodendron
tomentosum *™*

Although Boussingault and Roulin®*" prepared an ex-
tract from curare in 1827, the first systematic approach
to the problem of the isolation of curare alkaloids was
made by Boehm.*® He isolated quaternary ammonium
bases called curarines from the three available varieties of
crude curare. According to the source of their origin he
named the products obtained from calabash curare,
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curarines, those extracted from pot curare protocurines
and the extracts of tube curare, tubocurarines. He also
isolated from pot and tube curare tertiary bases with weak
neuromuscular activity which he termed curines.

The chemistry of tube and pot curare was later investi-
gated by King*** In 1938 Mclntyre obtained the first
standardized curare preparation from Chondodendron
tomentosum. Subsequently Wintersteiner and Dutcher**
prepared from the same plant crystalline d-tubocurarine
which was previously isolated from tube curare by King
in 193524 A clinically employed ether derivative of
d-tubocurarine, dimethy] tubocurarine was also prepared
by King?* and by Wintersteiner and Dutcher.**

Calabash curare was studied by Wieland and his
associates;297398894% by Karrer and Schrmid,?#330-93
Waser,***%% and by Marsh** Of the numerous alkaloids
isolated from calabash curare, the most interesting is
toxiferine-I which although it is perhaps the most potent
of all neuromuscular blocking agents, contains only one
quaternary ammonium group, Toxiferine-I was also iso-
lated from the bark of Strychnos toxifera by King®* and
studied by Paton and Perry** who found that this com-
pound showed the least species variation of all the neuro-
muscular blocking agents investigated.

Another naturally occurring alkaloid with neuromuscu-
lar blocking activity is G-erythroidine isolated from the
Erythrina americana by Folkers and Major.®* This com-
pound, in contrast to the curare alkaloids, is a tertiary
amino derivative and contains no quaternary ammonium
groups. Dihydro-g-erythroidine later prepared from the
mother compound by Folkers and Major*** also has neuro-
muscular blocking activity. Quaternary derivatives of
naturally occurring cinchona, pyridine, isoquinoline, and
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tropine alkaloids are also capable of interrupting ncuro-
muscular transmission.”

SYNTHETIC MUSCLE RELAXANTS

The relationship between the quaternary ammonium
groups of curare and its neuromuscular activity was al-
ready recognized by Crum-Brown and Fraser in 1869.
It has subsequently been shown that other onium salts are
also capable of inhibiting neuromuscular transmission®®
and that tertiary ammonium compounds like stilbamidine™
have similar properties.

The first attempts at the production of synthetic muscle
relaxants was the synthesis of quaternary methylstrych-
nine and methylbrucine derivatives by Crum-Brown and
Fraser”” More recent efforts in this direction center
around the importance of optimally placed quaternary
ammonium groups.)®* The optimal distance between
these groups was estimated to be about 13 to 15 A3
The muscle relaxants used most frequently in clinical
practice all contain two or more quaternary ammonium
groups. These groups, whether separated by a straight
chain as in decamethonium or succinylcholine, or by aro-
matic radicals, as in benzoquinonium, gallamine, or lau-
dexiurn, are about 15 A from one another.

Some of the physical and chemical properties of the
muscle relaxants in clinical use or of special theoretical
interest are summarized in Table 2. The structural for-
mulas of the same compounds are shown in Figure 1.
Here the discussion will be limited to the correlation be-
tween certain changes in the molecule of neuromuscalar
blocking agents and their activity.

In general, converting a tertiary nitrogen compound
into a quaternary one will increase neuromuscular ac-
tivity*#1*  Substitution of the methyl radicals in the
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B-ERYTHROIDINE DIHYDRO'[B-ERYTHROIDINE
CigHigN O3 CigHaNO3

NZ-CH3

C-TOXIFERIN 1
G2oHa3N2 0
Figure la. The structural formulae

of C-toxiferin I, p-erythroidine and
dihydro-g-erythroidine,
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GH3 OH . .
Y/°”® ™
o GH3\<_:_> C"’z GHs cH3

D-TUBOCURARINE
CagHadN20s

CH3 ﬁCHz @'0\ (‘)'CH3/0‘CH3
S
1

DIMETHYL TUBOGURARINE
CaoHagN20g

Figure 1b. The structural formulae of d-tubocurarine and dimethyl
tubocurarine.
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CzHs C. H
el fafl fee

N*
1
(9H2)2
(V]
CaHs, . ! c2H5
C2HsONECHp ~CHz-0- ~0-CHp-CHz-N - C2Hs
CaHy CzHs
GALLAMINE
C3oHeoNz03
CH3-0 -0-CH3
H3-0-Q A\ £ ~-0-CHs
GH, o
|, /cHs sy |
CH5-0- (CHz)m- -0-CH;
GHj-0- -0-CHs
LAUDEXIUM
Cs2H74N20g

czH”>N’ CH2'CHZ'GHZ'NH'D'NH-CHZ-CHz-GHz- <c2H5
1 “GCoHs
| CH,

1
@ BENZOQUINONIUM D
CasHzoNz0,

The structural £ lae of gallamine, laudexium and
benzoquinoniurm.

Figure lc.
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CHy ,/CH3
GH3>N’-GHZ-CHz-CHz-CHZ-CHZ-CHZ-CHZ-CHZ-CHZ-CHZ-N g:,
CHy

3

OECAMETHONIUM
CisHagN2

0 0 oH
CHa; 1] ] N 3
cra,}n’-cuz-criz-o-c-CHa-cHz-c-o-cHz-cnz-N {cn;
CHy CHy

SUCCINYLCHOLINE

GiaH30N204
CHs_ o 9 ,/CH3
C2Hs 9 N-CHa=CHz~0-C-CHy-CHaG-0~CHp-GH2-N ¢ CoHs
GH3 GCHz
SUXETHONIUM
CigH3aN204

Figure 1d. The structural formulae of decamethonium, suxa-
methonium and suxethonium.

quaternary ammonium groups with ethyl radicals?™®22
or with nitrobenzyl radicals®'® changes certain depolariz-
ing muscle relaxants to non-depolarizing agents. Increas-
ing or decreasing the distance between the quaternary
nitrogen groups cause similar changes in the activity of
depolarizing muscle relaxants. For example, trideca-
methonium in contrast to decamethonium produces an
antidepolarizing block.*™*

This brief description of the chemistry of muscle re-
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laxants could only cover some of the salient points of
recent developments. Even so, the progress made in the
clucidation of the relationship between chemical structure
and pharmacological activity of these compounds is evi-
dent.***® It should be gratifying to those active in this
field of endeavor that their approach to the solution of
this important problem will undoubtedly serve as a model
for the clarification of similar problems in other realms of
pharmacological investigation.
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PHYSIOLOGY OF NEUROMUSCULAR
TRANSMISSION

Structure of the neuromuscular 7unctwn Mecha-
nism of neur lar tr i Actions of
Icholine at the ,11A. ‘111 con-

traction; acetylcholine contracture, acetylcholme
depression.

STRUCTURE OF THE NEUROMUSCULAR JUNCTION

OUR knowledge of the synapse between the motor
nerve ending and the muscle fiber, called the neuromuscu-
lar junction or myoneural junction, is based mainly on the
work of Kuhne,** Couteaux®'** and Carey™*! and can be
briefly summarized as follows:

After the motor nerve fiber penetrates the sarcolemma
of the muscle fiber it loses its myelin sheath and the neu-
rilemma blends with the sarcolemma. The axoplasm
spreads out in close contact with the sarcolemma and it is
assumed that the side facing the muscle fiber is covered by
the terminal membrane. The terminal membrane is sepa-
rated by a microscopic gap, the subneural space, from the
sole plate of Kuhne. Morphologically the sole plate is
modified sarcoplasm of the muscle fiber. The side of the
sole plate facing the terminal membrane is covered by
the post-synaptic or post-junctional membrane. The sub-
neural space is therefore limited on one side by the ter-

20
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minal membrane of the motor nerve ending and on the
other by the post-junctional membrane.

MECHANISM OF NEUROMUSCULAR TRANSMISSION

Despite the intensive research of the last two decades
certain aspects of nenromuscular transmission are still
controversial. It has now been generally accepted that
both electrical phenomena and the acetylcholine-
acetylcholine esterase system play important roles in
neuromuscular transmission.’® It seems that the differ-
ence between the exponents of the “chemico-electrical”
theory of Feldberg (see Grundfest)™ and Nachman-
sohn’s “electro-chemical” theory®*® is mainly one of em-
phasis. The former claims that the depolarization of the
endplate is caused by the acetylcholine secreted at the
terminal membrane that diffuses through the subneural
space to reach the post-junctional membrane. In con-
trast to this, Nachmansohn claims that the current gen-
erated at the terminal membrane jumps the few micron-
wide gap, presented by the subneural space. The elec-
trical current liberates acetylcholine at the post-junctional
membrane and is responsible for the depolarization of the
endplate.

The essentials of neuromuscular transmission, which
according to Nachmansohn are basically not different from
axonal conduction®®® can be summarized as follows:

The post-junctional membrane like the nerve axon, con-
tains acetylcholine, four different types of proteins as-
sociated with acetylcholine metabolism and various ions.
The resting post-junctional membrane is polarized (see
Figure 2). The interior of the post-junctional membrane
is rich in potassium ion, poor in sodium ion and is electro-
negative with reference to the outer surface which is
rich in sodium and poor in potassium.
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CRITICAL START OF MUSCLE
POTENTIAL CONTRACTIQN

MUSCLE FIBER l“‘:;’::“" IN PROCESS OF REPOLARIZATION

IN PROCESS OF REPOLARIZATION

ENOPLATE I“"’"‘*I
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MEMBRANE POTENTIAL IN MILLIVOLTS
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Figure 2. E P P endplate potential; A P action potential; O S .
overshoot. Due to the release of acetylcholine by the nerve impulse
at the endplate at zero time the endplate potential is generated and
1n about 0.2 milliseconds the resting membrane potential of the end-
plate (—90 millvolt) decreases to —45 millvolts.  When this
critical level i is reached the potential change, from here on termed
action p prop d, within another 0.2 milli-
electro-positive (+15—20 milli-

ds the endolate b

nd t
volts) \thhm the next 2 to 3 null




PHYSIOLOGY OF NEUROMUSCULAR TRANSMISSION 23

The electrostatic difference between the outer surface
and the interior of the resting endplate is about —90 milli-
volts.2®! This —~90 millivolts is called the resting membrane
potential and is to be clearly distinguished from the “end-
plate potential” to be deseribed.

In the resting post-junctional membrane acetylcholine
is bound in an inactive form to one of the above mentioned
four proteins. When the nerve impulse reaches the myo-
neural junction, acetylcholine is liberated from its protein
bondage. The liberated acetylcholine is adsorbed im-
mediately to the second protein, which is also known as
the cholinergjc receptor of the endplate. Due to the ad-
sorption of acetylcholine to it, the cholinergic receptor
changes its configuration and thereby increases the per-
meability of the post-junctional membrane for sodium and
potassium ions. Due to this temporary increase in perme-
ability, potassium diffuses out of, and sodium diffuses into
the endplate and the potential difference between the
interior and the exterior of this structure rapidly de-

creases (see Figure 3). This rapid change in the nega-
tivity of the resting membrane potential of the endplate
was termed by Eccles'® the “end plate potential” This
potential is a monophasic non-propagated change in the
electrical charge of the endplate which in about 0.3 milli-
seconds® decreases the potential difference between the
inside and the outside of the endplate to about half of
its original value (—45 millivolts). As long as the magni-
tude of the endplate potential does not exceed 45 milli-
valts, it does not spread to other parts of the muscle fiber,
and there is no muscular contraction. When, however, in
the course of the depolarization process this critical mem-
brane potential (—45 millivolts) is surpassed, the speed
of the depolarization process increases and the potential
becomes propagated. From this point on the endplate po-
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tential as such cannot be distinguished and the potential
change is termed action potential. Within another 0.2
milliscconds the negative membrane potential of the end-
plate, and that of the adjacent muscle membrane, not only
decreases to zero but becomes electro-positive by 15 to 20
millivolts relative to the outside®* This phenomenon is
termed overshoot. Because of its fusion with the action
potential the endplate potential can only be recorded if
the development of the action potential is prevented by
partial curarization.***
The endplate, however, remains depolarized for only 2-3
milliseconds because shortly after its adsorption to the
cholinergic receptors, acetylcholine is attracted to the
third protein, the acetylcholine esterase, present in the
post-junctional membrane and is rapidly hydrolyzed to
acetic acid and choline. Simultaneously the post-junc-
tional membrane becomes repolarized and the membrane
potential of the endplate returns to its resting level of
—90 millivolts. Due to a time lag of 2 to 3 milliseconds
between the development of the action potential and the
start of muscular contraction the beginning of the muscle
twitch coincides approximately with the end phase of the
repolarization process (see Figures 4 and 5). Subse-
quently the hydrolysis products of acetylcholine, choline
and acetic acid, are resynthetized by the fourth protein,
called choline acetylase, to acetylcholine which is adsorbed
to the storage protein thereby completing the cycle. It
is evident from the foregoing that normal myoneural trans-
mission depends on this depolarization-repolarization se-
quence, and anything that will interfere with either the
depolarization or the repolarization of the endplate will
inhibit neuromuscular transmission.’ The events that
accompany normal neuromuscular transmission are sum-
marized in Table 3, and the changes in the state of
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TABLE 3
SUMMARY OF EVENTS TiAT ACCOMPANY NEUROMUSCULAR TRANSMISSION

Nerve impulse liberates acetylcholine at the endplate.
Acetylcholine is adsorbed to chol i

Endplate b Jepolarized; endplate 1l 1s tod

Endplate potential reaches a critical level; action potential is initiated.

Acetylcholine is hydrolyzed by Icholine esteraso to acetic acid and
choline,

Endplate becomes xepolarized.

Muscular contraction occurs towards end of repolarization phase.

Acetic acid and choline are hetized by choline ylase to acetyl-
choline.

polarization and in the membrane potential of the end-
plate in relation to the contraction of the muscle fiber
are schematically presented in Figure 6.

THE ACTIONS OF ACETYLCHOLINE AT THE
MOTOR ENDPLATE

According to Feldberg'®® acetylcholine, depending on
the species investigated and on the experimental circum-
stances, can produce, through its action at the neuro-
muscular junction contraction or contracture of the muscle
fiber or inhibition of neuromuscular transmission. The
various effects of acetylcholine at the neuromuscular junc-
tion were recently discussed in an excellent monograph by
Riker®*® Under snitable experimental conditions, the
depolarizing muscle relaxants, to be discussed later, can

imitate both the depressant and the stimulating proper-
ties of acetylcholine.®*176

ACETYLCHOLINE CONTRACTION

In mammals the physiological response to the action of
acetylcholine at the neuromuscular junction is muscular
contraction. This muscular contraction can be elicited by

the acetylcholine liberated at the neuromuscylar junction
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by the nerve impulse, or by the close intra-arterial injec-
tion of small quantities as little as 2 microgm) of acetyl-
choline s In the normal mammalian muscle a single
nerve impulse or the intra-arterial injection of a small
amount of acetylcholine will result in a single muscle
twitch. The muscle twitch follows the depolarization of
the endplate by 2 to 3 milliseconds, and its duration is
about 100 milliseconds. This is so because acetylcholine
is hydrolyzed by the acetylcholine esterase present at the
neuromuscular junction, and by the time the muscle fiber
recovers from its refractory phase the endplate is no longer
depolarized, there is no endplate potential and conse-
quently no repeated contraction of the muscle fiber.
‘When the concentration of acetylcholine is maintained for
a longer period at the endplate either by the use of anti-
cholinesterases (e.g., eserine), or by the intra-arterial in-
jection of acetylcholine, a single nerve impulse can elicit
several twitches, or a short tetanus. The sensitivity of
the chronically denervated mammalian muscle to acetyl-
choline is markedly increased 6610117152

In amphibian and avian muscle, depending on its type
of innervation, acetylcholine can cause either contraction
or sustained contracture. The frog-rectus, which has a
nerve supply composed of small caliber fibers, responds to
acetylcholine with sustained contracture.9250227 * Tp con-
trast to this the frog sartorius innervated by large caliber
fibers, responds to acetylcholine by a single contraction.
Response of avian muscle to acetylcholine resembles that
of the amphibian or denervated mammalian muscle, rather
than that of the normal mammalian muscle.5

ACETYLCHOLINE CONTRACTURE
As already mentioned, the physiolo

ical
acetylcholine in certain amphibian32 e response to

and avian® muscles
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is contracture. Contracture can be defined as a non-
propagated sustained contraction that causes considerable
shortening of the muscle despite the fact that it is localized
to restricted regions of the fibers. It was shown by Kuffler
and his coworkers?*2.2%7 that the frog muscles which re-
spond to acetylcholine stimulation by contracture are
innervated by a system of special small diameter (less than
5 micra) nerve fibers. The contracture-producing action
of acetylcholine on the frog muscle can be prevented by
atropine and relatively large doses of curare. In contrast
to this the twitch, produced by relatively large doses of
acetylcholine in the frog sartorius, is not influenced by
atropine but is inhibited by small doses of curare.®®

ACETYLCHOLINE DEPRESSION

Because of the rapid destruction of acetylcholine by
acetylcholine esterase at the endplate the depressant effect
of acetylcholine on neuromuscular conduction becomes
manifest only when its hydrolysis is artificially inhibited.
This can be best achieved by the use of cholinesterase in-
hibitors. The depressant action of acetylcholine was
demonstrated by Bacq and Brown?® by the tetanic stimula-
tion of eserenized muscle. This depressant action is
probably due to the spread of the persistent endplate po-
tential to adjacent parts of the muscle fiber.* According
to Feldberg'®® the possibility cannot be excluded that the
persistent depolarization causes changes in the endplate
itself and that these changes are responsible for the de-‘
pression of function.
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NEUROMUSCULAR BLOCK

Definition. Classification and mode of action of
quaternary jum type neur lar block-
ing agents. Neuromuscular block by non-depolar-
izing agents. Neuromuscular block by depolarizing
agents. Neuromuscular block by interference with
acetylcholine selease.

DEFINITION

Nmoxmscunm block can be defined as an interfer-
ence with the transmission of the nerve impulse through
the neuromuscular junction to the muscle fibers. As al-
teady explained, the depolarization-repolarization se-
quence mediated by the acetylcholine-acetylcholinesterase
system is essential for physiological neuromuscular trans-
mission. Consequently, anything that inhibits the release
of acetylcholine at the neuromuscular junction or inter-
feres with either the depolarization or the repolariza-
tion of the endplate will cause neuromuscular block.
The muscle relaxants in clinical use all belong to the
latter group and either inhibit the depolarization or the
repolarization phase of neuromuscular transmission, Al-
though agents other than the quaternary ammonium com-
pounds, e.g,, tertiary ammonium compounds,**** are also
capable of blocking neuromuscular transmission, the
clinically used muscle relaxants are all quaternary am-
monium compounds.
a2
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CLASSIFICATION AND MODE OF ACTION OF
QUATERNARY AMMONIUM TYPE NEUROMUSCULAR
BLOCKING AGENTS

Several classifications of the quaternary ammonium type
neuromuscular blocking agents have been suggested by
various investigators. The one by Paton and Zaimis®*2%
distinguishes three types of meuromuscular block: a)
competitive block; b) depolarization block, and c) mixed
or intermediate block. The classification suggested by
Bovet® divides the quaternary ammonium compounds
into pachycurares and leptocurares. Neither of these
two classifications, details of which can be obtained from
the references cited, gives a satisfactory explanation of
the mechanism of action of neuromuscular blocking
agents.

A more recent classification by the author’ is a modifi-
cation of the one suggested by Paton and Zaimis and
offers a working hypothesis which conforms with most of
the presently available experimental findings and which
also explains the qualitative and quantitative species
variation observed with the quaternary ammonium type
neuromuscular blocking agents.

According to this classification!®® the quaternary am-
monium type neuromuscular blocking agents can be
divided into two groups: a) non-depolarizing, and b)
depolarizing agents.

Members of both groups compete with acetylcholine
for the cholinergic receptors of the endplate and are
capable of preventing the access of acetylcholine to these
receptors partly because of their greater stability (they
are hydrolyzed either slowly or not at all by cholinesterase)
and partly because of their greater affinity to these
receptors. After being adsorbed to the receptor proteins?®®
the members of the two groups behave differently.
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The non-depolarizing neuromuscular blocking agents
after their adsorption play a wholly passive role, and their
activity is imited to the prevention of the access of acetyl-
choline to the receptars (see Figure 7). The configuration
of the receptor proteins remains unchanged, there is no
depolarization, 1o change in the resting potential of the
endplate and consequently no muscular contraction. The
non-depolarizing agents exhibit a uniform behavior and
produce flaccid paralysis in all mammalian, avian, and
amphibian species investigated.

The action of the so-called depolarizing neuromuscular
blocking agents is not so uniform. In avians, amphibians
and some mammals they produce the typical depolariza-
tion block described by Paton® and his associates, These
agents, like acetylcholine, cause depolarization of the end-
plate {see Figure 8) but in contrast to acetylcholine the
depolarization persists, spreads to the parts of the muscle
fiber adjacent to the endplate and thereby renders the
muscle fiber insensitive to subsequent indirect stimuli.
In other mammalian species, however, except for a brief
period of depolarization the block produced by these
agents shows the characteristics of a non-depolarization
block.

The differences in the activity of the two groups of
neuromuscular blocking agents can be explained by the
following hypothesis: the type of block produced by
these compounds depends primarily upon the chemical
structure of the agent and secondarily upon the properties
of the receptor protein. The structure of the non-
depolarizing agents is such that, under physiological
circumstances, they will not change the configuration of
the receptor proteins and will produce a non-depo]arizing
block in all species. The block preduced by the members

of the second group depends on the properties of the
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TABLE 4

Facrors DETERMINING THE TyrE or NEUROMUSCULAR BLock Propuced
By Quatrnnary AsnoNiom Tyrr MuscLE RELAXANTS

Sensitivity of the
Type of neuromuscular receptors towards Rcsulli?g fneuro-
Blocking Agent depolarizing Infl block

Anti-depolarizing (e.g, Low sensitivity {e.g.,

d-tubocurarine) uni- monkey Anti-depolarization
form activity High sensitivity {(e.g., block
cat)
Depolarizing (e.g., Low sensitivity Anti-depolarization
decamethonium) block
variable activity High sensitivity De;ioln;iznﬁon
bloc!

receptor protein of the species involved. In some species,
where the configuration of the receptor protein can be
changed easily, relatively small doses produce depolariza-
tion block. In other species where the receptor proteins
are more resistant to configuration changes small doses
produce no neuromuscular black and large doses cause
non-depolarization block.

The sensitivity of the endplate to depolarizing influences
can be both increased and decreased under pathological
circumstances. Thus in the chronically denervated
muscle the endplate becomes more sensitive to acetyl-
choline™®®14™ and even nop-depolarizing relaxants like
d-tubocurarine®®#782% or gallamine® can cause depolari-
zation. A good esample of the decreased sensitivity of
the endplate to depolarization is seen in myasthenia
gravis™ where depolarizing relaxants produce a mon-
depolarization block. The factors which determine the
neuromuscular  block obtained with the quaternary

ammonium type muscle relaxants are summarized in
Table 4.



MUSCLE RELAXANTS IN ANESTHESIOLOGY

*6V6T ‘188°F “foopunioyd °f g T 'SIWTEZ P “I{ ([ A\ ‘woleg wmoig ,

La1 bxd oL S50 810 o 500 £0°0 OMIUOIWTISY
gg 800 1o 600 050 - 50 £0 9UUTINIOqRY-p
Bosg wy asnogy Aayuopy #qqoy toogog uvpy 1]

osoq Suizfipnang "8y /'8¢ oy

o (INVXVIZ{ HI0SA]Y ONIZNIVIOAa(] IVOIKY, V)
IOAINOHLTWNYOA(] ANV (INVXVITY TTOSA ONIZIVIOIAC-NON ‘TVOIdK], V) ENMIVENS0GAT-Q 40 NOLLVIUVA 303§

g TTavL



NEUROMUSCULAR BLOCK 39

NEUROMUSCULAR BLOCK BY NON-DEPOLARIZING
AGENTS

As already mentioned the non-depolarizing neuromuscu-
lar blocking agents inhibit neuromuscular transmiss.ion b.y
preventing the access of acetylcholine to the cholinergic
receptors of the endplate. Depending on the concentra-
tion of these agents at the endplate, more or less of the
receptors will be occupied by them, and the magnitude of
the endplate potential evoked by the acetylcholine re-
leased on indirect stimulation will be proportionately
diminished. As the magnitude of the endplate potential
diminishes the intensity of muscular contraction de-
creases, and when the endplate potential falls below a
critical level neuromuscular transmission will be com-
pletely inhibited.

Under physiological circumstances the meuromuscular
block produced by non-depolarizing agents is not preceded
by stimulation. These agents cause the same type of
block, characterized by flaceid paralysis, in all amphibian,
avian, and mammalian species investigated.

The species variation in the mg./kg. dose of the non-
depolarizing agents required to produce muscular relaxa-
tion in different mammals is relatively smaller than that
found with depolarizing agents (see Table 5). There is
considerable variation in the sensitivity of various muscles
of the same species to the action of non-depolarizing
neuromuscular blocking agents®® Usually there is an
inverse relationship between the sensitivity of the various
species, and the different muscles of the same species to
non-depolarizing and depolarizing agents®*® Thus rat
and mouse are relatively more sensitive to non-depolar-
izing agents than to depolarizing drugs, and in cat and man
t}%e opposite applies. In the cat, “red muscles” (soleus,
diaphragm, intercostals) are more sensitive to d-tubocu-
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rarine, a non-depolarizing agent, than to decamethonium,
a depolarizing drug, and the sensitivity of the tibialis,
“white muscle” to these two types of relaxants is
reversed.®*

Previous tetanization decreases the intensity of the
neuromuscular block produced by non-depolarizing
agents. In contrast to this tetanization is not well main-
tained in muscles partially curarized by non-depolarizing
drugs; as tetanization progresses, the twitch height gradu-
ally diminishes.>**

The effect of different non-depolarizing muscle relaxants
is additive.?*#4" Depolarizing agents however antagonize
the neuromuscular block produced by the non-depolariz-
ing muscle relaxants.?1%23¢%%  Ether and to a lesser extent
cyclopropane anesthesia increase the effects of non-
depolarizing agents,18:833:200.242.151  Procaine has a similar
effect.®® Anodal current applied to the endplate also
intensifies the block caused by non-depolarizing
agents'305,300

The neuromuscular block produced by non-depolariz-
ing substances is antagonized by acetylcholine and other
depolarizing drugs,?*29%3% anti-cholinesterases,?%#*~
2676 the methyl hydroxyl-phenyl-alkyl ammonium com-
pounds®'*#! (e,g., edrophonium) and other phenolic sub-
stances,” epinephrine,””™ potassium ion,**® calcium
ion'®351%8 and certain dyes*! Anoxia®* and cathodal
current®™ also antagonize non-depolarizing neuromuscu-
lar blocking agents.

The effect of the non-depolarizing neuromuscular block-
ing agents wears off when their concentration at the end-
plate falls below a critical level that permits the access of
acetylcholine to a sufficient number of receptors to pro-
duce by depolarization an endplate potential capable of
initiating muscular contraction. The decrease of the
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concentration of the neuromuscular blocking agents at the
endplate will be brought about by redistribution of these
agents between the endplate on one hand, and inactive
tissue depots of the extraccllular compartment and the
plasma on the other. This redistribution is brought about
by the tendency of the organism to maintain a dynamic
equilibrium in the concentration of these agents in various
tissues, Consequently, as the concentration of these
agents in the plasma decreases, due to excretion, detoxifi-
cation or both, the direction of the flow will be from the
endplate to the plasma. In due course, therefore, the
concentration of these agents at the endplate will fall
below the critical level, and the neuromuscular block will
disappear.

Besides the molar concentration of the non-depolarizing
relaxants, the molar concentration of acetylcholine or
other depolarizing agents at the endplate as well as the
relative affinities of these different molecules to the
cholinergic receptors, will determine, according to the
rules of mass action whether neuromuscular block will
develop ornot. Thus, theoretically, there are at least three
possibilities for the cessation of neuromuscular block
caused by non-depolarizing agents. a) The concentra-
tion of the agent at the endplate decreases by redistribu-
tion due to excretion, decomposition, or uptake by other
tissues below a level at which the acetylcholine present in
physiological concentratjons at the endplate can generate
endplate potential of sufficient intensity to initiate muscu-
lar contraction. This is the natural course of events
whereby the neuromuscular block terminates without the
use of antagonists. b) The concentration of acetylcholine
at the endplate can be raised by the use of cholinesterase
inhibitors (e.g,, neostigmine). The increased number of
acetylcholine molecules will displace the molecules of the
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neuromuscular blocking agents from the receptors, and the
released molecules are carried away by the circulation.
This is the primary mode of action of neostigmine, physo-
stigmine and other anticholinesterases. c¢) The molecules
of the non-depolarizing neuromuscular blocking agents
may be displaced by molecules of depolarizing substances
(e.g., edrophonium) which have a greater affinity to the
endplate receptors than the non-depolarizing neuromuscu-
lar blocking agents. Here again the released molecules of
the relaxant are removed by the circulation from the end-
plate.

In reality, however, both the “anti-cholinesterase” type
(e.g, neostigmine) and the “depolarizing” type (e.g.,
edrophonium) antagonists of the nondepolarizing muscle
relaxants have both anti-cholinesterase and direct de-
polarizing properties. Thus neostigmine also has a direct
depolarizing effect on the endplate,®** can produce con-
tracture of the frog rectus,? and in large concentrations can
produce a depolarization block.** Edrophonium besides
its direct depolarizing effect also has considerable anti-
cholinesterase activity.®? It is safe to assume that the
direct depolarizing effect of the “anti-cholinesterase” type
antagonists and the anti-cholinesterase activity of the “de-
polarizing” type antagonists are also instrumental in bring-
ing about the cessation of the neuromuscular block caused
by non-depolarizing relaxants.

NEUROMUSCULAR BLOCK BY DEPOLARIZING
AGENTS
The depolarizing neuromuscular blocking agents also
compete with acetylcholine for the cholinergic receptors
of the endplate (see Figure 8). After adsorption to these
receptors their mode of action varies in different species.
In amphibians, avians, and certain mammals, in which the
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configuration of the receptor proteins changes casily, these
agents produce 2 typical depolarization block.01:200:300:803
In other mammals, where the configuration of the receptor
protein docs not change casily,*> small doses of these
agents have little or no effect on neuromuscular transmis-
sion and larger doses, after transient depolarization pro-
duce a non-depolarization block,* the features of which
were discussed in preceding paragraphs, In the following
the discussion will be confined to the characteristics of
the block produced by depolarizing agents in species whose
endplate is susceptible to depolarization.

In species where these agents produce prolonged de-
polarization of the endplate, the depolarization spreads
from the endplate to the adjacent parts of the muscle
fiber® The depolarized part of the muscle becomes
electrically inexcitable® and because of the persistent de-
polarization transmission is inhibited. These agents there-
fore interfere with the repolarization phase of neuromuscu-
lar transmission. The neuromuscular block caused by the
depolarizing agents produces spastic paralysis in am-
phibians®® and avians® and flaccid paralysis preceded
by transient stimulation®*" in mammals,

There is a very marked (more than eighty fold) species
variation in mammals in the mg./kg. paralyzing dose of
the depolarizing neuromuscular blocking agents (see
Table 5, page 38). However, the variation in the mg./
kg. dose, in those species where these agents produce a
typical depolarization block (e.g,, man, cat), is relatively
small. The sensitivity of different muscles of the same
species to depolarizing neuromuscular blocking agents also
varies:** In the cat the sensitivity of the tibialis (“white
muscle”) to decamethonium is greater than that of the
soleus, diaphragm and intercostals (“red muscles™). Fac-
tors influencing the activity of neuromuscular blocking
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agents usually have an inverse effect on the action of
depolarizing and non-depolarizing agents.***

Tetanization does not affect the intensity of the neuro-
muscular block caused by depolarizing agents; tetanus is
well maintained in cat muscles in which partial neuro-
muscular block was produced by decamethonium.®*

The different depolarizing muscle relaxants have an
additive effect®*® and their activity is antagonized by non-
depolarizing muscle relaxants.?*732641%  ¥ther and cyclo-
propane do not potentiate the meuromuscular effect of
depolarizing agents.’™ According to Paton®® ether and
cyclopropane antagonize the neuromuscular block caused
by depolarizing agents. Procaine'®® if administered be-
fore, antagonizes, if administered after, potentiates the
neuromuscular block caused by depolarizing agents.
Acetylcholine®® and anti-cholinesterases*®2®72%1  in.
crease the neuromuscular blocking activity of depolarizing
agents. This is especially true for succinylcholine and
other esters with neuromuscular activity that are hydro-
lyzed by cholinesterase. Edrophonium has either no effect
on or potentiates depolarization block.3##® Potassium,
anoxia or previous tetanization do not antagonize the
neuromuscular block produced by depolarizing agents.*
Anodal current antagonizes, cathodal current potentiates
the neuromuscular activity of depolarizing agents.*

NEUROMUSCULAR BLOCK THROUGH INTERFERENCE
WITH ACETYLCHOLINE RELEASE

Neuromuscular block can also be produced by inter-
ference with the acetylcholine release at the nerve ending.
Harvey®** showed that procaine decreases the amount of
acetylcholine released at the endplate. It was subse-
quently reported® that calcium deficiency or excess of
magnesium,™* or phosphate®® have a similar effect. Guy-
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ton and MacDonald"? found that in nerve musele prepara-
tions poisoned with Botulinus toxin the conduction in the
nerve fiber is not affected and the muscle can still be stimu-
lated by the intra-arterial injection of acetylcholine. Sub-
sequently, Burgen et al.® showed that the quantity of
acetylcholine released at the endplate after stimulation of
the corresponding nerve is greatly reduced in nerve muscle
preparations paralyzed by Botulinus toxins.
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PHARMACOLOGY OF MUSCLE RELAXANTS

Neuromuscular effect. Ceniral effects. Autonomic
effects. Circulatory effects. Miscellancous effects:
Gastro-i inal tract; respi y tract; hi i
release; cholinesterase inhibition; other effects.
Absorption.  Toxicity. Excretion. Quantitative
analysis.

CLIN’ICAL experience with the use of muscle relaxants
has shown that the pharmacological data obtained in
animal experiments are not directly transferable to man.
Consequently, the pharmacology of muscle relaxants will
be discussed in two sections. In the following, a brief
summary of the pharmacological data obtained with the
muscle relaxants in various laboratory animals will be
given. For practical purposes, the pharmacological effects
of muscle relaxants in unanesthetized and anesthetized
man will be discussed together with the use of the various
agents in clinical practice.

NEUROMUSCULAR EFFECT

The myoneural effect of the muscle relaxants has already
been discussed in detail in previous chapters. Here the
discussion will be limited to the reiteration of a few of the
salient points of the neuromuscular effects of these agents.

An outstanding characteristic of the pharmacology of
muscle relaxants is their great species variation. This

46
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variation is considerably greater for depolarizing type
muscle relaxants than for non-depolarizing agents. This
species variation which among mammals is the greatest
between cat and rat is three to four fold for d-tubocurarine,
a typical non-depolarizing agent, and more than eighty
fold for decamethonium, a typical depolarizing agent (sce
Table 5, page 38).

There is a marked variation in the potency of muscle
relaxants not only within different species but also within
various muscles of the same species. It has been shown
by Paton and Zaimis®®* that, in cat, the soleus and the
respiratory muscles (“red muscles”) are more sensitive to
d-tubocurarine than to decamethonium. In contrast to
this, the tibialis (“white muscle”) is more sensitive to
decamethonium than to d-tubocurarine.

The true mnon-depolarizing neuromuscular blocking
agents, which include d-tubocurarine, dimethyl tubocu-
rarine and gallamine, are antagonized by neostigmine and
edrophonium in all animals investigated. The behavior
of the depolarizing type neuromuscular blocking agents
towards various antagonists is not so uniform. For ex-
ample, decamethonjum is markedly potentiated by neo-
stigmine in the cat and rabbit**® but it is antagonized by
this drug in the monkey,*** mouse and dog**® " Similarly,
though succinyleholine is markedly potentiated by both
neostigmine and edrophonium in the cat, it is only slightly
potentiated by the same agents in dogs.22

CENTRAL EFFECTS

Opinions regarding the central effects of muscle relax-
ants are controversial. Salama and Wright®! found that
the direct application 0.1 to 0.2 mg./kg. doses of d-tubo-
curarine to the central nervous system of cat produced
marked excitation. Similarly, Meclntyre*® observed that
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curare in subparalytic doses first caused an increase, then
a decrease, in the electroencephalographic activity of dogs.
Mclntyre and his associates®! reported that ten times the
paralyzing doses of d-tubocurarine abolished interneural
synaptic transmission in dogs. Recently, Ellis et ol
found that 0.4 mg./kg. doses of d-tubocurarine injected
intravenously in cats depressed spontaneous activity of the
respiratory center for considerably longer periods than the
duration of the insensitivity of the diaphragm to indirect
electrical stimulation. In contrast to these findings, how-
ever, curare had no influence on the electroencephalo-
graphic tracings of frogs®"®? and Exerett'?** found
that five to fifty times the intravenous paralyzing dose of
d-tubocurarine had no effect on the electroencephalo-
graphic activity of cats, rabbits, or rats. The intracisternal
administration of 0.1 mg./kg. d-tubocurarine, however,
produced violent convulsions on rabbits."* Experimental
data on the central effects of muscle relaxants other than
d-tubocurarine are very meager. Ellis et al.*® found that
decamethonium and succinylcholine had an effect on the
respiratory center similar to that of d-tubocurarine. The
central effect of succinylcholine seemed to be less pro-
nounced than that of d-tubocurarine and decamethonium.

AUTONOMIC EFFECTS

The autonomic effects of muscle relaxants are due to
substrate competition with acetylcholine for the choliner-
gic receptors of the autonomic ganglia. Of the clinically
used muscle relaxants, d-tubocurarine possesses the great-
est autonomic activity. In dogs, d-tubocurarine effects
preganglionic parasympathetic transmission in lower con-
centrations than it does preganglionic sympathetic trans-
mission.’® In dogs curare in myoneural blocking doses
inhibits the parasympathetic innervation of the in-
testines.'*®
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The autonomic actions of dimethyl tubocurarine are
qualitatively similar to, but less intensive than, those of
dtubocurarine. Thus in the cat the myoncural effect of
dimethyl-tubocurarine is eight times greater and its gangli-
onic effect is six times smaller than those of d-tubo-
curarineS!

With the exception of its inhibitory action on the
cardiac vagus, gallamine, in paralyzing doses has little or
no effect on ganglionic transmission. Benzoquinonium
has little effect on sympathetic transmission. In paralyz-
ing doses it stimulates, and in four to eight times larger
doses it inhibits, ganglionic parasympathetic transmis-
sion.?® The autonomic effects of decamethonium are also
very weak. One hundred times the neuromuscular block-
ing dose is necessary for the paralysis of ganglionic trans-
mission in cats®® With succinylcholine, 650 to 700 times
the neuromuscular blocking dose is required for the com-
plete inhibition of ganglionic transmission.**

EFFECTS ON RESPIRATION

Muscle relaxants can influence respiration by paralyzing
respiratory muscles, by depressing the activity of the
respiratory center, by influencing the chemoreceptors of
the carotid body,” and by bronchoconstriction due to
histamine release.s

Experimental evidence indicates that the sensitivity of
the diaphragm to muscle relaxants is usually less than that
of other muscles,18104859.288.30440.367  Thg oply exceptions
seem to be the increased sensitivity of the dog’s diaphragm
to gallamine** and that of rabbits to d-tubocurarine gal-
lamine and decamethonium.??® ’

As already mentioned, there is considerable disagree-
ment regarding the effects of muscle relaxants on the
Tespiratory center. Harvey™® reported that in cats curare,
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in diaphragm-paralyzing doses, had no effect on the activ- .
ity of the respiratory center; similar observations were
made by Paton and Zaimis®* in cats. Ellis et al.'*® found
in cats and dogs, however, that d-tubocurarine, decameth-
onium and succinylcholine had some effect on the
activity of the respiratory center.

Bronchospasm in dogs caused by histamine release was
noted after the administration of d-tubocurarine.?”® This
complication has not been reported after the use of other
muscle relaxants in animal experiments,

CIRCULATORY EFFECTS

Of the clinically used muscle relaxants, d-tubocurarine
exhibits the most marked effects on the cardiovascular
system. Concentrations of 1 to 4 mg./cc. of d-tubocurarine
in the perfusing Ringer solution caused a 2 to 1 atrio-
ventricular block, and concentrations above 5 mg./cc.
caused diastolic arrest in frog hearts.”* Two hundred to
300 times the paralyzing dose of d-tubocurarine caused
diastolic arrest in barbitalized dogs;**® on the other hand,
more than 1500 times the paralyzing dose of benzoquino-
nium was tolerated under similar circumstances.

Cardiac innervation might be affected by several neuro-
muscular blocking agents. d-Tubocurarine in one and one
half times the paralyzing dose blocked the cardiac vagus
in dogs.™ The cardiac sympathetics, however, were
found to be ten times as resistant to d-tubocurarine as the
myoneural junction. Gallamine has a selective inhibitory
action on the cardiac vagus*#2*55* which seems to be more
pronounced in man than in laboratory animals. In dogs,
paralyzing doses of gallamine only caused tachycardia
when the vagal tone was elevated by previous morphine
administration*** and in cats and rabbits paralyzing doses
of gallamine did not accelerate the pulse rate.)** In con-
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trast to gallamine, benzoquinonium has a stimulating
effect on the cardisc vagus. Twa to 4.0 mg./kg. benzo-
quinonium caused a 10 to 13 per cent decrease of the
Teart rate in barbitalized dogs®! Thesleff* found that
succinylcholine in doses below 30 mg. fkg. (i.e., 300 times
the paralyzing dose) did not affect the heart rate in
anesthetized cats, but larger doses caused bradycardia
and arrythmia.

Because of ts inhibitory effect on ganglionic trans-
mission of the sympathetic vasoconstrictors, d-tubocurarine
can produce a marked fall in the blood pressure of various
animals. Doses of 0.1 to 0.2 mg./kg. of d-tubocurarine
caused a moderate fall and 1.0 mg./kg. doses caused pro-
found hypotension in barbitalized cats and dogs.*** The
blood pressure fall caused by d-tubocurarine can be par-
tially counteracted by epinephrine and ephedrine. 1%
Because of its effect on sympathetic vasoconstrictors, the
histarine liberating properties of d-tubocurarine®®187.258
can also contribute to the hypotension caused by this agent.
In paralyzing doses, benzoquinonium caused moderate
elevation of the systolic blood pressure of barbitalized
dogs;* in much larger doses there was a 20 to 30 per
cent decrease of blood pressure. In paralyzing doses,
decamethonium has no effect on circulation®*® Succinyl-
choline in doses below 1 mg./kg, (10 to 20 times the
paralyzing dose} did not affect the blood pressure of
anesthetized cats; doses above 2 mg./kg. caused a tran-
sient elevation of blood pressure which was proportion-
ately greater with increasing doses®” The hypertensive
action of succinylcholine could be counteracted by hexa-
methonium.

. d-Tul.mcurar_ine and gallamine both exhibited a protec-

tive action against epinephrine induced cardiac arrythmias
in cats anesthetized with cyclopropane.?2
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MISCELLANEOUS EFFECTS OF MUSCLE RELAXANTS

Gastro-intestinal tract. Decreased peristalsis and in-
testinal distension were reported after paralyzing doses
of d-tubocurarine® Venous congestion and hemorrhage
were also observed in the intestinal mucous membranes of
dogs after very large doses (Le., about 50 times the para-
lyzing dose) of d-tubocurarine.® In vitro, however,
d-tubocurarine increased the motility of rabbit intestine.’*!
In moderate doses dimethyl tubocurarine had no effect on
the peristalsis in dogs.®®® Gallamine, in vivo, had no effect
on the intestinal motility of cats.3* Similarly, benzoqui-
nonium, decamethonium, and succinylcholine have a neg-
ligible effect on the tone and motility of the intestinal tract.

Respiratory tract. Muscle relaxants have a variable
action on salivation and bronchial secretions in laboratory
animals. Secretions are increased more markedly after
benzoquinonium than after other neuromuscular blocking
agents. Salivation in unpremedicated dogs was also re-
ported after gallamine.® No increased salivation or
bronchial secretion was observed after succinylcholine in
anesthetized dogs, cats or rabbits.®*

Histamine release. Histamine release is more prone to
occur with d-tubocurarine than with any of the other
clinically used muscle relaxants. Alam* has shown that
curare liberated histamine both from normal and dener-
vated skeletal muscle. The histamine released by curare
could be responsible for the bronchospasm and severe
hypotension observed after its use’°®5187255  Pgaton8
only found evidence of histamine release in cats after very
large doses of dimethyl tubocurarine. Courvoisier and
Ducrot® found no evidence of histamine release in dogs
following the intravenous administration of one to five
times the paralyzing doses of gallamine. Mushin et al.**®
working with isolated rat diaphragm found that the
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amount of histamine released by gallamine was 1/5 to
1/2 of that released by d-tubocurarine. Histamine re-
lease in cats was only observed after the administration
of very large doses of decamethonium.*® No evidence of
histamine release was found in cats even after the use of
excessive doses (30 mg./kg.) of succinylcholine.*?

Cholinesterase inhibition. It was reported earlier that
d-tubocurarine has negligible inhibitory effect on cholin-
esterase?'#1% Recently Vincent and Parant®™®'* found that
3.3 X 10*M of d-tubocurarine or 1.1 X 10*M gallamine
caused 50 per cent inhibition of the hydrolysis of acetyl-
choline by horse plasma cholinesterase. Several hundred
times higher concentrations of d-tubocurarine and gal-
lamine were required to inhibit the true cholinesterase ob-
tained from sheep brain. Benzoquinonium also possesses
marked anti-cholinesterase activity.”® Decamethonium
has a negligible effect on plasma cholinesterase but it is
a fairly potent inhibitor of acetylcholinesterase®® Suc-
cinylcholine, in vitro, inhibits the activity of both the
gl«ia.sma cholinesterase and the acetylcholine esterase.:320

208

Other cffects. Urine formation was reported to be
diminished by d-tubocurarine in dogs.2*

Uterine contractions were not affected by paralyzing
doses of d-tubocurarine in dogs®® The effects of di-
methyl tubocurarine on uterine motility of rabbits were
moderate and variable®® The effect of the other
clinically employed muscle relaxants on uterine motility
is negligible. v

Harroun et al®* found that curare caused marked
hyperglycaemia in unanesthetized dogs.

'It. has .been recently reported that the intravenous ad-
ministration of succinylcholine causes sustained elevation
of the intra-ocular pressure in conscious human volun-
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teers,?* in anesthetized cats,®™ and anesthetized
man.®* The explanation of this phenomenon may well
be that the mammalian eye muscles, similarly to certain
amphibian muscles, react to succinylcholine with a con-
tracture instead of contraction.

ABSORPTION, ELIMINATION, TOXICITY

Absorption. The absorption of subcutaneously, intra-
muscularly and intraperitoneally injected d-tubocurarine
is relatively good. The paralyzing dose of d-tubocurarine
administered by these routes is about two to three times
greater than that given intravenously. d-Tubocurarine is
fairly well absorbed when administered sublingually,’®
or rectally.!***™ Dimethyl tubocurarine is also effective
when administered subcutaneously. Gallamine is well ab-
sorbed after subcutaneous administration, but it is three
to four times more effective when injected intravenously.*®
In mice, benzoquinonjum is four times less effective when
given subcutaneously, and 250 times less active by mouth
than when injected intravenously.®®® Decamethonium is
also two to three times less effective when given sub-
cutaneously or intramuscularly and 50 to 100 times less
potent when taken orally than following intravenous ad-
ministration.®*% The activity of succinylcholine is re-
duced more than tenfold when administered intraperi-
toneally.?” The duration of action of muscle relaxants is
markedly increased when administered by other than the
intravenous route.

Toxicity. Without artificial respiration the primary
cause of death following the administration of muscle re-
laxants is respiratory arrest. With artificial respiration,
however, many times the paralyzing dose is tolerated by
laboratory animals. Despite adequate artificial respira-
tion, dogs receiving more than 25 times the paralyzing
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dose of d-tubocurarine did not survive®* Artificially
ventilated rabbits and dogs survived, however, after 500
times the paralyzing dose of gallamine.**** Dogs tolerated
more than 1500 times the paralyzing dose of benzoqui-
nonium under similar circumstances®® Dogs and rabbits
under artificial respiration tolerated 500 to 1000 times the
paralyzing dose of succinylcholine.®

Excretion. The clinically used muscle relaxants arc
excreted partly or wholly unchanged in the urine. The
proportion of d-tubocurarine excreted unchanged after
parenteral administration depends on the species of the
test animal. Rats metabolize relatively greater propor-
tions of d-tubocurarine than guinea pigs*® The ability
of dogs and rabbits to metabolize this agent is somewhere
between that of rats and guinea pigs. Dimethyl tubo-
curarine is metabolized less well than d-tubocurarine and
is excreted mostly unchanged in rats* and guinea pigs.>"®
Thirty to 100 per cent of gallamine could be recovered
within two hours in the urine of cats.*® Over 70 per cent
of benzoquinonium administered to barbitalized dogs
could be recovered in the urine;'®2*° the fate of the rest
of the benzoquinonium is unknown. According to Paton
and Zaimis,*® 80 to 90 per cent of decamethonium ad-
ministered could be recovered in the urine.

Succinylcholine is hydrolyzed fairly rapidly by various
mammalian plasma cholinesterases 1”45 ~This hydrolysis
occurs in two steps; first, succinylcholine is hydrolyzed at
a fairly rapid rate to succinylmonocholine and choline
and then succinylmonocholine is broken down' consider:
ably more slowly to succinic acid and choline.?32 Bg.
cause of this hydrolysis, only 5-15 per cent of succinyl-
choline administered intravenously was found to be ex-
creted unchanged in the urine of cats and mice.>*?

Quantitative analysis. The Quantitative analysis of

¢
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muscle relaxants can be carried out by biological assay
or in some cases by chemical methods. The most fre-
quently used assay method for all muscle relaxants is the
rabbit head-drop test of Holaday*"® and its modification.**
Other methods of biological assay include the frog nerve-
muscle preparation of Claude Bernard;™ the sloping
screen method for mice®*34%412 and rats;® the sciatic-
gastrocnemius preparation of rats,*® dogs and cats; the
isolated phrenic nerve-diaphragm preparation for rats;*
the isolated frog rectus abdominis preparation;'™ and the
young chicken method 3%

Colorimetric methods for the determination of d-tubo-
curarine were developed by Mahfouz®" and Quinn and
Woislawski3't  Marsh®™® described a method for the
determination of dimethyl tubocurarine. Benzoguinonium
can be determined spectrographically by the method of
Martini and Nachod.®* Decamethonium and other
methonium salts can be determined by the colorimetric
method of Zaimis.**®* Hestrin’s colorimetric method?! can
be adapted to the determination of succinylcholine in
plasma.
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TECHNIQUE OF ADMINISTRATION OF
MUSCLE RELAXANTS

Dosage and timing. Maintenance of adequate
respiratory cxchange. The choice of muscle relax-
ants. The usc of le relaxzants with intr
barbiturates. The use of muscle relaxants with
balanced anesthesia: Preoperative medication; an-
esthetic management. The use of muscle relaxants
with inhalation anesthetic agents: The use of
muscle relaxants with nitrous oxide or ethylene;
the use of muscle relaxants with ether or cyclo-
propane. The use of different relaxants in the
same patients.

DOSAGE AND TIMING

Tm«:mz is a marked variation in the intravenous potency
of the clinically used muscle relaxants in man, Because
of the considerable difference in the molecular weights
of these compounds, the variation is much greater if the
dose is expressed on a mg./kg. instead of a moles/kg.
basis " Nevertheless for practical purposes, dosages will
be discussed in terms of the range of mg. of the initial and
the per minute maintenance dose required by average
adult patients.

']E'he initial dose of muscle relaxants js influenced by the
weight, age, sex, muscularity and various pathological
conditions of the patient. The fractional doses, or the

59
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TABLE 6

Tue RecoMmeNDED Rance or e INrrar Doses oF Muscre
RELAXANTS WITR VARIOUS ANESTHETIC AGENTS

Range of Initial Doses in Mg. with

Thiopental Ethyl
Muscle Relatant Sodium Cyclopropane Ether
d-Tubocurarme
Chloride 4.5- 18.0 3.0-12.0 1.0~ 40
Dimethyl Tubo-
curarine Iodide 15- 80 1.0- 60 05- 20
Gallamine
Triethiodide 40.0-100.0 30.0-80.0 25.0-600
Benzoquinonium
Chloride 45- 180 85-15.0 2.5-12.0
Decamethonium
Bromide 1.0~ 40 1.0- 40 1.0~ 40
Succinylcholme
Chloride 10.0~ 50.0 10 0-50.0 10.0-50.0

mg./minute doses necessary for the maintenance of pro-
longed muscular relaxation, are further affected by the
efficiency of the physiological mechanisms responsible for
the breakdown or excretion of the various agents.

In general, the initial dose of muscle relaxants, except
in the obese, is related to the body weight. It is greater
in musenlar individuals than in asthenics, in males than
in females, and in the young and middle aged then in the
aged. Many commonly encountered pathological con-
ditions increase the patient’s sensitivity to muscle relaxants
and necessitate decreased dosage. Among these con-
ditions are dehydration and electrolyte imbalance,'™
cachexia from malnutrition, chronic infection or neoplastic
disease, liver damage*™t1 and poisoning with anti-
cholinesterases,??™ such as DFP, TEPP etc.

‘The dose of non-depolarizing muscle relaxants is further
influenced by the choice of the general anesthetic agent
with which they are used.’** The potentiating action of
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cther on d-tubocurarine is especially pronounced.!®*
Table 6 summarizes the recommended initial doses of the
various muscle relaxants in conjunction with the most
frequently employed general ancsthetic agents.

It is evident from these considerations that the size of
the initial dose of muscle relaxants is influenced by
numerous factors and in the final analysis it has to be
selected largely on an empirical basis. The personal
experience of the anesthetist is of great importance but
errors in judgement cannot be avoided even by the most
experienced clinicians. When long acting relaxants are
used, only after observing the effects of the initial dose and
the first fractional dose, also empirically selected, is it
possible to determine whether or not the musele relaxant
was administered correctly. The optimal dose of the short
acting, hydrolyzable muscle relaxants, when administered
in a continuous drip can be determined with greater
accuracy.

In general, the long acting muscle relaxants are admin-

TABLE 7

Tre Recomyenpen Rance oF TE FracTioNar Doses oF MuscLe
RELAXANTS WITH VARIOUS ANESTHETIC AGENTS

Range of Fractional Doses in Mg. with

Thiopental Ethyl
Muscle Relazant Sodwum Cyclopropane Ether
d-Tubocurarine
Chlonde 15- 60 1.0- 40 05- 15
Dimethyl Tubo-
curarine Todide 0.5- 3.0 05~ 20 02- 0.8
Gallamine
Triethiodide 10.0-40.0 10.0-30.0 8.0-200
Benzoquinonium
Chlo?de 1.5- 60 15- 50 1.0- 4.0
Sclﬁzlr!;glchoﬁne Administered in continuous drip

for prolonged muscular relaxation
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istered intravenously in a single dose, or in an initial dose
followed by intermittent fractional doses. The short acting
muscle relaxants are used either in a single dose or in
continuous intravenous drip. The patient’s response to
the initial dose of a long acting relaxant is a good guide
to the size and time of administration of the first fractional
dose. Only after the response to both the initial and the
first fractional dose have been observed will the effect of
subsequent fractional doses become more or less pre-
dictable. The recommended ranges of the fractional doses
of muscle relaxants with different general anesthetic agents
are shown in Table 7.

In general, diminishing muscular relaxation in the
operative field, usually accompanied by an increase in the
depth of respiration indicates the necessity for the admin-
istration of a fractional dose. To ensure optimal operating
conditions, it is a good practice to administer a dose of
relaxant just before the start of the closure of the per-
itoneum. The size of the dose given at this time will be
determined by the size of the fractional dose required by
the patient, the time interval between fractional doses,
and also by the time elapsed since the administration of
the last fractional dose. For example, if the fractional dose
of gallamine in a patient was 30 mg. administered 20
minutes apart and the last dose was given 10 minutes
before peritoneal closure, the dose to be administered at
this time should be 15 mg. Usually no more muscle
relaxant will be necessary after this dose and the patient’s
respiration will be normal at the conclusion of surgery.

MAINTENANCE OF ADEQUATE RESPIRATORY
EXCHANGE

To obtain intra-abdominal relaxation it is necessary
to depress or completely inhibit transmission between the
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intercostal nerves and the abdominal muscles. These
same nerves, however, also supply the intercostal muscles
and the concentration of relaxant which produces abdomi-
nal relaxation will also depress, to a variable extent,
transmission between the phrenic nerve and the dia-
phragm. Tt is therefore unavoidable that relaxation of the
skeletal musculature be accompanied by some diminution
of the patient’s tidal volume. Consequently, whenever
muscle relaxants are administered respiration must be
assisted to ensure adequate respiratory exchange. Assist-
ance of the patient’s respiration is necessary not only to
ensure good oxygenation, but also to prevent the accumu-
lation of carbon dioxide and the development of respira-
tory acidosis. In this respect, it must be remembered that
if, for example, a patient’s normal tidal volume is 500 cc.
and the sum of the physiological dead space and the dead
space of the anesthetic equipment is 200 cc. then a de-
crease of the tidal volume to 300 ce. will decrease effective
alveolar ventilation from 300 cc. to 100 ce.

While it is universally accepted that the patient’s res-
piration has to be assisted whenever muscle relaxants are
used, opinions diverge widely as to the best method of
assistance. Many anesthesiologists feel that controlled
respiration should be employed in preference to assisted
respiration. Others prefer to retain the activity of the
respiratory center and to assist the spontaneous respiratory
efforts of the patient. Controlled respiration may be
maintained either manually or by the use of various
mechanical respirators.

The advocates of controlled respiration claim that: a)
occasionally adequate muscular relaxation cannot be
obtained without apnea; b) controlled respiration is
necessary for the prevention of carbon dioxide aceumula-
tion; c¢) controlled respiration reduces the dose of muscle
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relaxant and thiopental sodium necessary for the main-
tenance of optimal operating conditions;*** d) con-
trolled respiration conserves the patient’s energy;***'*
e) inhibition of the activity of the respiratory center
decreases the tone of respiratory musecles,' and f) for
certain intrathoracic operations, the “quiet chest,” that
can only be obtained by controlled respiration is a
necessity. Furthermore, it is claimed that once the thorax
is open spontaneous respiration is inefficient and may be
harmful if paradoxical movements are not prevented.**"
Those preferring assisted respiration maintain that: a)
adequate oxygenation and carbon dioxide removal can
be achieved with assisted respiration; b) by utilizing the
difference between the sensitivity of the human diaphragm
and abdominal muscles to muscle relaxants abdominal
relaxation can be maintained without apnea;™ c¢) inter-
mittent positive pressure control of respiration may inter-
fere with venous return and decrease cardiac output®®
It is claimed, however, that with intermittent positive-
negative pressure respiration this complication can be
avoided;*** d) inhibiting spontaneous respiration deprives
the anesthetist of the valuable information that can be
gained from respiratory rate, rhythm and tidal volume
regarding the depth of anesthesia; e) due to the wide
variation in the individual requirements of muscle relax-
ants and general anesthetic agents, in the absence of the
respiratory signs of anesthesia, overdosage with one or
both can occur; f) inadequate depth of general anesthesia
may be masked by complete neuromuscular block. In
contrast to general anesthetic agents the relaxants interrupt
the reflex mechanism elicited by painful stimuli on the
efferent rather than on the afferant side of the reflex arc.
This circumstance will frequently cause changes in cardiac
rate and thythm and blood pressure. Furthermore, an
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occasional patient will remember postoperatively the pain-
ful stimulation to which he was subjected during surgery;
g) occasionally the apnea produced is not readily re-
versible postoperatively, and either the inability to restore
spontaneous respiration'®® or drugs used for this purpose
nay result in fatalitjes 6811
Space does not allow detailed discussion of the advan-
tages and disadvantages of assisted versus controlled res-
piration. It can be stated, however, that with careful
technique adequate muscular relaxation and respiratory
exchange can be maintained with assisted respiration.
Unquestionably the greatest danger in using muscle relax-
ants is prolonged and, on occasion, irreversible apnea,
which has been reported most frequently after the use of
depolarizing relaxants. The only sure way to avoid post-
operative apoea is to abstain from producing apnea during
surgery. Consequently, it seems advisable to restrict the
use of the apneic technique to those cases when, in the
opinion of the surgeon, this is necessary for the production
of optimal operating conditions. Whenever the apneic
technique is used, eare should be exercised 1o produce
apnea with the minimal dose of relaxant that will achieve
this purpose to avoid both too deep and too light planes
of general anesthesia, and to abstain from hyperventila-
tion resulting in respiratory alkalosis.

THE CHOICE OF MUSCLE RELAXANTS

The selection of the muscle relaxant is inflaenced by
the length of time during which relaxation is necessary,
the general anesthetic agent used, and the patient’s patho-
Iogical condition. For procedures like endotracheal intu-
bation or electro-shock therapy where muscular relaxa-
tion is only necessary for short periods, the agent of choice
is succinylcholine. A single therapeutic dose (04 to 06
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mg./kg.) of this agent will give good muscular relaxation
with conditions suitable for endotracheal intubation in
about 45 to 60 seconds after its administration.*® The
relaxation lasts about 120 to 240 seconds. Suxethonium,
which with somewhat larger doses produces apnea of
even shorter duration, may also be used for these pur-
poses.®*  For procedures (e.g., endoscopies, closure of
peritoneum, etc. ) requiring muscular relaxation for 4 to 12
minutes, a single dose of any one of the long acting muscle
relaxants can be used. For the shorter of these proce-
dures, decamethonium, may be employed for the longer
ones, gallamine is the drug of preference. For prolonged
muscular relaxation ejther a continuous drip of a dilute
(0.1 to 0.2 per cent) solution of succinylcholine or frac-
tional doses of the longer acting muscle relaxants are the
most suitable. Because of its minute to minute controlla-
bility which allows the almost instantaneous adaptation of
the degree of relaxation to the needs of surgery, makes
possible the utilization of the difference in sensitivity be-
tween the skeletal muscles and the diaphragm, and assures
rapid recovery of unimpaired respiratory activity following
the discontinuation of the drip, the agent of choice for pro-
longed muscular relaxation is succinylcholine. This is
especially so when combination of thiopental sodium,
nitrous oxide-oxygen and analgesics are used for general
anesthesia.®*®

When general anesthesia is maintained by an agent like
ethyl ether, which in itself has considerable anti-depolariz-
ing activity, the use of the long acting non-depolarizing
agents offers a useful combination. Because the syner-
gistic effect of ether is most marked when combined with
d-tubocurarine, it can be used with advantage in minimal
doses for the production of excellent muscular relaxation
with relatively low ether concentrations.*** This combina-
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tion will result in rclatively rapid recovery of conscious-
ness because of the low ether concentrations used. Muscu-
Tar activity will also return promptly because after the
elimination of the ether the small doses of d-tubocurarine
used will alone, have an insignificant effect on neuro-
muscular transmission.

As already mentioned {see page 60), certain groups of
patients are extremely sensitive to all types of muscle re-
lazants¥t Usually the sensitivity is equally present with
the long acting agents, the action of which is primarily
terminated by urinary excretion, and with succinylcholine
which is broken down in the organism by plasma cholin-
esterase. When long acting non-depolarizing muscle re-
laxants are used, no matter how caretully, prolonged post-
operative respiratory depression, requiring either con-
trolled respiration or the use of antagonists is encountered
in about 1 to 2 per cent of the patients.® In contrast
to this, when succinylcholine is administered carefully in
continuous intravenous drip and assisted, instead of con-
trolled, respiration is used prolonged postoperative respira-
tory depression can be avoided even in patients with ex-
tremely low plasma cholinesterase activity.!®

THE USE OF MUSCLE RELAXANTS WITH
INTRAVENOUS BARBITURATES

The analgesic potency of short acting barbiturates is
low. Therefore, the use of combinations of these agents
with muscle relasants is recommended only for operative
Interventions that are not painful. For example, these
combinations can be safely used for pelvic examinations,
the correction of dislocations and fractures, manipula-
tion of joints and electroshock therapy. Since neither the
intravenous barbiturates nor the muscle relaxants are
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capable of depressing the reflex irritability of the pharynx,
larynx and trachea, these structures should be topically
anesthetized before induction of anesthesia. The details
of the anesthetic management with such combinations
will be discussed in an ensuing chapter.

The use of thiopenthal sodium solutions containing
fixed proportions of d-tubocurarine,'#!%1® decametho-
nium®® and gallamine’ have been recommended by
various anesthesiologists. The d-tubocurarine-thiopenthal
sodium mixture employed by Baird™ is prepared by dis-
solving 0.5 gm. of thiopenthal sodium in 15 cc. of dis-
tilled water and adding to it 5 cc. of d-tubocurarine chlo-
ride solution (3 mg./cc.). Each cc. of this mixture con-
tains 0.75 mg. of d-tubocurarine and 25 mg. of thiopenthal
sodium. The decamethonium-thiopenthal sodium mix-
ture suggested by Organe® contains 4 mg. of decametho-
nium and 1.0 gm. thiopenthal sodium dissolved in 20 or
40 cc. Evans and Gray™? use an 0.2 per cent thiopenthal
sodium solution containing 0.5 mg. of gallamine per
ce. after induction of anesthesia with 0.5 gm. of thio-
penthal sodium and 80 mg. of gallamine. Although it
cannot be denied that using a single solution containing
both the intravenous anesthetic agent and the muscle
relaxant simplifies the task of the anesthetist, on the basis
of both pharmacological considerations and clinical ex-
perience the use of such fixed mixtures does not seem to be
justified. It is a common experience that there is a great
variation in both the thiopenthal sodium and muscle re-
laxant requirements of patients. The sensitivity towards
muscle relaxants and intravenous anesthetic agents do
not always parallel one another. For example, an asthenic
individual who consumes alcohol regularly, or is used to
sedatives and analgesics will require relatively large doses
of thiopenthal sodium and small doses of muscle relaxant.
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TABLE 8
RrraTionstre BETWEEN THIOPENTAL SobtuM AND DECAMETHONIUM
RCQUIREMENTS
Thiopental Sodium-D honium Natlo
Range Avcrage

Before intubation 100-300 224
For total length

of anesthesia 81-800 160

On the other hand, muscular young adults might need
relatively large doses of muscle relaxants and small doses
of intravenous anesthetic agents. Furthermore, in opera-
tions of long duration, after the administration of the
initial dose, the muscle relaxant requirements per unit
of time are about the same. In contrast to this, the mg.
per minute thiopenthal sodium requirements are inversely
proportional to the length of anesthesia.**® Calculation of
the ratios of the thiopenthal sodium and decamethonium
doses used before intubation and during anesthesia re-
vealed that there is a wide variation in these ratios in dif-
ferent individuals, and that the average ratio before intu-
bation is considerably greater than the average ratio dur-
ing the whole anesthetic procedure’* (see Table 8).

THE USE OF MUSCLE RELAXANTS WITH
“BALANCED ANESTHESIA”

In the majority of cases muscle relaxants are used in
combination with short acting intravenous barbiturates,
nitrous oxide-oxygen and intravenously administered nar-
cotic analgesics. In such combinations each agent is used
for its primary effect in minimal effective doses. Thus,
the intravenous barbiturates will be mainly respoﬂsible
for the production of amnesia and sleep; nitrous oxide
and the analgesics will supply analgesia; and the muscle
relaxants will contribute the relaxation necessary for
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many surgical procedures. These methods combine pleas-
ant and rapid induction of anesthesia with excellent
operating conditions without undue depression of vital
functions; and rapid, smooth return to consciousness.
Different combinations of barbiturates, analgesics and
muscle relaxants have been recommended by various
workers. The description of all the various techniques
(which usually differ from one another only in minor de-
tails) is beyond the scope of this monograph. In the fol-
lowing paragraphs the techniques proved to give the best
results in the author’s experience will be discussed in detail.

Preoperative medication. At bedtime on the night be-
fore operation 50 to 200 mgs. of phenobarbital or pento-
barbital is administered. One and one half to 2 hours
before the start of anesthesia 50 to 200 mg. of a short
acting barbiturate (e.g., pentobarbital) is given either by
mouth or intramuscularly; this is followed by an intra.
muscular injection of 50 to 100 mg. of meperidine hydro-
chloride and 0.2 to 0.6 mg. of scopolamine hydrobromide
or 0.4 to 1.0 mg. of atropine sulphate.

Anesthetic management. On arrival in the operating
room, an intravenous infusion is started through a No. 19
to 17 needle with 5 per cent dextrose in water or 5 per
cent dextrose in physiological saline. The patient’s mouth
and pharynx are topically anesthetized with a 1 per cent
tetracaine hydrochloride or 5 per cent cyclaine solution.
Thiopenthal sodium is then administered (in 2.5 per cent
solution, through a No. 22 needle inserted into the rubber
sleeve of the intravenous infusion) until the patient will
tolerate the insertion of an oro-pharyngeal airway. This is
followed by the administration of oxygen by a face mask
and if the patient’s respiratory exchange is adequate, indi-
cating the absence of excessive central depression, the
appropriate dose of the selected muscle relaxant is admin-
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istered again through the rubber sleeve of the intravenous
tubing, During the time required for the development of
muscular relaxation suitable for endotracheal intubation
oxygen is administered with manual assistance of the
respiration. When the depression of the respiratory tidal
volume indicates the development of muscular relaxation,
the patient is briefly hyperventilated with oxygen, the
mask and oropharyngeal airway are removed, the cords are
exposed by direct laryngoscopy and sprayed under vision
with the local anesthetic agent. If the cords are relaxed
and spraying does not provoke coughing, the endotracheal
tube is inserted. Otherwise, an additional small dose of the
muscle relaxant, thiopenthal sodium, or both, are admin-
istered, the afrway is reinserted and assisted respiration
with oxygen is continued for an additional 1 to 2 minutes
until adequate relaxation for intubation is obtained. Fol-
lowing intubation, the endotracheal tube is connected,
directly or through a face mask applied over it to the
anesthesia machine. After a few breaths of oxygen a
mixture of approximately 25 to 35 per cent oxygen and
65 to 75 per cent nitrous oxide is administered. Such a
mixture can readily be obtained by flushing the apparatus
three times with a 3 to 4 liter nitrous oxide and 1 liter
oxygen and then using 2 flow of 500 cc. nitrous oxide and
500 cc. oxygen per minute."™ Where the patient’s oxygen
requirements are expected to be high, or the use of higher
oxygen concentrations is indicated, the oxygen flowmeter
is set at 600 or 700 cc./min. When, for some reason (e.g,
inadequate closure) higher flow rates are indicated, the
setting of the oxygen flowmeter can be readily caleulated
from the following formula: Oxygen flowmeter setting =

Desired total flow — 300
300 4- ( 100 > X desired oxygen
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concentration. The setting of the nitrous oxide flowmeter
= total flow — oxygen flowmeter setting.

Additional doses of muscle relaxant are administered
whenever increasing respiratory depth or the diminishing
relaxation of the operative field indicate the need. The
administration of about one third of the initial dose of
the relaxant will maintain, depending on the agent used
and other variables, satisfactory relaxation for 10 to 30
minutes. To obtain optimal conditions for peritoneal
closure, the fractional dose or the appropriate portion of it,
is injected (see page 62). With this method of adminis-
tration relaxation will be maximal, when it is most needed,
at the time of peritoneal closure, it will decline gradually
from then on and will usually have worn off completely by
the time surgery is concluded.

When changes in the rate or rhythm of respiration,
voluntary breath holding or other signs indicate the light-
ening of general anesthesia, small doses of a short acting
potent analgesic, alphaprodine (Nisentil) hydrochloride
are injected intravenously.* The average initial dose
varies between 5 to 15 mg. Repeated doses of 5 to 10 mg,
are administered until the necessary depth of anesthesia is
reached. If this stage cannot be obtained without de-
pressing the respiratory rate below 12/minute, the anes-
thesia is deepened by administering additional small doses
of thiopenthal sodium. Alphaprodine administration is
not resumed until the respiratory rate reaches at least
16/minute. It should be emphasized that an increase of
the respiratory rate alone is not an indication, but only
a guide, to the further administration of alphaprodine or
thiopenthal sodium. Depending on the experience of the
anesthetist with the method, 50 to 95 per cent of the
patients will respond to vocal or tactile stimuli within
5 minutes of the end of the nitrous oxide administration.
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Earlier, instead of alphaprodine, meperidine (Demerol)
was used for the supplementation of nitrous oxide-oxygen,
thiopenthal sodium anesthesia®*#***  In our experi-
ence the following technique was found to be suitable for
the use of meperidine. Depending on the patient, 15 to
30 ce. of 2.5 per cent thiopenthal sodium is administered
before the first dose of 12.5 to 23 mg. meperidine is given.
From then on every 5 to 10 ml. of 2.5 per cent thiopenthal
sodium is followed by another 125 to 25 mg. dose of
meperidine. Attempts to maintain adequate depth of
general anesthesia after an initial dose of thiopenthal
sodium with meperidine alone frequently results in respira-
tory depression and prolonged postoperative recovery.

An alternative method is to use larger doses of alphapro-
dine and considerably smaller doses of thiopenthal sodium.
The unwanted respiratory depression produced by the
large doses of alphaprodine are antagonized by levallor-
phan tartrate (Lorfan). Previous investigations showed
that levallorphan when administered 4 to 6 minutes be-
fore alphaprodine in a 1 to 50 ratio counteracts the respira-
tory depressant effects of the latter™3%1 Yt was sub-
sequently found that the use of levallorphan tartrate in
this proportion causes little change in the hypnotic and
analgesic effects of alphaprodine.’®

After the usual preparation, 0.01 to 0.02 mg./kg. of

levallorphan (1.2 to 1.6 mg for the average adult) is
administered intravenously, followed in 4 to 6 minutes by
0.5 to 1.0 mg./kg. of alphaprodine injected intravenonsly
in 30 seconds. Subsequently, a mixture of 3 to 4,0 liters/
minute of nitrous oxide and 1 liter/minute of oxygen is
administered to the patient. After 8 to 4 minutes, if the
depth of general anesthesia permits it, an Ol'D-P}la_]"yngeaI
airway is inserted. Yf at this time the depth

S insert of general
anesthesia is inadequate but the respiratory ra%e and
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depth are satisfactory, one or more 5.0 to 15.0 mg. doses
of alphaprodine are injected until satisfactory depth of
anesthesia is obtained or the respiratory rate approaches 12
per minute. In the latter case, 2 to 6 cc. of 2.5 per cent
thiopenthal sodium is injected intravenously in 2 cc. incre-
ments. Following the insertion of the oro-pharyngeal air-
way, the bag of the anesthesia machine is again washed out
3 times with the 4.0 to 1.0 liter/minute nitrous oxide-
oxygen mixture and then the flowmeters are set to deliver
500 cc./minute of nitrous oxide and 500 cc./minute of
oxygen.

Further doses of alphaprodine are administered as re-
quired. Occasionally, if the alphaprodine requirements
are great, or in prolonged operations it will be necessary
to administer one or more additional 0.3 to 0.5 mg. doses
of levallorphan. Additional small doses of thiopenthal
sodium are given when adequate depth of anesthesia can-
not be maintained without undue depression of the
respiratory rate. This in our experience occurred rarely.
If the patient is to be intubated, the use of 2 to 8 cc. of
2.5 per cent thiopenthal sodium before intubation is
advisable.

The advantages of the combined use of alphaprodine
and levallorphan are: (1) The respiratory tidal volume is
less depressed than after the administration of thiopenthal
sodium alone or in combination with analgesics. (2) The
patient’s sensorium is much clearer immediately after
termination of anesthesia than after other combinations.
(3) There is considerable residual analgesia without any
respiratory depression in the immediate postoperative
period. A somewhat different technique is employed
when succinylcholine is used to provide prolonged re-
laxation (see page 110).

Due to the light planes of general anesthesia produced
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Dy these techniques elevation of the systolic blood pressure
is occasionally encountered. The administration of small
doses (5 to'10 mg.) of hexamethonium bromide repeated
if necessary will usually return the systolic blood pressure
to preoperative levels.

Whenever a muscle relaxant is used, the patient’s tidal
volume will invariably be diminished, necessitating con-
tinuous assistance of the respiration. Such assistance
should consist of the application of enough slow, gradual
pressure on the breathing bag during the patient’s spon-
taneous inhalation to obtain a tidal volume of about 500
to 800 cc. If the patient’s respiratory rate is greater than
24 per minute, the assisting of every other respiration is
sufficient to prevent carbon dioxide accumulation. Too
vigorous assistance of respiration may result in hypocapnia
and respiratory alkalosis.

THE USE OF MUSCLE RELAXANTS WITH INHALATION
ANESTHETIC AGENTS

Two different approaches may be selected for the
management of anesthesia when muscle relaxants are
the management of anesthesia when muscle relaxants are
used in conjunction with inhalation agents. The first
method involves the induction of anesthesia with a short
acting intravenous barbiturate, the administration of the
relaxing dose of a meuromuscular blocking agent, endo-
tracheal intubation, and the administration of the inhala-
tion agent through the endotracheal tube. With the
second technique, anesthesia is induced by the adminis-
tration of the inhalation agent and when the desired light
plane of anesthesia is reached, muscular relaxation is ob-
tained by the administration of a suitable relaxant, With
both methods the goal is the production of muscular
relaxation, without the deep planes of general anesthesia
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which would be required if inhalation anesthetic agents)
alone were to be used for this purpose.

The use of muscle relaxants with nitrous oxide or ethyl-
ene. In the presence of adequate oxygen concentrations
in the inhaled gas mixtures, neither nitrous oxide nor
the somewhat more potent ethylene will invariably give
sufficient depth of anesthesia to prevent the perception
of painful stimuli. Despite this, the use of nitrous
oxide-oxygen with muscle relaxants alone without any
other hypnatics and analgesics has been recommended,'**
for the production of general anesthesia for various surgi-
cal procedures. The advocates of this method produce
complete neuromuscular block by the use of large doses
of relaxants and take control of the patient’s respiration.
With this technique the protective reflex mechanism
activated by painful stimuli is interrupted between the
efferent pathway (motor neuron) and effector organ
(muscle) while the afferent pathways are little affected
and central perception may not be satisfactorily depressed.
Occasionally the patient may feel and later remember
the painful stimulation originating in the operative area
but, because of the total muscular paralysis, will be unable
to bring his harrowing experience to the attention of the
anesthetist. Beside the danger of severe psychic trauma
disturbing the patient’s postoperative course, marked
circulatory changes and bronchospasm can occur during
surgery under such circumstances.

Consequently, the use of nitrous oxide or ethylene alone
is not generally recommended for the production of gen-
eral anesthesia in conjunction with muscle relaxants. In
the occasional debilitated, poor risk patient with markedly
decreased pain sensitivity, it may be possible to produce
suitable operating conditions by the combination of
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nitrous oxide-oxygen or ethylenc-oxygen alone with a
muscle relaxant, In these cases, however, the anesthetist
must be sure before the administration of the muscle
relaxant that satisfactory depth of general anesthesia has
been reached and the administration of the relaxant should
not be pushed to the point of total muscular paralysis
and apnea.

Far more satisfactory operating conditions can be ob-
tained with less danger to the patient if the general anes-
thesia produced by these gases is supplemented by small
intravenous doses of short acting analgesics, barbiturates
or both. \

The use of muscle relaxants with ether or cyclopropane.
Muscle relaxants can be safely and effectively used to
supplement ether or cyclopropane anesthesia. Here again,
techniques utilizing assisted rather than controlled respira-
tion are recommended. With controlled respiration the
most valuable sign of general anethesia, the respiratory
activity, will be absent and under the cover of apnea the
patient may receive dangerously high concentrations of
these potent inhalation anesthetic agents. Under such
circumstances severe circulatory depression, or in extreme
cases, cardiac arrest may develop.

The potentiating effect of ether, and to a lesser extent
that of cyclopropane, on the activity of the non-depolariz-
ing muscle relaxants must be kept in mind. This is es-
pecially important when anesthesia is induced by a short

acting barbiturate and a full dose of d-tubocurarine is used
for the facilitation of endotracheal intubation. Subse-
quent administration of ether intensifies and prolongs the
effect of d-tubocurarine and often leads to prolonged
apnea, .It is usually safer and more satisfactory to induce
the desired level of anesthesia with ether or cyclopropane



78 MUSCLE RELAXANTS IN ANESTHESIOLOGY

and then administer the correct dose of the muscle re-
laxant selected. As already mentioned, both from the
pharmacological and clinical point of view the muscle
relaxant of choice for use with ether anesthesia is d-tubo-
curarine (see page 66). Dimethyl tubocurarine or gal-
lamine can also be used for this purpose because their
neuromuscular activity is additive to that of ether, The
depolarizing muscle relaxants are less suitable for the
production of prolonged muscular relaxation with ether
anesthesia.

Since the anti-depolarizing activity of cyclopropane at
the motor endplate is not as marked as that of ether,
both non-depolarizing and depolarizing muscle relaxants
can be used for the production of prolonged muscular
relaxation with this agent.

When the operative procedure does not require pro-
longed relaxation but rather rapid induction and early
endotracheal intubation before the start of the adminis-
tration of ether or cyclopropane, the muscle relaxant of
choice is succinylcholine combined with a short acting
barbiturate. Owing to the brief duration of its action,
when given in the correct dosage, respiratory activity will
become adequate shortly after intubation and provided
that adequate topical anesthesia of the airway has been
produced, the administration of the inhalation agent can
proceed smoothly.

THE USE OF DIFFERENT RELAXANTS ON THE
SAME PATIENT

The effect of the various non-depolarizing relaxants is
additive and the same is also true for depolarizing re-
laxants. Consequently, no serious objection can be raised
against the use of more than one depolarizing or non-
depolarizing relaxant in the same patient in the course of
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one anesthesia. For example, succinylcholine may be
used for endotracheal intubation; relaxation could then be
maintained by decamethonium, and another dose of suc-
cinylcholine could be administered to facilitate peritoneal
closure. The interchange of the various non-depolarizing
muscle relaxants has little to offer since there is not much
difference in the duration of action of these agents.
Changing from d-tubocurarine to gallamine might be
indicated if the administration of the former is accom-
panied by signs of histamine release (e.g., bronchospasm).
Changing from a non-depolarizing relaxant to a depolar-
izing agent or vice versa, however, is in general not a sound
practice. Depolarizing and non-depolarizing relaxants
should only be used after one another if the pharmacologi-
cal effect of the one first used has been completely dissi-
pated. While this will only take a few minutes after
moderate doses of succinylcholine, the effects of even
moderate doses of non-depolarizing relaxants (e.g., the
effects of 10 mg, of d-tubocurarine) are still demonstrable
after 45 minutes, so that at this time one half of the initial
dose will produce an identical effect with that of the
original dose3™®
Before a depolarizing relaxant (e.g., decamethonium or
succinylcholine) is able to produce neuromuscular block in
the presence of clinically ineffective concentrations of a
non-depolarizing agent at the neuromuscular junction, it
has to overcome the residual inhibition of the physiological
depolarization caused by the latter5 Therefore, larger
doses of depolarizing relaxants are necessary to produce
muscular relaxation in an individual who has just recovered
from the effects of a non-depolarizing drug. Once the
large dose of a depolarizing drug does produce a block
under tzlsx‘ese cn-cumstanc?s, its duration may be greatly pro-
longed™! and can result in prolonged postoperative apnea.

.
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THE USE OF THE ANTAGONISTS OF
MUSCLE RELAXANTS

Mode of action. Indications. Dosage. Time rela-
tionships. Side effects and complications. Recom~
mended clinfeal use.

A.s discussed in Chapter 4, both the non-depolarizing
and depolarizing muscle relaxants are antagonized by 4
variety of agents. In clinical practice, however, antago-
nists are usually employed only against the non-depolariz-
ing muscle relaxants. Neostigmine {Prostigmin) methyl
sulphate and edrophonium {Tensilon) are the two drugs
used most frequently for this purpose, In contrast to
their effect on the neuromuscular block caused by the non-
depolarizing muscle relaxants, in man both neostigmine
and edrophonium wually intensify and prolong the neuro-
museular block produced by depolarizing muscle relax-
ants. Another agent, BW. 48204 (Iomathota /2 ™
methylamino-rhe-- 77 7

has been shoy

muscular blac L wevasnvinonium both in animal
experiments’” and in man®® Ellis ef ol reported that
benzhydryl piperazines are capable of antagenizing the
neuromuscular effect of succinylcholine, Of the com-
pounds tested n-methyl-N-ethyl-N-benzhydryl piper-
azinum jodide (B.W. 51-212) was the most active® The
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Figure 9. The structural formulae of the antagenists of muscle
relaxants

structural formulas of the antagonists of muscle relaxants
are shown in Figure 9.

MODE OF ACTION

It is generally accepted that the antagonistic effect of
neostigmine on the nenromuscular block produced by non-
depolarizing muscle relaxants depends primarily on its
anti-cholinesterase activity.® Because of the inhibition of
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cholinesterase at the neuromuscular junction the concen-
tration of acetylcholine will become high enough to dis-
place the muscle relaxants from the endplate and thereby
re-establish neuromuscular conduction. Opinions differ as
to the mode of action of edrophonium. Some investigators
believe that the action of edrophonium depends primarily
on its ability to stimulate the endplate directly.?%2% Hob-
biger*® and Smith et al.?*7, however, are of the opinion that
the relatively weak but definite anti-cholinesterase activity
of edrophonijum is responsible for its anticurare activity.
Randall*® entertained the possibility that the free phenolic
group®™? present in edrophonium might be in part respon-
sible for the anti-curare activity.

INDICATIONS

Neostigmine and edrophonium have been recommended
to counteract the respiratory depression caused by the
non-depolarizing muscle relaxants at the end of anes-
thesia, 16214112231 tg terminate muscular relaxation after
unexpectedly short operations,*? endoscopies®® and elec-
troshock therapy.1s

Both neostigmine and edrophonium are capable of an-
tagonizing the neuromuscular block caused by d-tubo-
curarine, dimethyl tubocurarine, gallamine and laudexium.
They are also effective against other non-depolarizing
muscle relaxants,

DOSAGE

There is considerable variation in the recommended
therapeutic doses of neostigmine. Macfarlane et al. 242
found that 0.75 mg. neostigmine injected intravenously
partially antagonized the effect of d-tubocurarine doses
that produced 95 per cent decrease in the grip strength of
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unanesthetized man, The effect on vital capacity was
more marked than on grip strength®* Doughty and
Wylie"'® and Hunter®* suggest the use of 1.25 to 25 mg.
doses of neostigmine accompanied by 0.65 to 1.3 mg,. doses
of atropine sulfate. Hunter®** favors the larger doses
of atropine.

The recommended dose of edrophonium varies from
5 to 20 mg ™ Hunter™ advises the use of a 0.65 mg.
dose of atropine sulfate with edrophonium too. In gen-
eral, the greater the degree of curarization the larger
should be the initial dose of neostigmine or edrophonium.
Some investigators'®# believe that edrophonium is less
effective in deeply curarized patients than in those where
the effect of the muscle relaxant has already started to
wear off. If the general anesthetic agent used with the
muscle relaxant is ether, larger doses of edrophonium?
are necessary than if it is cyclopropane or nitrous oxide-

oxygen with thiopenthal sodium; the same is also true for
neostigmine.

TIME RELATIONSHIPS

The time interval between the intravenous injection and
the development of effect is shorter for edrophonium?%2s
(30 to 60 seconds) than for neostigmine!>**2% (190 to
240 seconds). The duration of action of edrophonjum
is also shorter’®12%1 than that of neostigmine. Re-
curarization following the temporary improvement of
neuromuscular activity can occur with edrophonium?2#t
and occasionally also with neostigmine,

SIDE EFFECTS AND COMPLICATIONS

Thf: side effects and possible complications of both
neostigmine and edrophonium are primarily due to their
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muscarinic properties, caused by the action of an excess
of acetylcholine on the postganglionic component of the
parasympathetic system. These are more marked with
neostigmine than with edrophonium and can be mitigated
by the prophylactic use of atropine.

The greatest danger reported after the use of neostig-
mine is marked slowing of the heart rate which in ex-
treme cases may cause fatalities through cardiac
arrest.2668121  Flunter® found that the bradycardia ob-
served after the administration of neostigmine, is usually
preceded by moderate short lasting tachycardia. The
bradycardia is less marked with edrophonium especially
if general anesthesia is maintained by ether.*

Other undesirable side effects, also more pronounced
after neostigmine than edrophonium, include excessive
salivation and bronchial secretion, bronchiolar spasm, and
intestinal hypermotility. This latter complication has
been reported to be especially dangerous following sur-
gery of the gastro-intestinal tract.**

Besides the muscarinic effects of neostigmine and edro-
phonium, another danger of their use lies in the possi-
bility of recurarization in a seemingly recovered patient
who is left unobserved.® This complication, because of
its shorter duration of action, is more likely to arise with
edrophonium than with neostigmine. In large doses®®
neostigmine itself may produce myoneural black.

RECOMMENDED CLINICAL USE

With the correct selection and method of administration
of muscle relaxants the use of antagonists should seldom
be necessary. If the respiratory exchange or muscle tone
at the termination of surgery, despite all precautions, is
inadequate it is by far safest to oxygenate the patient by
assisted respiration until satisfactory spontaneous respira-
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TABLE 9
e RecoMMENDED DOSE OF THE ANTAGONISTS OF NON-DEPOLARIZING
MuscLe RELAXANTS
Initial Dose Mg.  Onsctof  BHepeat®  Time Interval
Agent  Antagonist Atropine Action Min. Dose Mg. Between Doses
Neostigmine 05-1.5  0.4-0.6 24 0.5-1.0 58
Edrophonjum 10-20 03-06  05-1 5.0 24

© If initial dose does not produce desired effect.

tion is re-established. Should it become necessary for
some reason to administer an antagonist, the following
safeguards are recommended:

The initial dose of neostigmine, depending on the size
and physical condition of the patient, should be between
0.5 to 1.5 mg. in adults and proportionately less in chil-
dren. Atropine sulphate, 0.4 to 0.6 mg. should precede
the injection of neostigmine. If, after 5 minutes this dose
did not produce satisfactory effects, one half of the initial
dose can again be administered. The initial dose of edro-
phonium is 5 to 20 mg. (less in children). An 0.3 to 0.6
mg. dose of atropine sulphate, although not absolutely
essential, is recommended to ensure against the possibility
of muscarinic side effects. If the desired effect is not
obtained within 2 minutes, additional 5 mg. doses can be
given. Patients to whom antagonists of muscle relaxants
have been administered should be kept under close super-
vision for 30 to 60 minutes after return of adequate respira-
tion to enmsure against the possibility of re-curarization.
The suggested methods of administration of neostigmine
and edrophonium are summarized in Table 9.

The clinical use of the syncurine antagonist B.W. 49.
204 has been described by Vandam et al.3®
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./ COMPLICATIONS OF THE USE OF
MUSCLE RELAXANTS: THEIR CAUSES,
PREVENTION AND TREATMENT

Tinrti,
P

Respiratory Apnea; br P
excessi livation and bronchial secretion. Cir-
culatory plications: Hyp ion; hyper
change in rate and rhythm; cardiac arrest. De-
creased peristalsis and intestinal distention. Mus-

cular twitching.

W uEN employed judiciously, cognizant of their
pharmacological effects, other than those exerted at the
neuromuscular junction, the muscle relaxants will increase
rather than decrease the safety of the patient. The im-
proper selection of the muscle relaxant or the administra-
tion of excessive doses of the agent of choice, however,
may lead to serious complications and will occasionally
endanger the patient’s life. In general, the complications
caused by muscle relaxants are due to: a) excessive and
prolonged action at the neuromuscular junction; b) their
effect on ganglionic autonomic transmission, or ¢) their
ability to liberate histamine from the tissues. These com-
plications may occur both during and after anesthesia
and can affect the respiratory and circulatory systems, the
gastro-intestinal tract or the voluntary muscles.

86
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RESPIRATORY COMPLICATIONS

Apnea. Although the apneic technic of administration
of muscle relaxants is practiced by many anesthesiologists,
in the opinion of others, apnea, especially when produced
inadvertently by the overdose of a muscle relaxant should
be considered a complication. Whenever it occurs, meas-
ures for its correction should be instituted without delay
because the only safe and certain prevention of pro-
longed postoperative apnea is the prevention of prolonged
apnea during anesthesia.

Apnea in the course of anesthesia can be produced by
different mechanisms, and it is by no means always caused
by an overdose of the muscle relaxant used. Besides
the accidental overdose of the muscle relaxant, usually
caused by overestimation of the patient’s need, apnea
can also be produced by the depression of the respira-
tory center by the agents used for premedication and
general anesthesia, by the development of excessive
carbon dioxide tension in the patient®™ and by a combina-
tion of the above factors. Too vigorous controlled res-
piration might cause apnea by decreasing the carbon di-
oxide tension below the level necessary for the stimula-
tion of the respiratory center. The hypocapnia caused by
hyperventilation will decrease urea excretion®™ and the
accumulation of blood urea will tend to increase the depth
of barbiturate anesthesia'® and cause secondary depres-
sion of the respiratory center. It has been suggested

that prolonged stimulation of the pulmonary stretch re-
ceptors during positive pressure controlled respiration may
send, through the vagi, “out of phase” impulses to the
respiratory center. These artificial impulses might inter-
fere with the pattern of physiological excitation of the
respiratory center and inhibit its “auto-rhythmieity.”112
It is conceivable that under such circumstances the respira-
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tory center will not resume its normal activity for pro-
longed periods after discontinuation of positive pressure
controlled respiration. Finally, the presence of an endo-
tracheal tube, especially if inserted too near to the carina -
without the use of a topical anesthetic agent, may pro-
duce reflex breath-holding in vagotonic individuals in too
light planes of general anesthesia.

Debilitated and dehydrated patients, especially in the
presence of potassium deficiency, show an increased sensi-
tivity to non-depolarizing mneuromuscular blocking
agents™ Tt is probable that this increased sensitivity is
due to lack of potassium since it is known that potassium
has an antagonistic effect on the neuromuscular block
caused by curare.® For reasons to be discussed later,
such patients are also hypersensitive to succinylcholine.
To avoid prolonged respiratory depression in these patients
long acting muscle relaxants should only be administered
in repeated small doses or, better still, relaxation should
be maintained by the administration of a slow drip of 2
dilute succinylcholine solution. The patient’s respiratory
exchange must be continuously observed by manual pal-
pation of the breathing bag of the anesthesia machine, and
as soon as the decreased tidal volume indicates the de-
velopment of neuromuscular block the drip should be
slowed to the rate that will just maintain adequate muscu-
lar relaxation. If at any time apnea develops, the drip
should be stopped until spontaneous respirations return.
In the meanwhile the administration of about 500 to 800
ce. of gas mixture 12 to 14 times per minute by intermit-
tent manual compression of the breathing bag will take
care of the oxygen requirements and prevent carbon di-
oxide accumulation without producing hypocapnia. Con-
sequently, with the return of neuromuscular transmission
in the respiratory muscles the respiratory center of the
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patient will be capable of taking over control of spon-
taneous respiration.

The prolonged postoperative apnea or Iespiratory de-
pression encountered in a small percentage of the cases
following the use of long-acting non-depolarizing muscle
relaxants can be treated by the careful administration of
neostigmine-atropine or edrophonium-atropine mixtures
(see page 85). In refractory cases the intravenous ad-
ministration of an 0.3 per cent potassium chloride solu-
tion may be helpful. Since the decreased urinary excre-
tion that frequently accompanies anesthesia and surgery®
might prolong the effect of those relaxants (gallamine,
benzoquinonium, decamethonium) that are excreted pri-
marily unchanged in the urine, use of an osmotic diuretic
(e.g., hypertonic glucose) is also indicated in such cases.

The combined effects of premedication and the short
acting barbiturates can produce apnea during induction.
When this occurs, the administration of the muscle relax-
ant should be postponed until the patient resumes spon-
taneous respiration. Otherwise, it may be difficult to de-
termine later in the course of anesthesia whether the
apnea is due to central depression or to neuromuscular
block. Later in anesthesia apnea caused by depression
of the respiratory center may also develop because of
carbon dioxide accumulation caused by inefficient respira-
tory exchange. This can be avoided by the supplementa-
tion of patient’s respiratory tidal volume to about 500 to
800 cc, by manual compression of the breathing bag during
inspiration and keeping the respiratory rate above 12 per
minute. Carbon dioxide accumulation may develop in
the presence of seemingly adequate minute volumes if
these are obtained by rapid but shallow breathing, Not
infrequently the analgesics used to supplement nitrous
oxide-oxygen, thiopenthal sodium anesthesia depress the
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respiratory center and cause apnea. This complication
can be avoided by using short acting analgesics in re-
peated small doses**® or by combining a respiratory an-
tagonist with the analgesic® (see page 72).

Too vigorous controlled respiration may tend to per-
petuate apnea by several different mechanisms. Hyper-
ventilation can lead to hypocapnia and thereby remove
the physiological stimulus of spontaneous respiratory
activity. This can be corrected by decreasing both the
rate and depth of controlled respiration and allowing the
accumulation of carbon dioxide to the level necessary for
the stimulation of the respiratory center. Hypocapnia
caused by hyperventilation will tend to increase sodium
and especially potassium excretion and decrease urea ex-
cretion®® The potassium loss will tend to potentiate the
effect of non-depolarizing muscle relaxants and the de-
creased urea excretion will increase the effect of thio-
penthal sodium.*® Both these changes increase the possi-
bility of apnea; the potassium loss by increasing neuro-
muscular paralysis, the decreased urea clearance by deep-
ening central depression. Prolonged and too energetic
controlled respiration can also cause apnea by exhausting
the Herring-Breuer reflex. When this occurs, distension
of the alveoli will not initiate expiration and inspiratory
apnea results,®”

In extreme cases of hypoventilation, in addition to car-
bon dioxide accumulation, hypoxia may also develop.
Pronounced hypoxia will further depress the sensitivity
of the respiratory center.*®

In too light planes of general anesthesia vagal stimula-
tion caused by the presence of an endotracheal tube
might cause reflex breath holding. This is more prone to
oceur if inadequate doses of atropine or scopolamine are
used in premedication, topical anesthetization of the
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larynx and trachea is not done, or the tube is inscrt‘cd close
to the carina. Vagotonic constitution of the patient and
the presence of acute or chronic respiratory discase pre-
dispose to this complication, It can usually be remedied
by deepening the plane of gencral anesthesia or by the
administration of additional doses of a parasympatholytic
drug. Occasionally, however, the apnea induced by this
mechanism can only be corrected by removal of the endo-
tracheal tube.

The prolonged apnea occasionally encountered with
succinylcholine is caused by a combination of factors
which are somewhat different from those already con-
sidered. Because of its great practical importance, suc-
cinylcholine apnea will be considered in greater detail in
the chapter on succinylcholine (see page 115).

Bronchospasm. In connection with the use of muscle
relaxants, bronchospasm is most frequently encountered
with the use of d-tubocurarine. It is caused by histamine
release”® It is more prone to occur in patients suffering
from bronchial asthma or other allergic conditions. In
such patients bronchospasm can also occur with other
relaxants especially when general anesthesia is maintained
with thiopenthal sodium or cyclopropane and if the plane
of general anesthesia is too light. There is no reason to
believe that in such cases the relaxant is the cause of the
bronchospasm, The administration of an antihistaminic
instead of a short acting barbiturate in premedication may
be effective in preventing the bronchospasm in patients
with allergic conditions. Immediate relief can be obtained
from bronchospasm by the intravenous injection of 0.1 to
0.2 mg. of epinephrine diluted to § cc. The relief can
usually be maintained by the slow intravenous injection
of 250 to 300 mg. of aminophylline or the slow intravenous
infusion of 1 mg. of epinephrine dissolved in 500 cc. of



92 MUSCLE RELAXANTS IN ANESTHESIOLOGY

5 per cent dextrose in water. Should bronchospasm de-
velop under cyclopropane anesthesia, epinephrine must
not be used. Aminophylline may be used under such
circumstances. In asthmatic patients it may be necessary
to change over to oxygen-ether anesthesia to overcome
bronchial spasm.

Excessi livation and bronchial secretion. Excessive
salivation and bronchial secretion are encountered most
frequently with benzoquinonium and less frequently with
d-tubocurarine. Their incidence with the other muscle
relaxants is low. A generous dose of atropine or scopol-
amine used in premedication will usually prevent this
bothersome, but seldom serious, complication.

CIRCULATORY COMPLICATIONS

The circulatory complications reported to have been
caused by muscle relaxants include hypotension,'®* hyper-
tension,’*® change in pulse rate!***® and cardiac arrest.’*®

Hypotension. Hypotension has been reported most fre-
quently with d-tubocurarine, dimethyl tubocurarine and
landexium. It is caused by ganglionic blocking action,
histamine release or the combination of these two fac-
tors, 13488182235 The incidence of hypotension with clinical
doses of these relaxants is low and its intensity is seldom
great. In sensitive patients, however, the blood pressure
fall may be severe and prolonged enough to necessitate
counter-measures. Nor-epinephrine will counteract both
the ganglionic blocking component and the histaminic
component of the pressure fall. The ganglionic sympathic
inhibition and histamine release caused by other clinically
used muscle relaxants are negligible and do not lead to
hypotension. When hypotension is encountered with
these agents, its cause should be looked for elsewhere.
Decreased cardiac output due to hypoxia, too deep planes
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of general anesthesia, controlled respiration with inter-
mittent positive pressure®*® or non-replaced blood loss may
be responsible for the hypotension, especially in patients
with cardiovascular pathology.

Hypertension. Hypertension resulting from the use of
muscle relaxants occurs most frequently with gallamine
and succinylcholine. It is usually encountered in patients
with labile hypertension, especially if carried in too light
planes of general anesthesia. The hypertension is com-
monly accompanied by acceleration of the pulse rate.
After gallamine, the tachycardia and rise in pressure are
probably due to the selective inhibition of the cardiac
vagus.®?#11158  Although in cats succinylcholine in 20 times
the paralyzing dose had no effect on ganglionic autonomic
transmission,® larger doses caused a moderate rise in
blood pressure; therefore, the possibility cannot be ex-
cluded that in certain sensitive individuals succinylcholine
in clinical doses may stimulate ganglionic sympathetic
transmission, The elevation of blood pressure with suc-
cinylcholine can be effectively counteracted by the intra-
venous administration of 5 to 10 mg, of hexamethonium.

Acceleration of the heart rate. Acceleration of the heart
rate is almost invariably encountered with gallamine. In
contrast to this, the use of benzoquinonium occasionally
causes bradycardia.??*

Cardiac arrest. The effect of muscle relaxants on the
myocardium is negligible. Depending on the relaxant
used, 200 to 1500 times the paralyzing dose can be ad-
ministered intravenously before the development of
cardiac arrest?® It is therefore, safe to assume that the
cessation of cardiac activity, when muscle relaxants are
being used, is not due to the direct action of these agents
on the myocardium, but it is rather caused by either in-

adequate oxygenation of the myocardium or myocardial
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depression caused by excessive concentrations of the gen-
eral anesthetic agent used. Myocardial hypoxia can be
caused by hypoxemia, severe anemia, decreased cardiac
output with inadequate filling of the coronaries or, most
frequently, by a combination of two or more of the above
factors.

Excessive blood concentration of the anesthetic agent
is most likely to be encountered with the too rapid injec-
tion of thiopenthal sodium during induction of anesthesia.
Too high concentrations of cyclopropane and ether are
most likely to occur if they are administered with con-
trolled respiration when in the absence of respiratory signs
the depth of anesthesia cannot always be estimated
accurately.2¢?

Endotracheal intubation and extubation are the periods
when cardiac arrest occurs most frequently. Excessive
doses of barbiturates used for induction and the apnea
produced by large doses of muscle relaxants, considered
by many anesthesiologists essential for atraumatic intuba-
tion, are mainly responsible for cardiac arrest developing
during induction. Reflex breath holding, due to inade-
quate topical anesthetization of the larynx, might also be
a contributing factor, The longer the time consumed by
attempts to pass the endotracheal tube, the greater is the
likelihood that trouble will develop in the presence of one
or more of the above complicating factors. Observing the
following precautions will tend to prevent the development
of cardiac arrest during intubation: (1) Except with
ether use topical anesthesia on the pharynx and larynx
when endotracheal intubation is contemplated in the
course of anesthesia. (2) Allow 3 to 4 minutes for the
induction of anesthesia with intravenous barbiturates.
(3) Check the circulation after induction before adminis-
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tering the muscle relaxant. (4) Try to use 2 dos'e of re-
laxant that will provide good relaxation of the jaw and
larynx without complete apnea. (5) Hyperventilate the
patient with oxygen prior to intubation. (6) Spray the
cords and the trachea with a local anesthetic agent under
direct vision before intubation. (7) Should intubation
prove difficult do not persist for more than 30 seconds
in attempts to pass the endotracheal tube. Oxygenate the
patient and allow a few minutes’ rest before attempting
intubation once more. (8) Oxygenate the patient again
immediately after intubation.

During extubation prolonged, uninterrupted suction and
obstruction of the airway after removal of the endotra-
cheal tube are the most likely causes of anoxia and cardiac
arrest. If ventilation has been inadequate and carbon
dioxide has accumulated during anesthesia, with the re-
turn of normal alveolar ventilation rapid decrease of the
carbon dioxide tension in the tissues may cause a precipi-
tous fall in blood pressure. This will contribute to the
inadequate oxygenation of the myocardium and to the de-
velopment of cardiac arrest. Sudden changes in the
cardiac rate and rhythm foreshadows more serious trouble
and should never be treated lightly.

DECREASED PERISTALSIS AND INTESTINAL
DISTENSION

This complication is occasionally seen with d-tubocura-
rine'® but is rarely encountered with the other muscle
relaxants. The instillation of 20 to 30 cc., one per cent 2-
chloroprocaine or procaine dissolved in 5 per cent dex-
trose in water into the peritoneal cavity will usually cause
the dilated intestines to constrict.
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TWITCHING

Muscular twitching is often seen immediately after
the administration of depolarizing muscle relaxants.
It occurs more frequently with succinylcholine than with
decamethonium. It is due to short tetanic contractions
of the muscle fibers® caused by the rapid depolarization
of the end plate. When large doses of succinylcholine
are administered rapidly, not only twitching but vigorous
clonic contractions of the limb muscles can also occur.
The convulsions may be severe enough to cause definite
post-anesthetic muscle pain, especially in ambulatory
patients.”™ With slow injection of smaller doses post-
anesthetic muscle pain is not encountered in hospitalized
patients.
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SPECIAL CONSIDERATION OF THE MUSCLE
RELAXANTS MOST FREQUENTLY USED IN
ANESTHESIOLOGY

d-Tubocurarine chloride. Dimethyl tubocurarine
(Metubine, M in). Gallamine triethiodide
(Flaxedil). Benzoquinonium chloride (Mytolon).
Decamethonium bromide (Syncurine). Succinyl-
choline chloride (Anectine). Miscell 1
relaxants: Laudexium methyl sulfate (Laudolissin),
Suxethonium bromide (Brevedil “E”).

»TUBOCURARINE CHLORIDE

A-LTHOUGH pure d-tubocurarine was already isolated
from tube curare by King in 1935, the first standardized
curare extracts were prepared in the laboratories of A. R.
Mclntyre in 1938-39%"" from erude curare samples brought
to the United States by R. C. Gill!** (See structural for-
mula in Figure 1, on page 15 and physical and chemical
properties in Table 2 on page 18.) At Mclntyre’s sug-
gestion this extract was used by A. E. Bennett and his
collaborators™ for prevention of trauma in shock therapy.

With the help of the rabbit head-drop test of Hola-
day,®5% a highly purified and standardized curare prepa-
ration, Intocostrin, was prepared in the laboratories of
E. R. Squibb and Sons. This preparation was first used to
produce muscular relaxation during anesthesia by Griffith

o7
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and Johnson in 19421 on the instigation of Dr. L. H.
Wright, Shortly thereafter, crystalline d-tubocurarine
chloride, previously isolated by King from tube curare,?*
was prepared by Wintersteiner and Dutcher'®® from
Chondodendron tomentosum and became available for
clinical use.

d-Tubocurarine is the classical example of 2 non-depolar-
izing muscle relaxant, It prevents the adsorption of
acetylcholine to the cholinergic receptors of the endplate
thereby inhibiting the changes in the endplate potential
which are essential for the initiation of muscular contrac-
tion (see page 39).

When given to conscious human volunteers, in doses
up to 14 mg., d-tubocurarine only affected neuromuscular
transmission®™ and had no effect on blood pressure, pulse
rate, electrocardiogram, electroencephalogram, pain
threshold or mental reactions. No central stimulant, de-
pressant or analgesic action was observed in a volunteer
even after 2.5 times the paralyzing dose of d-tubocura-
rine*® Unna and his associates®™ found that a 9 to 10 mg.
dose of d-tubocurarine, that depressed the grip strength by
95 per cent, reduced vital capacity about 80 per cent. Grip
strength recovered to 75 per cent of the original value in
about 27 minutes. Vital capacity had returned almost to
the control value by this time.

In the anesthetized patient, in addition to the neuro-
muscular effect, d-tubocurarine can also produce un-
desirable side effects, such as hypotension, by its action on
autonomic transmission’ and may also cause histamine
release from tissues.*

The neuromuscular effect of d-tubocurarine is markedly
potentiated by ether'® and to a lesser extent by cyclo-
propane. The effect of d-tubocurarine is additive with
those of other non-depolarizing muscle relaxants. 4078
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Physostigmine,”® neostigmine*** and edrophonium®®**
as well as potassium jon** are capable of antagonizing the
neuromuscular action of d-tubocurarine.

d-Tubocurarine is usually injected intravenously after
induction of anesthesia but before endotracheal intubation,
except in infants in whom it can be administered intra-
muscularly in 0.15 mg./kg. doses before the start of ether
administration.3® Details of the technique of its adminis-
tration are described on page 59). The dosage and time
relationships of the administration of d-tubocurarine are
summarized in Table 10.

Because of the synergism between the two agents d-
tubocurarine is the muscle relaxant of choice with ether
anesthesia. Owing to the small doses of d-tubocurarine
necessary for the production of relaxation with ether neuro-
muscular block will wear off rapidly and spontancous
respiration will become normal as fast as ether is eliminated
from the body.

‘TABLE 10
TeE Dose AND TrME RELATIONSHIPS OF D-TUBOCURARINE
ADMINISTRATION
Time
; Interoal
al Development Between Recove
Anesthetic Initial  of Maximal F: l  Fractional eAﬂ:.y
Agent Dose Effect Dose Doses Last Dose
In Mg. In Min. In Mg. In Min, In Min,
Thiopental .
Sodium
Nitrous 6-18 3-5 2-6 15-30 20-35
Oxide
Ethylene
Cyclo-
propane 4-15 8-5 2-5 15-30 15-25
Ether 25 24 -2 15-30 5-15
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d-Tubocurarine has been recommended® to counteract
the reflex bradycardia and hypotension caused by the
carotid sinus, pulmonary plexus, celiac plexus, pelvo-
laryngeal and pelvo-cardiac reflexes. This beneficial effect
of curare results from the depression of ganglioic para-
sympathetic transmission.®® The dose of d-tubocurarine
necessary for this effect depends on the anesthetic agent
used and also the patient. With ether anesthesia, small
(1to 3mg.) doses may give the desired effect. With other
anesthetic agents the necessary vagal inhibition can only be
obtained with apneic doses.

Because of its histamine releasing properties the use
of d-tubocurarine is contraindicated in patients with
history of bronchial asthma or other allergic disorders. Its
use should also be avoided in cases where even a transient
drop of blood pressure would be dangerous.

The prevention and treatment of the complications that
may occasionally accompany the use of d-tubocurarine
have been discussed on page 86. Because of its im-
portance to the patient’s safety, a brief resume of the
treatment of postanesthetic respiratory depression might
be in place. With few exceptions, the safest method of
dealing with postanesthetic respiratory depression is the
continuation of the manual assistance of the patient’s
breathing with 100 per cent oxygen until spontaneous
respiration becomes adequate. Care must be taken that
the assisted or controlled respiration should not result in
either excessive carbon dioxide accumulation or in hypo-
capnia since both may contribute to the prolongation of
the respiratory depression. If neostigmine or edrophonium
is to be used to hasten the return of spontaneous respira-
tion the pharmacological properties of these potent drugs
must be considered. Both drugs, especially neostigmine,
stimulate the parasympathetic nervous system and may
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cause bradycardia, hypotension, bronchospasm, increased
intestinal motility and cardiac arrest, if not preceded by
a prophylactic dose of atropine. The single intravenous
dose of neostigmine should not exceed 1.5 mg. and that
of edrophonium 20 mg. These amounts should be in-
jected slowly over 30 to 60 seconds preceded by an
adequate dose of atropine sulfate (see page 80). The
patients should be kept under close observation for at
least 30 minutes after the return of spontaneous respira-
tion because, due to the relatively short duration of action
of neostigmine and especially that of edrophonium, re-
curarization might occur.

DIMETHYL TUBOCURARINE (Metubine, Mecostrin)

Dimethyl tubocurarine is a non-depolarizing muscle
relaxant. It was first prepared from d-tubocurarine by
King*** It is available either as the chloride or iodide
salt. (See structural formula in Figure 1 on page 15,
and physical and chemical properties in Table 2, on page
18)

In unanesthetized man the active cation is about two
and a half times as potent as d-tubocurarine®® It has
a relative sparing effect on respiration; a 4.0 mg. dose of
dimethyl tubocurarine iodide depressed the grip strength
of the unanesthetized human volunteer 90 per cent but
decreased tidal volume by only 16 per cent" The dura-
tion of its action in unanesthetized man is somewhat
shorter than that of d-tubocurarine. Half the standard
dose repeated 45 minutes after the initial dose, however,
usually had the same effect as the initial dose. 3% Except
for its neuromuscular activity, no pharmacalogical effects
were observed with a 4.0 mg. dose of dimethyl tubocura-
rine iodide in unanesthetized man.3% Compared with
its neuromuscular effect, the histamine liberating and
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TABLE 11
Tre Dose anp ToMe ReLATioNsHIPS OF DIMETHYL TUBOCURARINE
ADMINISTRATION
Time
Interval

General Development Between  Recovery
Anesthetic Dose  of Maximal F: !l F 1 After

Agent  Initial Effect Dose Doses  Last Dose

In Mg. In Min. In Mg, In Min. In Min.

Thiopental
Sodium
Nitrous 2.5-8.0 35 1.0-3.0 15-35 20-35
Oxide
Ethylene
Cyclo-
propane 2.0-6.0 35 1.0-2.0 15-35 15-25
Ether 1.0-3.0 35 0.5-1.0 15-35 515

autonomic blocking action of dimethyl tubocurarine is
relatively less than that of d-tubocurarine.#4% It has been
clinically evaluated by Stoelting and his collaborators®***
and others,10%-20

The neuromuscular effect of dimethyl tubocurarine is
potentiated by ether and cyclopropane and antagonized
by neostigmine and edrophonium.

The technique of administration of dimethyl tubo-
curarine is the same as that of other long acting muscle
relaxants (see page 59). The dosage and time relation-
ships of its administration are summarized in Table 11.

The indications and contraindications of the use of
dimethyl tubocurarine are similar to those of d-tubo-
curarine (see page 99).

GALLAMINE TRIETHIODIDE (Flaxedil)

In their search for synthetic muscle relaxants with more
selective neuromuscular activity, Bovet and his collabo-
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rators® developed gallamine tricthiodide (Flaxedil) which
became the first widely used synthetic neuromuscular
blocking agent. (See structural formula in Figure 1, on
page 16 and physical and chemical properties in Table 2,
on page 18.) Its use in anesthesiology was first reported
by Huguenard and Boue™ and later by Mushin and his
associates® The pharmacology of gallamine was de-
seribed by Bovet et al** and by Riker and Wescoe®

Gallamine belongs to the group of non-depolarizing
blocking agents. Its neuromuscular effect is counter-
acted by neostigmine®™® and edrophonium,**** It is po-
tentiated by ether.15245*

Gallamine was studied in conscious volunteers by
Mushin et al.**® and by Unna et al %% The average dose
that produces 95 per cent reduction in the grip strength

TABLE 12
CreULATORY CHANGES WiTH THE USE OF GALLAMINE
Systolic Diastolic
Blood Pressure Blood Pressure
Pulse Rate mm. Hg. mm. Hg.
Range Average Range Average Range Average
Initial 51-130  88.6 72-240 120 40-120 72
10 minutes after
start of
anesthesia 72-155 976 60-230 118 40-140 74
Lowest value
observed dur-

ing anesthesia 53118 880 65-160 103 20-100 68
Highest value

observed dur-
ing anesthesia 75172 111.0 95240 139 50-150

o1
At the termi-
natjon of
anesthesia 70-172 990 80-210 128 40-120 80

is about 50 mg., five times greater than the corresponding
dose of d-tubocurarine. This dose causes about 20 per
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cent decrease of vital capacity.*” The average duration
of its action in unanesthetized volunteers is shorter, than
that of d-tubocurarine?” Systolic and diastolic blood
pressure and pulse rate increase moderately after para-
lyzing doses of gallamine** The administration of one
half the original dose of gallamine 45 minutes after the
first dose produces jdentical effects with the initial dose.

Besides its neuromuscular action, the only significant
effect of gallamine is on blood pressure and pulse rate,?**~
210158 hoth of which are consistently elevated with its use.
These changes encountered in 330 consecutive patients in
whom muscular relaxation was maintained with gallamine
are summarized in Table 12.15¢

The method of administration of gallamine is the same
as that of other long acting relaxants (see page 59).
The dose and time relationships with various anesthetic
agents are summarized in Table 18.

TABLE 13
TuE Dose AND Tz RELATIONSHIPS OF GALLAMINE ADMINISTRATION
Devel- Time
opment Interval  Recovery
of Maxi- Frac- Between After
General Initial mal Ef- tional Fractional Last
Anesthetic Dose fect Dose Doses Dose
Agent In Mg. In Min. In Mg. In Min. In Min.
‘Thicpental
Sodum
Nitrous Oxide 40-100 3-5 10-30 15-30 20-35
Ethylene
Cyclopropane 30-80 8-5 10-25 15-30 20-30
Ether 25-60 5 5-20 15-30 15-25

Of the long acting muscle relaxants, gallamine is the
muscle relaxant of choice with cyclopropane anesthesia.
Not only does it tend to counteract the bradycardia fre-
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quently seen with cyclopropane but it alsq has some pro-
tective action against the cardiac arrythmias occasionally
seen with this agent®**  Although no ill effects have been
observed after the use of gallamine in known cardiac
patients'®® because of the persistent elevation of blood
pressure and pulse rate observed with its use, it is not
recommended in the presence of cardiovascular dis-
orders and hyperthyroidism.

The prevention and treatment of the respiratory de-
pression occasionally encountered with gallamine is the
same as that with other non-depolarizing muscle relaxants
and is described on page 84.

BENZOQUINONIUM CHLORIDE (Mytolon)

Benzoquinonium was synthetized by Cavallito and his
collaborators.™ (See structural formula in Figure 1 and
physical and chemical properties in Table 2.) Its pharma-
cological properties in animals were described by
Hoppe® It was used for the production of muscular
relaxation in anesthetized patients by Arrowood,® Foldes
and his coworkers,!1*2 Hunter**? and others.

In contrast to d-tubocurarine, dimethyl tubocurarine
and gallamine which produce a typical non-depolarization
block that can be antagonized by edrophonium and
cholinesterase inhibitors, the activity of benzoquinonium
is less uniform. The neuromuscular block produced by
benzoquinonium in man is little if at all antagonized by
neostigmine.?2180

The dose and time relationships of benzoquinonium ad-
ministration are summarized in Table 14.

Besides its neuromuscular blocking action, benzoqui-
nonium stimulates the vagus, causing a marked increase in
salivary and bronchial secretions and a tendency to brady-
cardia. These side effects of benzoquinenium can be
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prevented by using larger doses of atropine or scopolamine
in premedication or by administering additional doses
of atropine during anesthesia.}*4

TABLE 14
‘Tue Dosk aND Time ReLa oF B 1
ADMINISTRATION
Devel- Time
opment Interval Recovery
of Maxi- Frac-  Between After
General Initial  mal Ef- tionsl Fractional Last
Anesthetic Dose fect Dose Doses Dose
Agent In Mg. In Min. In Mg. In Min. In Min,
Thiopental
Sodium
Nitrous Oxide 4.5-18.0 6-8 1.5-6.0 15-20 15-25
Ethylene
Cyclopropane 4.0-150 8-8 1.0-6.0 15-20 15-20
Ether 3.0-12.0 8-8 1040 15-20 10-15

Its use is contraindicated in acute or chronic respira-
tory disease or in patients with disturbances of cardiac
conductivity.

DECAMETHONIUM BROMIDE (Syncurine)

Decamethonium was synthetized independently by Bar-
lIow and Ing' and Paton and Zaimis.®** (See structural
formula in Figure 1, on page 17 and physical and chemi-
cal properties in Table 2 on page 18.) Its pharmacology
was studied extensively in various species by Paton and
his collaborators.?°3943% It was first used in clinical anes-
thesia by Organe et al.**

The activity of decamethonium in conscious volunteers
was investigated by Unna and his associates.3'%%® They
found that an average of 2.24 mg, of decamethonium de-
pressed the grip strength of volunteers by 95 per cent of
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the control value, though the variation in the size of the
dose producing this decrease was greater than with other
relaxants. The same dose depressed vital capacity 61 per
cent so that in unanesthetized man the respiratory depres-
sant effect of decamethonium was about 2, 3, and 4 times
greater than that of d-tubocurarine, dimethyl tubocurarine,
and gallamine respectively. The time necessary for 75
per cent recovery of grip strength with decamethonium
was about 20 minutes. With the exception of succinyl-
choline, it has the shortest duration of action of all the
commonly used muscle relaxants. While on repeated ad-
ministration d-tubocurarine, dimethyl tubocurarine, and
gallamine showed evidence of cumulation, repeated ad-
ministration of decamethonium after 30 minutes con-
sistently caused a decreased response in conscious volun-’
teers. 'This tachyphylaxis could not be demonstrated in
animals or in anesthetized man!**

Decamethonium is g suitable relaxant for the production

TABLE 15

‘Tue Dose AND Trve RELATIONSHIPS OF
DECAMETHONIUM ADMINISTRATION

Devel- Time
opment Interval Recovery
of Maxi- Frac- Between After
Initial mal Ef- tional Fractional Last
Dose fect Dose Doses Dose
In Mg. In Min. In Mg, In Min. In Min,
1040 4-8 0.5-1.0 10-20 15-25

of muscular relaxation for moderately short procedures
(e-g. endoscopies). The dose and time relationships of
ecamethonium are independent of the general anes-
thetic agent used and are summarized in Table 15,
The effect of decamethonium tends to wear off abruptly.
When administered over prolonged periods and in large
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doses postanesthetic return of normal respiratory exchange
may be delayed.®#® This complication may also occur
with the use of moderate doses.!?14

SUCCINYLCHOLINE CHLORIDE (Anectine)

Succinylcholine was first synthetized by Hunt and
Taveau in 190622 (See structural formula in Figure 1,
on page 17 and physical and chemical properties in
Table 2, on page 18.) Its neuromuscular activity was
discovered by Bovet and his collaborators®® and by
Phillips.>8  The first clinical trials with succinylcholine
were reported by Briicke et al.,’® Thesleff,*** and Mayr-
hofer and Hassfurther.>

Succinylcholine is a depolarizing muscle relaxant.
Its neuromuscular blocking action is frequently pre-
ceded by muscular twitching or contracture of muscle
groups. The intensity of the contractures depends on the
size of the dose and the rate of its injection. In contrast
to the other clinically used muscle relaxants, succinyl-
choline is almost completely hydrolyzed in the organism
by plasma cholinesterase, first fairly rapidly to succinyl-
monocholine and choline®®#™14¢ and then much more
slowly to succinic acid and choline. The average rate of
the enzymatic hydrolysis of succinylcholine is about 3.0
micromoles per 1.0 ce. of plasma in 30 minutes.'® Suc-
cinylmonocholine is hydrolyzed about 6 to 7 times slower
than succinylcholine.®  Succinylmonocholine has an
inhibitory effect on the enzymatic hydrolysis of succinyl-
choline.* Following its intravenous administration in
1.0 mg./kg. doses or in continuous drip, capable of pro-
ducing muscular relaxation for abdominal surgery, less
than 3 per cent of the total dose of succinylcholine is
excreted unchanged in the urine of anesthetized pa-
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tients.** The true cholinesterase of human red cells does
not hydrolyze succinylcholine.***

Succinylmonocholine, the primary breakdown product
of succinylcholine, also has neuromuscular blocking ac-
tivity.485%% In anesthetized man the intravenous injection
of succinylmonocholine-iodide in 5 to 7 mg./kg, doses pro-
duced good muscular relaxation in 3 to 5 minutes. The
relaxation lasted 8 to 12 minutes and could be maintained
by the intravenous injection of 3 to 5 mg./kg. doses 8 to
12 minutes apart.¥® Following its administration in re-
laxant doses, 12-14 per cent of succinylmonocholine was
excreted unchanged in the urine.

In relaxant doses, provided that adequate carbon dioxide
removal is ensured succinylcholine only affects neuro-
muscular conduction. No evidence of histamine release
or ganglionic activity can be demonstrated under such
circumstances after its use.

The effect of succinylcholine in unanesthetized man was
described by Mayrhofer®™ who used it in 0.125 to 0.5
mg./kg, doses. When injected rapidly, paralysis was
preceded by muscular twitching if the dose was 0.25
mg./kg. or greater. When injected slowly (over a 2 minute
period), no fibrillation developed even after 0.5 mg./kg.
doses. In the 0.125 to 0.5 mg./kg. dose range succinyl-
choline only affected neuromuscular conduction and had
no effect on sensorium, blood pressure, heart rate, or elec-
trocardiogram. The rapid injection of 0.375 mg.fkg. of
succinylcholine was painful.

Succinylcholine is the muscle relaxant of choice both
for very short and very long procedures. For the pro-
duction of muscular relaxation not to exceed 3 minutes the
do.se' of succinylcholine is 0.3 to 0.6 mg./kg. When ad-
ministered to an anesthetized patient in 15 to 30 seconds
the 0.3 mg./kg. dose will produce adequate muscular
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relaxation, suitable for endotracheal intubation, within
about 45 seconds from the end of injection and lasting
about 60 seconds. With this dose apnea in normal indi-
viduals will either be absent or of less than 60 seconds
duration. Muscular twitching is observed only infre-
quently with this dose and method of administration. The
intravenous injection of 0.6 mg./kg. of succinylcholine in
80 seconds is almost invariably followed by slight muscular
twitching and apnea averaging about 180 seconds!*
The intravenous administration of a 1.0 mg./kg. dose
cansed apnea lasting an average of 500 seconds in anes-
thetized patients.® In patients with low plasma cholin-
esterase activity the duration of apnea may be prolonged
2 to 3 fold after an 0.6 mg./kg. dose?® Consequently,
the single dose of succinylcholine should be reduced to
from one third to one half of the normal dose in patients
in whom decreased plasma cholinesterase activity is ex-
pected. Decreased plasma cholinesterase is frequently
encountered in liver disease; severe anemia; hypoprotein-
emia; cachexia due to malnutrition; malignancy or chronic
infection; and in poisoning with cholinesterase inhibitors
(e.g., certain weed killers, war gases) 2713121

The intramuscular use of succinylcholine in 2 mg./kg.
doses with hyaluronidase or 4 mg./kg. doses without it
has also been recommended®® primarily for infants and
children (see page 138).

When succinylcholine is to be employed for the pro-
duction of prolonged muscular relaxation, it should be ad-
ministered in continuous intravenous drip of an 0.1 to 0.2
per cent solution.}25.1%%  Following induction of anes-
thesia (see page 70), oxygen or nitrous oxide-oxygen is
administered through a face mask and the succinylcholine
drip is started at a fairly rapid rate (180 to 240 drops of
an 0.1 to 0.2 per cent solution, about 9 to 18 mg./minute)
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in patients with normal plasma cholinesterase activity,
and at a considerably slower rate of the 0.1 per cent solu-
tion in patients suspected to have low plasma cholinester-
ase level. Muscular relaxation with depression of the
respiratory tidal volume develops in 2 to 3 minutes. The
onset of relaxation can be followed by palpation of the
breathing bag. When the decrease of the respiratory
depth indicates adequate relaxation, and apnea is mot
essential for atraumatic intubation, the drip is either
slowed to the expected maintenance rate (40 to 100 drops
per minute) or stopped completely in sensitive patients
and endotracheal intubation is performed (see page 151).
Should apnea (to be distinguished from reflex breath hold-
ing, see page 118) develop during or after intubation, the
drip is discontinued and controlled respiration is main-
tained by administering 500 to 800 cc. of gas mixture by
intermittent positive pressure 12 to 16 times per minute
until spontaneous respiration veturns. The drip is re-
started at this time at the rate that is expected to give
adequate relaxation without apnea. This rate will vary,
depending on the size, age, physical condition and plasma
cholinesterase activity of the patient, from as little as 5
to 10 drops of an 0.1 per cent solution to as much as 120
drops of an 0.2 per cent solution. If the selected drip
rate produces apnea, the drip is immediately discontinued
until the return of spontaneous respiratory activity, when
it is restarted at a lower rate. Conversely, if the relaxa-
tion is inadequate, the drip is speeded up until adequate
relaxation is obtained and then it is slowed to a rate some-
what higher than the previous one. It is evident that
for the production and maintenance of adequate relaxa-
tion, without apnea, it is essential at all times to know the
drip rate of the succinylcholine solution and to have a
clamp which allows the easy and gradual control of this
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rate. Both requirements can be easily met if the anes-
thetist has at his disposal a stop watch, for the rapid esti-
mation, and a tunnel clamp, for the convenient regula-
tion of the drip rate. Counting 5 drops at rates lower than
90 drops per minute or 10 drops at higher rates allows
the estimation of the drip rate in less than 10 seconds. If
a tunnel clamp is not available, the use of 2 ordinary screw
clamps can be substituted. The drip rate can be adjusted
coarsely with the first one and fine adjustment can be made
with the second.

It should be emphasized once more that whenever
succinylchloline or any other relaxant is used for muscu-
lar relaxation the patient’s spontaneous respirations must
be assisted by gentle pressure on the breathing bag dur-
ing inspiration. The assistance should be adequate to
ensure a tidal volume of 500 to 800 cc. with a minute vol-
ume of 6 to 10 liters. The continuous palpation of the
breathing bag, necessary for this maneuver, will inform the
anesthetist not only of the depth of respiration and the
degree of muscular relaxation but, through observation of
the rate and rhythm of respiration, will also supply valu-
able information on the depth of general anesthesia and
the presence or absence of disturbing reflexes originating
in the operative area.

With this method of succinylcholine administration
muscular relaxation can be regulated to the needs of
surgery within 30 to 60 seconds and normal respiratory
exchange will be re-established within 2 to 3 minutes
after discontinuation of the drip. Satisfactory muscular
relaxation can be obtained without apnea in patients
with normal, decreased, or no plasma cholinesterase ac-
tivity. The only difference between patients with normal,
or no cholinesterase activity will be that the return of
normal respiratory exchange might be prolonged by a few
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minutes in the Tatter groups. Consequently, with this
method, succinylcholine can be safely used for the pro-
duction of muscular relaxation in patients with low plasma
cholinesterase activity. In fact, since patients with low
plasma cholinesterase activity may for other seasons (e.g,
dehydration, potassium deficiency, etc.) also be sensitive
to long acting relaxants, the production of muscular
relaxation with succinylcholine drip increases rather than
decreases the patient’s safety.

Whenever, because of the requirements of surgery or
the inclination of the anesthesiologist, controlled respira-
tion is used with succinylcholine, care must be taken that
the plasma level of succinylcholine should be no higher
than just adequate to produce apnea. This can be
achieved by discontinuing the drip at frequent intervals
and observing the time necessary for the return of the first
effort of spontaneous respiration. This should oceur within
1 to 2 minutes if hypocapnia has not been produced in
the patient by excessive controlled respiration. When the
time necessary for spontaneous respiration is greater than
1 to 2 minutes the drip rate should be decreased accord-
ingly. For smooth functioning of this method of “back
titration,” the recommended minute volume of respiratory
exchange maintained by controlled respiration is 6 to
10 liters with a respiratory rate of 12 to 16 per minute.
The maintenance of controlled respiration with this tech-
nique will not prolong unduly the return of adequate
spontaneous respiration after discontinuation of the drip.

If adequate respiratory exchange and satisfactory depth
of general anesthesia are maintained, the administration
of succinylcholine in relaxant doses will cause no marked
changes in pulse rate or blood pressure.™**  Occasionally
ir_l sympathetic hyper-reactors (e.g,, patients with essen-
tial hypertension or hyperthyroidism) and sometimes in
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other patients, if the level of general anesthesia is too light,
stimuli arising from the operative area may cause eleva-
tion of both the systolic and diastolic blood pressure. The
administration of 5 to 10 mg. of hexamethonium, repeated
as necessary, will return the blood pressure to near its
preoperative level and will also abolish other signs of
autonomic hyper-reactivity.

Suceinylcholine in single intravenous doses is the agent
of choice for the production of muscular relaxation for
short procedures: endotracheal intubation, orthopedic
manjpulations, reduction of fractures or dislocations, pelvic
examinations, endoscopies and electroshock therapy. Suc-
cinylcholine may be life saving in laryngeal spasm. In
this condition one should not hesitate to inject rapidly
a deliberate overdose (40 to 100 mg.) to obtain sure and
prompt laryngeal relaxation.

Because of its controllability in continuous intravenous
drip, succinylcholine is the relaxant of choice for the
maintenance of prolonged muscular relaxation. When
administered according to the technique recommended,
with the exception to its use in intra-ocular surgery®™ (see
page 53) there is no known contraindication to its use.
Tt can be applied safely even in the total absence of plasma
cholinesterase activity.

Personal experience with several thousand patients leads
the author to conclude that the majority of prolonged
apneas reported after the use of succinylcholine were
probably caused by some technical error in the manage-
ment of the anesthesia. Because of the relatively fre-
quent occurrence of this almost always avoidable com-
plication it might be worth while to consider in some de-
tail various mechanisms that can lead to the development
of prolonged apnea with the use of succinylcholine. Only
by the thorough understanding of these mechanisms can
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this disturbing complication of succinylcholine administra-
tion be eliminated.

SUCCINYLCHOLINE APNEA

Causes. Contrary to the widespread belief that the
prolonged apnea is always due to low or absent plasma
cholinesterase activity or to some indefinite central action
of succinylcholine,” there can be little doubt that the
apnea caused by succinylcholine can be unduly prolonged
by various other factors.!*™* Experimental evidence'
suggests that there is little correlation, in patients with
normal cholinesterase activity, between the duration of
apnea observed after a measured dose of succinylcholine
and the hydralysis rate of this compound in plasmas ob-
tained from the same patients. It is true that when the
plasma cholinesterase activity is markedly decreased (e.g.,

TABLE 16

Tre ReLATIONSHIPS OF THE ENZYMATIC, ALKALINE AND TOTAL
HyYDROLYSIS OF ACETYLCHOLINE AND SUCCINYLCHOLINE WITH THE
DuraTION OF THE SUCCINYLCHOLINE APNEA IN PATIENTS wiTH NoORMAL
AND DecreasED Prasma CHOLINESTERASE ACTIVITY

Hordeolyei

Hydrolysis Rate  Duration of
of Succinyl- Aptiea in

ate
Number of Acetylcholine choline

Seconds®
T A T E A T
Normal In-
dividuals 20 1160 7.2 1232 26 25 51 180+ 9
Moderate
Liver
Damage 7 590 62 652 14 22 38 84834
Severe
Liver
Damage 11 250 76 826 08 23 g1 515 > 40

* After the intravenons administration of 0 6 mg./kg. of inylcholi
E = enzymatic; A = alkaline; T = total, § of succlnyleboliae.
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in patients with severe liver disease), the duration of
apnea following the same mg./kg. dose of succinylcholine
will be increased and it can be 2 to 3 times as great as in
patients with normal plasma cholinesterase activity, but
it will never be alarmingly long. The failure of the total
absence of plasma cholinesterase activity to cause ex-
cessive prolongation of apnea is explained by the fact that
in contrast to acetylcholine (where alkaline hydrolysis
only amounts to a few per cent of the total hydrolysis
rate) the alkaline hydrolysis of succinylcholine is con-
siderable® (as much as 50 per cent of the total hydrol-
ysis). Hence provided that there is no acidosis present,
alkaline hydrolysis which is the same in patients with high
or low plasma cholinesterase will eventually terminate the
effect of succinylcholine even in the total absence of
plasma cholinesterase (see Table 16). Consequently, no
more than a threefold increase can be expected in the
time necessary for the breakdown of succinylcholine in
the plasma of patients without any cholinesterase activity.
The situation is somewhat different when instead of a
single large dose excessive quantities of succinylcholine
are administered for prolonged periods in continuous
drip. In such cases not only will the hydrolysis of the
accumulated succinylcholine take a long time but there is
also a possibility for the accumulation of the primary
breakdown product, succinylmonocholine. This is es-
pecially true in patients in whom, because of pathological
changes (e.g., kidney disease, circulatory disease, de-
hydration, ete.) or the effect of the general anesthesia,*
urinary excretion is decreased or absent. The accumulated
succinylmonocholine will not only inhibit the enzymatic
hydrolysis of succinylcholine®™® but will also exert a con-
siderable neuromuscular blocking action of its own.'®
The role of plasma cholinesterase in the development
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of prolonged apnea after the use of succinylcholine can
be summarized as follows: (1) After the use of moderate
(0.3 to 0.6 mg./kg.) doses of succinylcholine the duration
of apnea will be 0 to 240 seconds in patients with normal
plasma cholinesterase and will rarely exceed 600 seconds
even in the total absence of this enzyme. (2) When much
larger (1.0 to 2.0 mg./kg.) single doses are used the dura-
tion of apnea can be 10 to 15 minutes in patients with
normal plasma cholinesterase and as much as 30 to 45
minutes in its total absence. (8) Irrespective of the
plasma cholinesterase activity, adequate muscular re-
laxation can be provided without the development of
apnea by succinylcholine administered in continuous drip.
If, however, urinary excretion is decreased or absent, the
return of normal tidal volume after discontinnation of the
drip may be prolonged, due to the accumulation of suc-
cinylmonocholine, in patients who in the course of anes-
thesia received a total dose of succinylcholine in excess
of 8 to 10 mg./kg. (4) When excessive doses of suc-
cinylcholine have been administered in continuous drip,
to produce apnea necessitating controlled respiration, the
return of normal respiratory exchange will be somewhat
delayed in patients with normal plasma cholinesterase and
markedly but not alarmingly so in patients with little or
no plasma cholinesterase. (5) Even when both the plasma
cholinesterase activity and urinary output are decreased
or absent the administration of relaxant doses of succinyl-
choline will not produce a prolonged adverse effect on

respiration. The administration of excessive doses of
succinylcholine over prolonged periods to such patients,

h.owever, may result in alarmingly prolonged postopera-

tive apnea.

Besifies ad:r}inistering excessive doses of succinylcholine
to patients with normal cholinesterase, or normal doses
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of succinylcholine to patients with low or absent plasma
cholinesterase, prolonged apnea may be produced by vari-
ous other mechanisms. One of these is hyperventilation
of the patient. Hyperventilation can prolong the duration
of apnea either by decreasing the blood carbon dioxide
tension below the level necessary for the stimulation of the
respiratory center or by the exhaustion of the Herring-
Breuer reflex.™ The apnea can also be prolonged by
reflex breath holding. This form of apnea can develop in
patients with excessive vagus irritability if in the course
of the respiratory paralysis produced by an overdose of
succinylcholine the level of general anesthesia becomes too
light. It need not be emphasized that the depressant ac-
tion of too deep general anesthesia on the respiratory
center, especially when combined with hyperventilation,
can also cause prolonged apnea.

Finally it is also conceivable that under pathological
circumstances succinylcholine has an altered effect on
the endplate. In such cases, instead of a depolarization
block of short duration, succinylcholine may cause a pro-
longed non-depolarization block which is reversible by
neostigmine.'®

Prevention. Based on the understanding of its causa-
tive mechanism, the following precautions are recom-
mended for the prevention of prolonged postoperative
apnea after the use of succinylcholine. (1) Decrease the
possibility of voluntary breath holding by using topical
anesthesia on the pharyn, trachea and larynx. (2) Donot
administer succinylcholine to patients who are already
apneic from the central depressant action of other drugs.
(3) Do mnot use excessive single doses of succinylcholine.
(4) 1f low plasma cholinesterase activity is suspected,
administer a small trial dose (5 to 10 mg.), or still better,
produce relaxation by the cautious administration of an
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0.1 per cent intravenous drip of succinylcholine. (5)-
When succinylcholine is used for the production of pro-
longed muscular relaxation, give just enough to obtain the
desired effect. Do not abolish spontaneous respiratory
activity completely and assist, rather than control, respira-
tion. The degree of muscular relaxation should at all times
be adjusted to the needs of surgery. (6) When from
individual preference, or necessity, controlled respiration
is used, the minimal paralyzing dose of succinylcholine
should be employed. This can be ensured by discontinu-
ing the drip temporarily, at frequent intervals, and await-
ing the return of the first signs of spontaneous respiration.
This will prevent the accumulation of large quantities of
unhydrolyzed succinylcholine or succinylmonocholine.
With controlled respiration the respiratory rate should
be kept between 12 to 16 and the respiratory minute
volume between 6 to 10 liters in adults. (7) To avoid
reflex breath holding or central respiratory depression,
regulate the depth of anesthesia according to the respira-
tory rate and rhythm and other signs of general anesthesia
(e.g., wrinkling of forehead, elevation or depression of
pulse rate and blood pressure, ete.). (8) If apnea de-
velops during anesthesia, no more succinylcholine should
be administered until the cause of the apnea is diagnosed
and dealt with.

Treatment. Whenever apnea develops during the ad-
ministration of succinylcholine, the first task of the anes-
thetist is to determine its cause. The management of the
correctly diagnosed apnea will differ somewhat during
anesthesia and in the postanesthetic period.

Apnea due to an overdose of, or sensitivity to, succinyl-
choline is recognized by the ease with which the patient’s
lungs can be inflated and by the good relaxation in the
operative area. The only exception is the rare case in
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which, concurrent with the apnea, bronchiolar spasm is
also present. When apnea is caused by reflex breath hold-
ing passive inflation of the lung is difficult, blood pressure
and pulse rate are usually elevated, and muscular relaxa-
tion is poor. When central depression by a general anes-
thetist agent is the underlying cause, inflation of the lungs
is again difficult and painful stimuli from the operative
area will often initiate irregular shallow spontaneous respi-
ration in the poorly relaxed patient. In apnea caused by
hypocapnia, relaxation is poor and pulse rate and blood
pressure are usually normal or below normal.

When apnea develops during anesthesia because of an
excess of succinylcholine, its administration should be
temporarily discontinued. On resumption of spontaneous
respiration the succinylcholine administration can be re-
commenced at a lower rate. When the cause of apnea is
reflex breath holding, the depth of general anesthesia
should be deepened. On occasion, if the patient’s slow
pulse rate indicates vagus stimulation, supplementary
doses of intravenous atropine may be of help. When
central depression is responsible for the respiratory arrest,
the administration of succinylcholine in the absence of
respiratory signs has to be governed by the relaxation of
the operative area alone. It need hardly be emphasized
that no further doses of drugs capable of causing respira-
tory depression should be administered under such circum-
stances until the return of spontaneous respiratory activity.
Whatever the cause of the apnea care should be taken to
avoid hyperventilation of the patient. Otherwise, because
of hypocapnia and exhaustion of the Herring-Breuer reflex,
the apnea may persist after the elimination of the original
cause. As already suggested, the rate of controlled respi-
ration should not exceed 16 and its volume 6 to 10 liters
per minute, If hyperventilation is the original cause of



MUSCLE RELAXANTS USED IN ANESTHLSIOLOGY 121

the apnea, it may be necessary to reduce temporarily the
rate and minute volume of controlled respiration to hasten
return of spontaneous respiratory activity.

In the immediate postanesthetic period the apnea caused
by accumulation of succinylcholine or its primary break-
down product, succinylmonocholine, is best treated, as the
circumstances require, by careful controlled or assisted
respiration. The administration of plasma cholinesterase
concentrates has been suggested!”1321% to facilitate the
hydrolysis of accumulated succinylcholine. The intra-
venous injection of relatively large doses of this enzyme,
although capable of raising the plasma cholinesterase level
in normal individuals, failed to shorten the duration of
prolonged postoperative apnea under clinical circum-
stances.®” This finding is not at all surprising if one con-
siders that the accumulated succinylmonocholine, little
affected by plasma cholinesterase® and various other
factors can also contribute to prolonged postoperative
apnea after succinylcholine. Although on theoretical
grounds, the administration of neostigmine should be con-
traindicated in cases of prolonged succinylcholine apnea
because of its inhibitory action on cholinesterases, in fact
several cases have been reported in which the administra-
tion of this drug was seemingly beneficial 82323198191 J4 jg
possible that in these instances, the endplate became more
resistant to depolarization and succinylcholine acted as a
non-depolarizing rather than 2 depolarizing relaxant.!a.0s
Neostigmine, by inhibiting cholinesterase, increases the
concentration of acetylcholine at the endplate ang this
increased quantity of acetylcholine is able to displace
succinylcholine, depolarize the endplate and thereby
re-establish neuromuscular conduction.

When there is reason to believe that the prolonged
apnea is caused by accumulation of succinylmonocholine
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due to decreased urinary output, a mild osmotic diuretic
(e.g., 500 cc. 10 per cent dextrose or 50 to 100 cc. 50 per
cent dextrose i.v.) may be useful.

Apnea caused by reflex stimulation from the endotra-
cheal tube can promptly be remedied by its removal.
When the origin of the apnea is central depression, caused
by excessive doses of intravenous barbiturates or potent
analgesics, the intravenous administration of picrotoxin,
or metrazol or that of n-allylnormorphine or levallorphan
respectively may re-establish spontaneous respiration.

MISCELLANEOUS MUSCLE RELAXANTS

Consideration of the numerous natural and synthetic
quaternary ammonium type muscle relaxants is far beyond
the scope of this short monograph. Most of these agents
have only been tested in laboratory animals and many of
them, although of some theoretical interest, possess un-
wanted side effects that make them unsuitable for clinical
application. Two compounds, laudexium and suxetho-
nium, however, have been used in clinical practice and
will be discussed briefly.

LAUDEXIUM METHYL SULFHATE (Laudolissin)

Laudexium was synthetized by Taylor and Collier®***
and its pharmacological properties were investigated by
Collier and Macauley.® It was studied in unanesthetized
human volunteers by Bodman®*** and was used in clinical
anesthesia by Bodman et al.** Binning,*® Lederman,®®
Dundee et al.,’*® Wyant and Sadove*"* and Hunter.?*

Laudexium (see structural formula in Figure 1 on page
16 and its physical and chemical properties in Table 2 on
page 18) is a non-depolarizing muscle relaxant. In the
rabbit and the cat it is more potent and in the rat and the
mouse it is less potent than d-tubocurarine. On the sciatic



MUSCLE, RELAXANTS USED IN ANESTHESIOLOGY 123

nerve-tibialis anterior preparation of the cat, it is about 50
per cent longer acting than d-tubocurarine. The neuro-
muscular effect of laudexium is antagonized by neostig-
mine and also by small doses of succinylcholine. Ether
potentiates the neuromuscular activity of laudexium but it
is unaffected by thiopenthal sodium. In cats the auto-
nomic and histamine liberating effect of Jaudexium is about
one sixth to one fourth of that of d-tubocurarine.

In unanesthetized human volunteers,?® laudexium was
about half as potent as d-tubocurarine. 0.15 mg/kg.
produced 50 per cent reduction of grip strength; the cor-
responding value for d-tubocurarine was 0.08 mg./kg.
Neostigmine was found to be a less effective antagonist of
laudexium than of d-tubocurarine. The intravenous in-
jection of 1.0 mg. of neostigmine 10 minutes before the
administration of laudexium decreased its activity by a
factor of 1.4; the corresponding value for d-tubocurarine
was L7. Doses of laudexium smaller than those necessary
for 100 per cent depression of the grip strength did not
interfere with the maximum inspiratory effort of the volun-
teers. Laudexium in doses up to 0.24 mg./kg. had no
effect on pulse rate or blood pressure. Measured by the
intradermal injection of equipotent doses, the histamine
releasing effect of laudexium in man was about the same
as that of d-tubocurarine.

In anesthetized patients, the mg./kg. dose of laudexium
capable of producing adequate muscular relaxation is
about double that of d-tubocurarine*** The average ini-
tial dose of laudexintn is 12 to 40 mg. depending on the age,
weight and physical condition of the patient. Following
the intravenous injection of the initial dose maximum re-
laxation develops in 3 to 5 minutes. ‘The relaxation of the
laryngeal muscles is less complete than after equivalent
doses of d-tubocurarine. The duration of action of the
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initial dose is about 80 to 40 minutes. Supplementary
doses of one third to one half of the initial dose have an
effect of about 60 minutes duration. Subsequent injection
of the same fractional dose results in progressive prolonga-
tion of action. Its cumulative effect is greater than that
of d-tubocurarine.

The neuromuscular effect of laudexium is even more
markedly potentiated and prolonged by ether than that
of d-tubocurarine.!”® Neostigmine, even in excessive doses
(5mg.), is a less effective antagonist of laudexium than of
d-tubocurarine.*** Recurarization is more likely to occur
after neostigmine in patients receiving laudexium than in
those to whom d-tubocurarine was administered.'®

According to Dundee'® abnormal sensitivity to lau-
dexium was observed in only one out of 524 cases. Nine
patients of this same series were resistant to laudesium and
required 2 to 8 times the normal average dose for the
maintenance of muscular relaxation. All these patients
had varying degrees of liver damage and in 5 of them
cholinesterase was low.'*®

Laudexium has little or no circulatory effect in man.
Likewise, there is rarely any clinical evidence of histamine
release.

SUXETHONIUM (Brevedil “E”)

Suxethonium is a depolarizing muscle relaxant. It was
first synthetized by Bovet and his associates®® and used
clinically by Valdoni in 19495 It differs from succinyl-
choline by the substitution of an ethyl group in place of
a methyl group in both quaternary nitrogens of succinyl-
choline (see Figure 1 page 17). Its physical and chemical
properties are described in Table 2 (page 18).

Its pharmacological action resembles that of succinyl-
choline very closely. It is hydrolyzed in human plasma
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about 50 per cent faster than succinylcholine.®® On a
molar basis it is also about 50 per cent less potent in man
than succinylcholine. When 1.2 mg./kg. of suxethonium
dijodide are administered intravenously in 30 seconds to
anesthetized man apnea develops in about 30 seconds
after the end of injection. The average duration of appnea
was 76 seconds after this dose. The incidence of muscular
twitching with its use is somewhat less than with succinyl-
choline. Because its duration of action is even shorter
than that of succinylcholine it has been recommended for
use in electroshock therapy.1#525
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MISCELLANEOUS USES OF MUSCLE
RELAXANTS

Muscle relaxants in conoulsive shock therapy. The
therapeutic use of muscle relaxants: Fields of use-
fulness; technique of administration of muscle re-
laxants in neuromuscular disorders; technique of

dministration of le relaxants in tefanus.
Diagnostic use of le rell

ALTHOUGH at present neuromuscular blocking agents
are used primarily for the production of muscular relaxa-
tion in anesthetized patients, other medical uses of curare
preceded the anesthetic application of muscle relaxants
by several decades. Crude curare extracts were used in
the second half of the 19th century for the prevention of
the convulsions of tetanus®2% in status epilepticus,**® and
in chorea!™* Later West?®#1.222 adyocated the use of
curare in Parkinsonism, spastic paraplegia and tetanus.
The earliest standardized curare preparations were first
used for modifying the peripheral effects of shock
therapy.®®

The detailed discussion of the non-anesthetic applica-
tions of muscle relaxants is beyond the scope of this mono-
graph. On the other hand, the anesthesiologist is likely to
be approached by his colleagues whenever problems arise
in connection with the use of neuromuscular blocking
agents. Consequently, a brief description of the tech-

126
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niques of the various medical applications of muscle re-
laxants cannot be omitted.

MUSCLE RELAXANTS IN CONVULSIVE SHOCK
THERAPY

The main disadvantages associated with the use of
unmodified convulsive shock therapy are: (1) The dan-
ger of fractures and dislocations of the bones of the verte-
bral column and the extremities?214® (2) Circulatory
changes characterized by marked elevation of the arterial
and venous blood pressure, elevation of pulse rate, reduc-
tion of pulse pressure, various electrocardiographic signs
of pathological irritability of the myocardium and in-
creased vagal tone, not infrequently resulting in cardiac
fatalities,***"*'7 or cerebro-vascular accidents. (8) Anoxic
death caused by laryngeal spasm or apnea of central
origin®*  (4) Extreme anxiety of the patient that fre-
quently prevents continuation of the treatment*

Most psychiatrists believe that the therapeutic effect of
shock therapy is not diminished if a sleeping dose of a short
acting barbiturate is given before the administration of the
electric current and the severity of the tonic and clonic
convulsions is reduced by muscle relaxants. Experience
has demonstrated that the dangers of unmodified shock
therapy can be almost completely eliminated by the
use of intravenous barbiturates and muscle relax-
ants*M2#18120035  The fatalities reported after the use of
muscle relaxants in electroshock therapy occurred when
long acting relaxants were employed and personnel and
equipment necessary for handling respiratory emergencies
were not readily at hand.

Since the duration of electrically induced convulsions
in shock therapy is brief, the anesthetist should aim at
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producing neuromuscular block of short duration but
adequate intensity. Of the available muscle relaxants,
only succinylcholine and suxethonium are capable of pro-
ducing profound muscular relaxation the duration of
which can be limited to 1 to 3 minutes. Both succinyl-
choline*®%2 and suxethonium*+3* have been employed
successfully for the modification of the convulsions of
electroshock therapy.

Despite the small dose of intravenous barbiturate and
the fleeting action of the muscle relaxant recommended,
it is absolutely essential that equipment for endotracheal
intubation and artificial respiration with oxygen as well as
personnel trained in these techniques be constantly avail-
able during treatment. Effective, safe and not unpleasant
shock therapy necessitates careful team work. The team,
depending on the number of cases to be treated at one
session should consist of a trained anesthetist and psychia-
trist with one experienced nurse in the treatment room.
Additional attendants will be required to supervise the
patients during recovery. When relatively small num-
bers of patients are to be treated and time is of secondary
importance, a trained anesthetist and a psychiatrist only
are required.

The recommended technique is similar to the one de-
scribed by Steven et al®* The patients receive 04 to 0.6
mg, of atropine sulphate intramuscularly 45 to 60 minutes
before the start of therapy. In the treatment room a sleep-
ing dose (4 to 16 cc.) of 2.5 per cent thiopenthal sodium is
administered intravenously to the patient. Before the
selected dose of succinylcholine is injected in 20 to 80
seconds (from another syringe but through the same
needle) a rubber oropharyngeal airway, that also substi-
tutes for the customary rubber gag, is inserted. The dose
of succinylcholine, depending on the age, weight and
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physical condition of the patient, varies between 10 and
50 mg. Larger doses are seldom necessary. Immediately
after the injection of succinylcholine the electrodes are
applied, the patient’s lungs are inflated several times with
oxygen, and about 30 to 40 seconds after the end of the
succinylcholine injection, the shock is administered. The
shock is nsually followed by brief and mild contraction of
certain muscle groups. Inflation of the lungs with oxygen
is continued as soon as possible following the administra-
tion of the shock. After cessation of convulsions the
patient is turned on his side to allow any accumulated
secretion to run out of his mouth and artificial respiration
with oxygen is continued until the return of spontaneous
respiration: this usually takes place within 1 to 2 minutes.
During the recovery period the patient should be observed
by a trained attendant.

The use of muscle relaxants in electroshock therapy not
only decreases the danger of fractures, dislocations, circu-
latory complications®” and laryngeal spasm, but also
markedly curtails the contraindications to this useful
therapeutic procedure.***'™1*37 Tt must be kept in
mind, however, that the administration of a muscle re-
laxant, and succinylcholine is no exception, needs spe-
cialized training and adequate equipment. Without these
the immediate mortality caused by asphyxia will be greater
with use of muscle relaxants than without them, and any-
one who undertakes the use of muscle relaxants under such
circumstances subjects his patients to unjustified danger.

THE THERAPEUTIC USE OF MUSCLE RELAXANTS

The physiological basis of the therapeutic application of
muscle relaxants is based on two premises: (1) that the
curare type drugs are capable of inhibiting neuromuscular
transmission to the muscle fibers responsible for muscle
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producing neuromuscular block of short duration but
adequate intensity. Of the available muscle relaxants,
only succinylcholine and suxethonium are capable of pro-
ducing profound muscular relaxation the duration of
which can be limited to 1 to 3 minutes. Both succinyl-
choline®*!** and suxethonium®**** have been employed
successfully for the modification of the convulsions of
electroshock therapy.

Despite the small dose of iniravenous barbiturate and
the fleeting action of the muscle relaxant recommended,
it is absolutely essential that equipment for endotracheal
intubation and artificial respiration with oxygen as well as
personnel trained in these techniques be constantly aval-
able during treatment. Effective, safe and not unpleasant
shock therapy necessitates careful team work. The team,
depending on the number of cases to be treated at one
session should consist of a trained anesthetist and psychia-
trist with one experienced nurse in the treatment room.
Additional attendants will be required to supervise the
patients during recovery. When relatively small num-
bers of patients are to be treated and time is of secondary
importance, a trained anesthetist and a psychiatrist only
are required.

The recommended technique is similar to the one de-
scribed by Steven et al3* The patients receive 0.4 to 0.
mg. of atropine sulphate intramuscularly 45 to 60 minutes
before the start of therapy. In the treatment room a sleep-
ing dose (4 to 16 cc.) of 2.5 per cent thiopenthal sodium is
administered intravenously to the patient. Before the
selected dose of succinylcholine is injected in 20 to 30
seconds (from another syringe but through the same
needle) a rubber oropharyngeal airway, that also substi-
tutes for the customary rubber gag, is inserted. The dose
of succinylcholine, depending on the age, weight and
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desirable. (3) Rigidity and dyskinesias. It is occasion-
ally possible in these conditions to decrease the force and
extent of involuntary movements®® and prepare the
ground for physiotherapy. (4) Tetanus where both local-
ized (jaw) or generalized muscle spasms and the clonic
convulsions can be controlled by relaxants.

TECHNIQUE OF ADMINISTRATION OF MUSCLE
RELAXANTS IN NEUROMUSCULAR DISORDERS

Both aqueous?'®® and oily solutions®™*****7 of purified
curare extracts and d-tubocurarine have been used for
the treatment of various neuromuscular disorders. In
chronic neuromuscular conditions where prolonged but
not too profound muscular relaxation is desirable, the re-
pository preparations (e.g., Tubadil) have proved to be
safe and effective.!%*?*"2%21%2%8  Tubadil contains 25 mg,
d-tubocurarine pentahydrate in 1 cc. of a peanut oil-
oxycholesterol-beeswax base. It is administered intra-
muscularly, Intravascular injection should be meticu-
lously avoided. Death has occurred in at least one patient
from the accidental intravascular injection of d-tubocura-
rine suspension (50 mg. in 2 cc.).3% It is advisable to
warm the depository d-tubocurarine to 100-110° F,
and shake the container well before filling the syringe.
The dose of repository d-tubocurarine should not exceed
0.5 mg,/kg. in outpatients and 1.0 mg./kg. in hospitalized
patients. In acute and chronic neuromuscular disorders
the patient’s sensitivity to d-tubocurarine should be tested
by the administration of an 0.2 to 0.3 mg./kg. dose of the
repository preparation. This is especially important in
poliomyelitis patients. When administered to outpatients,
the patient himself, or a responsible companion, should
be made familiar with the possible dangerous respiratory
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tone and tonic contraction in concentrations which have
little effect on neuromuscular transmission associated with
voluntary movements; (2) that the transmission of central
impulses associated with increased reflex irritability or with
dyskinesias (e.g., Parkinsonism or Little’s disease) can be
blocked at the myoneural junction by concentrations of
muscle relaxants that interfere little or mot at all with
voluntary movements.

Fields of usefulness. From the practical point of view,
the conditions in which muscle relaxants may be beneficial
can be grouped as follows: (1) Muscle spasm due to
trauma, orthopedic deformities, osteoarthritis, Pperiarthritis,
myositis, and direct pressure on nerve roots (e.g., ruptured
intervertebral disc, malignant growth). Clinical mani-
festations of muscle spasm are seen in low back pain,
torticollis and the shoulder-hand syndrome. In the latter,
the circulatory manifestations of reflex sympathetic hyper-
activity are usually also present. Frequently the muscle
spasm, and the deformity caused by it is a protective
mechanism. When the muscle spasm is the result of direct
pressure on a nerve root (e.g., in ruptured intervertebral
disc), pain characterized by segmental distribution will
persist after the relief of the generalized muscle spasm and
diffuse pain of the involved area. (2) Spasticity caused
by spinal cord injury, degenerative central nervous system
disease (e.g., multiple sclerosis), Little’s disease and
poliomyelitis. In most of these conditions the spasticity
is due to the abolition of central inhibition caused by the
destruction of cortico-spinal pathways or, in poliomyelitis,
those of the anterior horn cells. In this group of disorders
the role of the muscle relaxant is not only the direct relief
of spasticity but also the facilitation of more intensive
physiotherapy and rehabilitation.®  Analgesia, however,
should also be provided if the patient’s cooperation is



MISCELLANEOUS USES OF MUSCLE RELAXANTS 133

drip than with the slowly acting non-depolarizing drugs.
In practice, however, it is evident from the clinical experi-
ence obtained in the treatment of tetanus with succinyl-
choline that the quantity of this agent necessary for the
control of spasms almost invariably results in respiratory
depression necessitating tracheotomy and assisted or con-
trolled respiration.*®®!* In contradistinction it is possible
in some instances to control the hyperspasticity of tetanus
with doses of d-tubocurarine that will not necessitate the
continuous assistance of respiration. The theoretical ad-
vantages of d-tubocurarine in the treatment of tetanus are
probably due to the fact that, while small doses of d-tubo-
curarine may abolish increased muscle tone without
total paralysis, subparalyzing doses of depolarizing agents,
like succinylcholine, have at first an additive effect to that
of tetanic stimuli*® Only larger doses of depolarizing
drugs which will produce neuromuscular block resulting
in marked diminution of respiratory activity are of any
value in the treatment of tetanus.

The following course is recommended for the use of
muscle relaxants in the treatment of the less severe cases
of tetanus: Patients should be kept in a quiet, dimly
lighted room. Immediately on admittance an intravenous
infusion of 5 per cent dextrose in water is started in a large
freely accessible vein with 2 canula or a plastic catheter,
Equipment for endotracheal intubation and artificial respi-
ration with oxygen is kept in readiness. A test dose of 0.1
to0 0.15 mg./kg. of a watery solution of d-tubocurarine is
administered intravenously followed immediately by the
Intramuscular injection of 10 mg./kg. of a depository
d-tubocurarine preparation. At the same time a 1.0 to
15 mg./kg. dose of pentobarbital is given intravenously
followed by 15 to 8.0 mg./kg, of sodium phenobarbital
intramuscularly. If the patient develops convulsions be-
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effects of d-tubocurarine and be instructed to seek medical
help immediately on the first sign of developing respiratory
embarrassment. It is advisable to supply outpatients with
a few 15 mg. tablets of neostigmine and 0.6 mg. tablets of
atropine sulphate and instruct them to take one of each as
soon as any respiratory difficulty is observed. The effect
of the intramuscular injection of Tubadil is noticeable in
45 to 60 minutes. The full effect, especially after the first
injection, may not develop for several hours. The plasma
level of d-tubocurarine does not exceed 1 microgram/ce.
even when Tubadil is administered in 1 mg./kg. doses.™
This is in contrast with the 2.8 to 13.0 microgram/cc. of
plasma level observed by Pittinger et al#'° after the intra-
venous administration of aqueous d-tubocurarine in 15 to
80 mg, doses. With the recommended dosage the only side
effects seen in about 15 per cent of the cases are diplopia
and incoordination of muscles.®® Respiratory embarrass-
ment is rarely encountered. In chronic cases injections
can be repeated at 24 hour intervals. In patients under-
going physiotherapy the repository d-tubocurarine should
be injected 2 to 3 hours before the start of treatment.

Technique of the administration of lar relaxants
in tetanus. Curare,?>199.217.82.165 decamethonium,** and
gallamine®**2™ in watery solution and d-tubocurarine in
oily solution®"#?% have been used for the control of the
spasms and convulsions of tetanus. More recently suc-
cinylcholine in continuous intravenous drip**®!* has also
been used for this purpose.

The use of both the long acting, non-depolarizing and
the short acting depolarizing muscle relaxants have their
advantages as well as their disadvantages in the treatment
of tetanus. Tt would appear to be easier to adjust the
quantity of relaxant to the rapid variation of the muscle
tone that characterizes tetanus*® with a succinylcholine
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spasticity and convulsions is attempted by central depres-
sants alone.?

‘Whether the combination of depository d-tubocurarine
and aqueous solutions of this drug, or succinylcholine in
continuous drip are employed for the control of the con-
vulsions of tetanus, it is essential that an experienced physi-
cian with ample knowledge of the disease, resuscitation
and oxygen therapy and the pharmacology of muscle
relaxants be at hand constantly in the acute phase of the
disease and readily available at all times until the patient
is completely out of danger. This requirement is self evi-
dent when succinylcholine in continuous drip is used and
the speed of the infusion has to be regulated to prevent
convulsions on the one hand and respiratory depression
on the other. The administration of succinylcholine over
several days**®® is by no means simple and requires care-
ful consideration of various factors (e.g., the accumulation
of succinylmonocholine) which may complicate the phar-
macological effects of succinylcholine. The presence of
a physician is equally imperative with the use of d-tubo-
curarine where the occasional administration of small
intravenous doses of either d-tubocurarine or edrophonium
might be necessary.

The treatment of tetanus, irrespective of the type of
muscle relaxant used for the control of convulsions, re-
quires uninterrupted surveillance of the patient. Just as
one does not consider leaving a patient receiving muscle
relaxant for major surgery unattended, the patient suffer-

ing from tetanus should never be left without constant
medical supervision.

DIAGNOSTIC USE OF MUSCLE RELAXANTS
Muscle relaxants and their antagonists are useful aids in
the diagnosis of myasthenia gravis. Neostigmine,*** galla-
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fore the effect of the depository d-tubocurarine becomes
manifest, or if the initial dose fails to control all convulsive
seizures, additional small doses (0.04 to 0.1 mg./kg.) of
aqueous d-tubocurarine can be administered intravenously.
Should the degree of curarization necessary to control
convulsions cause temporary respiratory embarrassment,
breathing should be assisted with oxygen.

In severe tetanus prophylactic tracheotomy should be
performed immediately ** and enough muscle relaxant
given to control convulsions. This will almost always
necessitate the use of artificial respiration, preferably with
an altemnating positive-negative pressure device, Until
the patient becomes gradually accustomed to the respira-
tory paralysis light anesthesia is maintained by small doses
of intravenous barbiturates and a 50-50 per cent mixture of
nitrous oxide-oxygen.

The tracheotomy not only guarantees a patent airway,
but also facilitates the removal of tracheo-bronchial secre-
tions thereby minimizing the danger of respiratory infec-
tions and atelectasis. Use of a Levine tube for purpose of
gastric feeding is also advisable in these cases.®%

By means of the continuously running intravenous in-
fusion, the patient’s fluid, electrolyte and vitamin require-
ments and most of his caloric needs can be supplied. A
dependable and rapid route is also available for the ad-
ministration of sedatives and other drugs as required. If,
the activity of the respiratory musculature is seriously de-
pressed by curare, repeated small doses of intravenous
edrophonium (5 to 10 mg. or less in children) can be given.

If the patient is kept mildly sedated but conscious, free
of convulsions, receives the indicated combination of
surgical treatment, antibiotics, antitetanus toxin and
necessary supporting therapy, the prognosis of tetanus will
be much better than in cases where the control of the
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extreme sensitivity towards these drugs and that the same
per cent of myasthenics are not abnormally sensitive to
non-depolarizing muscle relaxants.** The possible dan-
gers involved in administering non-depolarizing neuromus-
cular blocking agents to myasthenic patients must be fully
realized when these tests are performed. Personnel trained
in endotracheal intubation and artificial respiration must
be readily available with the necessary equipment.

In contrast to the increased sensitivity of myasthenics
towards non-depolarizing muscle relaxants they show no
such sensitivity toward decamethonium™™*7 and other
depolarizing relaxants. While the slow intravenous injec-
tion of 25 mg. of decamethonium invariably causes a
marked decrease of the amplitude of the muscle action
potential (recorded by electromyography) in normal indi-
viduals, the same dose causes little or no decrease and
occasionally increases the amplitude of the muscle action
potential in myasthenics. Similarly, instead of producing
progressive paralysis of the skeletal muscles as in normal
individuals small doses of decamethonium may cause tem-
porary remission of signs and symptoms in myasthenics.??
When larger doses of decamethonium are administered to
myasthenics the paralysis first becomes manifest in the
involved muscles.” Electromyography is essential for the
proper evaluation of the decamethonium test in my-
asthenia gravis. The test consists of the comparison of the
electromyogram obtained, through skin electrodes placed
on the hypothenar muscles, on percutaneous stimulation
of the ulnar nerve before and after the intravenous ad-
ministration of 2.5 mg. of decamethonium. The absence
of a marked decrease in the amplitude of the electromyo-
gram is suggestive of myasthenia. The precautionary
measures suggested with the use of curare must also be
observed for the decamethonium tests.
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mine'* and edrophonium?®® have all been used for this
purpose.

The physical signs and symptoms related to myasthenia
are observed carefully before and at frequent intervals
after the administration of neostigmine, Neostigmine
methylsulfate may be given intravenously in 0.5 to 1.5 mg.
doses (preceded by 0.6 mg. atropine). Special attention
is paid to grip strength, vital capacity, and the activity of
the muscle groups most involved. Rapid but transient
improvement of muscular power after the intravenous ad-
ministration of neostigmine is diagnostic of myasthenia.

The diagnostic use of edrophonium®” is based on the
same principles as that of neostigmine. The main advan-
tage of edrophonium over neostigmine is the decreased
incidence and severity of side effects. Usually 10 mg. of
edrophonium are injected intravenously. In contrast to
normal individuals in whom this dose usually causes mus-
cular fasciculation, no fasciculations develop in non-treated
myasthenics and there is a significant improvement in the
activity of the involved muscles.

The diagnostic application of curare and other non-
deploring muscle relaxants is based on the markedly in-
creased sensitivity of myasthenics to these compounds.
The intravenous injection of 7.5 to 15.0 microgm. of d-tubo-
curarine chloride per kgm. of body weight'” (ie., 05
to 1.0 mg. in an average adult), a dose that has no sig-
nificant effect on normal individuals, causes a marked de-
terioration in the activity of the involved muscles and may
cause the appearance of decreased activity in uninvolved
muscles. The intravenous dose of gallamine used for the
diagnosis of myasthenia is 0.025 mg./kg.'** In interpreting
the results of diagnostic tests carried out with non-
depolarizing muscle relaxants it should be borne in mind
that 3 to 4 per cent of non-myasthenic individuals show
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‘THE USE OF MUSCLE RELAXANTS IN
PATIENTS WITH ALTERED SENSITIVITY

Infancy and childhood. Old age. Myasthenis
gravis. Bronchial asthma and other allergic con-
ditions. Cardiovascular disease. Fluid and elec-
trolyte imball Liver di and decreased
1 i ctivity. Kidney disease.

¥

Slmsxm patients with various pathological conditions
may show altered sensitivity to neuromuscular blocking
agents. Usually, if increased sensitivity is present, i
affects both the non-depolarizing and the depolarizing
muscle relaxants. In general old and debilitated individ-
uals may react to normal doses of muscle relaxants with a
response of excessive intensity and unusually long dura-
tion. In the newborn® and in certain pathological condi-
tions, however, increased sensitivity to non-depolarizing
muscle relaxants is coupled with a decreased sensitivity
towards depolarizing drugs,”™ whereas in other disorders
the opposite may be true.’” The following paragraphs
describe the use of the muscle relaxants in patients with
altered, usually increased, sensitivity to these drugs.

INFANCY AND CHILDHOOD

It has been suggested by Stead™? that the newbom has
an increased sensitivity to d-tubocurarine and a decreased

138
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then can be administered on the basis of the information
gained from the intensity and duration of the effects of
the initial dose.

Since various degrees of degenerative changes are usu-
ally present in the cardiovascular system of the aged, re-
sulting in decreased cardiac reserve, it is important to use
a technique of administration that utilizes assisted, rather
than controlled, respiration and thereby minimizes the
unfavorable circulatory effects of positive pressure
breathing

The aged organism, because of its decreased ability for
homeostasis is very sensitive to any deviation from the
physiological normal.** Consequently, extra care is neces-
sary in assisting the respiration to avoid either carbon di-
oxide accumulation or hypocapnia. The likelihood of the
development of prolonged apnea after sustained controlled
respiration is also greater in the aged. This type of apnea
may be caused by the interference with the “auto-
rhythmicity” of the respiratory center by the “out of
phase” impulses set up by controlled respiration and medi-
ated through the vagi*

With a respiratory rate kept abave 12 and 2 tidal volume
supplemented to 500 to 600 cc., carbon dioxide accumula-
tion can be prevented. When the respiratory rate is above
24 it is advisable to assist only with every other spontane-
ous respiration and thereby prevent the development of
hypocapnia.

MYASTHENIA GRAVIS

The markedly increased sensitivity of myasthenic pa-
tients to d-tubocurarine was first demonstrated by Bennett
and Cash Dundee™® subsequently showed that these
patients exhibit a similar sensitlvity towards gallamine.
The sensitivity of myasthenics to non-depolarizing muscle
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abdominal relaxation can be pmduced relatively easily in
infants and children, without the necessity for apnea 3o
controlled sespiration the use of assisted sespiration 2%
smaller doses © relaxants is recommende for this age
group- The dose range of muscle relaxants suggested 5

arized it Table 17.
TABLE 17
oz Mo/K6- Poses OF MusciE RpLaxanTs INFANTS AND CarmonsN

Relaxent Initial Dos¢ Fractional Dose
d-Tubacm.mﬁne' 0.10-020 0.03-0.10
Gallamine 1.00-1.50 0.30-0.50
Decamethoniuim 0.05-0.08 0.02-0.03
Succiny\cho\ine 040-080 In Continuens

Totravenons Drip

RS
TRVith ether the dose of dvarbocuraring should be reduced 1o 09¢ fifthto
one third of the above dose-

1n infants to be anesmetize& with ethers the intrarmuset
Aar injection of 0.15 mg /K& of d-tubocurating pefore i
duction of anesthesis®™ will facilitate the maintenance

ood muscalar elaxation in lighter planes of gener®
anesthesia without the danger of postoperaﬁve respiratoy
degression.

OLD AGE

The pro&uction of muscular relaxation in the ag,e&
usually does not present any serious problems: In genem\,
adequate operating conditions ean D¢ achieved Wi
smaller mg/X8: doses of relaxants than in youn adults of
corresponding weight. Even when there is 80 suspicio?
of paﬁm!ogica\l “ytered sensitivity 1o relasants i
aged, the igitial dose of the selaxant should be reduced ¥
two tirds to 0ne half of the adult dose. Fractional doses
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then can be administered on the basis of the information
gained from the intensity and duration of the effects of
the initial dose.

Since various degrees of degenerative changes are usu-
ally present in the cardiovascular system of the aged, re-
sulting in decreased cardiac reserve, it is important to use
a technique of administration that utilizes assisted, rather
than controlled, respiration and thereby minimizes the
unfavorable circulatory effects of positive pressure
breathing %

The aged organism, because of its decreased ability for
homeostasis is very sensitive to any deviation from the
physiological normal.*® Consequently, extra care is neces-
sary in assisting the respiration to avoid either carbon di-
oxide accumulation or hypocapnia. The likelihood of the
development of prolonged apnea after sustained controlled
respiration is also greater in the aged. This type of apnea
may be caused by the interference with the “auto-
rhythmicity” of the respiratory center by the “out of
phase” impulses set up by controlled respiration and medi-
ated through the vagi.**

‘With a respiratory rate kept above 12 and a tidal volume
supplemented to 500 to 600 cc., carbon dioxide accumula-
Hon can be prevented. When the respiratory rate is above
24 it is advisable to assist only with every other spontane-

ous respiration and thereby prevent the development of
hypocapnia.

MYASTHENIA GRAVIS
The markedly increased sensitivity of myasthenic pa-
tients to d-tubocurarine was first demonstrated by Bennett
and Cash** Dundee' subsequently showed that these
patients exhibit a similar sensitivity towards gallamine.
The sensitivity of myasthenics to non-depolarizing muscle
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2bdominal relaxation can e produced relatively easily
ipfants and children, \without the necessity for apnea and
controlled respiration the use of assisted respiration at
smaller doses of selaxants is recommen od for this age
group. The dose range of muscle relaxants suggested 38
~ammarized in Table 17.

TABLE 17
Ty Me./Ko, Doses oF Muscrz RELATANTS TN INFANTS AND Crnpasl
Relaxant Initial Dose Fractional Dose
d-Tubocurarine? 0.10-0.20 0.03-0.10
Gallamine 1.00-150 0.30-0.50
Decamethonium 0.03-0.08 0,02-0.03
Succinylcholine 0.40-0 80 1n Continuous

Intravenous Drip

PRS-
¥ With ether the dose of d-tuboeurarine should be seduced to 0n€ fith to
one third of the above dose.

1n infants to be anesthetized with ether, the intramused”
lar injection of 0.15 mg/kg- of J-tubocurarine before in-
duction of anesthesia™ will facilitate the maintenance of
good muscular relaxation in lighter planes of general
anesthesia without the danger of postoperative respiratory

depression.

OLD AGE

The production of muscular relagation in the aged
usually does not present any serious problems- In geneﬂﬁo
adequate operating conditions can be achieved with
smaller mg./kg. doses of relaxants than in young adults of
corresponding weight. Even when there is no suspicion
of pat}m\ogica]ly altered semsitivity t@ relaxants in e
aged, the {oitial dose of the relasant should be reduced t0
two thirds to one half of the adult dose. Fractional doses
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then can be administered on the basis of the information
gained from the intensity and duration of the effects of
the initial dose.

Since various degrees of degenerative changes are usu-
ally present in the cardiovascular system of the aged, re-
sulting in decreased cardiac reserve, it is important to use
a technique of administration that utilizes assisted, rather
than controlled, respiration and thereby minimizes the
unfavorable circulatory effects of positive pressure
breathing %

The aged organism, because of its decreased ability for
homeostasis is very sensitive to any deviation from the
physiological normal * Consequently, extra care is neces-
sary in assisting the respiration to avoid either carbon di-
oxide accumulation or hypocapnia. The likelihood of the
development of prolonged apnea after sustained controlled
respiration is also greater in the aged. This type of apnea
may be caused by the interference with the “auto-
rthythmicity” of the respiratory center by the “out of
phase” impulses set up by controlled respiration and medi-
ated through the vagi.1®®

‘With a respiratory rate kept above 12 and a tidal volume
supplemented to 500 to 600 cc., carbon dioxide accumula-
tion can be prevented. When the respiratory rate is above
24 it is advisable to assist only with every other spontane-

ous respiration and thereby prevent the development of
hypocapnia.

MYASTHENIA GRAVIS

The markedly increased sensitivity of myasthenic pa-
tients to d-tubocurarine was first demonstrated by Bennett
and Cash** Dundee™ subsequently showed that these
patients exhibit a similar sensitivity towards gallamine.
The sensitivity of myasthenics to non-depolarizing muscle
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abdominal relaxation can be produced relatively easily in
infants and children, without the necessity for apnea and
controlled respiration the use of assisted respiration and
smaller doses of relaxants is recommended for this age
group. The dose range of muscle relaxants suggested is
summarized in Table 17.

TABLE 17
THE Mc./Ke. DosEs oF MuscLE ReELAXANTS mv INFANTs AND CriLoren
Relaxant Initial Dose Fractional Dose
d-Tubocurarine® 0.10-0.20 0.05-0.10
Gallamine 1.00-1,50 0.30-0.50
Decamethonium 005-008 0.02-0.03
Sucemylcholine 0.40-0.80 In Continuous

Intravenous Drip

® With ether the dose of d-tubocurarine should be reduced to one fifth to
one third of the above dose.

In infants to be anesthetized with ether, the intramuscu-
lar injection of 0.15 mg./kg. of d-tubocurarine before in-
duction of anesthesia®® will facilitate the maintenance of
good muscular relaxation in lighter planes of general
anesthesia without the danger of postoperative respiratory
depression.

OLD AGE

The production of muscular relaxation in the aged
usually does not present any serious problems. In general,
adequate operating conditions can be achieved with
smaller mg./kg. doses of relaxants than in young adults of
corresponding weight. Even when there is no suspicion
of pathologically altered sensitivity to relaxants in the
aged, the initial dose of the relaxant should be reduced to
two thirds to one half of the adult dose. Fractional doses
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qualitatively similar to the neuromuscular block usually
caused by non-depolarizing agents and as such is revers-
ible by neostigmine and edrophonium.™

General anesthesia in myasthenia gravis should prefer-
ably be obtained by combinations of nitrous oxide-oxygen,
thiopenthal sodium and short acting analgesics. After in-
duction of general anesthesia a test dose consisting of /20
of the normal dose of d-tubocurarine chloride (0.75 mg. =
0.25 cc.) or gallamine triethiodide (5 mg. = 0.25 cc.) is
administered intravenously. If adequate muscular re-
laxation dose does not develop within 2 to 4 minutes, a
similar dose can be administered at 5 minute intervals
until the desired effect is obtained. Muscular relaxation,
once developed, can be maintained by the repeated admin-
istration of a dose equal to the test dose. If the respiratory
exchange or the tone of involved muscles is not satisfactory
at the termination of anesthesia, edrophonium (10 to 20
mg,) or neostigmine (1.0 to 2.0 mg.) preceded by 04 1o
0.6 mg. atropine sulfate can be administered. Such pa-
tients must be kept under close observation for several
hours to avoid the possible dangers of recurarization. As
already mentioned, edrophonium and neostigmine can also
be used to counteract the neuromuscular effects of depolar-
izing drugs in myasthenic patients.

BRONCHIAL ASTHMA AND OTHER ALLERCIC
CONDITIONS o

1t is generally agreed that ether is the agent of choice
for general anesthesia in the asthmatic patient. Further-
more, it has been suggested (page 66) that non-depolar-
izing relaxants should preferably be used in conjunction
with ether anesthesia. Of the commonly used non-de-
polarizing relaxants d-tubocurarine and dimethyl tubo-
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relaxants can be 10 to 20 times greater than that of normal
individuals.® ¥t has also been demonstrated that the
sensitivity of myasthenic patients to decametho-
njum®*1e738 and to succinylcholine can be markedly
decreased. The mechanism of the increased sensitivity of
myasthenics to non-depolarizing relaxants and their de-
creased sensitivity to depolarizing muscle relaxants is not
yetclear. Itis not inconceivable that it is due to a greater
resistance of the endplate to acetylcholine***** and other
depolarizing agents.

From the practical point of view it must be remembered
that myasthenics also show increased sensitivity towards
the neuromuscular activity of ether. Whenever possible
the use of this agent should be avoided in these patients
and under no circumstances is it permissible to use ether
and d-tubocurarine simultaneously in myasthenic patients.

Despite the abnormally increased sensitivity to mon-
depolarizing relaxants, when used judiciously, these drugs
are safer than the depolarizing drugs in the myasthenic
patient. The explanation of this seemingly controversial
statement lies in the fact that despite a generally increased
tolerance, the sensitivity of involved muscle groups to
decamethonium may be increased in myasthenics.”™ Be-
cause of the generally increased resistance of the non-
involved myasthenic muscles to depolarizing muscle re-
laxants the dose of these agents necessary for satisfactory
relaxation of the abdominal muscles might cause prolonged
paralysis of the involved muscle groups. Should these, as
is frequently the case, include the pharyngeal muscles
serious post-anesthetic complications might ensue. Con-
sequently, the muscle relaxants of choice in myasthenic
patients are the non-depolarizing agents. It is also of great
theoretical and clinical importance that the neuromuscular
block produced by decamethonium in myasthenics is
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the teachea-bronchial treo, "To nvold this ('mnp!l(-nl'lrm
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curarine are contraindicated in bronchial asthma because
of the possibility of histamine release. The likelihood of
increased tracheo-bronchial secretions makes the use of
benzoquinonium inadvisable in these patients. Conse-
quently, the agent of choice for the production of muscular
relaxation in the asthmatic patient is gallamine. The ob-
servation that gallamine depresses the irritability of the
respiratory tract?**® further favors its use. After plane
two stage three anesthesia has been induced with ether, 40
to 60 mg. of gallamine are administered intravenously and
the patient is intubated. Fractional doses of 10 to 30 mg.
of gallamine are then administered as required. Similarly
to decrease the possibility of bronchiolar spasm and other
allergic manifestations the combined use of ether and
gallamine is recommended for the production of muscular
relaxation in patients with allergic history.

CARDIOVASCULAR DISEASE

The muscle relaxants, in clinically used doses, have little
or no effect on either the contractility or the conductivity
of the myocardium, The most important considerations in
the use of muscle relaxants in cardiac patients are: (1)
ensure adequate oxygenation at all times, and (2) avoid
the peripheral circulatory disturbances occasionally caused
by the ganglion blocking or histamine releasing properties
of certain relaxants, principally those of d-tubocurarine
and dimethyl tubocurarine. The patient’s oxygenation
may become inadequate due to broncho-constriction or
inadequate assistance or replacement of his spontaneous
respiratory actwvity. Bronchoconstriction is an infrequent
complication of the use of muscle relaxants and, as already
mentioned, its incidence is greatest with d-tubocurarine.*
Occasionally, especially if general anesthesia is maintained
by thiopenthal sodium or cyclopropane, bronchiolar con-
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rauscle relaxants is very variable and cannot be accurately
predicted even by the experienced anesthesiologist. The
change is usually in the direction of increased sensitivity.
Smaller doses of muscle relaxants tend to produce neuro-
museular block of greater intensity and more prolonged
duration. This is especially true when non-depolarizing
relaxants are used in patients with potassium deficiency.
This increased sensitivity can be explained partly on the
basis of the action of the potassium ion at the endplate and
partly by the decreased urinary excretion that usually ac-
companies fluid and electrolyte disturbances in the surgi-
cal patient. As already mentioned (see page 55) with
the exception of succinylcholine the mechanism primarily
responsible for the cessation of action of muscle relaxants
is urinary excretion. Kidney function, already decreased
in the dehydrated patient, can become completely su-
pressed during anesthesia and surgery and cause undue
prolongation of the action of muscle relaxants,

Although, theoretically, patients with potassium defi-
ciency should be less sensitive to depolarizing relaxants
(eg, decamethopium or succinylcholine) in practice
usually the reverse is true. This finding can be explained
by the fact that the termination of the action of decameth-
onium is also primarily dependent on urinary excretion
and that plasma cholinesterase activity, responsible for the
fietoxiﬁcaﬁon of succinyleholine, is usually also decreased
in these patients. The best way to avoid undue paralysis
of the respiratory muscles during surgery and in the post-
E)perah've period in these patients is to use succinylcholine
in continuous drip. With this method the sensitivity of
each patient can be “titrated” and undue paralysis avoided.

When long acting muscle relaxants are used in patients
with fnid and electrolyte imbalance, depending on the
condition of the patient, the initial dose should be reduced
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the use of succinylcholine before extubation has been
recommended®? and should be considered in certain
cardiac patients,

(4) Prolonged tracheo-bronchial aspiration during
anesthesia should be avoided since it may cause hypoxia.
In the presence of copious secretions tracheo-bronchial
suction should be restricted to a few seconds each time
with adequate ventilation of the patient between aspira-
tions.

(5)Because of the unfavorable effect of the positive
pressure phase of controlled respiration on venous return
and cardiac output in patients with inadequate cardiac
reserve?® assisted instead of controlled respiration should
be employed. If controlled respiration is unadvoidable,
the positive pressure phase should be kept as brief as
possible. The use of respirators, or respiratory assistors
which provide negative pressure during exhalation will
decrease the unfavarable circulatory effects of controlled
respiration in these patients.

(6) Undue elevation of blood pressure, whether due to
inadequate carbon dioxide removal or to reflex stimulation
of the autonomic nervous system during light anesthesia,
should not be tolerated. The latter type of blood pressure
rise can be counteracted by the intravenous administration
of small doses (5 to 10 mg.) of hexamethonjum. Usually
one or two 5 mg. doses will return the blood pressure to the
preanesthetic level. The use of Jarger initial doses should
be avoided as they might cause a precipitous drop in
blood pressure, especially in hypertensive patients.

FLUID AND ELECTROLYTE IMBALANCE

Patients with marked fluid and electrolyte disturbances
are notoriously poor operating risks. The response of this
group of patients to drugs in general and especially to
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endplate and cause re-establishment of the neuromuscular
block with resulting respiratory embarassment.

LIVER DISEASE AND DECREASED PLASMA
CHOLINESTERASE ACTIVITY

Patients with decreased plasma cholinesterase activity
caused by liver disease or other pathological conditions
show increased sensitivity to succinylcholine. The in-
creased sensitivity is caused by the slower hydrolysis rate
of succinylcholine in the plasma of these patients. The
duration of apnea following the intravenous injection of an
0.6 mg./kg. dose of succinylcholine was found to be about
four times as long (an average of 580 seconds) in these
patients as in healthy individuals.'®® The increased sensi-
tivity of patients with low plasma cholinesterase activity,
however, does not contraindicate the use of succinylcho-
line. In fact, when properly applied it is the relaxant of
choice for these patients.

Whenever decreased plasma cholinesterase activity is
suspected, succinylcholine should be administered in a
slow intravenous infusion of an 0.1 per cent solution.
Care must be taken not to allow the neuromuscular block
to progress to the point of apnea. Adequate muscular
relaxation without apnea can be obtained in these patients
with surprisingly small doses of succinylcholine without
any undue delay in the return of normal respiratory ac-
t(i;riity following the discontinuation of the succinylcholine

Patients with liver disease had been reported to exhibit
a decreased sensitivity to non-depolarizing muscle re-
laxants.1'" In clinical practice, however, increased rather
than decreased sensitivity to non-depolarizing relaxants is
frequently encountered. This increased sensitivity is
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to one fourth to one half of the usual dose. IF after s
suitable waiting period the effect of this dose proves to be
inadequate, additional smoll doses can be given until the
required result is obtained. Similar caution is necessary
in the administration of fractional doses used for the main-
tenance of relaxation. In the case of prolonged post-
operative respiratory depression with non-depolarizing
relaxants the intravenous administration of 0.3 per cent
potassium chloride at 60 to 100 drops per minute will
occasionally hasten recovery of normal newromuscular
activity, when neostigmine or edrophonium were not com-
pletely effective.

Patients with marked fluid and electrolyte disturbances
have to be carefully watched postoperatively for signs of
“recurarization” even if their respiratory activity seems to
be satisfactory at the termination of anesthesia. Theoreti-
cally there are at least two mechanisms whereby recurar-
ization can occur in these patients. Oge is the shift of
fluid from the extracellular into the intracellular compart-
ment that may oceur in the postoperative period. This
shift can produce a relative increase in the concentration
of the muscle relaxant at the endplate and cause depression
of newomuscular transmission. The other mechanism
depends on the rapid fall of the elevated serum potassium
level in the immediate postoperative period. 'This is most
prone to occur in dehydrated patients in whom, because of
the depression of urinary excretion during anesthesia, the
plasma potassium level may become elevated, Since
these patients usually receive generous quantities of in-
travenous fuids during anesthesia, diuresis, with rapid
fall of the elevated plasma potassium level, can occur in
the immediate postoperative period. The fall in the
plasma potassivm level will change the balance between
potassium and the non-depolarizing muscle relaxant at the
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SUMMARY OF THE USE OF MUSCLE
RELAXANTS IN VARIOUS PROCEDURES

Endotracheal intubati Endoscopi Suppl
ion of regi 7 thesi Treat: t of
laryngeal spasm. Abdomino-pelvic b

Reduction of dislocations and fractures.

ENDOTRACHEAL INTUBATION

WHEN the contemplated surgical procedure does not
require prolonged muscular relaxation, the shortest acting
muscle relaxants, succinyldicholine'*® or its diethyl deriva-
tive, suxethonium, are the agents of choice for producing
conditions suitable for endotracheal intubation.

It is suggested that the mouth and pharynx be topically
anesthetized with a few cc. of 1 per cent tetracaine or
other sujtable local anesthetic agent. After the induction
of light anesthesia with a short acting barbiturate (e.g.,
thiopenthal sodium) a dose of succinylcholine not exceed-
ing 0.6 mg./kg. (04 mg./kg. will usually suffice for the
experienced anesthesiologist) is administered intrave-
nously in 25 to 80 seconds. Because of the slow injection
muscular fasciculations will be mild or absent. Re-
laxation will be complete within 30 seconds of the
termination of injection and will last, depending on the
dose used and the patient in question, 60 to 240 seconds.
While waiting for the development of relaxation the pa-

151



150 MUSCLE RELAXANTS IN ANESTHESIOLOGY

probably due to the poor physical condition of these
patients. It is advisable to proceed just as cautiously with
the administration of long acting muscle relaxants as in
any other group of debilitated patients.

KIDNEY DISEASE

In patients with kidney disease accompanied by de-
creased urinary excretion the duration of action of the long
acting muscle relaxants which are excreted primarily un-
changed will necessarily be prolonged. Relaxation can be
maintained by smaller and less frequent doses than in
normal individuals. Even so, prolonged postoperative
respiratory depression cannot always be avoided. Since
succinylcholine is almost completely broken down in the
body and the termination of its action is little dependent
on urinary excretion, it is the agent of choice in patients
with decreased kidney function.
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doscopies of the respiratory tract and without some spon-
taneous respiratory activity satisfactory oxygenation of the
patient cannot be maintained by the insufflation of oxygen
alone. This goal is most easily obtained with the use of a
succinylcholine drip. After induction of anesthesia with
an intravenous barbiturate the drip rate can be so adjusted
that adequate muscular relaxation without respiratory
paralysis is maintained. With the patient inhaling the
insufflated oxygen satisfactory oxygenation can be main-
tained even for relatively prolonged endoscopies without
the necessity of interrupting the procedure to artificially
ventilate the patient.

For very short procedures a single intravenous 0.3 to
0.6 mg./kg. dose of succinylcholine can be used but the
results with this method of administration are less safe
and reliable. The same applies to the use of the long
acting relaxants in endoscopies. The single dose selected
will sometimes fail to produce adequate relaxation and
occasionally will cause total respiratory paralysis. Fur-
thermore, the duration of their action will frequently out-
last the contemplated procedure and require prolonged
postanesthetic observation of the patient. This (see page
85) will be necessary even though the effect of the re-
laxant is terminated by the use of a suitable antagonist.

The use of muscle relaxants will also facilitate the per-
formance of proctoscopies or sigmoidoscopies under light
general anesthesia. Since assisted or controlled respiration
is feasible with these procedures, the use of a succinyl-
choline drip is not as essential as in endoscopic interven-
tions carried out on the respiratory tract.

SUPPLEMENTATION OF REGIONAL ANESTHESIA

The use of muscle relaxants in conjunction with regional
anesthesia might become necessary if the relaxation pro-
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tient is hyperventilated with 100 per cent oxygen. The
cords and the trachea are sprayed with the topical anes-
thetic under direct vision and an endotracheal tube, lubr-
cated with a water soluble lubricant containing a local
anesthetic agent, is introduced, If the patient reacts to
the spraying of the cords by attempting to cough an addi-
tional small dose of intravenous hasbiturate can be admin-
istered before intubation. If care is taken to avoid stimu-
lation of the cords or trachea, by moving the tabe or the
patient’s head unnecessarily, sponfaneous respiration will
be resumed shortly after intubation. Anesthesia is then
continued with the selected agent. Transition to ether-
oxygen or cyclopropane-oxygen anesthesia can be readily
accomplished. Unnecessary movements of the endo-
tracheal tube, despite the topical anesthetization, will fre-
quently cause breath holding and thereby interfere with
the smooth conduct of anesthesia.

ENDOSCOPIES

Good relaxation of the voluntary suscles of the jaw,
tongue, and pharynx are essential for atraumatic perform-
ance of diagnostic or therapeutic laryngoscopy, bron-
choseopy and esophagoscopy. Although in many patients
these procedures can be carried out under topical anesthe-
sia alone, it is frequently necessary to perform these inter-
ventions in the anesthetized patient. Even though the
endoseopy is to be performed under genersl anesthesia
with the help of a muscle relaxant topical anethesiz of the
pharynx and larynx should not be omitted.

The agent and method used should be so sefected that
their application will result in satisfactory relaxation of the
musele groups involved without causing total paralysis of
the respiratory muscles. This is important because effi-
cient artificial respiration is not usually feasible during en-
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endotracheal intubation cannot be performed promptly,
valuable time should not be wasted and artificial ventila-
tion with an oropharyngeal airway must be promptly in-
stituted.

On rare occasions the laryngeal spasm has a tendency
to recur after the effect of the muscle relaxant has worn
off. In these cases more prolonged relaxation with a
succinylcholine drip is advisable. During relaxation the
cords should be visualized, any foreign material capable
of initiating the spasm removed and the larynx and
pharynx topically anesthetized. Recurrence of the spasm
after topical anesthetization of the larynx is unlikely.
When instead of succinylcholine long-acting muscle re-
laxants are used in the treatment of laryngeal spasm, their
dose should be as generous as that recommended for
succinylcholine. Depending on the weight and physical
condition of the patient 15 to 30 mg. of d-tubocurarine, 5
to 10 mg. of dimethyl-tubocurarine, 80 to 160 mg. of
gallamine, 15 to 30 mg. of benzoquinonium and 3 to 5
mg. of decamethonium are recommended.

The disadvantages of the long acting relaxants in the
treatment of laryngeal spasm are: (1) That even when
the recommended massive doses are used the development
of maximal relaxation takes one and a half to 4 minutes.
This is especially true for benzoquinonium. (2) Con-
trolled or assisted respiration frequently has to be em-
ployed for as long as 15 to 40 minutes after the resolution
of the spasm. Because of its relatively rapid onset of
action gallamine is the Yong acting relaxant of choice for
the treatment of laryngeal spasm.

ABDOMINO-PELVIC EXAMINATIONS

The degree of relaxation of the abdominal wall neces-
sary for bimanual abdomino-pelvic examinations cannot
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duced by the regional block is inadequate, or the effect of
the regional block wears off before completion of surgery.

The administration of muscle relaxants in conjunction
with regional anesthesia is governed by the same principles
that apply to their administration in other surgical patients.
General anesthesia is induced before the administration of
the relaxant and then, if the site and nature of the opera-
tive intervention makes it necessary, endotracheal intuba-
tion is performed. Otherwise, the selection of the relaxant
(see page 65) and the conduct of anesthesia are the same
as already described.

TREATMENT OF LARYNGEAL SPASM

The use of a muscle relaxant can be life saving in pa-
tients who develop laryngeal spasm during anesthesia or
under other circumstances (e.g, hypoparathyroidism,
electroshock therapy, severe anaphylactic reactions, ete.).
Laryngeal spasm is perhaps the only legitimate indication
for the rapid intravenous injection of a deliberate overdose
of a muscle relaxant. The shortest acting of the available
muscle relaxants, preferably succinylcholine, should be
used. The recommended 1 to 1.5 mg./kg. intravenous
dose injected rapidly will produce complete laryngeal re-
laxation with apnea within 30 seconds. Adequate artificial
ventilation of the patient is usually possible with the help
of an oropharyngeal airway without endotracheal intuba-
tion. Whether or not endotracheal intubation is per-
formed after the resolution of the spasm depends primarily
on the dexterity of the individual attempting the resuscita-
tion and the circumstances of the case. If the person in
charge is capable of performing an endotracheal intuba-
tion within seconds after the development of relaxation,
this should be done. When, however, because of the
anatomy of the patient or insufficient skill of the operator,
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TH:E introduction of muscle relaxants into clinical prac-
tice has been one of the major achievements in the develop-
ment of anesthesiology in the first half of the twentieth
century. With the use of muscle relaxants it became
possible to obtain controllable relaxation without undue
depression of vital physiologic mechanisms by the exces-
sive use of a single agent and truly “balanced” anesthesia
became a practical reality. When correctly used they not
only make the surgeon’s task easier but also decrease the
incidence and severity of operative and postoperative
complications.

It should be remembered, however, that the original
reason for the introduction of muscle relaxants in anesthesi-
ology was the avoidance of the excessive use of any single
agent. Now it seems that the hand of the clock has
travelled a full circle and many anesthesiologists practice
and advocate the use of muscle relaxants to the point of
respiratory paralysis, reverting thereby to the same error
that the introduction of muscle relaxants attempted to
avoid.

Since it is almost always possible to obtain good relaxa-
tion by the carefully regulated administration of muscle
relaxants without total paralysis of the respiratory muscles,
there is seldom justification for the deliberate production
of aprea and the use of controlled, instead of assisted
respiration.

The advantages and disadvantages of the total paralysis
of the respiratory muscles and the use of assisted versus

g vy
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always be obtained with the light general anesthesia com-
monly used for this purpose. The single intravenous in-
jection of 0.8 to 0.6 mg./kg. succinylcholine will in 30
seconds provide excellent relaxation Jasting 2 to 4 minutes.
In cases of suspected succinylcholine sensitivity (see page
118) smaller single doses should be used or a continuous
infusion of 0.1 per cent succinylcholine can be substituted.
If the general anesthesia is produced with nitrous oxide-
oxygen this procedure can be safely used in ambulatory
patients.

REDUCTION OF DISLOCATIONS AND FRACTURES

Reduction of dislocations and fractures can be carried
out under light general anesthesia induced with nitrous
oxide-oxygen supplemented, when necessary, with a short
acting analgesic (e.g., alphaprodine) and the intravenous
injection of 0.3 to 0.6 mg./kg. succinylcholine injected in
30 seconds. When the contemplated procedure is ex-
pected to last longer than 2 to 8 minutes, the single intra-
venous injection can be replaced by a continuous intra-
venous infusion of 0.1 to 0.2 per cent succinylcholine solu-
tion administered at a rate that will produce the desired
muscular relaxation without respiratory arrest.
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The second disadvantage of succinylcholine is that its
primary breakdown product, succinylmonocholine, also
has some neuromuscular activity and therefore in certain
circumstances the return of normal respiratory activity
may be delayed after its use. For these reasons, if one
may hazard a glance into the future, the search for other
muscle relaxants will undoubtedly continue. The goal of
this search will be to find a non-depolarizing muscle relax-
ant which will be as short acting and controllable as
succinylcholine, its fate in the organism being little affected
by pathological changes, its breakdown products having
no neuromuscular blocking effect and which will be easily
reversible by a harmless antagonist, in the rare instances,
when an atypical response will make this necessary.
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controlled respiration have been discussed at considerable
length in the preceding chapters. It should be emphasized
once more, however, that the only sure way to prevent
prolonged postoperative apnea when using muscle re-
laxants is to avoid total respiratory paralysis during surgery
and to correct it immediately should it occur. If spon-
taneous respiratory activity is not completely abolished,
the respiratory tidal volume will usually be a reliable guide
to the degree of muscular relaxation and the depth of gen-
eral anesthesia can be estimated from the respiratory rate
and rhythm. Or in other words, the maintenance of some
degree of spontaneous respiratory activity and the use of
assisted respiration make it possible to carry the patient
in the optimal plane of general anesthesia and to avoid
the dangers of excessive or inadequate depression of the
central nervous system and other vital mechanisms.

With the correct use of muscle relaxants, especially that
of succinylcholine, prolonged postoperative respiratory
depression should be seldom encountered. If despite all
precautions the patient’s tidal volume is inadequate at
the termination of surgery, it is by far the safest to assist
the patient’s respiration with oxygen until the return of
satisfactory spontaneous respiration. The indiscriminate
routine use of the antagonists of the long acting relaxants
is not without its dangers.

There can be little doubt that of the presently available
muscle relaxants, with the exception of very few situations,
succinylcholine is the first choice for the production of
muscular relaxation. It is also evident that in at least
two respects succinylcholine falls short of the pharma-
cological ideal of the perfect relaxant. One of these is that
the block produced by succinylcholine is a depolarization
block and therefore, the neuromuscular junction is not in
its physiological resting state while under its influence.
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SUBJECT INDEX

A

Abdomi, 1

Analgesics, use with muscle relax-
ants, 72, 73

4
muscle relaxants for, 156
succinylcholine for, 158

Acetylcholine
competition with muscle relax-

ants, 33

contraction

in mammalian muscle, 29

in amphibian muscle, 29

in avian mauscle, 29
contracture

in amphibian muscle, 29

in avian muscle, 29
depression of eserinjzed mauscle,

81
depolarization of endplate by, 6
effects on endplate, 27
intra-arterial injection of, 29
resynthesis by choline acetylase,
25

Acetylcholinesterase
at the endplate, 6, 25
effect on succinylcholine, 108
Acetylcholine release
at the peuromuscular junction, 8
effect of
Botulinus toxin on, 45
caleium on, 44
magnesium on, 44
phosphate on, 44
procaine on, 44
Action potential, 22, 23
Alphaprodine, use
fDr ) i Of dis]l

tine, see S Toholi

A
Antagonists of muscle relasants
anti-cholinesterase activity, 81,
82
clinical use, 84
complications, 83
dosage, 83
indications, 82
mode of action, 81
recurarization after, 83
side effects, 83
Anti-cholinesterase
activity of
benzoquinonjum, 53
decamethoninm, 53
d-tubocurarine, 53
gallamine, 53
suceinylcholine, 53
made of action at the endplate,

42
poisoning, effect on dose of relax-
ants, 60
Apnea
causes of
controlled respiration, 87
depression of respiratory
center,
hypercapnia, 87, 90
hypocapnia, 87
overdose of muscle relaxants,

87
reflex inhibition, 88
prevention of, 88

and
Fractures, 155
with muscle relaxants, 72

of
with diuretics, 89
with edrophonium, 89
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Apnea {Continued)

with neostigmine, 89
with potassium, 89
with respiratory antagonists, 90
Arrow poison, 5
Assisted respiration, 84
Atropine
effect of on acetylcholine con-
tracture, 31
use
with edrophonium, 83
with neostigmine, 83

B
Balanced anesthesia
advantages of, 70
alphaprodine in, 72
anesthetic management of, 70
meperidine 1n, 73
levallorphan in, 73
Benzoquinonium
administration of
peroral, 54
subcutaneous, 54
anti-cholinesterase activity of, 53
contraindications of
m heart block, 106
in respiratory disease, 108
effects of/on
autonomic, 48, 105
blood pressure, 51
bronchial secretionm, 52, 92,
105
cardiac innervation, 51
circulatory, 50
gastrointestinal, 52
heart rate, 93
parasympathetic transmission,
49

salvation, 92
fractional dose of, 61
imtial dose of

with cyclopropane, 60

with ether, 60

with thiopenthal, 60
physical and chemical properties
of, 18
structural formula of, 18
toxicity of, 55
urinary excretion, 55
use
with atropine, 105 N
with scopolamine, 105

g-erythroidine

isolahon from Erythrina ameri-
cana, 12

physical and chemical properties
of, 1

structural formula of, 14

Botulinus toxin

effects of, on acetylcholine re-
lease, 45

neuromuscular effect of, 45
Brevedil “E,” see Suxethonium.

k after d-tul

50, 91

in allergic patients, 92
treatment of

with aminophylline, 92
with antihistaminics, 92
with epinephrine, 92
with ether, 92

B.W. 40-204
effect on decamethonium block,

80
structural formula of, 81
B.W. 51-212
effect on succinylcholne block,
8

0
structural formula of, 81

[+]

Cacheria, effect of, on dose of

muscle relaxants, 60

Calabash curare, 12
Calcium, effects of, on acetylcho-

line release, 44
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Cardiac arrest
caused by
general anesthesia, 93
hypoxia, 94
during intubation, 94
during extubation, 94
prevention of, 94
Cat, sensitivity to depolarizing re-
laxants, 8
Chemoreceptors, effect of muscle
relaxants on, 49
Choline acetylase, 25
Cholinergic receptors
of the autonorme ganglia, 48
of the endplate, 23
competition for
by acetylcholine, 33
by muscle relaxants, 33
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Curarines, extraction from calabash
curare, 12
Curines, 12

D

Decamethonium
administration
intramuscular, 54
oral, 54
subcutaneous, 54
anti-cholinesterase activity of, 53
determination of, 58
dosage in infants, 140
effect offon
autonomic, 49
central, 48
circulatory, 51
gastrointestinal, 52

to depolarization of,
35

Cholinesterase
pseudo, see Plasma cholinester-

ase.

true, see Acetylcholinesterase.
Chondodendron tomentosum, ll
Cinchona alkaloids,

i y center, 48
fractional doss of, 61
histamine release by, 53
initial dose of

with cyclopropane, 60
with ether, 60
with thiopenthal, 60
m myasthema grav:s, 136, 142

effects of, 13
Competitive block, 33
Complications of the use of muscle
relaxants, see Muscle relaxants.
Controlled respiration, 63
Curare/s
botanical identification of, cala-
bash, 5, 12
early clinical use of, 7

early experimental work with,
effects of

central, 48
hyperglycemic, 53
first use in anesthesia of, 7, 67
preparation of, 5
standardization of, 7
use In electroshock therapy of, 7

d man, 108
physica] and chemical properties
of, 18
species variation with, 38
structural formulz of, 17
thiopenthal mixture, 68
twitching after, 96
urmary excretion of, 55
use in tetanus, 132
Dehydration, effect of on dose of
muscle relasants, 60
Denervated muscle, sensitivity
to acetylcholine, 29, 37
to d-tubocurarine, 87
to gallamine, 37
Depolarization block
effect of
acetylcholine on, 44
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Depol ion block (Continued)
anodal current on, 44
anoxia on, 44
anti-cholinesterases on, 44
cathodal current on, 44
cyclopropane on, 44
edrophonium on, 44
ether on, 44
neostigmine on, 47

1
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with cyclopropane, 60, 102
with ether, 60, 102
with thiopenthal, 60
metabolism of, 55
physical and chemical properties

of, 18
structural formulz of, 15
urinary excretion, 55
d-Tubocurarine
Iministration of

non-depolarizing on,
44
potassium on, 44
procaine on, 44
tetanization on, 44
flaccid paralysis with, in mam-
mals, 43
maintenance of tetanus in, 43
mechanism of action of, 42
spastic paralysis with
in amphibians, 43
in avians, 43
species variation in, 38, 43
spreading depolarization with, 43
stimulation in, 43
Draphragm, sensitivity to muscle
relavants, 49
Dihydro-g-erythroidine
physical and chemieal properties
of, 18
preparation of, 12
structural formula of, 14
D:methyl tubocurarine

istration of, sub

intraperitoneal, 54

intracisternal, 48

rectal, 54

sublingual, 54
anti-cholinesterase activity of, 53
bronchospasm after, 50, 91
contraindication of in allergic

conditions, 100

depository solutions of, 131
determination of, 56
dosage m infants, 139, 140
effects of fon

autonomic, 48, 98

autonomic reflexes, 98

blood pressure, 51, 92

bronchial secretion, 92

cardiac arthythmia, 51

cardiac innervation, 50

central, 47

circulatory, 50

electroencephalogram, 48

gastromtestmal, 52
inal motlity, 95

59
determination of, 58
effects of/fon
autonomic, 49, 102
blood pressure, 92
gastrointestinal, 52
unanesthetized man, 101
uterus, 53
fractional dose of, 61
histamine release by, 52, 101
initial dose of

myasthenia gravis, 136, 141
preganghonic parasympathetic
transmission, 48
preganglionic sympathetic
transmission, 48, 98
respiratory center, 48
salivation, 92

unanesthetized  individuals,
08

urine formation, 53

uterus, 53
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fractional dose of, 61
histamine release by, 52, 91, 98
initial dose of
with cyclopropane, 60
with ether, 60, 99
with thiopenthal, 60
isolation of
from Chondodendron tomen-
tosum, 7, 12, 98
from tube curare, 9, 12, 97
metabolism of, 55
physical and chemical properties
of, 18
plasma levels after
repository solutions of, 132

general anesthesla, effect on dose
of, 83

mode of action at endplate, 42
muscarinic effect of, 84
onset of action, 83
phenolic group in, 82
recurarization after, 83, 84, 101
structural formula of, 81
use of

clinical, 85

with atropine, 83

Electrolyte imbalance

effect on dose of muscle relax-
ant, 60

use of muscle relaxants in, 146
B .

of,
132
potentiation by
cyclopropane, 98
ether, 98
sensitivity in infancy, 138
species variation of, 38
structural formula of, 15
thiopenthal mixtures of, 68
toxicity of, 55
urinary excretion of, 55
use
in myasthenia gravis, 142
in shock therapy, 97
in tetanus, 132

E
Edrophonium

apt-cholinesterase activity of, 82

dosage of, 83, 101
duration of action of, 83
effect of
on dimethyl tubocurarine
block, 102

use of
muscle relaxants for, 152
suceinylcholine for, 158

Electromyography, in diagnosis of

myasthenia gravis, 137

Endotracheal intubation, use of

muscle relaxants for, 151

Endplate

acetylcholine release at, 6
cholinergic receptor of, 23
depolarization of, 22
repolarization of, 22
resting membrane potential of,
22, 23

sensitivity of

to depolarization, 37

effect of pathological condi-

tions on, 87
species variation in, 85, 37

Endplate potential, 6, 22, 23
'

of, after izatis

28

Eserine, sce Physostigmine,

on dmeocum{ne block, 89, Ether

on endplate 42, 82
on gallamine block, 103

effects
on blood sugar, v
on circulatory homeostasis, vi
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Ether (Continued)
on dimethyl tubocurarine
block, 102
on d-tubocurarine block, 61,

98
on gallamine block, 103
on kidney function, vi
on laudexium block, 123
on liver function, vi
on liver glycogen, v
on metabolism, v
on myocardium, vi

¥
Flazedil, see Gallamine.
G

'Y

Gallamine
PR

jon of,

54
anti-cholinesterase activity of, 53
contraindication of, in cardiac
patients, 103
dosage in infants, 140
effect of fon
autonomic, 49
blood pressure, 83, 104
cardiac arrythmias, 51, 105
cardiac innervation, 50
cardiac vagus, 49, 83
gastrointestinal, 52
heart rate, 93, 94
myasthenia gravis, 136, 141
pulse rate, 50, 104
salivation, 52
unanesthetized man, 103
fractional dose of, 61
histamine release by, 52, 53
initjal dose of
with cyclopropane, 60
with ether, 60
with thiopenthal, 80
structural formula of, 18
thiopenthal mixture, 68
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todcity of, 55
urinary excretion of, 55
use
in bronchial asthma, 144
in cyclopropane anesthesia,
104

in tetanus, 182

H

Head-drop test, 7, 59, 87
Herring-Breuer reflex, 83
Hezxamethonium, use
with muscle relaxants, 93
with suceinylcholine, 114
Histamine
effect of
bronchostrictor, 52
hypotensive, 523
release
with decamethonfum, 53
with dimethy! tubocurarine, 52
with d-tubocurarine, 52
with gallamine, 52, 53

with the use of muscle relaxants,

23
caused by gallamine, 93
cansed by succmylcbohne, 93
of, with h

on respiratory center, 87
on urez excretion, 87
Hypotension
with muscle relaxants, 92
caused by
decreased cardiac output
due to blood loss, 93
due to hypoxia, 92
due to positive pressure
respiration, 92
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due to too deep general Levallorphan, use with muscle re-

anesthesia, 92 laxants, 78
ganglionic blockade, 92 Liver damage
histamine release, 92 d-tubocurarine resistance in, 149
of by inephri effect of on, dose of muscle re-
92 laxants, 60
succinylcholine sensitivity in, 149
I use of muscle relaxants in, 149
Intermediate block, see Mixed M
block.
Tntocostrin Magnesium, effect of on acetylcho-
extraction from Chondodendron line release, 44
tomentosum, 7, 12 Man, sensitivity to depolarizing re-
first use in anesthesia, § laxants in, 39
TIsoquinoline alkaloid Mecostrin, see Dimethyl tubocur-
lar effect of, 12 arine.
Membrane potential, 23
L Meperdine, use with muscle relax-
ants, 78

Laryngeal spasm

use of Methylbrucine, neuromuscular
© o effect of, 13
muscle i o
su odnylxgzmtsinlf,léii Methylstrychnine, neuromuscular
Laudexium effect of, 13
abnormal sensitivity to, 124 Metubine, see Dimethyl tubocur-
block by, 123 asize.
clinical use of, 123 Mixed block, 83
dosage of, 123 Mouse, sensitivity to non-depolar-
effect of fon izing relaxants, 39
blood pressure, 92 Muscle
circulatory, 124 fiber
ether, 124 contraction of, 28
histamine  Lberation, 123, refractory phase of, 29
24 “red,” sensitivity to
unanesthetized man, 122, depolarizing relaxants, 43, 47
123 non-depolarizing relaxants, 39,
physical and chemical properties 47
of, 18 twitch, duration of, 29
rec.uraxinuan after, 124 “white,” sensitivity to
Tesistance to, 124 depolarizing relarants, 43, 47
structural formula of, 16 non-depolarizing relarants, 39,
time relationshipe of, 123 47
Laudolissin, see Laudexium, Muscle relaxants

Leptocurares, 33 absorption of, 54
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Muscle relaxants (Continued}

in dehydration, 88

affinity to chol
83

chemistry of

naturally ocowrring, 10

synthetic, 13
classification of, 83
complications with use of

circulatory, 82

intestinal, 95

newromuscular, 95

respiratory, 87
depolarizing, 83

variable effect of, 35
diagnostic use, 133
dosage

fractional, 61

in aoti~cholinesterase poison-

ing,
in dehydration, 60
in electrolyte imbalance, 60
in liver damage, 60
with cyclopropane, 60
with ether, 60
with thiopenthal, 60
eatly use of, 126
effects of fon
autenomic, 48
bronchial secretion, 52
central, 47
cholivesterase, 53
circulatery, 50
gastrointestinal, 52
respiratory, 49
salivation, 52
excretion of, 55
histamine release by, 52
non-depolarizing, 33
uniform activity of, 85
quantitative analysis of, 55
redistribution of
from endplate, 41

to
in myasthenia gravis, 141
in potassium deficiency, 88
species variation of, 33, 48
stability of, 33
structural changes, influence on,
effects of, 13
therapeutic use of
in dyskinesias, 18}
in muscle spasm, 130
in spasticity, 130
in tetanus, 181, 182
tovicity of, 54
wvse in/for/with
abdomino-pelvic examinations,
155
balanced anesthesia, 69
barbituates, 67
bronchial asthma, 143
cardio-vaseular disease, 144
childhood, 188
eyclopropane, 76
dehydration, 146
electrolyte imbalance, 146
endotracheal intubation, 65,
151
ether, 78
ethylens, 78
infancy, 138
inhalation anesthetic agents, 75
kidney disease, 150
Yaryngeal spasm, 154
hver disease, 149
wyasthenia gravis, 141
nitrous oxide, 76
old age, 140
reduction of dislocations and
fractures, 156
regional anesthesia, 153
shock therapy, 65, 97, 127

Muscular contraction, 23
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Myasthenia gravis
diagnosis of
with edrophonium, 136

structural formula of, 81
use of
atropine with, 83

with gallamine, 135 clinical, 85
with neostigmine, 135 Nerve fiber
effects of small caliber, 29, 81
decamethonium in, 137, 142 large caliber, 29
depolari: muscle Nerve stimulation, acetylcholine re-
in, 87, 187 lease after, 6

d-tubocurarine in, 136, 141
gallamine 1n, 136, 141
onclarid 1

Neuromuscular block
by interference with

in,
136
succinylcholing in, 142
electromyography in, 137
itivity of

Icholine release, 32, 44
depolarization, 32, 89
repolarization, 32

classification of, 33
N 1ar Bl

acet;

1.

dplate in, 37
Mytolon, see Benzoquinonium,

N
Neostigmine
anti-cholinesterase activity of, 41,
82

bronchiolar spasm after, 84
cardiac arrest after, 84
dosage of, 82, 101
duration of action of, 83
effect on
benzoquinonium block, 105
dimethyl tubocurarine block,
47, 102
d-tubocurarine block, 47, 99,
101

gallamine block, 47, 103
heart rate, 84
Iaudexium block, 123
non-depolarizing muscle re-
laxants, 47
hyperpenstalsis after, 84
mode of action of, at the end-
plate, 42
muscarinie effect of, 84
onset of action of, 83
Tecurarization after, 83, 101
salivation after, 84

agents,
see Muscle relaxants.
Neuromuscular disorders, use of
muscle relaxants in, 181
IR

of, 20
Neuromuscular transmission, 21
depolanzation-repolarization se-
quence in, 25, 32
refractory phase of, 29
theories of
chemical, 7, 21
electrical, 6, 21
Nitrous oxide-oxygen,‘use in closed
circuit, 71
Non-depolarization block
antagonists of, 42, 47
effects of
acetylcholine on, 40
addutive, 40
anodal current on, 40
anoxia on, 40
anti-cholinesterases on, 40
calcium on, 40
cathodal current on, 40
cyclopropane on, 40
depolarizing agents on, 40
dyes on, 40
edrophonium on, 40
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Non-depolarization block
{ Continued)
epinephrine on, 40
ether on, 40
neostigmine on, 47
phenolic substances on, 40
potassium on, 40, 88
procaine on, 40
te!animticn on, 40
ion in, 40
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on depolarization block, 44
Prostigmine, see Neostigmine.
Protocurines, extraction from pot

curare, 12
Pyridine alkaloids, neuromuscular

effects of, 12

Q
Quarlemary ammonium group/s
of in muscle relaxants, 13

mechanism of action of, 39
species variation of, 39
stimulation, absence of in, 39
termination of, 40, 41
Nor-epinephrine, use in hypoten-
sion, 92
P
Pachy-curares, 33
Peritoneal closure, use of muscle
relaxants for, 62
Phosphates, effects of on acetyl-
choline release, 44
Physostigmine
anti-cholinesterase activity of, &
anti-curare effect of, 6, 99
Plasma cholmesterase
levels in
anemia, 110
anti-cholinesterase intoxica~
tion, 110
chronic infection, 110
hypoproteinemia, 110
liver disease, 110
malnutrition, 110
Post-junctional membrane, 21
Potassium
deficiency
effect on muscle relaxants, 88
effect on d-tubocurarine block,
99
use in postoperative apnea, 89
Procaine
effect of
on acetylcholine release, 44

neuromuscular effects of, 13
R

Rat, sensitivity to non-depolarizing
relaxants, 39
Receptor protein, see Cholinergic

after edrophonium, 83, 84
after neostigmine, 83
in patients with electrolyte 1m-
balance, 148
Reduction of dislocations and frac-
tures
use of
alphaprodine for, 155
muscle relaxants for, 156
Regional anesthesia, use of muscle
relaxants with, 153
Resprration
assisted, advantages of, 64
controlled, advantages of, 63
Respiratory antagonists, use of, 72,
90

Respiratory center
auto-rhythmicity of, 87
effect of

hypercapnia on, 90
hypocapnia on, 87
hypoxia on, 90

muscle relaxants on, 48, 49

s

Sensitivity, to muscle relaxants
in different species, 38
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inverse to depolarizing, and non-
depolarizing, 89
Shock therapy
dangers of unmodified, 127
use of muscle relaxants in, 65,
97, 127
Stilbamidine, neuromuscular effect
of, 13
Storage protein, 25
Structural changes, effect on neu-
romuscular activity of, 13
Strychnos toxifera, 11
Subarachnoid block
effects on circulation, vi
neurological complications after,
vi
traction reflexes with, vi
Succinyleholine
anti-cholinesterase activaty of, 53
apnea
causes of, 115
prevention of, 118
treatment of, 119
convulsions after, 96
determination of, 58
effect of fon
autonomie, 49
blood pressure, 51, 93, 118
bronchial secretion, 52
central, 48
circulatory, 51
gastrointestinal, 52
beart rate, 51, 113
intra-ocular pressure, 53, 54
patients with low plasma
cholinesterase, 110
respiratory center, 48
salivation, 52
enzymatic hydrolysis of, 55, 108
histamine release by, 53
in infancy
dosage, 189
sensitivity, 139
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initial dose
with cyclopropane, 60
with ether, 60
with thiopenthal, 60
in myasthenia gravis, 142
intraperitoneal administration of,
54

in unanesthetized man, 109
muscle pain, after, 96
physteal and chemical properties
of, I
structural formula of, 17
urinary excretion of, 55, 108
toxcity of, 55
twitching, after, 98, 108
use in/for/with
abdomino-pelvic examinations,
114, 156
assisted respiration, 112
continuous drip, 110
controlled respiration, 113
children, 110, 139
endoscopies, 114, 153
endotracheal intubation, 114,
151
hyaluronidase, 110, 189
infancy, 139, 160
intramuscular, 110, 139
laryngeal spasm, 114, 154
reductions of dislocations and
fractures, 114, 158
shock therapy, 114, 128
tetanus, 132
Suxethonivm
dosage of, 125
enzymatic hydrolysis of, 125
physical and chemical properties
of, 18
structural formula of, 17
time relationships of, 125
use in/ffor, electroshock therapy,
125

endoscoples, 152
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Suxethonium (Continued)
endotracheal intubation, 151
shock therapy, 128

ine, see D

Syntheuc muscle relaxants, de—

velopment of, 8
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Topical anesthesia, 68
Toxiferin-1
isolation
from calabash curare, 12
from Strychnos toxifera, 12
. 1 and chemical :
of, 18
speces variation of, 12
structural formula of, 14
Tropine abkaloids, neuromuscular
effects of, 18
Tubocurarines, extraction from
tube curare, 12

after decamethonium, 96
after suceinyfcholine, 86

T
Tenstlon, see Edrophonium,
Tetanization
effect of
on depo!anzamyn bluck 44
an. ization block, Twitch
40
of, in depol;
jzation block, 40
Tetanus

tracheotomy in, 134
use of mescle relaxants in, 331

v

Urine formation, effect on duration
of action of relaants, 89
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