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I. INTRODUCTION AND HISTORICAL DEVELOPMENT

Reference to the neuromuscular blocking action of some of the substances
reviewed in the present article has been made in recent years on several occa-
sions in surveys on quaternary ammonium compounds (310, 344). To avoid
duplication, only those aspects of the neuromuscular blocking actions of cho-
linesters of dicarboxylic acids and related substances will be discussed here in
full detail which have been either discovered in the period since the publication

1 The author wishes to express his sincere thanks to his collaborators, Drs. O. Kraupp,
Ch. Stumpf and G. Werner, without whose help this review could not have been written,
to Drs. O. Schmid and H. Hélzel for their help in compiling the data given in the tables
I-1I1, and to Dr. M. Weatherall of the Department of Pharmacology of the London Hos-
pital Medical College for his great help in preparing the final English manuscript.
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of the reviews referred to, or which are essential for the understanding of the
complete pattern of activity of these compounds.

The interest in the pharmacodynamics of synthetic dxchohnesters of dicar-
boxylic acids originated mainly from observations with polymethylene bis-
quaternary ammonium salts. It was first clearly recognised by Ing and Wright
(215) that onium cations are on the whole exceptionally potent as neuromuscular
blocking agents. With the idea in mind that the presence of the two quaternary
nitrogen atoms in d-tubocurarine (dTC) is essential for its potency as a neuro-
muscular blocking drug, Barlow and Ing (20) synthesized bisquaternary com-
pounds of the methonium series, which subsequently turned out to be either
potent ganglionic or neuromuscular blocking drugs, depending on the number
of methylene groups which separated the two quaternary nitrogen atoms.
Cholinesters of a,w-dicarboxylic acids are, however, also interesting for other
reasons, apart from being bisquaternary compounds: the dicholinesters with a
chain length of the acid of four or more C-atoms resemble acetylcholine (ACh)
structurally in that they consist of two ACh moieties, which are separated
by a certain number of methylene groups, starting with 0 in the case of succinyl-
dicholine (SDCh). Such compounds therefore offer the advantage not only of
being bisquaternary but, at the same time, being likely to interfere with, or imi-
tate, actions of ACh in some way or other, following the “principle of similarity”’
which, in many instances, is found to hold true for the relation between metabo-
lites and their specific antagonists. The ever-increasing number of synthetic
cholinesters and similar derivatives of ACh derives its pharmacological interest
from two further sources. First, there is an increasing amount of evidence that
cholinesters other than ACh might be natural constituents of the animal body.
Thus propionylcholine has been isolated from ox spleen (19) tissue and recently
butyrylcholine was claimed to be present in brain extracts (205); this number
may increase in the future. Second, by changing the arrangement of atoms
within the cholinester molecule, some of the numerous and complex actions of
the natural chemical transmitter ACh may be greatly enhanced, whereas others
disappear more or less completely. Thus one obtains important chemical tools
for the elucidation of physiological and pathological functions of the animal body,
which are more specific than ACh itself.

At present the actions of ACh are usually classified after the nomenclature
introduced by Dale (81) as muscarine-like or nicotine-like, since they resemble
closely the pharmacological actions of these alkaloids. The muscarine-like proper-
ties of ACh especially, which either augment or diminish the function of smooth
muscle fibres, heart muscle fibres or of numerous glandular epithelial cells, seem
to be a well defined entity. They are all easily abolished by small amounts of
atropine and they correspond closely to the effects reproduced by stimulation
of the postganglionic cholinergic fibres of the autonomic nervous system. Deriva-
tives of choline which can be said to have “muscarine-like actions’ may be more
or less effective than ACh, but they have all the functions mentioned above
and usually in more or less the same relative strength as ACh itself. Therefore
no substance could be incorporated in this group if, for instance, it had effects
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on smooth muscles resembling those of muscarine, but no such effects on the
salivary glands.

The situation seems to be somewhat different when ‘nicotine-like actions”
are considered. These also can be described as either excitatory or inhibitory, but
both effects are usually closely connected, paralysis following initial excitation.
They are mainly exerted on structures connected in some way with the nervous
system, such as synapses of the vegetative or central nervous system (including
chromaffine cells which may be derived from vegetative ganglion cells), on
peripheral receptors or, finally, on structures intercalated between the nervous
tissue and the effector organ, such as the endplates of striated muscle fibres. ACh
has all these properties but in greatly varying intensity. Thus exciting effects on
vegetative ganglion cells or on striated muscle fibres are very evident, whereas
the paralysing properties are much more pronounced, for instance, in nicotine
itself. In recent years, mainly through the pioneer work of Bovet, derivatives
of choline have been found in which the relative intensity of the different “nico-
tine-like effects’” is entirely different from ACh; indeed, some effects may be
lacking altogether and others may be enormously augmented. For instance,
such a substance may cause a complete paralysis of striated muscle with hardly
any previous stimulating effect and with hardly any effect on vegetative ganglion
cells, or the exciting effects may be even more prominent than in nicotine or
ACh, while the paralysing effects on muscle or on ganglion cells are less pro-
nounced than in ACh. In some instances it is therefore questionable to what
extent the term ‘nicotine-like’” can still be reasonably applied. When paralysis
of striated muscle is the main pharmacological property of such a substance, the
word ‘‘curariform’ may seem more appropriate for classification, but, as we
shall see, the similarity with dTC may be doubtful.

Since many of these more or less “anomalous” derivatives of choline are
found among the choline esters of «,w-dicarboxylic acids, it seems worthwhile to
review our knowledge of these substances. In doing this, it will also be necessary
to mention substances which are related to the esters either as products of
degradation, such as the corresponding monoesters, or by substitution either at
the quaternary N-atom or in the aliphatic chain, although some of these products
are no longer cholinesters at all.

It seems astonishing that apparently only three papers dealt with choline esters
of dicarboxylic acids before the fundamental and systematic investigations of
Bovet and his school. The first of these dates back as far as 1906, in which year
Hunt and Taveau (212) synthesized SDCh and made a few pharmacological
observations, missing, however, its specific action on striated muscle, because
they used animals which were anaesthetized with urethane and were under the
influence of preparations of curare. Another paper by these authors appeared in
1911 (213). The third paper, exactly thirty years later, was published by Glick
(165), who was interested only in the enzymatic hydrolysis of SDCh by the
cholinesterase of horse serum as compared with that of ACh. In the following
review the different groups of choline esterases will be called either “acetyl-
cholinesterase” (AChE) (corresponding to ‘“true’’ cholinesterase) and “butyryl-
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cholinesterase” (BChE) (instead of ‘‘pseudocholinesterase”) after the nomen-
clature of Augustinsson (12, 13).

It is fascinating to follow step by step the series of publications from 1946
onward in which Bovet, starting from the constitution of dTC, finally arrived
at the simple molecules of amino alcohol esters of simple aromatic and finally
aliphatic dicarboxylic acids. Since the logical development of these “synthetic
curares” has been admirably recorded by Bovet (38, 41) himself, there is no
necessity to go into details here. However, even in 1951, in his review before the
New York Academy of Sciences, Bovet (38) still held the view that throughout
the simplifying chemical changes, the molecules of the different artificial curari-
form substances retained the basic pharmacological properties of the original
alkaloid dTC, although he was fully aware of certain individual differences.

This is important, since Bovet’s original investigations coincided with the
discovery of decamethonium (C-10) by Barlow and Ing (20) and the elucidation
of its pharmacological properties mainly by Paton and Zaimis (286). From this
work it appeared that substances of an aliphatic type somewhat similar to
SDCh and its congeners had an action resembling the depolarizing activity of
ACh and, therefore, are fundamentally different from dT'C which inhibits this
process at the site of the motor endplate.

Recognizing the pharmacological similarity between the actions of C-10 and
the SDCh type of drugs, Bovet (41) then proceeded to summarize these sub-
stances under the name of “leptocurares” which he contrasted with ‘“pachy-
curares”’ of the dTC or gallamine type. This nomenclature was meant to indicate
that the more linear structure and the less heavy substituents attached to the
quaternary N-atoms of the molecules of the first group might be responsible for
the somewhat different action. Nevertheless, Bovet (38) also stressed the chem-
ical similarity of both groups. His nomenclature has not been widely accepted,
but it can be said that the increasingly detailed knowledge which has accumulated
since 1949, and the clear demonstration of the fact that intermediate pharmaco-
logical actions can be found in certain compounds related to SDCh, seem to
support Bovet’s (41) opinion, although in other cases the difference between
dTC and the depolarizing substances remains clear-cut.

The fact that Bovet’s extensive work first appeared in the Italian languags
and in periodicals not readily available to all pharmacologists has probably been
the reason for the publication, since 1950, of many independent papers on
dicholinesters. The work by Castillo and de Beer (66), as well as that of Phillips
(288) and of Walker (359), seems even to have been initiated by the papers on
C-10 rather than by Bovet’s work (42). These independent papers have the
advantage that many facts about dicholinesters are by now well established.
Further interest in the substances of this group was awakened by the introduc-
tion of SDCh into clinical work by H. Briicke et al. (57) and by Thesleff (346).
Bovet (42) had previously suggested di-monoethyldimethylammoniumethyl suc-
cinate for this purpose and Valdoni investigated this substance clinically. Papers
on the fate of SDCh in the animal body and its enzymatic degradation are now
numerous.
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A new and interesting line of research resulted from the analysis of the pharma-
cological actions of the cholinesters of dicarbamic acids first by Cheymol (75)
and independently, but about one year later, by a group in the Vienna Pharma-
cological Institute (232, 237).

II. CHEMICAL AND PHYSICAL PROPERTIES

The different quaternary trialkylammoniumethyl esters of dicarboxylic acids
to be described in this review were prepared principally as iodides, bromides
and chlorides. A few, such as succinylmonocholine (SMCh) and SDCh have
also been prepared as perchlorates (141, 365). All the halides are easily crystal-
lizing white compounds and are readily soluble in water at neutral reaction.
The melting points of the halides are listed in tables I, II and III. Exact data
on solubility are lacking, but with the derivatives of dicarbamic acids, the higher
homologues are less soluble than the lower ones. The reactions with alkaloid
reagents are known only for SDCh and precipitates of low solubility have been
described with the following reagents: tetraphenyl sodium boride (m.p. 214°C,
molar solubility 5.4 X 10~%, solubility product 6.3 X 10~1) (318); ammonium
reineckate (m.p. 194°C, molar solubility 3.2 X 10~%, solubility product 1.3 X
103) (318); chloroplatinate (165); and dipicrylamine (precipitation as ‘hex-
vlate”) (321).

Of great importance for the stability in aqueous solution of the compounds
under observation, is the time course of the spontaneous hydrolysis of their
esteratic bindings with dicarboxylic or dicarbamic acids. This non-enzymatic
hydrolysis was first investigated by Glick for SDCh (165). According to this
author, it is about seven times higher than that with BChE of horse serum, and
it is about twice that of ACh if equal concentrations (1 %) are used.

As Whittaker and Wijesundera (368) were able to show in subsequent
investigations, the spontaneous hydrolysis is different from the enzymatic one:
in the first case, after 20 % hydrolysis the resulting monoester is further de-
graded to choline and to succinic acid, while the enzyme only splits one estera-
tic group to form the monoester until about 60 % of the original substance has
disappeared, before the latter is further changed. More detailed data on the
kinetics and on the influences of pH and temperature on non-enzymatic hy-
drolysis of SDCh were published by Tammelin (342), Fraser (141) and Earles
et al. (96). Using the photometric method of Hestrin (194), Tammelin (342)
was able to prove that the non-enzymatic hydrolysis of SDCh follows a first
order reaction. With the head drop method it could also be shown that a solu-
tion of SDCh (0.00266 molar) is hydrolyzed to half the initial value in thirty
minutes at pH 7.3 and 75°C. The velocity constants of the hydrolysis of SDCh
and SMCh in these experiments were 1.4 and 1.6 respectively. These experi-
ments and others, carried out by Foldes et al. (122, 132) with heat-inactivated
human plasma, show conclusively that the non-enzymatic hydrolysis of SDCh
is higher than that of SMCh. Under the conditions mentioned above, Tammelin
(342) could show that at 25°C no notable hydrolysis occurred; at 50°C, 10%
was hydrolyzed within five hours and at 75°C about 50 %. At 100°C practically
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all SDCh present initially was split within two hours. Investigating the hydroly-
sis at constant temperature (75°C) and varying pH, he found that there is no
appreciable hydrolysis at pH 5 within five hours, whereas in the same time about
10% hydrolysis occurs at pH 1 and pH 6, and at pH 8 it is about 60 %. Fraser
(141) used a biological test (rat diaphragm) and arrived at similar results. At
pH 3.4, the hydrolytic loss of a 5% solution of SDCh in glass vials was 5.85%
after three months and 22 % after one year at room temperature (96). At 37°C
the loss under identical conditions was 24.5% in three months and practically
total within one year (96).

Few data are available on non-enzymatic hydrolysis of other members of
this series of esters. Glick (165) stated that the hydrolysis of maleyldicholine is
higher than that of SDCh. Ginzel, Klupp and Werner (158) found it almost
equal for SDCh and the ester of adipic acid. Stumpf (338) (unpublished) working
with a manometric method, compared the hydrolysis of some homologous
dicholinesters of dicarboxylio acids and obtained the following values of ul CO.
after 30 minutes from 2 ml of 30 mM solution at pH 7.4 and 37°C: carbonyl—
95.0, succinyl—7.0, fumaryl—114.0, adipyl—4.4, azelayl—3.7, sebacyl—O0.

From these results, the conclusion may be drawn that, within the homologous
series of these diesters, the non-enzymatic hydrolysis decreases with increasing
chain length and that esters of unsaturated acids show a higher hydrolysis than
those of saturated ones. Under the conditions chosen by Stumpf (338) the esters
of dicarbamic acids show no hydrolysis at all.

III. METHODS OF ESTIMATION

Owing to the lack of specificity of all chemical methods for the evaluation of
ammonium compounds, all estimations of the quaternary compounds under
discussion in biological material involve their isolation and separation in pure
form. So far only paper chromatography has been used for this isolation and
separation from serum or tissue extracts. Whittaker and Wijesundera (367, 368)
used n-propanol:formic acid:water (8:1:1) (solution I) or n-propanol:benzyl
alcohol:water (solution II) for the chromatographic separation of cholinesters
such as SDCh and SMCh on paper. The Ry values for solution I were 0.30 for
SDCh and 0.62 for SMCh and for solution II 0.30 for SDCh and 0.17 for SMCh.
Solution II can also readily be used for the separation of SDCh, SMCh, choline
and succinic acid. Augustinsson and Grahn (14) described a method based on
paper chromatography, by which ACh, SDCh, adipyldicholine (AdDCh) and the
hexaethyl derivative of this substance as well as sebacyldicholine and related
substances can be separated. In this method the authors used a mixture of n-buta-
nol:ethanol:acetic acid: water in a relation of 8:2:1:3 (filter paper, Munktell No.
0B or Whatman No. 4; temperature 20°C; time of ascending migration 16 hours,
descending 9 hours; amount of substance used 10-50 ug). Under such conditions
the following Ry values were found for the descending migration of the sub-
stances mentioned above: ACh: 0.47, SDCh: 0.18, AdDCh: 0.22, M 114 (see
Table I, No. 24) 0.25, sebacyldicholine: 0.54. A paper chromatographic separa-
tion of SDCh from gallamine, dTC and “myocain” has been described by
Wankmiiller (361).
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The following colour reactions were used to visualize these substances on
paper:

1) According to Hestrin’s method (194), ACh and the aliphatic dicholinesters
of dicarboxylic acids can be spotted by converting them into the corresponding
hydroxamic acids with hydroxylamine, which then give a red colour with ferric
chloride (366). In distinction from the esters of dicarboxylic acids, those of
dicarbamic acids do not give a colour reaction either on paper or in solution.
The limit for this estimation is 0.5 to 2 ug (199).

2) The iodine method of Brante (46). SDCh, like many other substances
containing nitrogen, gives a brownish-yellow spot on spraying with alcoholic
iodine solution. This reaction is reversible since SDCh remains unchanged after
evaporation of the iodine and can then be tested in another way.

3) Conversion of the dicholinesters into their phosphomolyldic acid salts and
subsequent reduction to molybdic blue with acid stannous chloride according
to Chargaff’s method (69). The method was used for SDCh but did not prove
very specific (367).

4) Treatment of the chromatograms with 0.4 % solution of dipicrylamine
magnesium salt in aqueous acetone (321). With choline and with a series of
mono- and diesters of dicarboxylic acids or of dicarbamic acids, this method
yields brownish-yellow spots on a light yellow background (14, 265, 337).

5) Treatment of the paper chromatograms with bromthymol blue in alkaline
bicarbonate solution. SMCh and SDCh give yellow spots (47).

6) Treatment of chromatograms with Dragendorf’s reagent (280).

Some of the colour reactions mentioned above were worked out for quantita-
tive estimation of dicholine compounds. Samuelsson (321) described a colori-
metric method based on the reactions of dipicrylamine and choline derivatives
as discovered by Ackermann and Mauer (1). These compounds have well defined
melting points (e.g., that of SDCh, m.p. 141-142°C) and form deep yellow solu-
tions in acetone, whose colour follows the Lambert-Beer law. For quantitative
estimations of SDCh in solutions meant for injections the precipitation reactions
of SDCh with tetraphenyl sodium borate or with ammonium reineckate can be
used (318). The first of these reactions is impaired by potassium, ammonium,
choline and monocholinester ions. The reineckate of SDCh is soluble in acetone
with a red colour and since the intensity of colour follows the Lambert-Beer
law over a wide range, it can be used for the colorimetric estimation of SDCh.
The measurements should be carried out at 525 mu and have a sensitivity of
0.1 ug/ml (318). Another colorimetric method is based on the fact that the
salts of quaternary ammonium bases with bromthymol blue can be separated
from aqueous solution by shaking with chloroform. The coloured salts are soluble
in chloroform with a yellow colour whose intensity is proportional to the con-
centration of the ammonium compounds contained in the original solution.
SDCh and hexamethylenedicarbaminoylcholine can be estimated quantita-
tively in aqueous solutions by this method (Beckman spectrophotometer, wave
length 420 my; thickness 1 cm, final volume of the chloroform solution 5 ml;
sensitivity 10 ug/ml) (337).
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Several biological methods have been developed for the estimation of di-
cholinesters. Compared with the chemical methods, these have the advantage
of higher sensitivity and specificity and they are not as easily impaired by other
substances occurring in urine or in tissue extracts. Especially the contracture
which nearly all of these substances cause in the frogs rectus abdominis muscle
can be used to great advantage in their estimation (42, 68, 286, 309). With this
method SDCh (129, 281) and hexamethylenedicarbaminoylcholine (52) were
quantitatively estimated in the urine of animals or man without previous sepa-
ration or isolation. The threshold for the estimation of SDCh is 0.1 ug/ml and
for hexamethylenedicarbaminoylcholine 0.2 ug/ml. In cats SDCh can be esti-
mated quantitatively with doses of 5-10 ug after treatment of the animals with
1 mg/kg of eserine (281). SMCh and SDCh as well as their mono-, di- and tri-
ethyl derivatives can be estimated quantitatively with the rat phrenic nerve-
diaphragm preparation (105). With the ‘“‘drop off test” in mice the lower margin
for the estimation of SDCh was found to be 200-300 ug/kg (281).

1IV. PHARMACOLOGICAL ACTIONS IN ANIMALS AND MAN

A. Dicholinesters and other di-trialkylammoniumethyl esters of aliphatic
dicarboxylic acids

1. Diesters of carbonic, oxalic and malonic acid. a. Carbonyldicholine. Car-
bonyldicholine was first synthesized by Abderhalden et al. (1) and has been in-
vestigated recently at the Pharmacological Institute in Vienna (unpublished).
This compound differs from all the other members of the dicholine dicarboxylic
acid ester (DChDCAE) series, in that it has no actions at all on neuromuscular
junctions.

Doses as high as 10 mg/kg cause no paralysis of the striated muscle of cats. 1 mg/ml is
without any effect on the isolated diaphragm of the rat or on the isolated frog rectus
abdominis preparation.

On the other hand there is rather convincing evidence that carbonyldicholine does pos-
sess ganglion-blocking property.

A depressor action on the cat blood pressure which could be neither prevented nor
abolished by atropine was observed after doses of 1 to 5 mg/kg. Moreover, carbonyldicholine
caused a reduction of the contractions of the cat nictitating membrane on indirect stimula-
tion when given intravenously in doses of 5 mg/kg and did not influence the flow rate of
the isolated perfused hind limb of the cat. Comparing the mydriatic actions of carbonyl-
dicholine and hexamethonium on mice a ratio of 0.12 was found, indicating that the latter
substance was about eight times more active. The action of carbonyldicholine on loops
of isolated ileum of guinea pigs, contracted by pretreatment with ACh, histamine and
nicotine was compared with that of hexamethonium. In these experiments neither car-
bonyldicholine nor hexamethonium showed any actions, in doses up to 50 ug/ml, against
the ACh and histamine contractures. The nicotine contractures were abolished by 2.5
ug/ml of carbonyldicholine or by 0.5 up to 1.0 ug/ml of hexamethonium, indicating a rela-
tive potency of approximately 0.225. On the isolated frog heart, carbonyldicholine (50-500
ug/ml) has a positive inotropic effect similar to that found by O. Loewi (253) for other
ganglion-blocking agents.

All thissuggests that the first member of the series of DChDCAE is a ganglion-
blocking substance and that its pharmacology is entirely different from the
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higher homologues of this series. Carbonyldicholine resembles more those mem-
bers of the polymethylenebistrimethylammonium series which, like hexa-
methonium, are inhibitors of ganglionic transmission, but it is about six to eight
times less active. Carbonyldicholine is not split by the BChE of horse since its
spontaneous hydrolysis could not be augmented by the addition of horse serum
(1:10).

b. Ozalyldicholine and malonyldicholine. The dicholinesters of oxalic and
malonic acid were synthesized and investigated by Bovet and his group at the
“Istituto Superiore di Sanitd” in Rome (35, 41, 42, 144, 146, 149, 150). Since
oxalyldicholine has a head drop dose of 75 mg/kg in rabbits and a lethal dose
of 150 mg/kg it is doubtful whether it really should be included in the class of
“artificial curares”. No other pharmacological data are available, but at least
as regards neuromuscular activity, oxalyldicholine seems to be more related to
carbonyldicholine than to the higher members of the DChDCAE series. Ma-
lonyldicholine has a more potent neuromuscular activity (head drop dose in
rabbits = 2 mg/kg) and is therefore more closely related to the next higher mem-
ber, SDCh, which proved to be an extremely potent neuromuscular blocking
substance. Here too no other pharmacological data are available.

2. Diesters of succinic acid. a. Succinyldicholine. By far the most important
representative of the group of substances mentioned in this review is the di-
cholinester of succinic acid. According to its chemical constitution SDCh has
been called ‘“diacetylcholine”’. However, pharmacological analysis of this sub-
stance has been extensive in the last five years and has shown that no animal
yet investigated can break down the aliphatic linkage to form ACh.

Neuromuscular actions. The outstanding property of SDCh is that it has a
powerful paralysing effect of short duration on mammalian striated muscle.
The distance between the two quaternary groups appears to be optimal for this
effect (41). This view seems to be corroborated by the fact that in the homologous
series of polymethylenebistrimethylammonium compounds the optimal distance
is of the same order, z.e., about 14.5 k. (252). However, Cheymol et al. (70, 71,
74, 75) and Kraupp et al. (232, 237) have shown, that in the series of dicarba-
minoylcholines the optimal distance is entirely different and we shall see that
the close correspondence between the DChDCAE and the methonium series
may be entirely fortuitous.

A second characteristic property of SDCh and its homologues in the DCh-
DCAE series is the short duration of their action even if paralysis is complete.
From the beginning of their investigations, Bovet (42, 44), Phillips (288), and
Castillo and de Beer (66) attributed this to the fact that SDCh is hydrolyzed
by BChE. Many subsequent findings seem to support this theory, but other
factors may contribute to this shortness of action.

It will therefore be best to consider first the results found in various animal
species and in isolated muscle preparations, and to keep in mind that even in
one species different muscles are apt to vary widely in their reactions, at least
quantitatively.

Like decamethonium, SDCh causes a contracture of those muscles of the frog
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which are most susceptible to the effect of ACh, especially the rectus abdominis
(38, 41, 42, 159, 259, 335). Weaker effects are seen with the sartorius and the
smallest effects with the gastrocnemius (42). The onset of the contracture is
about twenty times slower than with ACh comparing the time in which the
maximal tension is reached (180). The contractures can be abolished by dTC
and gallamine and correspond to the effects of substances of the ‘“depolarizing”
type of muscle relaxants. The contracture-producing actions of ACh and of
SDCh are therefore always synergistic (259).

The contracture of the frog muscle after treatment with SDCh does not lead
to any changes in the ATP or ADP content of the muscle, although the creatine
phosphate content is decreased (118, 220).

In muscles of the toad (sartorius of Bufo vulgaris) SDCh shows twitches which
are superimposed on the contracture in the same way as shown by Sommerkamp
with ACh (331). However, if large doses of SDCh (5 mg/kg) are injected into
the lymph sac of a frog, the animal shows the same flaccid paralysis of its muscles
as with dTC, and only with reduced doses one can observe positions of partial
contracture as with nicotine (41).

Buttle and Zaimis (61) have shown that, in birds, C-10 causes a contracture
of the muscles of the hind limbs, and Bovet demonstrated the same reaction for
SDCh (41, 42).

The sensitivity of different muscles of the bird seems to vary, since it was
found that small doses cause spastic paralysis only of the legs, the animal being
still able to fly, whereas large doses cause contracture of the breast muscles and
opisthotonus (41, 42, 159). A convenient preparation for following this reaction
quantitatively was developed at this Institute by Ginzel et al. (155, 159, 162)
who attached the isolated tendon of the gastrocnemius of pigeons to an iso-
tonic lever and recorded the contractions of the muscle both with indirect
stimulation from the sciatic nerve and from supramaximal stimulation of the
muscle itself. Intravenous injection of a few micrograms of SDCh caused con-
tracture of the muscle which, even if it was maximal, was much shorter than
one caused by C-10. If smaller doses were given, so that the tension of the con-
traction did not reach that of the muscle twitches caused by direct or indirect
stimulation, such twitches were superimposed on the contracture in the same
way as observed by Brown (49a) with ACh, indicating that indirect stimulation
is not interrupted. In the pigeon preparation, as in mammals, tubocurarine
caused merely a decrease or a total block for indirect stimuli without affecting
direct stimulation at dose levels which caused complete block at the motor end-
plate. dTC diminished or abolished the contracture caused by SDCh (38, 41,
42, 157).

Mammalian muscles, unlike those of birds and reptiles, usually show no con-
tracture with SDCh, but react with flaccid paralysis due partly to neuromuscular
block and partly also to a direct effect on the muscle fibre (26, 38, 39, 41, 42,
66, 159, 183, 288, 349). Stimulating effects on the muscle fibres can always be
observed in a varying degree before paralysis (160, 349). There are however at
least two circumstances in which a flaccid paralysis does not develop. According



294 F. BRUCKE

to Veigel (358), the diaphragm of guinea-pigs under barbiturate anaesthesia re-
sponds to SDCh with contracture. The second exception among normally inner-
vated muscles is the external muscles of the eye. Hofmann and Lembeck (200)
registered the contractions of these muscles on stimulation of the oculomotor
nerve in rabbits and found that injections of SDCh caused a contracture (the
same was found for C-10 (93)) which could be extinguished by dTC. This again
seems to be a typical reaction to depolarizing substances, since the same was
found for ACh by Brown and Harvey (50). It is possible that this reaction of
the external muscles of the eye is the cause of the increase in intraocular pres-
sure which was observed by Hofmann and Holzer (199b) in man after the injec-
tion of SDCh. If we now proceed to review the paralysing effect of SDCh on
isolated or partially isolated preparations of mammalian muscle, it seems aston-
ishing how few experiments have been made with the isolated diaphragm of the
rat. This is probably due to the rather weak action on this preparation, in which
this substance causes only a 50 % reduction in tension with concentrations as
high as 1 mg per 100 ml (26, 160, 316, 317, 364).

In the intact mammal the intravenous injection of SDCh is followed by
marked fasciculations of all striated muscles (349): in man these may be felt
as somewhat painful cramps (349). The subsequent paralysis sets in much more
rapidly than with curare alkaloids and according to Thesleff (349) is usually
maximal about sixty seconds after the beginning of an intravenous injection.
The sequence of onset of paralysis is the same as with dTC, the facial and
laryngeal muscle usually being affected first and the diaphragm last (84, 347,
349). This corresponds closely to the frequency of nerve impulse which reach
the different types of muscles during the course of physiological innervation.
Those with short intervals between the single impulse are more readily paralysed.
However, the effect is of short duration in all animals even if the initial paralysis
was complete.

Thesleff (349) finds that if the dose and the time of paralysis are both plotted
on logarithmic scales, a linear relation between dose and effect can be observed.
However, it must be remembered that different muscles of one species may
show a somewhat different sensitivity to SDCh, e.g., Somers (330) showed that
in the cat the tibialis anticus is always more sensitive than the gastrocnemius
muscle. The differences are much less pronounced than with C-10 for which
Zaimis has given a thorough comparative analysis in different animals (375, 376).
The stimulating effect of SDCh, which gives rise to fasciculations after intra-
venous injections, can be studied best by means of close intraarterial injections
according to Brown’s technique (49). Like ACh, SDCh also causes an initial
twitch; this is then followed by transient depression of excitability to indirect
stimulation. The initial twitch can be abolished by pretreatment with small
doses of dTC.

Chronically denervated mammalian muscles react to SDCh with a contracture
similar to that observed after ACh (41). In the dog Bovet made a remarkable
observation (41). The gastrocnemius muscle of one side was chronically denerv-
ated and during the subsequent experiment the normal muscle of the other
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side was stimulated rhythmically from the sciatic nerve the reaction of the
denervated muscle being tested by repeated intra-arterial injections of ACh
into the corresponding femoral artery. If 0.1 mg/kg SDCh was then given
intravenously, this amount was sufficient to abolish indirect excitability on the
normal side. On the denervated side however, the short contractures caused by
ACh were either unaffected or even augmented in tension. But if a ten times
higher dose of SDCh was given, these effects of ACh on denervated muscles were
completely abolished. This seems to show that SDCh, while acting as a ‘“‘de-
polarizing” agent in moderate doses, may change its mode of action in excessive
concentrations and can act like dTC which, of course, antagonizes the contrac-
tures caused by ACh on denervated muscle.

All the details previously mentioned in this paragraph tend to prove that
SDCh is, in fact, a depolarizing drug similar to C-10 and probably even more
closely related to ACh than the latter. The relevant evidence for such a mode of
action will be presented in IV, C, p. 315. An unexpected observation reported
for SDCh by Granit et al. (169, 170) was that subparalytic doses of SDCh
caused a strong transient regular discharge of muscle spindles when the drug
was injected intra-arterially. This effect, although facilitated by increase of
muscle tension, also occurs in an entirely flaccid muscle with higher doses of
SDCh. SDCh still elicited discharges from the muscle spindles when the muscle
was completely unresponsive to excitation through alpha motor fibres, though
still higher doses were then required. SDCh ultimately also paralyses the gamma
endplates. However, there often appears to be a transient stimulating effect
before the onset of paralysis.

Ganglionic actions. Although SDCh has a very weak ganglionic activity as
compared with the other members of the DChDCAE series, its effects on the
vegetative ganglia have been studied in detail and are of practical importance.
SDCh causes primarily an excitation and subsequent depression of ganglion
cells (159, 349). These effects include all vegetative ganglia which have been
studied so far and also the suprarenal medulla. Bovet (41, 42) had already
described how large doses of SDCh (2-100 mg/kg in dogs), far in excess of the
muscular paralysing threshold, cause a pronounced transient elevation of blood
pressure. Thesleff (349) found that the rise in blood pressure with doses between
2 and 50 mg was especially noticeable in cats and was less in rabbits or dogs.
He could find no diminution of the effect with repeated doses, but he saw that
very large doses (in excess of 100 mg/kg) caused less effect than smaller ones
and that they were followed by a slight depression of blood pressure. This was
the only lowering of blood pressure noticed by this author, whereas Bovet (41, 42)
had described a slight initial lowering effect.

Denervation of both carotids or clamping of these arteries had practically no
effect on the pressor action of SDCh (349). However, the action was partly
abolished by the application of ganglion-blocking agents such as hexamethonium
bromide or tetraethylammonium chloride (349). The pressor effect was also
greatly diminished by sympatholytic drugs such as dibenamine (349). After
application of this drug there was an initial fall in blood pressure and then a
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slight rise when SDCh was injected. Evidently all the actions of SDCh can be
explained by its nicotine-like effects on vegetative ganglion cells. It is therefore
rather astonishing, that Thesleff (349), recording the action potentials of the
inferior mesenteric ganglion, was unable to observe this stimulating effect; with
doses up to 10 mg/kg no change of the action potentials could be observed,
whereas higher concentrations depressed the ganglion until with 130-140 mg/kg
a total block of short duration resulted. This is about six hundred and fifty to
seven hundred times the paralysing dose for striated muscle. Such experiments
should probably be repeated since at least with the compounds of this series
with increased length of the polymethylene chain there can be no doubt of the
ganglion-stimulating action. Apparently, however, Granit, Skoglund and Thes-
leff (in unpublished observations) were also unable to see any increase in the post-
ganglionic discharge of action potentials in the inferior mesenteric, the stellate,
or the superior cervical ganglion.

Miscellaneous actions. v. Euler et al. (107a) found in 1941 that 5-10 ug of ACh
injected into the external carotid artery caused a maximal discharge in the
afferent fibres from the carotid body in cats without influencing the baroceptor
activity. They proposed the theory that this substance might play a role in the
transmission of chemical impulses within the chemoceptor cells of this region.
Landgreen et al. (242, 250) repeated these experiments with SDCh. When they
injected 20 ug into the isolated circulation of the carotid body they found a
marked increase in the typical action potentials of the chemoceptors. Higher
doses (1-2 mg) caused transient complete paralysis.

ACh decreases the threshold for pain caused by injection of histamine and
this action can be antagonized by SDCh as well as by decamethonium (C-10)
and dTC (327).

The effects of SDCh on the gastrointestinal tract are insignificant. Le Heux
(245), in 1921, found that the substance caused no more excitation of the iso-
lated rabbit ileum than choline itself. This was confirmed by Bovet (41, 42)
who also failed to see any increase in the effects of ACh or histamine on the tone
or peristalsis of such loops of rabbit ileum. Nor could any effect on the peristalsis
in situ be observed in dogs. In guinea-pig ileum Thesleff (349) found no effect
up to a concentration of 50 mg/1 and irregular contractions above this concen-
tration. Rapid intravenous injection of as much as 100 mg/kg in cats caused a
short inhibition of peristaltic movements and an increase in tone in the duodenum
in situ. No effect could be seen on the rectal caecum of fowl.

SDCh has no bronchoconstrictor effect, nor does it have any constrictor effect
on the uterine muscle of rabbits up to concentrations of 100 mg/l. A few results
are available which point to an action of SDCh on the central nervous system.
Bovet (38, 43) and Longo and Spaccarelli (256) found that SDCh, even in doses
as high as twenty times the normal lethal dose, does not modify the electroen-
cephalogram (EEG), provided sufficient care is taken to maintain adequate
artificial respiration. More recently, however, the problem was again taken up
by Longo in Bovet’s laboratory (255). Injecting SDCh into the carotid artery,
this author could demonstrate an effect on the EEG of rabbits of the same type
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as that produced by ACh or sensory stimuli; the effect consisted in a transient
arousal reaction and was elicited by as small a dose as 3 to 7 ug SDCh as com-
pared to 0.1 to 0.5 ug ACh. Since the carotid body was denervated in these ex-
periments, a stimulation of chemoceptors was eliminated as a possible cause for
the arousal reaction. A stimulation of other sensory receptors through SDCh
was largely eliminated, since the injection was made into the internal carotid
artery by means of a catheter.

Central actions have also been studied from a different point of view, namely
with regard to a possible paralysing action of SDCh on the respiratory center
(166). Such investigations originated from clinical observations on patients where
an abnormally prolonged respiratory arrest after usual doses of C-10 or SDCh
was relieved by central stimulating drugs, e. g., lobeline or nikethamide (21, 97,
187). In fact Ellis et al. (97, 98) found that, with high doses of SDCh and other
muscle-paralysing agents, the return of the diaphragmatic twitch on stimulation
of the phrenic nerve occurred appreciably before resumption of spontaneous res-
piration. During the interval between the restoration of indirect excitability of
the diaphragm and occurrence of spontaneous action potentials in the phrenic
nerve, these authors were able to restore spontaneous respiration by injecting
lobeline. The question of a central depressant effect of muscular paralysing
agents on respiration must be discussed with great care, since, as Frey et al.
(143) rightly point out, with normal doses of such drugs central effects play a
very subordinate role, and with high doses both hyperventilation and hypoxia
and also the alveolar CO;-tension must be carefully considered before a central
effect can be directly attributed to a drug. With SDCh these authors usually
noticed an initial stimulating effect both on the phrenic action currents and on
diaphragmatic twitches.

Action on the intracellular and extracellular distribution of potassium. A very
interesting effect of depolarizing substances on muscle tissue has been found in
experiments by Klupp and Kraupp (230, 231). These authors found that in dogs
injections of SDCh, in doses between 100 and 500 ug/kg, cause a considerable
rise of the plasma potassium level. 500 ug/kg, for instance, augmented this value
maximally (5-6 mg %), and even after forty-five minutes the normal level was
not yet reached. When an osmotic diuresis was induced in these animals with
mannitol, a dose of 250 ug/kg caused a surplus excretion of potassium in the
urine amounting to 0.7-0.8 mequiv.

Two facts make it evident that this surplus potassium derives from the
muscle fibre and not from other tissues. 1) d-Tubocurarine in doses which by
themselves do not liberate detectable amounts of potassium (500 ug/kg in dogs
of about 15 kg) completely inhibits liberation of potassium ion by 500 ug/kg
SDCh for five hours. 2) The increase in potassium output can also be measured
in perfused hindlimbs of cats. In such preparations an intraarterial injection of
100 ug SDCh caused an output of 0.38 mequiv. of potassium. This action began
within the first minute, reached its maximum in two minutes and disappeared
completely within ten to fifteen minutes. From such experiments it can be com-
puted that one molecule of SDCh liberates at least 1500 potassium ions. Other
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depolarizing drugs have an identical influence (e.g., C-10 or octamethylene
dicarbaminoylcholine) although the time course is different.

At present these effects can be explained only by supposing that, by lowering
the resting potential at the site of the endplates and of the muscle fibre itself,
the depolarizing substances cause a disturbance of the Donnan equilibrium
existing in these membranes. Such an action would be analogous to the effects
of cationic stimulating electrical currents on the membrane of nonmyelinated
nerve fibres, in which Hodgkin and Huxley (199) found that, after a short lasting
initial inflow of sodium ions, an output of potassium occurs through the mem-
brane, persisting as long as the duration of the electrically induced depolarization.

Enzymatic hydrolysis and cholinesterase inhibition. The first investigation of
enzymatic hydrolysis of SDCh was carried out by Glick (165) with horse serum.
Using a 1% solution of SDCh, the rate of hydrolysis was found to be about 4 %
of that of ACh. Glick (165) assumed that the close vicinity of two acyl groups
in the molecule brings about a steric configuration unfavourable for a close
linkage of the esteratic groups with the colloidal particles of the enzymes and
their active centre. This slow enzymatic splitting was confirmed by subsequent
investigations (13, 14, 30, 42, 44, 66, 89, 109, 122, 123, 128, 130, 133, 140, 141,
159, 160, 181, 233, 248, 251, 259, 288, 342, 365, 366, 368). With different enzyme
preparations or substrate concentrations, the hydrolysis was found to range from
1.5 to 5% of that of ACh. The optimal substrate concentration for butyryl-
cholinesterase (BChE) was found to be 0.375% (251) or approximately 5 mM/1
(342, 368), and excess of substrate leads to inhibition. The reaction can be
stopped by heat inactivation of the enzyme or by anticholinesterases (42, 44,
66, 122, 133, 251, 354); inhibition of the already slow process is difficult to meas-
ure. Contradictory statements have been made about the hydrolysis of SDCh
by AChE. Some investigators did not find any action of AChE (13, 14, 108,
140, 141, 182, 248) whereas others observed more or less activity. Bovet-Nitti
(44), working with erythrocytes of cattle, found minimal activity. Léw and
Tammelin (251) and Tammelin (342) however, working with the optimal sub-
strate concentration of 0.375 %, obtained an unquestionable enzymatic hydrolysis
of SDCh by horse erythrocytes. Extracts from liver, tibialis muscle, and heart
of rabbits, or from the electric organ of the torpedo, all containing mainly AChE
(12), hydrolyze SDCh at about the same rate, but much more slowly than ACh
(342). According to Liillmann et al. (259), SDCh is split by AChE of human
erythrocytes but not by that of rabbit brain or of the leech. For hemolysates of
human erythrocytes and for cobra venom the optimal substrate concentrations
of SDCh correspond closely to those of ACh (pS: 2-2.5) (342, 343).

No organ as yet investigated seems to have a high specific affinity for SDCh.
The enzymatic effects of AChE can also be inhibited by anticholinesterases,
although quantitative statements are difficult because the hydrolysis is slow
(251).

The SDCh hydrolysis by BChE follows a reaction of zero order (126, 133, 354),
but it can be shown with manometric methods that the reaction practically
ceases when 50 % of the theoretical amount of CO. has been liberated from the
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bicarbonate buffer utilized (368). Whittaker et al. (365, 366, 368) were able to
show that in horse serum the reaction occurs in two steps. First, the monoester
of succinic acid and free choline are formed and then the monoester is decomposed
to succinic acid and choline, the second reaction starting only when the first is
nearly complete and one of the ester linkages of SDCh has been split. Since the
monoester is split at a much slower rate, the hydrolysis apparently stops at 60 %
of the total possible hydrolysis. The same is true for human serum (130, 132,
133, 248, 354).

With paper chromatography Augustinsson and Grahn (14), using SDCh and
horse serum, found spots which are not identical with either SDCh or choline
and are probably due to the monoester. An exact analysis (368) of this process
showed that after 10 to 35 % cleavage one finds SDCh, SMCh and choline, after
50% only SMCh and choline, and after 60 % SMCh, choline and succinate.
Manometric investigations show, moreover, that after 50 % cleavage the curve
of the enzymatic reaction shows the same course of hydrolysis as an equal mix-
ture of SMCh and choline, whereas the hydrolysis of mixtures of SDCh, choline,
and succinic acid follow a different time course. The fact that SMCh is only
split when there is no more SDCh available is explained by a much greater affin-
ity of the latter substance to the enzyme. This small affinity of the monoester is
also the reason for the fact that horse serum (368) or human serum (122, 128,
132) hydrolyze this substance at a rate which is only approximately 3§ to 14, of
that of SDCh. This reaction is not inhibited by excess of substrate (368). The
monoester is also hydrolyzed by AChE (13).

Fate in the organism. No data are available on the absorption and excretion
of SDCh after oral ingestion, but many investigations on the enzymatic break-
down of SDCh in the organism and on its excretion by the kidneys have been
carried out after intravenous administration. It is often assumed that there is
some relation between the duration of the action of SDCh and the rate of its
enzymatic hydrolysis by BChE. This was first stated by Bovet et al. (42), by
Phillips (288), and by Castillo and de Beer (66). Such relations have actually
been found by Bourne et al. (34) and Evans et al. (108), who were able to demon-
strate that in human patients in whom SDCh had an action of excessive dura-
tion a low level of serum ChE was usually present. This has been confirmed by
several other investigations (32, 33, 62, 110, 134, 179, 182, 188, 246, 300,
301). Moreover, in man (109, 110), dogs (182), and cats (100) the actions of
SDCh were considerably diminished by intravenous application of ChE concen-
trates. (For details see next chapter.) According to Evans et al. (108, 110), the
duration of apnoea after SDCh injections is inversely proportional to the ac-
tivity of BChE in serum. A certain correlation between the activity of procaine
esterase in plasma and the duration of respiratory paralysis was also found by
Foldes et al. (128, 129, 133), which however was not as significant as that de-
scribed by Evans et al. (108, 110).

Correspondence between BChE activity of serum and intensity of SDCh ef-
fects was also found in a variety of animal species. It appears that man is less
sensitive to SDCh than various other mammals (122, 124, 182, 354) and in



300 F. BRUCKE

agreement with these observations, Foldes et al. (124) and Klupp et al. (233)
were able to demonstrate that human plasma hydrolyzes SDCh quicker than,
for instance, cat and dog plasma. Dogs are highly sensitive to SDCh (181, 182)
and, in addition, SDCh is hydrolyzed faster by human than by dog serum (124,
233, 354). Similar differences in the actions of SDCh have been found between
cats and mice, the latter being less susceptible to SDCh (281). This could be
correlated with the observation that in mice the activity of procaine esterase of
the serum is found to be higher than in cats (15). However, if butyrylcholine is
used as substrate for the plasma enzyme, cats have a higher activity than mice
(332). All such experiments are hampered by the uncertainty whether the two
enzymes splitting butyrylcholine and procaine are indeed identical (123, 223,
224).

Although many observations tend to prove the connection between the dura-
tion of SDCh effects and the activity of BChE, some experiments suggest that
other factors beside BChE activity are responsible for the intensity and dura-
tion of SDCh action. According to Hall et al. (182), the above mentioned higher
sensitivity of dogs for SDCh in comparison to man is due not only to the differ-
ences of BChE activities of serum but also to the low activity of AChE in this
species. The relation of BChE activity to the intensity or duration of the actions
of SDCh are explained in the following way : within the organism an equilibrium
exists between free SDCh, BChE-SDCh-complex and AChE-SDCh-complex.
The complex binding of the latter kind (responsible for the inhibition of AChE
at the endplates, the hydrolysis being very slow) would be responsible for the
pharmacological action, whereas the complex binding of SDCh with BChE
(comparatively quick hydrolysis) would be the cause of the short duration of
SDCh action.

No correlation between SDCh action and BChE level in serum was found by
Fraser (141), who could not detect any difference in the duration of SDCh
paralysis in two groups of rabbits which differed from one another in their plasma
ChE activities. The question has also been raised, whether the weak hydrolysis
of SDCh can really be of any importance for the elimination of that substance
(89). In vivo the splitting of SDCh in such minute quantities as are necessary
for paralysis is evidently a relatively quick process. It has even been assumed
that the hydrolysis of such small amounts of SDCh is not a reaction of zero order
but follows a first order reaction, so that an increased concentration of SDCh
in the organism would lead to an increased hydrolysis (130). Argent et al. (6)
have pointed out that BChE activity could only be of importance for the short
period in which SDCh circulates in the bloodstream after intravenous injection.
But this argument can be criticized, since even when SDCh is attached to its
specific receptors at the endplates, there will always be an equilibrium between
bound and free SDCh which will be disturbed if the latter is hydrolyzed by
BChE. Finally, it must be emphasized that many findings on abnormal prolonga-
tion of SDCh action with normal levels of BChE may be quoted where other
factors were held responsible (110, 341, 372).

During enzymatic hydrolysis of SDCh, SMCh is formed, and so the question
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has been raised whether, after therapeutic application of SDCh, an accumulation
of SMCh in the organism can occur and can potentiate the neuromuscular effects
of SDCh (122). For this reason Foldes (122) studied the effects of SMCh in man
and found that 5-7 mg/kg cause a muscular paralysis after three to five minutes,
lasting eight to twelve minutes. It was noticed that an ineffective dose of SMCh
markedly potentiated the effects of subsequent doses of the diester. As the mono-
ester has a much smaller effect, it is improbable that its persistence after the
therapeutic application of SDCh could be the cause of a prolonged muscular
relaxation. On the other hand, Foldes et al. (133) argue that with low BChE
values in the blood and impaired excretion (which normally covers about 12 to
15%) there might be an influence of the monoester in prolonging the action of
infused SDCh.

Compared with the enzymatic destruction, urinary excretion plays only a
subordinate role in the elimination of SDCh (133). This was studied after intra-
venous application of SDCh by Norton and de Beer (281) in cats and mice and
by Foldes and Norton (129) in man. After injection of equivalent doses cats
excrete somewhat more SDCh than mice. This may be explained by assuming
that procaine esterase splits SDCh, as mice have more procaine esterase. Also
in cats the excretion of SDCh can be augmented by anticholinesterases. In both
species the excretion takes place during the first half hour after injection and
amounts to 5 to 15 % of the given dose. In man excretion is also nearly complete
half an hour after an intravenous injection. With a dosage of 1 mg/kg, man
excretes about 2.2 % of the injected material. During a slow intravenous infusion
of SDCh, sufficient to cause prolonged relaxation of the muscle, about 2.8 % is
excreted. The concentration in the urine differs widely in different experiments,
e.g., between 6.5 and 120 ug/ml, indicating that excretion by the kidney is
independent of the rate of urine formation. In man, no correlation was found
between SDCh excretion in the urine and procaine esterase activity or duration
of apnoea. SMCh is excreted at a much higher rate in man than SDCh. After
intravenous application of 0.8 mg/kg of the monoester, an average amount of
9.2% is excreted unchanged in the urine. This fact is attributed to the smaller
hydrolysis of SMCh by BChE.

Antagonists and potentiators. On the basis of the fact that SDCh is hydrolyzed
by BChE, many investigations have been carried out, in order to demonstrate
antagonizing effects of injected BChE preparations or potentiating effects of
anticholinesterases on the paralysing action of SDCh.

The antagonizing effect of intravenous BChE administration was first shown
in man by Evans et al. (108, 110). These authors stated that the duration of
apnoea after SDCh and the level of BChE are inversely proportional and approx-
imately follow the formula: duration of apnoea in minutes after 30-50 mg SDCh
times units of BChE equals 200. This factor could be diminished by intravenous
application of a BChE preparation (‘“‘cholase”) from 198-252 to 143-208. Ac-
cording to Augustinsson (13) this is the first example of successful therapy with
an enzyme preparation of this type. The actions of SDCh are also considerably
diminished in animals by intravenous applications of enzyme concentrates (100,
103, 181).
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The potentiating effects of anticholinesterases were demonstrated first by
Bovet-Nitti et al. (41, 44, 254), who showed conclusively that eserine increases
and prolongs the effects of SDCh in animals. Similar results with eserine, neo-
stigmine, tetraethyl pyrophosphate (TEPP), and other anticholinesterases were
obtained by many other authors (2, 27, 34, 36, 42, 63, 64, 66, 86, 89, 99, 100,
103, 104, 108, 141, 159, 160, 173, 187, 203, 246, 251, 264, 329, 347, 350). Accord-
ing to Ginzel et al. (159) the paralysing action of SDCh on the sciatic-gastroc-
nemius preparation of cats was prolonged, although the degree of maximal
paralysis was not increased after pretreatment with eserine (159). On the sciatic-
gastrocnemius preparation of pigeons, on the rat phrenic nerve diaphragm prepa-
ration, and with close arterial injections in cats, Ginzel et al. (159, 160) could
demonstrate only very slight potentiating effects of eserine on the actions of
SDCh. No effect of eserine was detectable on the contracture caused by SDCh
in the frog rectus muscle. On the rat diaphragm preparation potentiating effects
of eserine and neostigmine could be obtained for the actions of ACh but not for
those of SDCh (259).

The question has not been definitely settled, whether the anticholinesterases
exert their potentiating effects on the action of SDCh only by inhibiting the
enzymatic hydrolysis of this substance. For instance, Fraser found (141) that
the potentiating effects of eserine on the action of SDCh began much later than
the maximal inhibition of BChE; and he concluded that BChE activity is not
the only determining factor for SDCh paralysis. At least for neostigmine, a
direct effect on muscle fibres has been established (311), which might be essen-
tial in the potentiation of the paralysing effects of SDCh (89). Moreover, it
has often been observed in man that prolonged paralysis of striated muscles by
SDCh can even be reversed, in some instances dramatically, by injections of neo-
stigmine (6, 171, 197, 315). Many more substances have been described, which
modify the intensity of action of SDCh; some of them are specific inhibitors of
BChE, others are specific inhibitors of AChE. Finally, substances will
be mentioned, which modify the action of SDCh without interfering with
BChE or AChE activity.

Ellis et al. (104) studied the modifying action of various anticholinesterases
on the effects of SDCh. They used 1,5-bis-(4-allyldimethylammoniumphenyl)-
pentane-3-one dibromide (compound 53-67) as a specific inhibitor of AChE and
trimethyl-(2-dimethylcarbamyloxy-5-phenyl)benzylammonium bromide (Nu
683) as a specific inhibitor for BChE. On the nerve-muscle preparation of the
cat, 53-67 antagonized and Nu 683 potentiated the action of SDCh. On the frog
rectus, 53-67 had no effects but Nu 683 enhanced the action of SDCh. In cats
the effects with C-10 were equal to those obtained with SDCh. Contrary to
Ellis (104), Fraser (141) found no effect on the muscle of cats or fowl with
284C51 (chemically identical with 53-67) on the SDCh action. In experiments by
Marotta and Carminati (268), it was found that a derivative of terephthalic
acid (302 1.S.), a specific inhibitor of AChE, had no effects on the SDCh action
in the rabbit sciatic-gastrocnemius preparation. On the other hand, a derivative
of the isomeric phthalic acid (306 1.S.), which had proved to be a specific inhibitor
of BChE, undoubtedly prolonged SDCh paralysis. All authors mentioned seem
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to agree that inhibitors of BChE prolong SDCh paralysis and that this is prob-
ably so because SDCh is hydrolyzed by this enzyme, but it is difficult to prove
this connection. With the exception of Ellis in his experiments mentioned above,
all authors agree that inhibition of AChE is without significant influence on the
actions of SDCh.

According to de Beer et al. (89, 100), substances which modify the action of
SDCh have the following characteristics. a) Antagonism of SDCh is not related
to antagonism of muscarine-like activity of ACh. b) Antagonism of SDCh is
related to antagonism of nicotine-like activity of ACh. ¢) Potentiation of SDCh
is related to potentiation of nicotine-like activity of ACh.

The effect of SDCh is therefore not modified by atropine (99). However, Bovet
(41) found slight inhibition of the SDCh effects when atropine had been given
previously.

Substances influencing the pressor effects of ACh and therefore inhibitors of
SDCh include: substituted benzhydrylpiperazines, especially N-benzhydryl-N’-
methyl-N’-ethylpiperazine iodide (No. 51-212) (99, 110, 103); ganglion-blocking
substances such as pentamethonium, hexamethonium, and tetraethylammonium
(41); and sympathicolytic or adrenolytic substances such as diethylaminometh-
ylbenzodioxane (883F), and N-n-propyltetrahydroisoquinoline (No. 660). 51-212
is the most potent of these agents and is about five times stronger than 883F
(89, 99, 100, 103).

Synergists, which also potentiate the pressor activity of ACh, were found in
a series of dicarboxylic acid di-tertiary-aminoalkylamides and their quaternary
ammonium salts (65, 89, 100, 289, 290, 291). Especially potent substances of
that kind were different tertiary dipiperidinoethylamines, e.g., those of succinic
acid (50-236), glutaric acid (50-254) or adipic acid. The corresponding dipyr-
rolidinoethylamines were less potent and their quaternary derivatives were even
inactive. Di-dimethylaminoethylamides of aliphatic dicarboxylic acids are also
active potentiators of SDCh, as well as (in contrast to the substances mentioned
above) their quaternary salts. A good example is the corresponding tertiary and
the quaternary derivative of succinic acid (49-205 and 49.164). None of these
substances have any curare-like activity in doses which show a strong potentiat-
ing effect on SDCh.

The substances 49.164 and 50-236 have no anticholinesterase effect worth
mentioning. Finally, eserine and also 3-hydroxyphenyldimethylethylammonium
chloride (edrophonium) belong to this group of SDCh potentiators (89, 99, 100,
103).

The substances named under b) potentiate the effects of dTC, and the poten-
tiators named under c) antagonize them. All substances as a rule act similarly
on C-10 and on SDCh and this again would be in favour of the assumption that
their influence on SDCh is not simply due to their effect on cholinesterases.

Ellis et al. (103) investigated the modifying influence of some SDCh potenti-
ators and antagonists and also of the substance 49-204 [(1-methyl-2,4’-dimethyl-
aminophenethyl)-piperidine-1,4’-bismethyl iodide] on the activity of SMCh.
The substance 50-254 had the same prolonging effect on SMCh as on C-10 and
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SDCh activity. In contrast, eserine has a stronger effect on SDCh than on SMCh.
In cats a dose of 2 mg/kg acts for about twenty minutes. The substance 51-212,
which is one of the most potent antagonists of SDCh, acts even more strongly
against SMCh than against SDCh. The substance 49-204, which does not
antagonize SDCh or even has a slight potentiating effect on that substance, is a
strong antagonist of SMCh and C-10. Injection of purified preparations of BChE
decrease the intensity but not the duration of action of SMCh. This is another
indication that SMCh belongs to the depolarizing muscle relaxants and that it
is more closely related to C-10 than the diester.

Experiments carried out on the rat diaphragm preparation by Rummel and
Schulz (316, 317) show that adrenaline antagonizes the paralysing activity of
SDCh and other depolarizing drugs. This effect is attributed to a repolarization
of the endplate and the nerve endings, but the question remains unsolved whether
this is due to adrenaline itself or to some secondary metabolic effect. The same
authors also showed that not only dTC and adrenaline are antagonists of SDCh,
but also calcium ions (217), quinidine and caffeine which form a group of an-
tagonistic drugs against depolarizing agents. All these substances have a polar-
izing effect on membranes. Caffeine and calcium ions are also antagonists against
dTC (316, 317), the double action of calcium being attributed first to a hyper-
polarizing effect on muscle membranes and secondly to an increase of ACh
liberation at the motor endplate (67). C-10 can also be antagonized by these
substances but not by quinidine (316, 317).

The interactions between SDCh and procaine have been thoroughly investi-
gated by Ellis et al. (101, 102, 127, 304). In animals with a high level of BChE
and in man these authors found a potentiating effect of procaine most probably
due to substrate competition between SDCh and procaine for BChE. In animals
with low BChE levels (cats, dogs), either antagonistic or potentiating effects
could be observed, depending on the sequence of injections. Since in these ani-
mals the substrate competition between SDCh and procaine for BChE plays
practically no part, the results are explained by interactions of the following
events: interference between ACh and procaine at the endplate receptor, inhi-
bition of ACh liberation by procaine, competition between ACh and procaine
for the AChE of the endplate region. All these are determining factors for the
interaction between ACh and SDCh at the endplate organ (101, 102, 127, 304).

Experiments by Osterloh (284, 285) show that choline chloride (1-4 mg/kg
in cats and dogs) given before or during a permanent infusion of SDCh distinctly
enhances the SDCh paralysis. Since this effect can also be seen with C-10, it is
not attributed to the inhibition of BChE but rather to increased ACh liberation
at the endplate. The action of g-strophanthin on the SDCh effects has been
investigated by Westermann (364). This author could demonstrate that on the
mouse diaphragm-phrenic preparation g-strophanthin in a concentration of 10—%
enhanced the depression of contractures caused by 10~ SDCh. According to
Bovet et al. (41), veratrine has no influence on the action of SDCh. Suramin
sodium (moranyl, germanin) decreases the toxicity of SDCh (41).

The mutual antagonism between depolarizing agents and those which, like
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dTC, inhibit depolarization was first described by Paton and Zaimis (286) and
is of course applicable also to SDCh: dTC (2, 159, 347), gallamine and the tri-
ethyl derivative of SDCh are antagonists of SDCh (41, 163), whereas C-10 and
hexamethylenedicarbaminoylcholine both potentiate the actions of SDCh (59).
Liillmann and Forster (259) could, however, show that the antagonism does not
hold true for all test objects. While on the frog rectus muscle the synergism and
antagonism, mentioned above, is readily observed, in the dorsal muscle of the
leech dTC augments the contracture caused by both SDCh and C-10. Accord-
ing to Rummel and Schulz (317), SDCh has no effect on the paralysis of the
diaphragm caused by dTC.

Clinical applications. SDCh was first tried clinically by Briicke (57) and independently
by Thesleff (83, 84, 85, 346, 348, 350) as a short acting muscular relaxant. SDCh administered
by intravenous injection has a rapid action. Soon (twelve to fifteen seconds) after the in-
jection, generalized muscular fasciculations appear (sometimes causing pain) of varying
intensity and of fifteen to twenty seconds duration (18, 25, 34, 58, 84, 86, 124, 126, 137, 203,
216, 261, 293, 305, 319, 347, 350, 353, 363, 369). The initial fasciculation depends largely on
the speed of the injection (124, 126, 293). Subsequently paralysis sets in, lasting with thera-
peutic doses from one to twenty minutes (34, 216, 293, 347). A linear relation between log
dose and the duration of muscular and respiratory paralysis was found for doses ranging
from 0.1 to 0.6 mg/kg of SDCh iodide (347). An increase in the total dose above 100 mg
SDCh chloride (corresponding to 150 mg SDCh iodide) causes no further prolongation of
muscular relaxation (305, 347). The initial fasciculation, as well as the paralysis, is first
seen in the facial muscles and then spreads downwards (18, 261, 269, 347). On recovery
from the paralysis respiration and strength of the muscles are restored within not more
than three minutes (18, 84, 121, 175, 216, 305). Thesleff and other authors (18, 82, 119, 121,
124, 138, 203, 347) found a relation of 1:2 between the dose which paralyses the peripheral
muscles and that which causes arrest of respiration. However, other observers (18, 34,
217, 305, 350) state that it is usually not possible to obtain sufficient relaxation without
marked simultaneous impairment of respiration.

In some cases an unexpected prolonged respiratory paralysis occurs after a single dose
of SDCh (24, 32, 34, 120, 121, 134, 168, 187, 195, 198, 214, 228, 257, 258, 301, 324, 360, 362).
Sometimes this may be due to low levels of serum ChE (32, 34, 86, 94, 108, 121, 130, 134,
139, 246, 301, 340), but in other cases no such connection has been seen (6, 197, 228, 300, 315).
In such cases, overdosage of SDCh is presumably the most frequent cause of the prolonged
action (6, 119, 174). Great care should be taken with SDCh in cases in which a low serum
cholinesterase level and therefore an uncontrollable action of SDCh is to be expected
(247, 262).

No appreciable influence of sex and age on the strength and duration of SDCh action
has been observed (95, 347).

The method preferable for short surgical procedures is a combination with thiopental
sodium (thiopentone sodium) (5, 18, 25, 28, 31, 32, 34, 58, 76, 77, 83, 95, 121, 124, 125, 126,
136, 138, 167, 202, 206, 207, 216, 243, 283, 305, 333, 334, 347), but since the action of SDCh
sets in earlier than that of the thiobarbiturate the latter should be administered first
(31, 124, 126, 136, 202, 203, 305, 312). Simultaneous administration is also excluded by the
instability of SDCh in alkaline solutions, since the pH of a solution of thiopentone sodium
is about 8-9 (203, 369). No detectable influence of pretreatment with thiopentone on the
duration of SDCh action could be observed (347), apart from some cases in which a pro-
longing influence has been claimed (21, 95, 276, 305). During anaesthesia with ether, or with
cyclopropane no appreciable difference in the duration of muscular paralysis was demon-
strated as compared with the values obtained during barbiturate anaesthesia (84, 347,
350).
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Prolonged action of SDCh can be maintained by repeated single doses (31, 32, 58, 87,
111, 175, 350), by intravenous infusion (5, 23, 25, 126, 176, 270, 273, 287, 333, 334, 347, 370)
and by combination with other relaxant drugs such as dTC (18, 25, 34, 84, 216, 305, 347),
gallamine (34, 84, 216, 347), C-10, or Imbretil (34, 59). In such cases the initial thiopentone
anaesthesia is frequently replaced by nitrous oxide (32, 34, 58, 84, 121, 124, 138, 175, 177,
283, 334, 357).

Using intravenous infusions, the degree of muscular relaxation can easily be varied by
adjusting the rate of infusion, and a desired degree can be maintained without cumulation
(303, 347, 350, 369). Occasionally, however, tachyphylaxis has occurred (277). After stop-
ping an infusion the reflexes return as quickly as after a single injection (121, 175, 305).

SDCh is remarkably free from side effects when given in normal clinical doses (25, 34,
55, 58, 83, 84, 126, 172, 202, 216, 261, 270, 350). By intracutaneous injections Thesleff (203,
347, 350) found that it causes no liberation of histamine. Others believe that some hista-
mine may be liberated, but only about 1{¢¢ of the quantity found after dTC (18). Laryngo-
spasm never occurs with SDCh (126, 216). A slight salivation can be observed in patients
who receive SDCh without pretreatment with atropine or scopolamine (18, 34). On the
otherhand, Foldes and other authors (84,124,369) reported mild blocking of parasympathetic
effects, such as a slight increase in pulse rate and occasionally dilatation of the pupils.

A few authors have seen a slight rise of blood pressure after single intravenous doses of
SDCh, both systolic and diastolic pressure being affected (4, 18, 34, 84, 124, 126, 138, 282,
369). After high doses of SDCh alterations of the electrocardiogram pattern can sometimes
be observed (elevation of the T-wave (34)). Finally, injections of SDCh regularly cause a
rise in intraocular pressure (199b), probably due to a simultaneous contracture of all ex-
ternal eye muscles and also to ganglionic actions or to asphyxia (325).

The prompt and complete paralysis caused by SDCh, which is followed by an equally
rapid recovery, made this relaxant valuable for intratracheal intubation. Details of dosage
and techniques are discussed in the following references, 2, 18, 25, 28, 34, 83, 124, 125, 185,
186, 216, 261, 260, 270, 283, 295, 298, 305, 350, 369.

SDCh is also used widely for laryngoscopy (23, 34, 114, 177, 178, 218), oesophagoscopy
(34, 107, 207, 227, 260), bronchoscopy (22, 23, 24, 76, 77, 107, 177, 178, 206, 207, 216, 219, 225,
227, 236, 260, 263, 270, 279, 295, 302, 306, 307, 326), cystoscopy (83, 84, 295, 350), gastroscopy
(225, 363), bronchography (216, 243, 260), and aortography (84, 350). There is no agreement
whether SDCh should be given to inadequately prepared patients in casualty anaesthesia
(3, 17, 51, 151, 319, 374). Furthermore, SDCh has been found useful in the treatment of
laryngospasm (84, 270, 350) and in various kinds of orthopaedic manipulations (2, 18, 23,
34, 58, 83, 84, 136, 167, 189, 225, 270, 287, 305, 350, 357, 369).

For dosage and details of special techniques of SDCh in thoracic surgery see 78, 83,
84, 273, 369. For the use of SDCh in abdominal surgery see 18, 34, 58, 59, 83, 121, 126, 175,
201, 216, 225, 278, 282, 284, 292, 296, 312, 322, 328, 333, 334, 345, 437.

SDCh with its short action and the absence of toxic side effects is the drug of choice in
electroshock therapy (4, 10, 11, 18, 28, 34, 88, 152, 164, 184, 196, 202, 203, 204, 266, 275, 283,
305, 314, 323, 346, 350, 369). For this purpose it was first introduced by Ginzel and Arnold
(11, 152) and independently by Thesleff and Holmberg (202, 203, 204, 346, 350). The effects
of SDCh make it possible to reduce the convulsions until they are practically negligible,
without risking prolonged respiratory arrest. By using electroshocks modified by SDCh
the frequency of fatal accidents, of bone fractures, or other major injuries can be greatly
diminished (10, 202). For technical details see 10, 196, 202, 203. Other neurological indica-
tions for which SDCh has been successfully applied are the intra-arterial therapy of spastic
pareses (115, 172), and the treatment of tetanus (58, 135, 172, 373). Experimental investiga-
tions on the SDCh action in experimentally produced local tetanus of rabbits were done
by Hougs and Andersen (211), who found a complete disappearance of the action potentials
of the anterior tibial muscle for a duration of twenty minutes after two successive doses of
0.5 mg/kg SDCh. In myasthenic patients SDCh acts in the same manner as in normal
individuals (208, 350).
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In obstetrics SDCh is frequently used (58, 106, 126, 249, 305, 336, 349). No untoward
reactions of the newborn have been observed, since although it passes the placenta it is
destroyed to a great extent during this passage, owing to the considerable concentration of
esterase in placental tissue (58, 349). Intrauterine manipulations are greatly facilitated by
the use of SDCh because of the relaxation of the perineum (305, 369).

No complete conformity exists as to whether SDCh should be given according to body
weight (32, 112, 203). For short periods of relaxation and depending on the duration desired,
total doses of 10-100 mg, or 0.3-1.1 mg/kg SDCh are given intravenously (23, 25, 31, 34,
58, 83, 119, 121, 126, 127, 164, 202, 203, 216, 287, 305, 314, 350, 369, 371). According to need
these doses are sometimes repeatedly administered (18, 83, 84, 137, 138, 226, 350, 371). For
intravenous infusion 1-15 mg per minute are given in a 0.1-0.2%, solution (84, 86, 119, 121,
124, 125, 126, 138, 172, 175, 190, 305, 347, 350, 373).

b. Other di-trialkylammoniumethyl esters of succinic acid. Di-monoethyldi-
methylammoniumethyl succinate, di-diethylmonomethylammoniumethyl suc-
cinate and di-triethylammoniumethyl succinate were first investigated pharma-
cologically by Bovet, who found that their neuromuscular activity decreases
with the number of ethyl groups attached to the nitrogen (37, 38, 41, 42, 44,
146, 149, 150, 254). Moreover, Ginzel et al. (163), working with these substances
were able to show that a progressive change of methyl groups to ethyl groups
also alters the character of the neuromuscular paralysis. Working with a nerve-
muscle preparation of the pigeon, they showed that the diethyl and triethyl
derivatives no longer caused contracture, whereas the monoethyl derivative
gave rise to a transient contracture similar to that caused by SDCh, but only
occurring with relatively high doses. Additional observations on the rectus muscle
of the frog also showed the change from contracture-producing substances to
contracture-inhibiting ones with stepwise substitution of methyl by ethyl groups.
These observations can be interpreted as a gradual change of the type of paralysis
from the depolarizing action of SDCh to a neuromuscular block like that pro-
duced by curare with the triethyl derivatives. This conclusion agrees with
observations by Bovet ef al. (41, 42), who were able to demonstrate that the tri-
ethyl derivatives of SDCh antagonized the paralysis as well as the contracture-
producing activity of SDCh itself. However, the ethyl derivatives do not show
all the characteristics of true “curariform” activity because, for instance, they
are not antagonized by anticholinesterases (163).

Of the ethyl derivatives of SDCh, only the mono-ethyl compound has been
tried in clinical research, first by Valdoni (356) and later by Scurr (323) and
Mazzani et al. (274). There is no appreciable difference between the clinical
effects and mode of action of this substance and of SDCh (28, 131, 182, 248).

Di-monobenzyldimethylammoniumethyl succinate (Table I, 14), di-mono-
nitrobenzyldimethylammoniumethyl succinate (297) and di-monoacetonyl-
diethylammoniumethyl succinate (Table I, 16) have only a weak blocking action
of the ‘“curariform” type. For instance, the monobenzyl derivative showed a
paralysing action of only 34, of that found with SDCh on the pigeon nerve-
muscle preparation, causing no contracture but only flaccid paralysis. The
action of the p-nitrobenzyl derivative in cats is about 3§ of that of dTC. The
action is reversible by 3-hydroxyphenyldimethylethylammonium just as with
dTC (297). The blocking effects on the superior cervical ganglion of the cat are
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about 145 of those of dTC. The enzymatic hydrolysis of the diethylacetonyl
derivative is of the same order as that of SDCh (338).

3. Diesters of higher homologous aliphatic dicarboxylic acids. a. Glutaryldicholine
and adipyldicholine. There is only a small number of published reports on glu-
taryldicholine. The neuromuscular paralysing activity was first observed by
Bovet and co-workers (35, 41, 42, 146, 149, 150) in the progress of an investiga-
tion of a large number of different DChDCAE. In agreement with Bovet-Nitti
(44), Klupp and Stumpf (233) found that the compound is hydrolyzed by BChE
at a rate of approximately 40% of that of ACh in equivalent concentrations.
Clinical trials on human patients showed that a satisfactory degree of relaxation
cannot be obtained even with doses as high as 200 mg, and this dose already
caused a considerable rise of blood pressure (57). Some pharmacological details
were worked out by Ginzel et al. (156), who found a close quantitative and quali-
tative similarity between the actions produced by glutaryl- and adipyldicholine
(AdDCh). In the cat, AdDCh and glutaryldicholine correspond reasonably well
as regards intensity and duration of neuromuscular paralysis (156, 158, 159,
160), and doses as low as 100 ug/kg cause a considerable rise of blood pressure.
This undesirable side effect was also noted by Bovet in experiments on dogs
(35, 41, 42); further investigations of Ginzel et al. (158, 159, 160) revealed a
nicotine-like action of AdDCh on sympathetic ganglia and on the chemoceptors
of the carotid sinus. The neuromuscular actions of glutaryldicholine and AdDCh
were studied on the isolated diaphragm preparation of the rat, where glutaryl-
dicholine was about three times as active as AdDCh. Both the activity of
glutaryldicholine and AdDCh can be increased markedly by adding a small dose
of eserine to the bath. An explanation for the potentiating effect of eserine is
obtained from the fact that glutaryldicholine, as well as AdDCh, is hydrolyzed
by cholinesterase preparations: Bovet-Nitti (44) found that BChE and AChE
of ox erythrocytes are able to split AdDCh, though the latter enzyme was much
less effective. Similar results were obtained by Ginzel et al. (160), who were using
the nucleus caudatus of dogs as a source for AChE. However, Augustinsson
et al. (14) did not find any measurable hydrolysis of AdDCh on incubation with
AChE of human erythrocytes. Bovet-Nitti (44) and Klupp et al. (233) agree
that AdDCh and glutaryldicholine are hydrolyzed by BChE of serum of man
and horse at about the same rate. The latter authors (233) found in addition
that both diesters of choline are hydrolyzed by BChE of dog serum at a much
lower rate, taking the speed of hydrolysis of ACh as a basis of reference (2-3 %
as compared with about 40 % in the case of serum of horse or man). Using an
electrometric titration procedure, Ginzel et al. (160) found that the hydrolysis
of AdDCh through BChE concerns only one ester bond, resulting in the forma-
tion of the monocholinester of adipic acid. Support for this interpretation was
later provided by the chromatographic work of Augustinsson and Grahn (14)
who, after enzymatic hydrolysis, demonstrated the appearance of a new spot
on the chromatogram, which was due neither to choline nor to AdDCh and
therefore could reasonably be ascribed to adipylmonocholine, though final
identification was not performed.



DICHOLINESTERS OF a,w-DICARBOXYLIC ACIDS 309

The question now arises to what extent the enzymatic hydrolysis of AdDCh
and glutaryldicholine is responsible for the short duration of action of these
compounds in the organism. The relevant considerations have already been
discussed for the case of SDCh; the arguments for and against the theory that
hydrolysis is responsible for the short duration of action will be summarized
briefly. Highly suggestive for BChE being related to the short action are a
number of observations regarding the potentiation of activity of AdDCh after
administration of anticholinesterases. For such experiments eserine has been
used in cats, dogs, and pigeons; in the isolated diaphragm preparation of the
rat neostigmine and TEPP have been used in addition. It is interesting that
out of the series of dicholinesters and related compounds investigated by Ginzel
et al. (159), AdDCh showed the highest degree of potentiation of its paralysing
activity after eserine pretreatment of the test objects. Further support for this
assumption is obtained from the comparatively high activity of AdDCh in dogs
as compared with man (57, 273); this appears to be correlated with differences of
speed of enzymatic hydrolysis as described above (233).

However, difficulties are encountered if the degree of potentiation of the
neuromuscular blocking activity, caused by pretreatment with eserine, is com-
pared for different members of the series of dicholinesters and related compounds
investigated by Ginzel et al. (159, 160), as there is no appreciable correlation
between the speed of hydrolysis of these diesters by BChE and the potentiation
of their paralysing effects by eserine.

In addition to their paralysing action on skeletal muscles, AdDCh and glu-
taryldicholine under certain circumstances showed excitatory actions, which
appeared related to the ganglion-stimulating effects already mentioned: such
effects are best observed on the isolated rectus muscle of the frog (180), with
close arterial injection in the cat (160), and on avian muscle (157, 163). In the
amphibian and avian muscle preparations these compounds produce contrac-
ture; with close arterial injection to the anterior tibial muscle of cats a twitch
is observed before the onset of the paralysis, and in chronically denervated
muscles of cats AdDCh was found to produce a contracture of the same type as
that seen with ACh (48, 157). These stimulatory actions of AdDCh and of re-
lated compounds can bhe potentiated by pretreatment with eserine, and it was
found by Ginzel et al. (160) that there is a satisfactory correlation between the
degree of potentiation and the rate of hydrolysis by BChE. It will be noted that
the situation is rather different from that which was described for the paralysing
actions: following eserine, only the stimulating actions show such increase of
activity as would be postulated by the BChE hypothesis outlined before, whereas
this relationship does not hold true for the paralysing actions.

The stimulating actions on amphibian, avian, and chronically denervated
mammalian muscle, as well as the twitch response of the innervated mammalian
muscle after close arterial injection, resemble closely the effects of ACh, deca-
methonium, or SDCh, and are characteristic of substances which depolarize the
neuromuscular junction. In fact, Ginzel et al. (163) were able to show that
AdDCh lowered the resting potential of frog muscle and of the gracilis muscle
of the cat, and they furthermore showed that stimulatory as well as paralysing
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actions of AdDCh are antagonized by dTC or related competitive blocking sub-
stances, such as the di- and triethylammoniumethyl adipates.

The relative intensity of excitatory and paralysing activities of AdDCh varies
for different animal species. Unfortunately, the excitatory actions predominate in
man to such an extent that this substance is not suitable for clinical application
(57, 263).

b. Other di-trialkylammoniumethyl esters of glutaric and adipic acid. Of the
three possible symmetrical ethyl substitution products of glutaryldicholine
only di-triethylammoniumethyl glutarate has been tested pharmacologically;
Bovet et al. (38, 42, 146, 149, 150) found that the head drop dose of this sub-
stance was as high as 20 mg/kg. The neuromuscular blocking activity of this
compound is therefore about 4o of that of glutaryldicholine (38, 42, 146, 149,
150).

Stepwise replacement of methyl by ethyl groups in the molecule of AdDCh
led also to a reduction of the neuromuscular blocking activity, as was first
demonstrated by Bovet et al. (41, 42). Ginzel et al. (157, 163) were able to show
that this decrease of activity is associated with a change of the type of action
on the neuromuscular junction, in a way similar to that already described for
SDCh and its ethyl derivatives. The monoethyl derivative of AdDCh still re-
tains the depolarizing effect of AdDCh, as evidenced by its contracture-producing
activity in amphibian and avian muscle and by its ganglion-stimulating effects
(42, 320). A rather unexpected phenomenon was observed with di-diethylmono-
methylammoniumethyl adipate in the pigeon, with doses ranging from 1-3
mg/100 g body weight. This compound not only produced contracture but at
the same time also abolished the contractions elicited by indirect stimulation
(157, 163); with higher doses only a transient block of indirect excitability was
noted, and if the substance was injected during a prolonged contracture (caused,
for instance, by C-10) it immediately abolished the contracture. According to
the two last mentioned effects, the substance would have to be classified as a
curare-like compound, in contrast to its stimulant and excitatory effect in the
lower dosage range. It appears to occupy an intermediate position between a
purely depolarizing drug (as AdDCh) and a competitive blocking drug of the
dTC type. In fact, the corresponding di-triethyl derivative of ADCh had only
the typical properties of a competitive blocking drug and did not produce con-
tractures (157, 163, 353). On isolated frog muscle di-triethylammoniumethyl
adipate was found to protect completely against the depolarizing action of ACh,
C-10 and AdDCh, whereas in the gracilis muscle of the cat this compound still
gave rise to a very transient reduction of the resting potential. The reduction
amounted to only two to three millivolts (163), but the depolarizing effect of a
subsequently injected dose of AdDCh was markedly reduced (163). These
findings indicate that a gradual transition takes place from depolarizing to
competitive blocking action, with intermediate stages in which both properties
are present in one and the same compound. A theoretical interpretation of this
phenomenon, recently developed by Ariens (7, 8, 9), will be discussed in IV C,
below.

Nevertheless there is a notable difference between the competitive blocking
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activity of di-triethylammoniumethyl adipate and dTC inhibitors (159). As has
already been discussed in IV, A, 2b, this may well be due to the enzymatic
hydrolysis of the ethyl derivatives, which proceeds at about the same rate as
the hydrolysis of AdDCh (160).

¢. Pimelyldicholine, suberyldicholine, azelayldicholine, sebacyldicholine and
1,10-decanedicarbonyldicholine. Pimelyldicholine was investigated by Bovet et al.
(35, 41, 42, 146, 149, 150) who found that the head drop dose in the rabbit
amounts to 3 mg/kg. They also noted as a marked side effect a considerable rise
of blood pressure, which in dogs was observed in doses as low as 0.02 mg/kg.
In contrast to its weak paralysing effect in mammalian muscle, pimelyldicholine
caused contractures of the frog rectus muscle in comparatively low concentra-
tions, being in that respect about thirty times more potent than SDCh.

Suberyldicholine and sebacyldicholine show great similarity in their pattern
of pharmacological actions, though certain quantitative differences exist. They
will be discussed together on the basis of findings reported by Ginzel et al. (161)
and of unpublished observations made by Briicke et al.

The main effect of these two substances, in doses which have no paralysing
effect on unanaesthetized dogs, is a powerful stimulation of respiration. This can
also be seen in anaesthetized cats and is only insignificantly diminished by sec-
tion of both vagi. The respiratory stimulation, which is considerably more
effective than that of lobeline (suberyldicholine is forty times, sebacyldicholine
is ten times more potent) can be completely abolished by denervation of the
carotid sinus. Under such circumstances there is even a slight inhibition of
respiration, just as with lobeline. When suberyl- or sebacyldicholine are injected
into the circulation of the carotid sinus, only very small doses (about 1 ug) are
needed to stimulate respiration. Isolated destruction of the chemoceptors of this
region by injection of 0.3 ml of a 0.5 % solution of acetic acid also abolishes the
influence of those substances on respiration, whereas the effect on blood pressure
remains unaltered.

It is apparent from these experiments that suberyl- and sebacyldicholine are
powerful stimulants of the chemoceptors of the region of the carotid body, with
relatively insignificant effects on the aortic chemoceptors. Furthermore, these
substances cause a dramatic rise of blood pressure even in subparalytic doses.
The pressure effect is not affected by section of both vagi or by denervation of
the baroceptor and chemoceptor region of the carotid sinus and it occurs in
decapitated cats. No effect on perfusion pressure can be seen in isolated hindlegs
of the cat under artificial perfusion, and all pressor effects in intact animals are
abolished by ganglion-blocking agents such as hexamethonium.

It is evident, therefore, that the pressor effects of these diesters are mainly
caused by stimulation of sympathetic ganglia and probably also by stimulation
of the suprarenal medulla and that stimulation of chemoceptors plays a subordi-
nate role in this instance. The strong ganglion-stimulating effect can also be
observed in isolated, artificially perfused ganglia. Since all these effects are seen
with doses 1o of those which cause muscular paralysis, the latter effect can
hardly be observed in intact animals. On isolated muscle preparations however
they act as depolarizing relaxants, causing contracture in avian and frog muscle.
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It is noteworthy that apparently only one quaternary N-atom is necessary
for the marked nicotinic effect of such substances, for we found in unpublished
experiments that replacement of one choline group in sebacyldicholine by
methoxyl hardly changes the pharmacological properties. 0.2-0.3 mg/kg of this
substance given intravenously in cats causes a rise of blood pressure of about
150 mm Hg, and the effects on respiration are comparable with those of sebacyl-
dicholine. The rather weak paralysing effect on striated muscle is also retained,
since such doses cause a decrease of muscle twitches in the gastrocnemius when
the nerve is stimulated. Moreover, the second quaternary nitrogen grouping in
the DChDCAE series apparently interferes with the ganglionic action of these
substances, since the latter activity decreases with shortening of the polymeth-
ylene chain. This hypothesis is supported by the fact that in SDCh replacement of
one choline group by methoxyl leads to a considerable increase of the ganglion-
stimulating activity. For the neuromuscular blocking activity on the other
hand, an optimal steric arrangement of the two quaternary nitrogen atoms
appears necessary, since increasing the distance between these two atoms, or
removal of one of them, reduces the activity.

Preliminary tests with azelaylcholine, for which no published data exist,
were carried out in the Vienna Institute. A ganglion-stimulating activity, which
was about half as strong as that of suberyldicholine, was noted.

The ganglion-stimulating activity is still further reduced in the case of 1,10-
decanedicarbonyldicholine (232). The neuromuscular activity is of the same
type and of about the same magnitude as that of sebacyldicholine.

A comparative investigation of the enzymatic hydrolysis of pimelyl-, suberyl-,
azelayl-, sebacyl- and 1,10-decanedicarbonyldicholine by sera of man, horse
and dog was carried out by Klupp and Stumpf (233). Similar observations have
been made by Bovet-Nitti (44) and Ginzel et al. (160) with lower members and
with some of the substances mentioned here. In the series of the DChDCAE,
Klupp and Stumpf (233) found that the rate of hydrolysis increases with the
length of the polymethylene chain. For human serum the hydrolysis rate reached
its maximum in azelayldicholine with a substrate concentration of 30 uM,
whereas for dog serum a maximum of hydrolysis was obtained with sebacyl-
dicholine. In all cases 1,10-decanedicarbonyldicholine was found to be split at a
slower rate than sebacyldicholine. The enzymatic breakdown of the latter sub-
stance has been investigated in detail by Ginzel et al. (160) and Augustinsson
and Grahn (14), and it appears probable that the first step of hydrolysis con-
sists in the formation of sebacylmonocholine.

Very few data are available for the enzymatic hydrolysis of these compounds
by AChE. It is evidently very slow. A certain dependence of the rate of hydrolysis
on the chain length seems to occur, since Ginzel et al. (160) showed that sebacyl-
dicholine was hydrolyzed twice as rapidly as AdDCh by esterase from human
nucleus caudatus. However, Augustinsson and Grahn (14) found no changes in
chromatograms of sebacyldicholine after incubation with human erythrocytes.

d. Other di-trialkylammoniumethyl esters of pimelic, suberic, azelaic, sebacic and
1,10-decanedicarboxylic acid. Few pharmacological observations have been pub-
lished on the di-triethylammoniumethyl esters of dicarboxylic acids with five,
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six, eight, and ten methylene groups. The di-triethylammoniumethyl esters of
pimelic and sebacic acid were first described by Bovet et al. (42, 146, 149, 267),
who found them markedly less potent neuromuscular blocking agents than the
analogous trimethyl derivatives. A more detailed pharmacological investigation
of di-triethylammoniumethyl suberate and the corresponding sebacyl ester was
carried out by Ginzel et al. (154, 229). These authors were able to show that
these substances have only a very weak curare-like neuromuscular blocking
activity but a relatively strong ganglion-blocking action as indicated by a fall
in blood pressure and a reduction of the contraction of the nictitating membrane
after preganglionic stimulation. The relation between ganglion-blocking (5-15
mg/kg) and neuromuscular paralysing doses in cats was found to be 1:4. In
man both these substances caused a short lasting ganglionic blockade and a
transient fall of blood pressure (240). Di-triethylammoniumethyl esters of the
higher aliphatic dicarboxylic acids investigated so far are hydrolyzed by BChE
at about the same rate as the corresponding trimethyl derivatives (338).

In an attempt to find more potent and clinically suitable ganglion-blocking
agents, a series of substances was synthesized by the ‘“Osterreichische Stick-
stoffwerke’” in which acetonyl, ethyl, acetyl, allyl, n-propyl, and morpholyl
groups in combination with methyl or ethyl groups were attached to the two
quaternary nitrogens of the suberic and the sebacic derivatives. Some chemical
and pharmacological data concerning these substances are listed in the tables,
p. 275-279. All these substances exerted a relatively weak curare-like activity
together with a more or less pronounced ganglion-blocking action. The most
potent ganglion-blocking compound was di-diethylacetonylammoniumethyl
sebacate which, in doses of 5 mg/kg, caused a 70 % reduction of the contractions
in nictitating membrane of the cat stimulated indirectly from the preganglionic
fibres. Doses as high as 30 mg/kg were ineffective on neuromuscular transmis-
sion. The investigation of the enzymatic hydrolysis of these substances by horse
serum resulted in the following general statements. Substitution of one radical
by an acetonyl group decreases the velocity of enzymatic hydrolysis. This is
more prominent with ethyl derivatives than with dicholinesters. Substitution of
one methyl group of the choline radicals by n-propyl increases, substitution of
all three methyl groups by n-propyl decreases, the enzymatic hydrolysis.

4. Diesters of unsaturated, branched, or cyclic aliphatic dicarboxylic acids. The
dicholinester of fumaric acid was investigated by Bovet et al. (41, 42, 146, 149,
150). It was stated that this substance showed a neuromuscular blocking activ-
ity which equalled that of AdDCh (head drop dose 0.5 mg/kg). Substitution of
one methyl group by ethyl did not alter the paralysing activity (41, 42).

Fumaryldicholine and maleyldicholine both show a higher rate of non-enzy-
matic as well as of enzymatic hydrolysis than SDCh (165, 338). Using horse
serum as the source of enzyme, the hydrolysis of fumaryldicholine amounts to
18 % (338) and that of maleyldicholine to 13 % (165) of that of ACh in equimolar
concentrations. From these results it seems probable that unsaturated DCh-
DCAE are hydrolyzed at a faster rate than the corresponding substances with
saturated chains.
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Attachment of one methyl (41, 42, 146, 149, 150, 313) or one phenyl group
(342) to the ethylene moiety in the molecule of SDCh results in a considerable
decrease of the neuromuscular paralysing action; for methylsuccinyldicholine
the head drop dose is 2 mg/kg and for phenylsuccinyldicholine 8 mg/kg, as com-
pared to a head drop dose for SDCh of 0.2 mg/kg. It has been stated that phenyl-
succinyldicholine is able at moderate dose levels to produce severe paralysis of
the extremities without at the same time impairing spontaneous respiration in
rabbits (342). Phenylsuccinyldicholine was found to produce 50 % inhibition of
the AChE of erythrocyte hemolysate in a concentration of 10~2; in this respect
it is therefore less active than SDCh (342).

Diesters of cycloaliphatic dicarboxylic acids were described by Bovet et al.
(36, 38, 41, 42, 144, 150), who investigated cyclohexyl-1,2-dicarbonyldicholine
and the di-dimethylmonoethylammoniumethyl and di-triethylammoniumethyl
ester of 1,2-cyclohexanedicarboxylic acid. Compared with the noncyclic ali-
phatic compounds, the alicyclic esters showed a considerable decrease of the
paralysing action. A remarkable feature of the alicyclic compounds is that pro-
gressive ethyl substitution increases the neuromuscular activity, in contrast to
SDCh and AdDCh in which ethyl substitution has the opposite effect.

B. Dicholinesters and other di-trialkylammoniumethyl esters of aromatic
dicarboxylic acids

Bovet et al. (35, 36, 38, 40, 41, 44, 145, 147, 148, 150, 268) have carried out
experiments on the pharmacological actions of dicholinesters of phthalic, tere-
phthalic and isophthalic acid and of their trialkylammoniumethyl derivatives,
all of which have weak curare-like activity (267). The head drop doses lie be-
tween 3 mg/kg for the dicholinester of terephthalic acid (320 1.S.) and 40 mg/kg
for that of isophthalic acid (324 1.S.). The neuromuscular activity is maximal
for the para-derivatives, less for ortho-derivatives and weakest for the meta-
derivatives. Partial or complete replacement of methyl by ethyl groups
increases the neuromuscular action in all cases about two to threefold. Hy-
dration of the benzene rings does not alter the activity. This is remarkable
since the distance between the nitrogen atoms in the hexahydro derivative of the
dicholinester of phthalic acid (320 1.S.) is about the same as in SDCh and yet
the substance has only 145 the activity of the latter.

Peripheral muscarinic actions could not be found with these substances. Nico-
tine-like actions can be demonstrated in the dicholinester of terephthalic acid
(320 0.8.) and of isophthalic acid (324 1.S.), whereas the triethylammonium-
ethyl derivatives lower the blood pressure, block the cardiac vagus, and inhibit
the ACh contracture in frog rectus muscle.

The neuromuscular paralysing action of 302 1.S., as tested by measuring the
head drop doses and by toxicity tests, is augmented by eserine. This can be
explained by an inhibition of enzymatic hydrolysis, to which all diesters of aro-
matic dicarboxylic acids are susceptible.

According to Bovet-Nitti aromatic dicholinesters are hydrolyzed only by
BChE and the following rules can be formulated. 1) The number of choline
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radicals (1, 2, or 3) is unimportant for the velocity of hydrolysis. 2) Substitution
of one methyl group within the choline radicals by an ethyl group has an influ-
ence in so far as the ethyl derivatives are hydrolyzed more slowly than the cholin-
esters. This is in contrast to the aliphatic cholinesters and their ethyl derivatives
respectively. 3) In dicholinesters of aromatic dicarboxylic acids the steric ar-
rangement of the substituents is relevant. The rate of hydrolysis of isophthalyl-
dicholine is 160 %, that of terephthalyldicholine 25 %, and that of the dicholin-
ester of phthalic acid is 12% of that of benzoylcholine. Bovet-Nitti made an
interesting discovery when investigating the hydrolysis of the di-triethyl-
ammoniumethyl ester of terephthalic acid (302 I.S.) (45). She showed that
whereas eserine in concentrations of 1 in 10,000 completely inhibits the hydrolysis
of benzoylcholine it has only a very weak inhibiting action on the hydrolysis of
302 1.8. The di-triethylammoniumethyl esters of the phthalic acids also cause
selective inhibition on both types of cholinesterases (35, 45). The di-triethyl-
ammoniumethyl phthalate (306 1.S.) inhibits the hydrolysis of benzoylcholine
by BChE up to a dilution of 1:10,000 and moreover it inhibits the hydrolysis of
the meta-derivative, which normally is hydrolyzed thirteen times more rapidly
than 306 1.S. On the other hand, 306 I.S. does not inhibit AChE. In contrast to
this substance both the di-triethylammoniumethyl terephthalate and the di-
triethylammoniumethyl isophthalate inhibit the activity of AChE, but not that
of BChE. 306 I.S. can therefore be characterized as a specific inhibitor of BChE,
and 302 I.S. as a specific inhibitor of AChE. The same applies to the correspond-
ing diiodopropylates. Only those substances which inhibit AChE have muscarinic
properties in vivo.

Experiments by Liljestrand and Zotterman (250) have shown that neither
302 I.S. nor 306 1.S. increases the sensitivity of chemoceptors to oxygen lack,
ACh, or other cholinesters.

C. General considerations concerning the mechanism of action and the correlation
between chemical structure and pharmacological actions of di-trialkyl-
ammontumethyl esters of dicarboxylic acids

The di-trialkylammoniumethyl esters described in this review can be classified
as to their chemical structure according to the following distinctions. a) The
nature and the size of substituents attached to the two quaternary nitrogen
groups. Variations of these substituents, especially when there is a change from
methyl to other radicals change the basic characteristics of the pharmacological
actions of such compounds. b) The number and the nature of the bonds and of
the distribution of CH or CH, groups intercalated between the two esteratic
groups. Variation in this respect leads to appreciable changes in pharmacological
effect only when aliphatic bonds are changed into aromatic ones. Within the
aliphatic series such changes lead only to quantitative changes in activity.

In the aliphatic series, all substances in which the two quaternary nitrogen
atoms are substituted only by methyl groups show predominantly depolarizing
effects on neuromuscular or ganglionic synapses. Carbonyldicholine, the first
- member of the homologous series, is an exception. It has no neuromuscular
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activity at all, but only a competitive ganglion-blocking action like hexa-
methonium. The depolarizing action of aliphatic dicholinesters was first demon-
strated in a comparison with the action of decamethonium. A direct electro-
physiological demonstration of the changes in membrane potentials of muscle
fibres was carried out by Ginzel et al. (163). Using the method of Burns and
Paton (60), these authors measured the changes of the resting potential in the
gracilis muscle of the cat under the influence of adipyldicholine (AdDCh). They
were able to show that in some cases an intra-arterial injection of 10-30 ug
caused a complete depolarization, whereas in other preparations there remained
a potential amounting to 40-80 % of the original resting potential. The depolar-
izing effect lasted eight to ten minutes. Pretreatment with dTC (150 ug) pre-
vented the depolarization for a duration of two hours. In frog muscle the method
of Kuffler (241) and Fatt (113) was applied and showed that AdDCh caused
only a diminution of the resting potential and this diminution could be enhanced
by eserine (107%). In these experiments no evidence could be found for the as-
sumption that the depolarizing action of AdDCh spreads from the endplate
region to the adjoining parts of the muscle fibre. No analogous experiments
have been carried out so far to measure the depolarizing action of dicholinesters
at the site of the synaptic membranes in ganglia.

Stepwise substitution of methyl groups in the quaternary bases by ethyl
groups leads to an alteration of the neuromuscular action. According to the
number of ethyl groups present in the molecule, there is a diminution or com-
plete extinction of the depolarizing effects and at the same time a competitive
antagonism appears against the neuromuscular actions of ACh (267). Whereas
the monoethyldimethyl derivative still retains practically all properties of the
trimethyl ester, the diethylmonomethyl derivative shows both depolarizing and
competitive antagonistic properties, and the triethyl derivative shows only
pharmacological properties which are characteristic of dTC, namely a competi-
tive antagonism against the physiological transmitter substance. Ginzel et al.
(163) were able to show that the triethyl derivative corresponding to AdDCh
causes no depolarization on its own, but only diminishes or, in higher doses,
abolishes the depolarization caused by AdDCh. With equivalent doses this
effect is much shorter than that of dTC. An analogous action of the triethyl
derivative can be shown on frog muscle, where the depolarizing effect of AdDCh
is completely abolished over a wide range of dosage.

The progressive substitution of ethyl instead of methyl groups on the quater-
nary nitrogen in di-trialkylammonium esters also leads to a diminution of the
ganglion-stimulating effects of such substances. In some instances, e.g., for the
triethyl derivatives of adipic (353), sebacic (154, 158, 229) or suberic acid (154,
158, 229), a ganglion-blocking effect can be seen, which replaces the strong excita-
tory effect caused by the corresponding dicholinesters. Substantially the same
changes can be noticed if an exchange of methyl groups against larger radicals
such as propyl, acetonyl, ethylacetyl, or others takes place, and it is of no im-
portance whether this substitution is uniform, or is a mixed substitution with
ethyl groups. The diminution of the neuromuscular blocking effects is still more
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striking with the triethyl derivatives, and all these substances show more or less
ganglioplegic effects which in some of the substances distinctly prevail over the
neuromuscular effects.

Partial or complete ethylation of aliphatic cholinesters of dicarboxylic acids
does not lead to a diminution of the enzymatic hydrolysis by BChE. Substitution
of one radical by an acetonyl group diminishes the hydrolysis more in the ethyl
derivatives than in the dicholinesters. Symmetrical replacement of one methyl
group by propyl increases, and complete substitution with propyl groups dimin-
ishes, the enzymatic hydrolysis.

The relations described here between the pharmacological properties and the
nature of the substituents provides another example of the influence which a
diminution of the electric charge at the site of the quaternary nitrogen exerts
on the synaptic membranes. The diminution of electric charge by the ‘“‘umbrella-
effect’’ of substituted aliphatic radicals weakens the depolarizing activity, but,
on the other hand, it rather enhances the affinity of such substances for the
different membranes. The effect is that the greater steric extension of these
substances increases the competitive displacement of ACh set free as the physio-
logical transmitter. The relations between the nature of substituents, the density
of charges, and the pharmacological actions are considered in more detail in
Taylor’s review (344).

In the series of aromatic dicholinesters the neuromuscular blocking effect is
increased by stepwise substitution with ethyl groups. Precise experiments are
lacking, but the very weak neuromuscular paralysing effect of the aromatic series
seems to indicate that in this group of cholinesters even the methylated com-
pounds have predominantly curare-like effects. Therefore, ethylation would not
change the mode of action.

The ganglionic effects of the di-trialklyammoniumethyl esters of the aromatic
series resemble those of the aliphatic group, since here too progressive ethylation
of the choline derivatives causes a change from excitatory to paralysing effects.
The enzymatic hydrolysis in the aromatic series of cholinesters is distinctly
decreased by substituting methyl groups by ethyl groups.

Within the series of aliphatic cholinesters of dicarboxylic acids, the neuro-
muscular blocking effect increases with the length of the chain from carbonyl-
dicholine to SDCh and then decreases with a further increase in the length of
the polymethylene chain. The contracture effect on bird muscle behaves simi-
larly. On the other hand, the dependence of the contracture-producing effect in
frog muscle on the chain length of aliphatic dicholinesters shows an inverse
behaviour. In the rectus abdominis preparation of frogs, the dicholinester of
oxalic acid has an extremely weak effect. With an increase in the chain length
the contracture gets more and more pronounced and with sebacyldicholine
reaches 74 % of that of ACh. It is interesting to note that a similar connexion
between chain length and effect as found with the frog rectus muscle holds also
true for the ganglion- and endplate-stimulating effects. Whereas carbonyldi-
choline has a paralysing effect on ganglia, this disappears quickly with an in-
crease in chain length and even SDCh shows a weak ganglionic stimula-
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tion which increases steadily with the length of the polymethylene chain to
reach its maximum with suberyldicholine. Similarly, the tension of the initial
twitch on close arterial injection increases considerably from SDCh to suberyl-
dicholine. Moreover, an exact analysis of the ganglionic effects of SDCh showed
that under certain experimental conditions it causes a ganglion-blocking effect
both to preganglionic tetanic stimulation and to single shocks, which is appar-
ently not caused by ganglionic depolarization but rather by competitive an-
tagonism to ACh. SDCh therefore offers another example of the fact that a
single substance may influence the effector organ by depolarization and, at the
same time, by a competitive antagonism against other depolarizing agents.
Something similar can be seen with the di-triethyl ammonium adipate on the
cat gracilis muscle, where it first decreases the resting potential by 2-3 mV but
then inhibits further depolarization by other depolarizing substances (163).

From the existing data, the following general conclusions may be drawn about
the influence of chain length on enzymatic hydrolysis for aliphatic cholinesters of
dicarboxylic acids, and its relation to pharmacological activity. The rate of
hydrolysis increases with the number of interposed CH,-groups and reaches its
maximum with azelayldicholine with human and horse serum and with sebacyl-
dicholine for dog serum. A further increase in chain length diminishes the hy-
drolysis. On the frog rectus there exists a correlation between the velocity of
hydrolysis or the chain length and the enhancement of the contracting effect
under the influence of eserine. However, no such correlation can be demonstrated
with the muscle of warm-blooded animals, since the increase of effect under the
influence of eserine is maximal for AdDCh and decreases both with decreasing
and with increasing chain length. The initial twitch does not show the potentiat-
ing effect of eserine with certainty. The existing data do not show what influence
double bonds within the methylene chain of aliphatic di-trialkylammoniumethyl
esters may have on their pharmacological properties. On the neuromuscular
activity the influence seems to be slight, if demonstrable at all, as can be seen
from the negligible difference between the neuromuscular blocking effect of
SDCh and fumaryldicholine (41, 42). However, the rate of non-enzymatic and
enzymatic hydrolysis of such substances is greatly increased (338).

If the polymethylene chain is replaced by aromatic groups the neuromuscular
paralysing effects of dicholinesters of dicarboxylic acids are considerably de-
creased. With the three isomeric dicholinesters of phthalic acid, the para-deriva-
tive shows the strongest, and the meta-derivative the slightest, activity. No quan-
tative data are available for the ganglionic effects of aromatic dicholinesters.

These substances are hydrolyzed by BChE like their aliphatic congeners,
the meta-derivative showing the highest and the ortho-derivative the slowest
disruption. Compared with aliphatic di-trialkylammoniumethyl esters, the
analogous aromatic substances show a stronger inhibition both of BChE and
AChE (45). Finally, it may be remarked that the data presented hitherto indi-
cate that within the series of aliphatic di-trialkylammoniumethyl esters of di-
carboxylic acids a branching of the chain or the introduction of alicyclic groups
greatly diminishes the neuromuscular and the ganglionic actions.
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D. Dicholinesters and di-trialkylammoniumethyl esters of aliphatic dicarbamic acids

1. Dicholinesters of aliphatic dicarbamic acids. Carbachol (Doryl), the cho-
linester of carbamic acid, introduced by Kreitmair in 1932 (238), has strong mus-
carinic and nicotinic properties, and according to Bacq and Brown (16) it has
an additional very marked paralysing effect on striated muscle. It was of interest,
therefore, to see whether the replacement of simple dicarboxylic acids by the
corresponding polymethylene dicarbamic acids would modify these properties.
This was first tried by Bovet (41), who found that doubling of the carbaminoyl-
choline molecule led to a substance with decreased muscarinic effect but with
hardly any curare-like action. Increasing the size of the molecule, by interposi-
tion of two methylene groups between the two carbamic acid groups, does not
significantly change these actions (41, 191), although this chemical change leads
to substances with about 10-12 atoms intercalated between the two quaternary
nitrogen atoms, a configuration which is optimal for the paralysing effect in the
“methonium’”’ series and in dicarboxylic esters of choline.

A further increase of the chain length leads to substances with remarkable
pharmacological properties. Such substances were first described by Delaby et
al. (90, 91, 92) and investigated by Cheymol and his co-workers (70, 72, 74, 75).
Independently of these experiments this group was thoroughly described by
Klupp et al. (232, 237) from this institute. There is very good agreement between
the results of Cheymol et al. and those of Klupp et al. All substances with less
than 5 methylene groups have less muscarinic action than carbaminoylcholine
and less paralysing action than the higher members of the series. With an in-
crease in the chain length the muscarinic effects disappear completely and weak
nicotinic effects can be observed. These have their maximum with a chain length
of 6-8 methylene groups and decrease gradually with the higher homologues.

As in the series of the “methonium” compounds or the dicholinesters of dicar-
boxylic acids, there is a marked difference in the pharmacological properties be-
tween the monomeric compounds and some of the dimeric substances. The
higher homologues of the present series are among the most powerful paralysing
agents for striated muscles, but they have lost all muscarinic actions of the
original substance, carbaminoylcholine, and retain very little of its nicotinic
action. Moreover, these substances with 6-10 methylene groups have a definite
anti-acetylcholine effect on the isolated ileum of the guinea-pig. These observa-
tions were extended by observations of Herzfeld and Stumpf (193, 339) on the
blood pressure of dogs: in these animals octamethylenedicarbaminoylcholine, in
doses which cause a long lasting paralysis of striated muscle, diminishes the
depressant effects of acetylcholine, methacholine (mecholyl), and benzoylcholine.
The same antagonism can be seen in the isolated frog heart (232, 237).

This is surprising, since these substances are powerful inhibitors both of AChE
and BChE. Like carbaminoylcholine itself, the dicarbaminoylcholines are not
hydrolyzed by these enzymes. Their inhibitory effects are almost equal for both
types of esterase, but the higher homologues have a stronger effect on AChE,
whereas the lower have a greater effect on BChE. Carbaminoylcholine is rather
weak in this respect, but,according to Cheymol (74), heptamethylenedicarbam-
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inoylcholine has a 25% inhibitory effect on BChE in concentration of 1.6 X
10~¢ and for AChE at 5 X 107%. Klupp et al. (232), who made a very thorough
investigation of this point, found that the octamethylene derivative gave a
50 per cent inhibition of BChE with 10~ and of AChE with 2 X 10~7. Slight
differences between the results of the two groups can be explained by the fact
that they used different substrate concentrations and different enzyme prepara-
tions for the two kinds of esterases. However, it was established that these sub-
stances had an activity which was only }§-1{o that of eserine. In the above-
cited experiments Herzfeld and Stumpf (193, 339) were able to show that these
inhibitory effects on the cholinesterases are also exerted in vivo, and in their
experiments both cholinesterases were inhibited 100 % after 300 ug/kg of octa-
methylenedicarbaminoylcholine, when the effects of ACh, benzoylcholine, and
mecholyl were already reduced. In spite of this inhibition of cholinesterases these
compounds have practically no muscarine-like effects, even when the esterase of
the erythrocytes is completely inhibited. As already mentioned, this is probably
due to the simultaneous presence of an atropine-like activity.

All these actions, however, are of minor importance compared with the powerful
neuromuscular blocking activity of the higher members of this series.

The neuromuscular paralysis exerted by the dicarbaminoylcholines is of the
depolarizing type, as indicated by the contracture produced in the frog rectus
and in pigeon muscle, as well as by the potassium release from the muscles after
intravenous administration of octamethylenedicarbaminoylcholine (230, 231).
However, some more recently discovered facts show the limitation of any such
classification (cf. V, p. 323). Honetz et al. (210) found that in rats a potassium
release occurred only after the first dose of hexamethylenedicarbaminoylcholine,
whereas a second equal dose half an hour later did not show any effect on the
potassium output of the muscles of the hindlimbs. From these findings it may
be concluded that the first dose of hexamethylenedicarbaminoylcholine, for a
time immediately after the injection, exerted its action by depolarization, yet
later on acted more like curare. Recently Herzfeld et al. (192) made the obser-
vation that in rats and in dogs neuromuscular paralysis caused by hexamethyl-
enedicarbaminoylcholine could be strongly antagonized by neostigmine. From
these results it is concluded that the action of the dicarbaminoylcholine on the
neuromuscular receptor is of a dual nature. During the onset of action the end-
plate membrane is depolarized and as a consequence potassium is moving out-
wards through the membrane. From this point of complete depolarization the
membrane potential becomes gradually restored but, as a result of its strong
affinity for the endplate receptor, the dicarbaminoyl compound is still fixed to
the membrane, now acting as a competitive inhibitor like dT'C. At present, this
assumption is chiefly based on investigations of the time course of the potassium
output and has to be supported by direct electrical measurements of the resting
membrane potentials of endplate areas. One of the unexpected results with
dicarbaminoylcholines, which are quite effective as anticholinesterases in vitro,
is that they have no anticurare activity on the isolated rat diaphragm; in fact,
there are indications that these substances, in the later stages of their interaction
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with muscle fibres (234, 235), act like competitive blocking agents. In the presence
of a fully paralysing dose of dTC, however, the paralysis resulting from octa-
methylenedicarbaminoylcholine plus dTC is largely antagonized by eserine.
Evidence has been brought forward in favour of the assumption of a competitive
replacement of octamethylenedicarbaminoylcholine by dTC and wice versa at
the motor endplate, thereby causing an eserine antagonism against that part of
the total paralysing effect which is caused by dTC. Evidence for the occurrence
of these phenomena at the site of the endplate was obtained from records of
endplate potentials in cat gracilis muscle. Although the endplate potential ob-
tained after intravenous injection of hexamethylenedicarbaminoylcholine was
increased in height and particularly in duration after administration of eserine,
it reached the level required for eliciting a propagated response only after subse-
quent injections of a small dose of dTC (79).

With respect to the possible clinical application of some of the most potent
dicarbaminoylcholines for muscle relaxation, a series of substances has been
tested as antagonists against the neuromuscular paralysis caused by the di-
carbaminoylcholines. Apart from the antagonistic action of neostigmine men-
tioned above, Congo red, Germanin, sodium-a-naphthylamine-4-sulphonate and
aniline blue showed some antagonism against the paralytic action of hexamethyl-
enedicarbaminoylcholine on the rat gastrocnemius preparation, when given in
high doses and after the injection of the relaxant (53). In contrast Cheymol et al.
(74) found no antagonistic activity of Congo red and Germanin in rabbits when
the doses of the antagonist were given 30 minutes before the injection of hexa-
methylenedicarbaminoylcholine. The same authors found that neostigmine
(0.1 mg/kg) and 3-hydroxyphenyldimethylethylammonium chloride (0.4 mg/kg),
given 15 minutes before the dicarbaminoylcholine administration, caused an
enhancement of the resulting paralysis. Sodium dimethyldithiohydantoinate,
which shows some antagonistic action against d-tubocurarine, also causes an
enhancement of the neuromuscular paralysing action of hexamethylenedicarba-
minoylcholine (73).

Hexamethylenedicarbaminoylcholine (Imbretil, Osterreichische Stickstoff-
werke) proved to be a satisfactory, long acting muscle relaxant for clinical use
in surgical operations (59, 209) and in the treatment of tetanus (56). The clinical
reports quoted may be consulted for details about the actions of hexamethylene-
dicarbaminoylcholine in man. Compared by weight, it acts three or four times
more strongly than d-tubocurarine and besides gives no signs of histamine re-
lease. Laryngospasm and bronchospasm do not occur in the course of a paralysis
caused by Imbretil. Intubation is facilitated as it is with SDCh, yet as a result
of delayed onset of action, intubation with Imbretil should preferably not begin
until three minutes after the injection of the relaxant. Untoward side reactions
on heart function and circulation could not be observed. The following scheme
of doses has proved best for surgical application: 30-50 ug/kg effect a complete
relaxation of twenty to thirty minutes duration, 50-70 ug /kg act for thirty to
sixty minutes, 70-90 ug/kg for sixty to ninety minutes and 100 ug/kg is neces-
sary for operations which last longer than ninety minutes. 100 ug/kg must not
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be exceeded, otherwise the spontaneous respiration is insufficient for a long period
of time. The effect of pharmacologically tested antagonists is under clinical
investigation. Neostigmine seems to be a good antagonist if given during the
later stages of paralysis caused by Imbretil (54, 272). Hexamethylenedicarba-
minoylcholine is chiefly eliminated by the kidneys: 67 % of a dose given by intra-
venous injection is excreted in the urine during the first hour (52).

2. Other di-trialkylammoniumethyl esters of aliphatic dicarbamic acids. A series
of ethyl-, benzyl-, morpholyl-, acetonyl-, cyclohexyl- and ethylacetylammonium-
ethyl esters of some of the polymethylenedicarbamic acids have been prepared
by the “Osterreichische Stickstoffwerke” and have been tested in the Vienna
Pharmacological Institute (unpublished investigations). Generally, it can be
said that all these substances show less neuromuscular blocking activity as com-
pared with the analogous choline derivatives. Melting points, paralysing doses
and a short characterization of the nature of their neuromuscular and ganglionic
action can be found in Table III, p. 282ff. From the values given in Table III
it can be seen that the monoethyldimethyl derivatives have retained the neuro-
muscular potency of the trimethyl derivatives, whereas the triethyl derivatives
show a marked decrease in neuromuscular activity. Moreover, in experiments in
pigeons the triethylammoniumethyl ester of the hexamethylenedicarbamic acid
caused only a flaccid paralysis, indicating that here too substitution of ethyl
groups on the quaternary nitrogens changes the mode of action from a depolariz-
ing to a competitive one. In contrast to the cholinedicarbamic esters, the triethyl
derivatives have no ganglion-stimulating properties, but cause a ganglionic
block paralleling their neuromuscular actions.

Replacement of two methyl groups on the quaternary nitrogen atoms of
hexamethylenedicarbaminoylcholine by cyclohexyl leads to a considerable de-
crease of the neuromuscular blocking activity. The same effect is obtained by
the exchange of one methyl group against one benzylmorpholyl or ethylacetyl
group. In all these derivatives the original ganglion-stimulating properties have
been converted into a relatively weak ganglion-blocking action.

Substitution of ethyl groups for methyl groups on the quaternary nitrogen
does not alter the anticholinesterase effect of dicarbaminoylcholines.

V. CONCLUDING REMARKS

It seems unnecessary here to enumerate again the pharmacological properties
of muscle-paralysing substances which led to their classification into two types,
one causing paralysis by depolarization of the motor endplate and possibly the
adjoining parts of the muscle fibre itself and the other acting by competitive
displacement of acetylcholine from its receptors. This has lately been admirably
done by Paton and Zaimis (286a).

Many of the substances reviewed on these pages seem to fall into one or the
other of these categories. The experimental evidence of the last few years has
shown, however, that the distinction between those substances which in their
actions resemble ACh itself and those which are similar to dTC is no longer
fully applicable. For instance, the extensive work of Zaimis (375, 376) with the
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muscles of many mammalian species has shown that a substance like C-10 or
SDCh, which was thought to be a prototype of the depolarizing series, may have
curare-like actions in some species. Even the different muscles of one animal
may show differences in their reactions to the same paralysing agent, some show-
ing features which can only be ascribed to competitive displacement.

Even in the muscles of birds whose reaction to depolarizing substances with a
contracture seems so typical, Zaimis (375, 376) was able to show that the reac-
tion to decamethonium begins by such a contracture but then changes into a
flaccid curare-like paralysis. Work published from this Institute has shown that
pretreatment of bird muscles with certain quaternary phosphonium compounds
could change the type of reaction obtained with subsequent application of
normally depolarizing substances into a curariform paralysis (153). Moreover,
examples mentioned in this review show clearly, that comparatively simple
changes within the molecule of muscle-paralysing substances may change a
depolarizing substance into a curare-like one, although it is noteworthy that in
these cases the curare-like properties are usually comparatively weak and can
be elicited only by large doses.

The question then arises whether there are two or even more types of muscle
fibres or receptors, some reacting to depolarizing substances and others reacting
to curare-like agents. Indeed the older morphological literature as reviewed by
Riesser (308) or Kriiger (239) indicates that there are quite distinct groups of
muscle fibres discernible under the microscope. Although such differences within
the muscle fibre should not be used as an argument for the existence of two kinds
of receptors for paralysing substances which are concerned only with endplates,
Thesleff and Unna (352) think it improbable that ‘“‘a single drug at given dose
levels would have two qualitatively different actions on members of a population
of identical muscle fibres”. These authors favour the idea of two distinct muscle
receptors. This argument cannot be accepted. The difference might be only
quantitative, since there is no evidence for the assumption that some muscle
fibres remain unaffected while others are paralysed either with a substance like
C-10 or dTC. Moreover, the fact that pretreatment with a depolarizing substance
like C-10 or SDCh in many instances changes the reaction of a muscle, so that
a subsequent injection of the same substance leads to a paralysis with character-
istic curare-like features (376), seems to speak against a dual receptor. The most
convincing argument against this theory is based on the fact that the release of
potassium which always follows the injection of a depolarizing substance, can be
entirely abolished by dTC. Here surely the antagonism must take place at the
identical receptor. Therefore, while the specific morphology of different muscle
fibres may very well influence their mode of contraction (slow or quick muscle
fibres) and the functional activity of muscles predominantly composed of one
type or of the other, we do not think that it forms the basis of their reactions to
depolarizing or curariform muscle-paralysing substances.

It seems more probable that these differences are a property of the different
types of molecules themselves and that many of these molecules have indeed a
dual action during their application to the muscle fibre. This view is very clearly
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supported by experiments of Jenden et al. (221, 222) on the isolated lumbrical
muscle of the rabbit. The authors used direct and indirect stimulation on this
small muscle and showed that C-10 quickly diminished direct and abolished
indirect excitability, but that both returned within about forty minutes and
then indirect excitability was again blocked for a period of several hours, while
direct excitability remained unaffected during this second period of paralysis.
Indirect excitability could be restored by neostigmine during the second phase.

Taylor (344) assumes that the primary depolarizing action is in some way con-
nected with the penetration of the paralysing substance to the site of its receptors
in the endplate and that the change in concentration gradient is important for
this depolarizing activity. The secondary, curare-like effect, on the other hand,
occurs only when the substance is firmly attached to the specific receptor.

It seems therefore that even in the presence of an unaltered concentration of
a depolarizing substance in the neighbourhood of the endplate, the membrane
potential of the endplate can be regenerated. Since such a regeneration of a po-
tential is a process consuming free energy, an active metabolic process must be
involved. As a matter of fact, Thesleff (351) has recently been able to show that
exactly the process outlined above takes place in the single fibres of frog sartorius
when ACh is applied in the presence of neostigmine. There is first a marked
depolarization, but the resting potential returns to normal in the presence of
ACh. Addition of further ACh fails to depolarize the membrane or to excite the
nerve fibre.

It is noteworthy that a very similar theory has been developed quite inde-
pendently by Ariens (7, 8, 9). This author points to the fact that, in discussing
the theory of competitive antagonism, only one of several possible events has
hitherto been accurately discussed, namely the case where an active substance
is displaced from its receptor by an inactive one. For instance, p-aminobenzoic
acid as part of an enzyme system has what Ariens calls an intrinsic activity on
the metabolism of microorganisms. However, although its affinity to the surface
of the microorganism is higher than that of sulphonamides, it can nevertheless be
displaced by sulphonamides if these are present in a sufficient concentration. In
this case, the intrinsic activity of the displacing substance (sulphonamide) is zero.
The affinity to the receptor may even be more pronounced in such an inactive
derivative. Now Ariens rightly points out, that a competitive displacement may
also take place between two substances both of which have an intrinsic activity
of different intensity, and both of which have an affinity of varying strength to
the receptor. Extending the mathematical formula of Michaelis and Menten
(276) for enzyme substrate reactions, to cover the equilibria which may be formed
between a receptor and two substances of different affinity and also of different
ntrinsic activity, Ariens arrives at a more generally applicable formula. Working
on the frog rectus muscle and using C-10, succinyl- and adipyldicholine and their
ethyl derivatives, Ariens and de Groot (8) were able to test this theory. The
depolarizing (in this case muscle-contracting) property is called the intrinsic
activity and its intensity can be obtained from the shape of the various dose-
action curves of the different substances. The affinity for the receptor was calcu-
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lated from the dose-activity curve and from the “inhibition index’’, ¢.e., the
ratio: antagonist concentration divided by agonist concentration for 50 % of the
maximal effect. This affinity would therefore correspond to what we may call
“curare-like” action of a given substance. It is evident that Ariens’ theory is
compatible with the observations of Taylor. He demonstrates that substances
with high intrinsic activity cause contraction of the frog rectus muscle, those
with zero intrinsic activity are muscle relaxants, whereas the intermediate sub-
stances may cause either contraction or relaxation depending on the equilibria
which are formed. The frog rectus muscle preparation is ideally suited to estab-
lish these relations and Ariens was able to prove that the experimental data
corresponded very exactly to those calculated from his formula.

It would be much harder to substantiate the theory on Taylor’s preparation
or on the muscle of whole animals. In the first case, the depolarizing action
would be expressed by the initial depression of both direct and indirect excita-
bility, whereas the affinity would correspond to the long lasting secondary de-
pression of the indirect stimulation. But the competitive displacement would
take place between the drug added to the bath and the ACh liberated at the end-
plate, by indirect stimulation of the muscle from its motor nerve. The concen-
tration of the transmitter would therefore not be equal at different moments of
the period of observation. In whole animals the conditions would be still more
complicated. Moreover, Ariens’ theory can be applied only for periods of obser-
vation during which the receptor for ACh remains unaltered. At the present time
we are unable to state precisely the characteristics of molecules which would
cause a maximum of depolarization of the endplate membrane. However, it can
be said, that the strong positive charge on the quaternary nitrogen atom within
such molecules and the changes which occur in this charge by various substitu-
ents on the nitrogen atom are directly related to the “affinity’’ of such compounds
to the endplate.

Fleckenstein (116, 117) has recently developed a crude, but interesting model
for testing the adsorption to negative receptors. He uses collodion tubes filled
with M/100 KCl solution to which he adds the substances under investigation
in M/50 concentration. In the experiments referred to here, he used C-10, suc-
cinyl- and adipyldicholine and their ethyl derivatives as well as dTC and galla-
mine. Measuring the membrane potential, he found a considerable initial change
as the drugs were adsorbed. After forty-five minutes he began to wash the mem-
branes with distilled water and with M /100 KCl and followed the return of the
initial potential. From his data it can be seen that nearly all substances quickly
lead to a fall of membrane potential, but that those which cause pronounced
depolarization of the muscle endplate membrane like ACh or SDCh and its
monoethyl derivatives, can be easily washed out, whereas those which are known
for their curare-like properties n vivo seem to be more strongly adsorbed, there-
fore causing a longer lasting diminution of the potential. The most persistent
substance in Fleckenstein’s series was gallamine.

REFERENCES

1. ABDERHALDEN E., H. PAFFRATH AND H. SickEL, Beitrag zur Frage der Inkret-(Hormon-) Wirkung des Cholins
auf die motorischen Funktionen des Verdauungstraktes, Pfliig. Arch. ges. Physiol. 207: 241-253, 1925.



326 F. BRUCKE

1a. ACKERMANN, D. AND MauRER, H.: Uber einen empfindlichen Nachweis des Acetylcholins mit Hilfe von Dipi-
krylamin. Hoppe-Seyl. Z., 279: 114-116, 1943.

2. ApamsoN, D. C. anp KiNsuan, F. M.: Succinyl choline chloride in anaesthesia. Anaesthesia 7: 166-168, 1952.

3. Apaumson, D. C.: Succinylcholine chloride for casualty anaesthesia. (Letter). Brit. med. J. 2: 993, 1953.

4. AppERLEY, D. J. AND HAMILTON, M.: Use of succinylcholine in E.C.T. With particular reference to its effect on
blood pressure. Brit. med. J. 1: 195-197, 1953.

5. AMENT, R. AND MEYERS, H.: Thiopental with succinylcholine drip and topically applied pontocaine. A more
ideal anesthetic for peroral endoscopy. Curr. Res. Anesth. 33: 265-270, 1954.

6. ArGeNT, D. E., DINNICK, O. P. AND HoBBIGER, F.: Prolonged ap after suxamethonium in man. Brit. J.
Ansesth. 27: 24-30, 1955.

7. Anitns, E. J.: Affinity and intrinsic-activity in the theory of competitive inhibition. Part I. Problems and
theory. Arch. int. Pharmacodyn. 99: 32-49, 1954.

8. Arins, E. J. aNp DE Gnoo'r. W. M.: Affinity and intrinsic-activity in the theory of competitive inhibition.
Part III. Homolog thonium-derivatives and succinyl-choline-esters. Arch. int. Pharmacodyn. 99:
193-205, 1954.

9. ARi£Ns, E. J., 8iMoNi1s, A. M. AND DE GrooT, W. M.: Affinity and intrinsic-activity in the theory of competitive
and non-competitive inhibition and analysis of some forms of dualism in action. Arch. int. Pharmacodyn.
100: 298-322, 1955.

10. ArNoLp, O. H. AND B8ck-GrErssau, W.: Elektroschock und Muskelrel ien. Wien. Z. Nervenheilk. 4: 326
349, 1051,

11. ArnoLp, O. H., Bdck-GrEissau, W. anp Ginzew, K. H.: Uber die Einfithrung eines neuen muskellshmenden
Mittels in die Elektroschocktherapie. Wien. med. Wachr. 101: 492, 1951.

12, AugusTiNgsoN, K.-B.: Cholinesterases. A study in comparative engsymology. Acta physiol. scand. 15: Suppl.
15, pp. 1-182, 1948.

13. AuausTINssoN, K.-B.: Neuere Ergebnisse auf dem Gebiet der Cholinesterasen und ihre Bedeutung fiir die
Ph kologie und Toxikologie. A im.-Forsch. 4: 242-249, 1954.

14. AuausTINgsoN, K.-B. AND GRAHN, M.: The separation of choline esters by paper chromatography. Acta chem.
scand. 7: 906-912, 1953.

15. AveNn, M. H., LigaT, A. AND FoLbes, F. F.: Hydrolysis of p ine in various mammali; 1 Fed. Proc.
12: 299, 1953.
16. Bacq, Z. M. AND BrowN, G. L.: Pharmaocological experiments on mammalian voluntary le, in relation to

the theory of chemical transmission. J. Physiol. 89: 45-60, 1937.

17. BALLANTINE, R. I. W.: SBuccinylcholine chloride for casualty anaesthesia. (Letter) Bm med. J. 2: 1049, 1953.

18. BALTHASAR, A. P. AND SARa, C. A.: Succinylcholine chloride: An ultrashort r t. Med. J. Aust. 1:
540-542, 1052.

19. BANISTER, J., WHITTAKER, V. P. AND WIJESUNDERA, 8.: The occurrence of homologues of acetylcholine in ox
spleen. J. Physiol. 121: 56-71, 1953.

20. BarLow, R. B. anD INg, H. R.: Curare-like action of polymethylene bis-quarternary ammonium salts. Brit.
J. Pharmacol. 3: 208-304, 1948.

21. BarroN, D. W.: “Scoline’”” apnoea. (Letter). Brit. med. J. 2: 833, 1952.

22. BArTH, L. Die Anwendung der Allgemeinbetiubung bei der B: hoskopie. Th hirurgie 2: 23-30, 1954.

23. BArTH, L., Bosse, W. aNp HERRIG, H.: “Pantolax’’ (S8uccinyl-bischoli lchlond), ein kurzswirkendes Muskel-
relaxans fiir die Narkosepraxis. Die Medizinische 2: 1195-1197, 1952.

24. BARTON, J. D. M.: Prolonged ap following suxamethonium. Lancet 1: 626-627, 1954.

25. BENKE, A.: Lysthenon, ein kurzwirk synthetisches Muskelrel Med. Klinik 47: 849-850, 1952.

28. BeraH, N. P.: Studxea on the reaction of the isolated phrenic nerve diaphragm preparation of various species to
certain lar block. 8cand. J. Clin. Lab. Invest. $: S8uppl. 7, 1953.

27. BINNING, R.: Pmlonged xupu'ntory paralysis after succinylcholine. (Let,ter) Brit. med. J. 1: 971, 1952.

28. BLAYNEY, A. Aroc: The brevidil series of ylcholine type r ts. Irish J. med. Sci. 6th ser.: 108-114,
1952.

29. BoNvaLLET, M., DELL, P. AND HiEBEL, G.: Tonus sympathique et activité électrique corticale. Electroenceph.
clin. Neurophysiol. 6: 119-144, 1954.

30. BorpERs, R.: Relationship of blood cholinest: to succinylcholine activity. 17t® Annual Postgraduate As-
sembly in Anesthesiology, New York City, 1953.

31. BoURrNE, J. G.: S8uccinylcholine. (Letter). Lancet 2: 260, 1952.

32. BourNE, J. G. Long action of suxamethonium inylcholine) chloride. Brit. J. Anaesth. 25: 116-130, 1953.
33. BournE, J. G. “Hyp itivity’’ to suxamethoni (Letter) Laneet) 496—496 1954.
34. BOURNE, J. G., CoLLiEr, H. O. J. AND SoMERS, G. F.: ylcboline). Muscle-rel t of

short action. Lancet 1: 1225-1229, 1952.
35. BoveT, D.: Curari naturali e curari di sintesi. Chim. e Industr. 31: 147-155, 1949.

36. Bover, D.: Introduzione allo studio fisiologico e far logico del curaro. Boll. Soc. ital. Biol. sper. 25: 539-
551, 1949.

37. Bover, D.: L'utiliszazione del polmone d’acciaio nello studio della toll di dosi elevate di sostanze curariz-
zanti. R.C. Ist. sup. Sanit. 12: 180-190, 1949.

38. BoveT, D.: Some aspects of the relationship between chemical titution and like activity. Ann. N. Y.
Acad. Sci. 54: 407-437, 1951.

39. Bover, D. aND BoveT-NI71T1, F.: La inylcholine et les ts curarisantes & durée d’action bréve. Schweiz.

med. Wachr. 82: 1009-1012, 1952.



41.

42.

43.

4.

45.

48.

49.

DICHOLINESTERS OF a,w-DICARBOXYLIC ACIDS 327

. Bover, D., Bover-NrrT1, F., GUARINO, 8. AND Louoo. V G.: Propmtl farmacodinamiche di alcuni derivati

della b iloolina dotati di asione curarica.—Poliest i di trialchiletanol io. R.C. Ist. sup.
Sanit. 12: 81-105, 1949.
Bover, D., Bover-Nrrr, F., GUARINO, 8., LoNGo, V. G. AND Fusco, R.: Recherches sur les poi curarisants

de synthdee. III° Partie: Succinylcholine et dérivés aliphatiques. Arch. int. Pharmacodyn. 88: 1-50, 1951.
Bover, D., Bover-Nrrm1, F., GuariNo,8., LoNGo, V. G. AND MAROTTA, M.: Proprietd farmacodinamiche di

alcuni derivati della succinilcolina dotati di azione curarica.—Esteri di trialchiletanol: io di acidi bicar-
boesilici alifatici. R.C. Ist. sup. Sanit. 12: 106-137, 1949.

BoveTr, D. AND LoNGo, V. G.: Action of natural and syntheti on the cortical activity of the rabbit.
Elect ph. clin. Neurophysiol. 5: 225-234, 1953.

BovEeTr-NitT1, F.: Degradazione di alcune curari; i per azi di coli i. R.C. Ist. sup. Sanit.

12: 138-157, 1949.

Bover-Nrirr1, F. uno Bover, D.: Bis-(2-Disthylamino&ithyl)-b 1-dicarbonsi ster-dialkyljodide als
spesifische Hemmstoffe der True-Cholinesterase und der Pseudo-Cholinesterase. Arch. exp. Path. Pharmak.
220: 52-61, 1953.

. BRANTE, G.: Iodine as a means of development in paper ch tography. Nat Lond 163: 651-652, 1949.
. BRowN, F.: Separation of the lower fatty acids as anions by paper ch t phy. Bioch J. 47: 598-600,

1950.

BrowN, G. L.: The actions of acetylcholine on denervated mammalian and frog’s muscle. J. Physiol. 89: 438~
461, 1937,

BrowN, G. L.: The preparation of the tibialis anterior (cat) for close arterial injections. J. Physiol. 92: 22-23P,
1938.

49a. BRowN, G. L. AND HARVEY, A. M.: Reactions of avian muscle to acetylcholine and eserine. J. Physiol. 94:

50.

61.

62.

101-117, 1938,
BrowN, G. L. AND HARVEY, A. M.: Neu lar tr ission in the extrinsic muscles of the eye. J. Physiol.
99: 379-399, 1941.

. BrRowN, R. C.: SBuccinylcholine chloride for casualty anaesthesia. (Letter). Brit. med. J. 2: 1049, 1953.
. BROCKkE, F., KLupp, H. AND KrAUPP, O.: Pharmakologische Eigenschaften des Hexamethylenbiscarbaminoyl-

cholins (Imbretil) und anderer verwandter Polymethylenbiscarbaminoylcholine. Wien. klin. Wachr. 66: 260-
262, 1954.
. BROCKE, F., KoBINGER, W. AND KrAUPP, O.: Uber den Ant. i von K t und and Subst.
b quartlren A iumb Arch. exp. Path. Pharmak. 224: 123-136, 1955.
Brutckr, H.: 1 icati
Brocke, H.: k' likati der Lysth dung (B kungen zu der gleichnamigen Arbeit von W.

Trauschke). Wmn klin. Wachr. 65: 658-659, 1953.

. BRtcke, H. AND AIGNER, R.: Hexamethylen-bis-carbaminoylcholinbromid (Imbretil) in der Therapie des

Wundstarrkrampfes. Vorliufige Mitteilung. Anaesthesist 4: 12, 1955.

. Brucke, H., Ginzer, K. H., Kvopp, H., PFAFFENSCHLAGER, F. AND WERNER, G.: Bis-Cholinester von Di-

carbons#iuren als Muskelrelaxantien in der Narkose. Wien. klin. Wachr. 63: 464-466, 1951.

. BRtocke, H., MOLLER, I. AND PassLER, H.: Klinische Erfahrungen mit Succinyl-bis-cholinchlorid (Lysthenon)

als Muskelrelaxans in der Narkose. Anaesthesist 1: 82-85, 1952.

. BRockxe, H. anp Rxs, H.: Uber ein hochwirksames Muskelrelaxans aus der Reihe der Polymethylen-dicarba-

minoyl-Cholinester. Wien. med. Wachr. 104: 283-286, 1954.

Burns, B. D. AND PaToN, W. D. M.: Depolarization of the motor end-plate by decamethonium and acetylcholine.
J. Physiol. 115: 41-73, 1951.

BUTTLE, G. A. H. AND ZAnuis, E. J.: The action of decamethonium iodide in birds. J. Pharm., Lond. 1: 991-992,
1949,

CALVERT, J., LEEMANN, H., S1Lk, E. AND Srack, W. K.: Prolonged apnoea after suxamethonium. A case study
of pseudocholinesterase. Lancet 2: 354-356, 1954.

63. CaMBA, R. AND Co8Ta, E.: Sull’influsso della colinesterasi e del diisopropilfluorofosfato nei riguardi dell’attivita

&

67.

70.
71.
72.

7.

della succinilcolina. Rass. med. Sarda 55: 82-87, 1953.

. CAMBA, R. AND Co8TA, E.: Sull’influsso della colinest. i e del dii pilfl foafato nei riguardi dell’attivitd

curarica della succinilcolina. Arch. 8ci. biol., Napoli 38: 119-124, 1954.

. CasTiLLO, J. C. AND DE BEER, E. J.: Potentiation of curarising action of diacetylcholine (succinylcholine) by

aliphatic dicarboxylic acid aminoethyl amides. Fed. Proc. 9: 262, 1950.

h h

. CastiLro, J. C. AND DE BEER, E. J.: The neuromuscular blocking action of inylcholine (diacetylcholine).

J. Pharmacol. 99: 458-464, 1950.
CastiLro, J. C. AND KaTz, B.: Statistical aspects of transmission at a single nerve-muscle junction. J. Physiol.
120: 32P, 1953.

. CHANG, H. C. AND GADDUNM, J. H.: Choline esters in tissue extracts. J. Physiol. 7"255-285 1933.
. CHARGATFT, E., LEVINE, C. AND GREEN, C.: Techniques for the d tion by ch t hy of ni

lipide i ts, sulfur: taining amino acids, and reducing sugars. J. biol. Chem. 175: 67-71, 1949.
CHEYMOL, J.: Curarisants de synthése dérivés de la carbaminoylcholine. Bull. Acad. nat. Méd. 138: 83-88, 1953.
CrEYMOL, J.: Promenade parmi les curares de synthése. Arzneim.-Forsch. 4: 51-61, 1954.

CreYMOL, J.: Curares et anticurares de synthése. Mécanismes d’action. Actualités pharmacologiques, 7° série,

pp. 35-71. Masson, Paris 1954.

CrEYMOL, J., CHABRIER, P., BOURILLET, F. AND LEvAs8oRT, C.: Action anticurare de quelques thio-hydantoines.

J. Physiol. Path. gén. 46: 204-297, 1954.




328 F. BRUCKE

74.

75.

76.

7.
78.

79.

94.

95.
96.

97.

98.

101.

102.

103.

104.

105.

106.

. DaLz, H. H.: The action of certain esters and ethers of choline, and their relation to ine. J. Phar

CHEYMOL, J., DELABY, R., CHABRIER, P., NAJER, H. AND BoURILLET, F.: Activité acétylcholinomimétique de
quelques dérivés de la carbaminoylcholine. Arch. int. Pharmacodyn. 98: 161-182, 1954.

CaEYMOL, J., DELABY, R., NAJER, H. ET GAY, Y.: Etude pharmacodynamique de quelques dérivés de la carba-
minoylcholine. C.R. Acad. Clerm.-Ferrand 235: 1711-1713, 1952.

Cuorr, F.: Oxymetrie bei B hoskopien in Pentothal-Lysth Narkose. II. Kongr. Osterreich. Ges. f.
Aniisthesiologie, Velden, 1953. Anaesthesist 2: 188, 1953.

Caortr, F.: Oxymetrie bei Bronchoskopien in Pentothal-Lysth Narkose. Anaesthesist 3: 8-10, 1954.

CHoTT, F. AND MAYERHOFER, O.: Narkoseerfahrungen bei {iber 1000 intrathorakalen Eingriffen. Anaesthesist
1: 129-135, 1952.

Curoni, P. H., Kravupp, O., PiLLAT, B. AND WERNER, G.: Die Wirkung von Biscarbaminoylcholinestern auf das
Endpl tial ht am M 1 ilis der Katze. Arch. exp. Path. Pharmak. 226: 563-569,
1985.

. CoLLIER, H. O.J. AND MACAULEY, B.: The pharmacological properties of ‘‘laudolissin’’—a long-acting curarizing

agent. Brit. J. Pharmacol. 7: 398408, 1952.

6: 147-190, 1914.

. DaNtLov, A. F.: Die curarisierende Wirkung von Ditylin (Diacetylcholin, Succinylcholin) beim Menschen.

(Eine Moglichkeit der vollstindigen Immobilisierung bei Erhaltung der Spont. ). Farmakol. i Toksikol
16: 12-186, 1953. (Quoted from Ber. ges. Physiol. 168: 143-144, 1954.)

DaRrbpEL, O. voN AnD THESLEFF, 8.: Kliniska erfarenheter med succinylkolinjodid, ett nytt medel som ger muske-
lavslappning. Nord. med. 46: 1308-1311, 1951.

DARDEL, O. vON AND THESLEFF, 8.: Succinylcholine chloride iodide as a muscular relaxant. A report of 500 sur-
gical cases. Acta chir. scand. 103: 321-336, 1952.

DARDEL, O. vON AND THESLEFF, 8.: Clinical experience with inyl-choline-iodide. A new
Anesth. Analg. 31: 250-256, 1952.

Davis, D. A.: The pharmacology and clinical application of succinyl-choline. Sth. med. J. (Bgham, Ala.) 47:
97-104, 1954.

Day, B. L.: Succinylcholine. (Letter). Brit. med. J. 1: 333, 1953.

Day, B. L. Prolonged respiratory paralysis after succinylcholine. (Letter). Brit. med. J. 2: 162, 1952.

Dk BEeEr, E. J., Castivo, J. C., PamLires, A. P., FaNELL, R. V., WNUCK, A. L. AND NoRTON, 8.: Synthetio
drugs infl il lar activity. Ann. N. Y. Acad. Sci. 54: 362-372, 1951.

DELaBY, R., CHABRIER, P. AND NaJER, H.: Sur I’bydrazodicarboxylate de g-hydroxyéthyle et ses dérivés.
C. R. Acad. Clerm.-Ferrand 234: 2374-2375, 1952. (Quoted from 74.)

. DELABY, R., CHABRIER, P. AND NAJER, H.: Sur les polyméthyléne bis-carbamates de 8-hydroxyéthyle et leurs

dérivés. C.R. Acad. Clerm.-Ferrand 235: 376-377, 1953. (Quoted from 74.)

. DELABY, R., CHARBRIER, P. AND NAJER, H.: Sur les polyméthyléne bis-carbonyl-N methylcarbaminoylcho-

lines. C.R. Acad. Clerm.-Ferrand 236: 612-613, 1953. (Quoted from 74.)

. DRUCKER, A. P., 8apovE, M. 8. AND UNNA, K. R.: Ophthalmic studies of curare and curare like drugs in man.

Amer. J. Ophthal. 34: 543-553, 1951.

DuUNDEE, J. W. AND GRAY, T. C.: Resist to d-tub ine chloride in the presence of liver damage. Lancet
2: 16-17, 1953.

DurraNs, 8. F.: Prolonged apnoea. (Letter). Lancet 2: 5§39, 1952.

EARLEs, M. P., FosTER, G. E., HARDSTONE, B. L. AND STEWART, G. A.: The stability of injection of succinyl-
choline chloride. J. Pharm., Lond. 6: 773-777, 1954.

Euuis, C. H., MorGAN, M. V. aND DE BEER E. J.: Central depressant actions of certain myoneural blocking
agents. J. Pharmacol. 106: 353-363, 1952.

ELuis, C. H., NorTON, 8., AND MORGAN, W. V.: Central depression by drugs which block neuromuscular trans-
mission. Fed. Proc. 11: 42-43, 1952.

. Eruis, C. H., WNUCK, A. L. ANp DE BEER, E. J.: Succinylcholine ant; ists. Fed. Proc. 12: 39, 1953.
100.

ELus, C. H., WNuUCK, A. L. ANp DE BekRr, E. J.: Antagonists to succinylcholine (‘“Anectine’’) and other muscle
relaxants. Annual Meeting Amer. Soc. Anesthesiologists, Seattle, 1953 and 17t Annual Postgraduate Assembly
in Anesthesiology, New York City, 1953.

Ewruis, C. H., WNuUck, A. L., DE Beer, E. J. anp FoLpEs, F. F.: Modifying actions of procaine on responses
to myoneural blocking agents. Amer. J. Physiol. 171: 722, 1952.

Euuis, C. H., WNUCK, A. L., DE BeER, E. J. aAnp FoLpEs, F. F.: Modifying actions of procaine on the myoneural
blocking acti of inylcholine, decamethonium and d-tub arine in dogs and cats. Amer. J. Physiol.
174: 277-282, 1953.

Eruis, C. H., WNUCk, A. L., FaneLur, R. V. aANp DE BEER, E. J.: Comparative phar logical study of the
mono- and dicholine esters of succinic acid. J. Pharmacol. 109: 83-91, 1953.

Eruis, C. H., WNUCK, A. L., NorToN, 8. AND DE BEER, E. J.: Modifying actions of anticholinest on myo-
neural relaxants. Fed. Proc. 13: 40-41, 1954.

EmpPAIN, R. AND VANDENBERGHE, P.: Contribution & ’étude des propriétés curarisantes de quelques dérivés de
choline. Arch. int. Pharmacodyn. 91: 418431, 1952.

ERrBsLOER, J.: Uber die Verwendung von Pantolax zu gynikologischen Kurzeingriffen. Dtach. med. Wachr. 47:
1634-1636, 1953.

. ErmL, E.: B ho-Oesoph kopie in Lysthenon-Evipan-Kurznarkose. Arch. f. Ohr.-, Nas.- u. Kehlkheilk.

161: 275-279, 1952.



DICHOLINESTERS OF a,w-DICARBOXYLIC ACIDS 329

107a. EULER, U. S. voN, LILJESTRAND, G. AND ZOTTERMAN, Y.: Uber den Reizmechanismus der Chemorezeptoren im

108.

109.
110.

111,
112.
113,
114.

1165.
116.

1uz.

118.

119.
120.
121.
123.
124,
125.
126.

127.

129.
130.
131.
132

133.
134.

135.
136.

137.
138.
139.
140.
141,
143.
144.
145.

146.

Glomus caroticum. Acta physiol. scand. 1: 383-385, 1941. (Quoted from 250.)

Evans, F. T., GRAY, P. W. S., LEumMANN, H. AND SILK, E.: Sensitivity to succinylcholine in relation to serum-
cholinesterase. Lancet 1: 1229-1230, 1952.

Evans, F. T., Gray, P. W. S., LEnumaNN, H. anD SiLK, E.: Succinylcholine. (Letter). Lancet 2: 682-683, 1952.

Evans, F. T., GrRay, P. W. S., LEamanN, H. anp SiLk, E.: Effect of pseudo-cholinesterase level on action of
succinylcholine in man. Brit. med. J. 1: 136-138, 1953.

Evans, F. T., Gray, P. W. S., LEumanN, H. AND SiLk, E.: Succinylcholine. (Letter). Brit. med. J. 1: 271, 1953.

Evans, F. T. ANp LEaMANN, H.: Prolonged apnoea after suxamethonium. (Letter). Lancet 2: 601, 1954.

Farr, P.: The electromotive action of acetylcholine at the motor end-plate. J. Physiol. 111: 408-422, 1950.

FEUuERsTEIN, V.: Die Anaesthesie fiir operative Eingriffe am Larynx. Anaesthesist 2: 90-91, 1953.

FINK, J.: Arterielle Therapie spastischer Paresen mit Lysthenon. Med. Klinik 48: 173-175, 1953.

FLECKENSTEIN, A.: Physikalisch-chemische Charakteristika depolarisi der und depolarisations-h d
Alkaloide. 21. Tagung Deutsch. Pharmakol. Ges., Saarbriicken, 1954. Arch. exp. Path. Pharmak. 225: 156-158,
1985.

FLECKENSTEIN, A., EIGLER, J. AND BRUCH, H.: Adsorptionsversuche an der Kollodiummembran zur Differen-
zierung endplattenblocki der Pharmaka mit depolarisierender bzw. depolarisationsh der Grund-
wirkung. Arch. exp. Path. Pharmak. 224: 483-495, 1955.

FLECKENSBTEIN, A., JANKE, J., KRAUSE, R. AND LECHNER, G.: Uber das Verhalten von Adenosintriphosphat,
Ad indiphosphat und and. Phosphorsiure-Estern bei der Kontraktur des Froschrectus durch Acetyl-
cholin, Nicotin und Succinylbischolin. Arch. exp. Path. Pharmak. 224: 465-475, 1955.

Forbks, F. F.: Prolonged respiratory paralysis after succinylcholine. (Letter). Brit. med. J. 1: 1352, 1952.

FoLpks, F. F.: Prolonged apnoea following scoline. (Letter). Anaesthesia 7: 181-182, 1952.

FoLbpks, F. F.: Succinylcholine. (Letter). Lancet 2: 245-246, 1952.

. FoLpks, F. F.: Succinylmonocholine iodide: Its enzymatic hydrolysis and neuromuscular activity. Proc. Soc.

exper. Biol. N. Y. 83: 1§7-189, 1953.

FoLpes, F. F., Davis, D. L. AND SHANOR, S. P.: Comparison of hydrolysis of acetylcholine, benzoylcholine,
succinylcholine, and procaine in human plasma. Fed. Proc. 13: 354-355, 1954.

Forpks, F. F., Macuas, T. 8., HunT, R. D., McNaALL, P. G. AND CARBERRY, P. C.: Synthetic muscle relaxants
in anesthesia. J. Amer. Med. Ass. 150: 1559-1566, 1952.

FoupEes, F. F. AND McNaLL, P. G.: The use of succinylcholine for endotracheal intubation. Anesthesiology 14:
93-96, 1953.

FoLpes, F. F., McNaLL, P. G. AND BorreGco-HIN0JOBA, J. M.: Succinylcholine: A new approach to neuro-
muscular relaxation in anaesthesiology. New Engl. J. Med. 247: 596-600, 1952.

FoLpes, F. F., McNaLy, P. G., Davis, D. L., ELLis, C. H. AND WNUCK, A. L.: Substrate competition between
procaine and succinylcholine diiodide for pl. holinesterase. Sci 117: 383-386, 1953.

. FoLpEs, F. F. AND NortoN, 8.: The fate of succinyldicholine (SDCH) and succinylmonocholine (SMCH) in

man. Abstr. Comm. XIX. Internat. Physiol. Congress, Montreal, 1953, p. 353.

Foupes, F. F. AND NorToN, S.: The urinary excretion of inyldicholine and inyl holine in man.
Brit. J. Pharmacol. 9: 385-388, 1954.

FovLpes, F. F. AND RuobEes, D. H.: The role of pl cholinest in anesthesiology. Curr. Res. Anesth. 32:
305-318, 1953.

Founes, F. F., SWerpLow, M., LipscHiTz, E. AND VAN HEES, G.: Comparison of enzymatic hydrolysis of suxa-

methonium and suxethonium with their respiratory effects. Fed. Proc. 14: 339, 1955.

Forpks, F. F. Anp Tsua, F. J.: Enzymatic hydrolysis and neuromuscular activity of succinyl-monocholine
iodide. Fed. Proc. 12: 321, 1953.

Forpks, F. F., VANDERVORT, R. S. AND SHANOR, S. P.: The fate of succinylcholine in man. Anesthesiology, in
press.

FoRrBAT, A., LEnMANN, H. AND SiLE, E.: Prolonged apnoea following injection of succinyldicholine. Lancet 2:
1067-1068, 1953.

FoRRESTER, A. T. T.: Treatment of tetanus with succinylcholine. Brit. med. J. 2: 342-344, 1954.

FRrANK, M., HoLzer, H. AND Moser, H.: Die Verwendung muskelerschlaffender Mittel bei der Einrichtung
von Frakturen und Luxationen. Anaesthesist 1: 105-106, 1952.

Franks, E. H.: Succinylcholine. (Letter). Lancet 1: 1309, 1952.

Franks, E. H.: Succinylcholine. (Letter). Lancet 2: 290, 1952.

Franks, E. H.: Prolonged apnoea following suxamethonium. (Letter). Lancet 2: 1358-1359, 1953.

FRASER, P. J.: Quoted from 100.

Fraser, P. J.: Hydrolysis of succinylcholine salts. Brit. J. Pharmacol. 9: 420-436, 1954.
. FREY, R.: Vergleichende Untersuch der kelerschlaffenden Mittel. Anaesthesist 1: 10-13, 1952.
FreY, R., GoeprerT, H. AND RAULE, W.: Vergleichende Unt. hung der Wirkungen muskelerschlaffender

Mittel auf das Atemzentrum. Anaesthesist 1: 33-44, 1952.

Fusco, R., CHIVARELLI, 8., PALA220,G. AND BovEeT, D.: Ricerche sui curari di sintesi. Nota II. Derivati arila-
lifatici a doppia funzione ammonica quaternaria. Gazz. chim. ital. 78: 951-964, 1948.

Fusco, R., PaLazzo, G. AND CHIAVARELLI, S.: Ricerche sui curari di si i. Nota I. Poliesteri tici di
trialchiletanolammonio. R.C. Ist. sup. Sanit. 12: 50-55, 1949.

Fusco, R., PALAzz0, G., CHIVARELLI, 8. AND BovET, D.: Ricerche sui curari di sintesi. Nota III. Diesteri alifatici
trialchiletanol: ici. Gazz. chim. ital. 79: 128-141, 1949.




330 F. BRUCKE

147,

148.

149,

150.

151.
152.

153.

154.

156.

157.

158.

159.

161.

—

162.

163.

185.
166.

167.
. Gourp, R. B.: Succinylcholine chloride. (Letter). Brit. med. J. 1: 440, 1952.
169.

170.

171.
172,

173.
. Gray, T. C. AND REEs, G. J.: The role of apnoea in anaesthesia for major surgery. Brit. med. J. 2: 891-892, 1952.
175.
176.
177.

178.

179.

181.
182.

Fusco, R., PaLazzo, G. Cnuv.\nu.u, S aND BovEr, D.: Ricerche sui curari di sintesi. Nota IV. Mono- e diesteri

Ah!auclda y-ami idi a doppia f a ica quaternaria. Gass. chim. ital. 79: 836-848, 1949.
Fusco, R., PaLazzo, G., ClllAVAllu.l,S ANDBOVE‘I‘,D R:cerchemicunnduwten Nota IV. Mono- e diesteri
alifatici da w-ami idi a doppi: a t ia. R.C. Ist. sup. Sanit. 12: 705-717, 1949.

Fusco, R., PaLazzo, G. AND KNOsu, R.: Ricerche sui cunn di sintesi. Nota III. Diesteri alifatici di trialchile-
tanolammonio. R.C. Ist. sup. Sanit. 12: 69-80, 1949.

Fusco, R., RosNari, V., Bover-Nitr1, F. AND BovEr, D.: Qualche considerasione sul tema: struttura chimica e
attivitd nei curari di sintesi. R.C. Ist. sup. Sanit. 14: 690-716, 1951.

GHosk, R.: Succinylcholine chloride for casualty anaesthesia. Brit. med. J. 2: 1377, 1953.

Ginzer, K. H.: Die pharmakologischen Eigenschaften des Succinyl-bis-cholinchlorids im Hinblick auf seine
Verwendbarkeit in der Elektroschocktherapie. Wien. Z. Nervenheilk. 4: 321-325, 1951.

szn K.H., Knm, H., Kraurp, O. AND WERNER, G.: Die uléire Lihmung durch Polymethylen-
bis-phosph verbi d Arch. exp. Path. Pharmak. 217: 173-183, 1953.

GINzEL, K H., Kvurp, H., Kravpp, O. AND WIRNIR, G.: Zwei ganglienblockierende Stoffe aus der Reihe der
wabonuureeoter quarterniirer A iumverbind A thesist 3: 41-42, 1954.

. Ginzew, K. H., Kuupp, H. AND WERNER,G. : Methoden sur biologischen Wertbestimmung und Charakterisierung

von kulir 13h den Stoffen. Sci. pharm. 19: 164-176, 1951.

Ginzen, K. H., Kuuep, H. AND WERNER, G.: Uber einen Dicholinester mit hoher Curarewirksamkeit. Ex-
perientia 7: 72-77, 1951.

Ginze, K. H., KLupp, H. AND WERNER, G.: Die Wirkung einiger aliphatischer a-w-Bis-quarternirer Ammonium-
Verbindungen auf die S8kelettmuskulatur. Arch. exp. Path. Pharmak. 213: 453466, 1951.

Ginzer, K. H., Kvupp, H. AND W:nsz,G Zur Pharmakologie von o-w-Bis-quarterniiren Ammoniumver-
bind I. Mitteilung: N ulire und ganglionire Wirkungen des Adipinsiure-bis-Cholinesters.
Arch. int. Phnrmaoodyn 86: 385-406, 1951.

Ginzzi, K. H., Kvupp, H. AND WERNER, G.: Zur Pharmakologie von a,w-Bis-quarterniren Ammoniumver-
bind I1. Mitteilung:Vergleichende Untersuchungen iiber einige aliphatische Dicarbonsiureester. Arch.
int. Pharmacodyn. 87: 79-98, 1951.

. Ginzrwn, K. H., KvLupp, H. AND WERNER, G.: Zur Pharmakologie von a,w-Bis-quarterniiren Ammoniumver-

bind III. Mitteilung: Die fermentative Spaltung einiger aliphatischer Dicarbonsii ter und die
Steigerung ihrerWirksamkeit durch Eserin. Arch. int. Pharmacodyn. 87: 351-365, 1951.
GinzeL, K. H., Kvupp, H. AND WERNER, G.: Zur Pharmakologie von a,w-Bis-quarterniren Ammoniumver-

bindungen. IV. Mitteilung: Die Wirkung des Bis-Cholinesters der Sebacinsiure auf At und Blutdruck.
Arch, int. pharmacodyn. 89: 160-168, 1952.
Ginzer, K. H., Kvupp, H. AND WERNER, G.:Eineneue Methodezur Charakterisierung kuliirlih d

Substansen. 18. Tagung Deutsch. Pharmakol. Ges., 1951. Arch. exp. Path. Pharmak. 216: 167-168, 1952.
Ginzer, K. H., Kuopp, H. AND WERNER, G.: Die Wirkungsweise einiger a, w-bis-quaternirer Ammoniumver-
bindungen an der Skeletmuskulatur. Arch. exp. Path. Pharmak. 215: 103-118, 1952.

. GLAUBNITZ, E. AND PoPp, A.: Psychiatrische Schockbehandlung bei Anwendung eines kurzwirksumen Muskel-

relaxans. Med. Klinik 47: 1704-1706, 1952.
Guick, D.: Some additional observations on the specificity of cholinest. J. biol. Chem. 137: 357-362, 1941.
GOPrERT, H., RAULE, W. AND FREY, R.: Beobachtungen ilber die alveolire COs-Konzentration und den respira-
torischen Stoffwechsel nach Einwirkung muskelerschlaffender Mittel. Anaesthesist 2: 4-9, 1953.
G , J.: Succinylcholine chloride for casualty anaesthesia. (Letter). Brit. med. J. 2: 992-993, 1953.

GRANIT, R., 8x0GLUND, 8. AND THESLEFF, S.: Activation of muscle spindles by succinylcholine and decametho-
nium. The effects of curare. Acta physiol. scand. 28: 134-151, 1953.

GRANTIT, R., SKOGLUND, 8. AND THESLEFF, S.: The action of succinylcholine and curare on the muscle spindles.
Acta physiol. acand. 29: 86, 1953.

GRaNT, G.: Prolonged respiratory paralysis after succinylcholine. (Letter). Brit. med. J. 1: 1352, 1952.

GRAVENSTEIN, J. AND HOGIN, W.: SBuccinylcholin, ein kurz wirkendes Muskelrelaxans und seine Bedeutung.
Helv. chir. acta 20: 234-245, 1953.

GRray, T. C.: Succinylcholine. (Letter). Lancet 2: 40, 1952.

GREEN, R.: Succinylcholine. (Letter). Lancet 2: 246, 1952.

GREEN, R.: Controlled relaxation with succinylcholine chloride. Anaesthesia 8: 52-54, 1953.

GRevEN, H.: Die Anwendung moderner Aniisthesie-Methoden in der Oto-Rhino-Laryngologie, insbesondere
klinische Erfahrungen mit Succinyl- Am Z. Laryng. Rhinol. 32: 1-8, 1953.

GREVEN, H.: Die Narkeseb kopie, ihre technische Durchfiihrung und praktische Anwendung bei
operativen Eingriffen, H.N.O. Beih. Z. Hnls- Nas. u. Ohrenheilk. 4: 97-101, 1954.

GrrrriTH, H. R.: Succinylcholine—a controllable muscle relaxant. Canad. med. Ass. J. 71: 28-32, 1954. (Quoted
from J. Pharm., Lond. 7: 77, 1955.)

1

. GUARINO, 8.: Considerazioni ci tiche sulla contrattura da acetilcolina. R.C. Ist. sup. Sanit. 12: 198-214,

1949.

Havrr, L. W.: Vet. Rec. 64: 491, 1952. (Quoted from 182.)

Hawy, L. W, LEnMANN, H. AND S1Lk,E.: Response in dogs to relaxants derived from succinic acid and choline.
Brit. med. J. 1: 134-136, 1953.

. Harr, R. A. AND PaRrkEs, M. W.: The effect of drugs upon neur lar tr ission in the guinea-pig. J.

Physiol. 122: 274-281, 1953.



184,
185.

186.

192,
193.
194.

195.
196.

197.
198.

199.

DICHOLINESTERS OF «a,w-DICARBOXYLIC ACIDS 331

HaMLTON, M. AND ADDERLEY, D. J.: Use of succinylcholine in E.C.T. (Letter). Brit. med. J. 1: 617-618, 1953.

HauxproN, L. J., LirTLE, D. M. AND FULLER, E. M.: The use of succinylcholine to facilitate endotracheal intuba-
tion. Annual Meeting Amer. Soc. Anesthesiologists, Philadelphia, 1952.

Haxpron, L. J., LitTLE, D. M. AND FULLER, E. M.: The use of inylcholine to facilitate endotracheal intub
tion. Anaesthesiology 14: 382-389, 1953.

. Harrer, J. K.: Prolonged respiratory paralysis after succinylcholine. (Letter). Brit. med. J. 1: 866, 1952.

. HArPER, J. K.: Prolonged respiratory paralysis after succinylcholine. (Letter). Brit. med. J. 1: 1352, 1952,

. Hart, G. A.: Buccinylcholine chloride for casualty anaesthesia. (Letter). Brit. med. J. 2: 992, 1953.

. HERINGTON, G. AND James, E.: Continuous succinylcholine chloride with pethidine in abdominal surgery.

Brit. med. J. 2: 317-320, 1953.

. HERRING, D. A. AND MaRsH, D. F.: Curare compounds XII. The curariform activity of 1,2-ethylene bis(beta-

hydroxyethyltrimethylammonium carbamate chloride). J. Pharmacol. 103: 346-347, 1951.

Herzrewp, E., Kraurp, O. AND Stumpr, C.: Antagonisten von Hexamethylenbis-carbaminoylcholin. Anaes-
thesist 4, 171-174, 1955.

Herzrewp, E. AND Stumpr, C.: Zur Frage der Cholinesterase-Hemmwirkung der Polymethylen-dicarbamin-
siure-bischolinester. Arch. int. Pharmacodyn. 100: 391-400, 1955.

HesTrIN, 8.: The reaction of acetylcholine and other carboxylic acid derivatives with hydroxylamine and its
analytical application. J. biol. Chem. 180: 249-261, 1949.

HEewER, C. L.: Prolonged respiratory paralysis after succinylcholine. (Letter). Brit. med. J. 1: 971-972, 1952.

Hrrr, 8. AND HoFMaNN, G.: Der vollmitigierte Elektroschock. Theoretische Erwiigungen an Hand einer neuen
Schockmethode. Wien. med. Wachr. 104: 455-458, 1954.

Hobaes, R. J. H.: Therapeutic application of plasma cholinesterase. (Letter). Lancet 1: 143-144, 1953.

Hobaes, R. J. H.: Prolonged apnoea following succinyldicholine. (Letter). Lancet 2: 1210, 1953.

HobaKIN, A. L. ANp HUXLEY, A. F.: Currents carried by sodium and potassium ions through the membrane of
the giant axon of loligo. J. Physiol. 116: 449-472, 1952.

199a. HoLzEL, H. Personal communication.
199b. Hormann, H. AND HoLzER, H.: Die Wirkung von Muskelrelaxantien auf den intraokuliren Druck. Klin. Mbl.

g

8

g8

8
S

208.

g

210.
211.

212.

213.

214.

215.

216.

217,

218.

219.

Augenheilk. 123: 1-16, 1953.

. HorrMaNN, H. AND LEMBECK, F.: Das Verhalten der suBeren Augenmuskeln gegeniiber Curare, Dekamet honium

(C 10) und Succinylcholin (M 115). Arch. exp. Path. Pharmak. 216: 552;557, 1952.

. HoLmBERG, G., HARD, G. AND RAMQvIsT, N.: Forsdk med succinylkolinjodid i mindre doser vid elektroshock-

behandling. Nord. med. 49: 463466, 1953.

HoLuBERG, G. AND THESLEFF, S.: Succinylkolinjodid som muskelavslappande medel vid elektroshock-behand-
ling. Nord. med. 46: 1567-1573, 1951.

HoLMBERG, G. AND THESLEFF, S.: Succinyl-choline-iodide as a muscular relaxant in electroshock therapy. Amer.
J. Psychiat. 108: 842-846, 1952.

HoLMBERG, G. AND THESLEFF, S.: Succinylcholine iodide (Celocurin) as a muscular relaxant in electro-shock
therapy. Acta psychiat., Kbh. suppl. 80: 135-138, 1953.

Hovurz, P. UND ScHUMANN, H. J.: Butyrylcholin in Gehirnextrakten. Naturwissenschaften 41: 306, 1954.

Hovrzer, H.: Klinische Erprobung eines synthetischen Curare (Bis-Cholinester der Ber insiure—M 115).
Wien. med. Wschr. 101: 718-719, 1951.

. Horzer, H.: Die Vorteile der Pentothal-Lysthenon-Narkose fiir die Broncho-Oesophagoskopie. Wien. med.

Wschr. 102: 112-113, 1952,

HoLzer, H.: Aniisthesieprobleme bei Myasthenia gravis pseudoparalytica. Anaesthesist 2: 101-103, 1953.

Houzer, H., WALTNER, H. AND WiLLOMIT2ER, E.: Klinische Erprobung eines neuen Muskelrelaxans (Hexa-
methylen-bis-carbaminoylcholinbromid). Wien. med. Wschr. 104: 637-638, 1954.

HonEeTrz, N., KraUurp, O. UND S8TORMANN, H.: Unpublished.

Houas, W. AND ANDERSEN, E. W.: The action of curarizing drugs and barbiturates on experimental local tetanus
in rabbits. Acta pharm. tox. Kbh. 10: 235-240, 1954.

HuUNT, R. AND TAVEAU, R. DE M.: On the physiological action of certain choline derivatives and new methods for
detecting choline. Brit. med. J. 2: 1788-1791, 1908.

HunT, R. AND TAVEAU, R. pE M.: The effects of a number of derivatives of choline and analogous compoundson
the blood pressure. Hyg. Lab. Bull. No. 73; Publ. Health and Marine Hosp. Service, U.S.A., 1911.

HurLEYy, M. J. AND MONRO, A. B.: Prolonged respiratory paralysis after succinylcholine. (Letter). Brit. med. J.
1: 1027, 1952.

ING, H. R. AND WR1GHT, W. M.: The curariform action of quarternary ammonium salts. Proc. roy. Soc. B 109:
337-353, 1931.

IrMER, W., Koss, F. H. Anp Porw, H.: Uber ein kurswirkendes synthetisches Muskelrelaxans zur Verbesserung
der Narkosetechnik. Anaesthesist 1: 100~105, 1952.

IruER, W., RoTTHOFF, F. AND SCHNEIDER, H.: Vergleichende spi trische Untersuchungen nach Anwendung
verschiedener Muskelrelaxantien an nicht narkotisierten Menschen. Anaesthesist 2: 103-106, 1953.

Issxyr, W. aND Just, O.: Neuzeitliche Apparatnarkosen und kontrollierte Blutdrucksenkung bei Eingriffen im
Hals-, Nasen- und Ohrengebiet. Arch. Ohr.-, Nas.-, u. KehlkHeilk. 164: 1-11, 1953,

Jacos, W.: Kurzwirkende Barbiturate in der B! hoskopie unter b d Berticksichtigung des Thiogenats.
Thoraxchirurgie 2: 269-273, 1954.

. JANKE, J.: Uber das Verhalten von ATP, ADP und anderen Phosphorsiiure-Estern des Muskels bei Einwirkung

depolarisierender Kontraktur-Stoffe. 21. Tagung Deutsch. Pharmakol. Ges., Saarbriicken, 1954. Arch. exp.
Path. Pharmak. 225: 160-161, 1955.



332 F. BRUCKE

221

88 §§§

¥ B

g

231.

—

232.

234.

236.

237.

242,
243.
244.
2485.
246.
247.
248.
249.
. LILJESTRAND, G. AND ZOTTERMAN, Y.: The effect of certain choline esters on the chemoreceptor activity in the

251.

252.

. JENDEN, D. J., Kamuo, K. AND TAYLOR, D. B.: The action of deca

. JENDEN, D. J., KaMuo, K. AND TavLoR, D. B.: The action of decamethonium (C 10) on the isolated rabbit

lumbrical muscle. J. Pharmacol. 103: 348-349, 1951.
thonium on the isolated rabbit lumbrical

muscle. J. Phnrmwol 11: 229—240 1984,
Kavow, W.: Id y of p and pseudo-cholinest. Fed. Proc. 10: 312, 1951.

. KaLow, W.: Hydrolysis ot‘ local anesthetics by human serum cholinesterase. J. Pharmacol. 104: 122-134, 1952,
. KALTENPOTH, E. AND HEskE, F.: Uber die Ver

dung von 8 inyl-bis-cholinchlorid bei th 4ianh und

diagnostischen Eingriffen. Dtsch. med. Journal 3: 4&)—482 1952.

. Kay, H. T.: Succinylcholine. (Letter). Lancet 2: 200, 1952.
. KErrinNES, C.: Kurswirkende Muskelrelaxantien bei der Broncho-und Osophagoskopie. Z. &rstl. Forsch. 48:

115-116, 1954.
KickiNGER, H.: Echte Uberempfindlichkeit gegen Succinyl-cholin-chlorid (Lysth ). A thesist 1: 106-
107, 1952.

. Kvupp, H.: Eine neue Gruppe von Ganglienblockern. II. Kongr. Osterreich. Ges. f. Anaisthesiologie, Velden,

1953. Anaesthesist 2: 190, 1953.

Kuuep, H., KoBINGER, W. AN’D Kraupp, O.: Veriinderungen des Kalium- und Milchsiurespiegelsim Serum nach
Verabreichung kulir 13h der Substanzen. 20. Tagung Deutsch. Pharmakol. Ges., Bonn, 1953.
Arch. exp. Path Pharmak. 222: 183-184, 1954.

Krupp, H. ANp Kraupp, O.: Uber die Freisetzung von Kalium aus der Muskulatur unter der Einwirkung einiger
Muskelrelaxantien. Arch. int. pharmacodyn. 98: 340-354, 1954.

Krupp, H., Kraupp, O., STorMANN, H. AND Stumpr, C.: Uber die pharmakologischen Eigenschaften einiger
Polymethylen-dicarbamins#ure-bischolinester. Arch. int. Pharmacodyn. 96: 161-182, 1953.

. Kuuep, H. anp Stumpr, C.: Uber Unterschiede in der enzymatischen Spaltung von Dicarbonsiure-bis-cho-

li n durch M hen-, Pferde- und Hundeserum. Enzymologia 16: 189-192, 1953.

KoBINGER, W. AND I\RAUPP, 0 Uber die Wirkung von Eserin am d-Tub in-gelihmten Ratt hfell
in Gegenwart depolarisi Muskelrelaxantien. 21. Tagung Deutsch. Pharmakol Ges. Saarbriicken, 1954.
Arch. exp. Path. Pharmak. 225: 107-109, 1955.

. KoBINGER, W. AND KraUPP, O.: Uber die Wechselwirkungen von d-Tubocurarin, Eserin und depolarisierenden

Substanzen am isolierten Rattenzwerchfell, untersucht am Beispiel des Octamethylen-Biscarbaminoylcholins.
Arch. exp. Path. Pharmak. 225: 237-250, 1955.

Konig, G., Konig, 1. aAND S1gHART, H.: Die Bronchoskopie in Narkose, ihre Vorteile und Gefahren. Wien. klin.
Wachr. 19585, in press.

Kravurp, O., KLupp, H., STORMANN, H. AND StUMPF, C.: Cholinesterasehemmwirkung und neuromuskuliire
Wirksamkeit von Bischolin-Polymethylendicarbaminsiiureestern. 20. Tagung Deutsch. Pharmakol. Ges.
Bonn, 1953. Arch. exp. Path. Pharmak. 222: 180-182, 1954.

. KREITMAIR, H.: Eine neue Klasse Cholinester. Arch. exp. Path. Pharmak. 164: 346-356, 1932.
. KRUGER, P.: Tetanus und Tonus der quergestreiften Skelettmuskeln der Wirbeltiere und des Menschen. Akade-

he Verlagsgesellaschaft, Leipsig 1952.

. KUCHER, R. AND Snmnsnm‘mnnk, K.: Uber einen neuen Ganglienblocker. Anaesthesist 2: 168-169, 1953.
. KUFFLER, S. W.: Specific excitability of the endplate region in normal and denor\ ated muscle. J. Neurophysiol.

6: 99-110, 1943.

LANDGREN, S., LiLJESTRAND, G. AND ZOTTERMAN, Y.: The effect of certain autonomic drugs on the action po-
tentials of the sinus ner\e Acta physiol. scand. 26: 264-290, 1952.

LeB, A.: Die Ront, phie in Pentothal-Lysthenon-(Succinylcholinchlorid-) Kurznarkose. Fort.
Roentgenstr. 81: 119-126, 1954.

LECHTENBORGER, H., VALENTIN, H., VENRATH, H., FRUKMANN, G., Ozs0Y, I. 8., 8STEINVORTH, H., ScHMITZ, T.
AND GRIESERMANN, H.: Der Gasstofiwechsel bei akutem Atemstillstand. Thoraxchirurgie 2: 250-264, 1954.

Le Hevux, T. W.: Choline as the h of i tinal action. Pfliig. Arch. ges. Physiol. 190: 280-310, 1921.

LenuaNN, H.: Succinylcholine. (Letter). Lancet 2: 199-200, 1952.

Lermany, H.: Succinylcholi hloride and liver damage. (Letter). Lancet 2: 143-144, 1953.

LEnMANN, H. AND S1LK, E.: Succinylmonocholine. Brit. med. J. 1: 767-768, 1953.

LETT, Z.: Succinylcholine chloride for external version. (Letter). Brit. med. J. 2: 993, 1953.

carotid body. Acta physiol. scand. 31: 203-214, 1954.
Low, H. AND TaMMELIN, L. E.: On inylcholi
TEPP. Acta physiol. scand. 23: 78-84, 1951.
LoeweE, S. AND HARvVEY, 8. C.: Equidist: pt and str
Arch. exp. Path. Pharmak. 214: 214-226, 1952.

a lar blocking drug, and its synergism with

ivity relationship of curarising drugs.

. LoEwi, O.: The antagonism of tetraethylam ium inst heart dep: ts. J. Pharmacol. 88: 136-141, 1946.
. LoNGo, V. G.: Antagonismo e sinergismo fra eserina e curari naturali e di sintesi. R.C. Ist. sup. S8anit. 12: 249-

254, 1949.

. LoNgo, V. G.: Acetylcholine, cholinergic drugs, md oonwal electrical activity. Experientia 11: 76-78, 1955.
. LoNGo, V. G. AND SpaccARELLI, G.: L'elett del coniglio d la curarizzazione. Boll. Soc.

ital. Biol. sper. 26: 1424-1427, 1950.

. Love, 8. H. S.: Prol d ap following scoline. (Letter). Anaesthesia 7: 113-114, 1952.
. Love, S. H. 8.: Prol d ap following scoline. (Letter). A thesia 7: 182, 1952.
. LtLLMANN, H. AND FORsTER, W.: Uber die Wirkungen neuromuskulir blockierender Subst: auf den Riicl

muskel des Blutegels und den M. rectus abd. des Frosches. Arch. exp. Path. Pharmak. 217: 217-224, 1953.



DICHOLINESTERS OF a,w-DICARBOXYLIC ACIDS 333

260. LuscrER, E. ANp Huaty, W.: Osophagoskopie und Tracheob hoskopie in Narkose. Schweis. med. Wachr.
27: 733-736, 1984.

261. Lunp, P. C.: A clinical evaluation of inylcholinechloride as a le rel. t in hesia. Amer. J. Surg.
86: 312-317, 1953.

262. MacinrosH, R. R.: Succinylcholine chloride and liver damage. (Letter). Lancet 2: 91, 1953.

263. MaciNTOsH, R. R.: A thesia for b h y. Anaesthesia 9: 77-78, 1954.

264. MAckAyY, M. L.: Succinylcholine. (Letter). Lancet 2: 145, 1952.

265. MALLYOTH, G. AND STEIN, H. E.: Beitrag zur Papierchromatographie der Cholinester und der Zucker. Biochem.
Z. 322: 165-167, 1951.

266. MALONE, J. P. AND BLAYNEY, A. MAcA.: Modified electroconvulsive therapy. Irish J. med. Sci. 6P ser. 315-323,

1952.

267. MAROTTA, M.: Il paralleli tra lasi curarica di alcuni prodotti di sintesi e 1’ant: i oon gli effetti
dell’acetiloolina. R.C. Ist. sup. Sanit. 12: 242-248, 1949.

268. MAROTTA, M. AND CARMINATI, G. M.: Prolungamento dell’attivitd curari della inilcolina per

di alcuni anticolinesterasici. Arch. int. Pharmacodyn. 98: 285-269, 1054.

269. MAYRHOFER, O.: Self-experiments with succinylcholine chloride (new ultra-short-acting muscle relaxant). Brit.
med. J. 1: 1332-1334, 1952.

270. MAYRHOFER, O.: Erfahrungen mit Succinylcholinchlorid, einem neuen kurzwirkenden Muskelrelaxans. Anaes-
thesist 1: 9-10, 1952.

271. MAYRHOFER, O.: Prolonged ap following scoline. Anaesthesia 7: 250-251, 1952.
272. MAYRHOFER, O.: Personal communication.
273. MAYRHOFER, O. AND HasS?URTHER, M. : Kurzwirkende Muskelerschlaff ittel (Selbstv he und klinisch

Erprobung am narkotisierten M hen). Wien. klin. Wachr. 63: 885-889, 1951.
274. MazzoN1, P. AND MARGHIERI, L.: Consideragioni sull’i di alcuni nuovi curarizzanti sintetici. Giorn. ital.
Anest. 16: 265-273, 1950.
275. McDoweLL, D. H., RaxiLL, M. A. AND TYNDALL, J. A.: Succinylcholine chloride as a relaxant in modified E.C.T.
J. Irish med. Ass. 31: 240-242, 1952.
276. MicHAELIR, L. AND MENTEN, M. L.: Die Kinetik der Invertinwirkung. Biochem. Z. 49: 333-369, 1913.
277. MorkeLsky, H. AND RUBEN, H.: Wirkungsinderungen von Succinylcholinjodid bei kontinuierlicher Anwendung.
Wien. med. Wschr. 103: 502-504, 1953.
278. MoNRo, A. B, KIRkLAND, A. K., GrLLIE, A. AND McNEILL, D. L. M.: The use of short-acting relaxants in E.C.T.
J. ment. Sci. 99: 288-290, 1953.
279. MUNDpIcH, K. AND HOFLEHNER, G.: Die Narkose-Beatmungsbronchoskopie. Anaesthesist 2: 121-123, 1953.
280. MUNIER, R. AND MACHEBOEUF, M.: Microchromatographie de partage des alcaloldes et de diverses bases azotées
biologiques. Bull. Soc. Chim. biol., Paris 31: 1144-1162, 1949.
281. NoRrTON, 8. AND DE BEER, E. J.: Excretion of succinyldicholine in urine of cat and mouse. J. Pharmacol. 110:
392-397, 1954.
282. Nowrmr, W. K., WiLson, W. AND Bo , R.: Succinylcholine chloride in electro shock therapy. Cardiovascular
reactions. Arch. Neurol. Psychiat., Chicago 71: 189-197, 1954.
283. OrToN, R. H.: A short-acting muscle relaxant, succinylcholine chloride. Med. J. Aust. 1: 817-818, 1952.
284. OsTERLOH, G.: Die synergistische Wirkung von Succinylcholin und Cholin. 20. Tagung Deutach. Pharmakol.
Ges., Bonn, 1953. Arch. exp. Path. Pharmak. 222: 184-186, 1954.
285. OsTERLOH, G.: Zur Wirk igerung von Succinyl-bis-cholin durch Dekamethonium und Cholin. Arch. exp.
Path. Pharmak. 222: 360-366, 1954.
286. PatoN, W. D. M. AND Zanvie, E. J.: The pharmacological actions of polymethylene bistrimethylammonium
salts. Brit. J. Pharmacol. 4: 381-400, 1949.
286a. PaToN, W. D. M. AND ZA1uis, E.: The methonium compounds. Pharmacol. Rev. 4: 219-253, 1952.
287. PETERMANN, G.: Erfahrungen mit dem neuen Muskelrelaxans Succinyl-bis-cholinchlorid. Med. Klinik 47:
998-1000, 1952.
288. PHiLLIPs, A. P.: Synthetic curare substitutes from aliphatic dicarboxylic acid aminoethyl esters. J. Amer. chem.
Soc. 71: 3264, 1949.
289. PamLrips, A. P.: Dicarboxylic acid bis-(8-tertiaryaminoalkyl) amides as curare substitutes. Science 112: 536,
1950.
290. PriLLres, A. P.: Dicarboxylic acid bis-8-tertiaryaminoalkyl amides and their quarternary ammonium salts as
curare substitutes. II. J. Amer. chem. Soc. 73: 5822-5824, 1951.
201. PrmLuIps, A. P.: Dicarboxylic acid bis-8-tertiaryaminoalkyl amides and their quarternary ammonium salts as
curare substitutes. I11. J. Amer. chem. Soc. 74: 43204321, 1952.
292. PouLseN, H.: Succinylkolinjodid (curacit) som curariserende middel ved elektroshock of elektronarcose. Ugeskr.
Laeg. 114: 168-175, 1952,
293. Poursen, H. ANp Houas, W.: Succinylcholine. (Letter). Lancet 2: 199, 1952.
. Price, J. M. AND RoGERs, W. J. B.: Succinylcholine as relaxant in electro-shock. (Letter). Brit. med. J. 1: 1027,
1952.
. RaBE, P.-A.: Erfahrungen mit den neuen Muskelrelaxantien Succinyl-Asta und Retensin. Die Medisinische
2: 1233-1234, 1952.
. Rarmy, M. A.: E.C.T. modified by suxamethonium. (Letter). Lancet 2: 455, 1953.
. RanNpawy, L. O.: The conversion of decamethonium-like agents to tensilon-reversible ts by tic sub-
stituents. J. Pharmacol. 105: 16-26, 1952.

g ¥

83




g

g8 ¢ BREsER

310.

311.

312.

314,

315.
316.

317.

318.

319.
320.

328.
329.
330.
331.
332.
333.
334.
335.
336.
337.

338.
339.

F. BRUCKE

ReicHEL, J.: Zur Technik der endotrachealen Narkose in der Larynxchirurgie. Anaesthesist 2: 92-94, 1953.

(Omitted).

Rrip, J. E. AND NELL, D. W.: Succinylcholine. (Letter). Lancet 2: 639-640, 1952.

REm, J. E. aNp NE1LL, D. W.: Succinylcholine apnoea. (Letter). Lancet 2: 1231-1232, 1952.

REmICKE, A.: Uber Beat b hos kopie in Narkose. Z. Laryng. Rhinol. 33: 462-463, 1954.

REuss, J. J.: Production d’une paralysie neur laire d’i ité et de durée réglables par infusion de
suocinylcholine. Arch. int. Pharmacodyn. 92: 417-426, 1953.

Ruopks, D. H. aNp FoLbes, F. F.: In vitro substrate competition between procaine and succinylcholine for
plasma cholinesterase. Fed. Proc. 12: 360-361, 1953.

RicrARDS, H. AND YoUNGMAN, H. R.: The ultra-short-acting relaxants. Brit. med. J. 1: 1334-1335, 1952.

Riexker, O. E.: Neuszeitliche An#isthesie-Methoden fiir die Hals-Nasen-Ohrenheilkunde. Vereinigung west-
deutscher Hals-Nasen-Ohren-Arzte, Bonn, 1983. Z. Laryng. Rhinol. 32: 689-709, 1953.

. Riexkg, O. E.: Die Diffusionsbeatmung als Hilfsmittel bei der B hoskopie. Z. Laryng. Rhinol. 34: 217-221,
1985.
. RiEssER, O.: Muskelpharmakologie und ihre Anwendung in der Therapie der Muskelkrankheiten. Hans Huber,
Bern 1949.
Riesser, O. AND NEUSCHLOSS, 8. M.: jologische und kolloidchemische U! hungen iber den Mechanis-
mus der durch Gifte bewirkten Kontnl(tur quergestreifter Muskeln. O. Riesser: 1. Uber dw durch Acetyl-
cholin bewirkte E kontraktur des Frosch kels und ihre ant: istische Beeinfl durch

Atropin, Novokain und Kurare. Arch. exp. Path. Pharmak. 91: 342-365, 1921.

RixERr, W. F. Jr.: Excitatory and anti-curare properties of acetylcholine and related quarternary ammonium
compounds at the neuromuscular junction. Pharmacol. Rev. 5: 1-86, 1953.

Rixer, W. F. Jr. AND WEacog, W. C.: The direct action of prostigmine on skeletal le; its relationship to the
choline esters. J. Pharmacol. 88: 58-66, 1946.

Rosk, L.: Prolonged respiratory paralysis after succinylcholine. (Letter). Brit. med. J. 1: 1027, 1952.

. RosNaTl, V.: Ricerchesui curari di sintesi. Nota V. Diesteri dimetilcoline. Gazz. chim. ital. 80: 663-674, 1950.

RuckpescHEL, K.-T. AND FIscHER, J.: Erster Bericht Qiber ein deutsches kurzwirksames Muskelrelaxans bei der
Krampfbehandlung. Minch. med. Wschr. 94: 1737-1740, 1952.

RupDELL, J. S.: SBuccinylcholine. (Letter). Lancet 2: 341-342, 1952.

RummEeL, W. AND ScuuLz, R.: Gegeniiberstellung von blocki den und deblockierenden Substanzen am
Zwerchfellphrenicuspriiparat der Ratte. I. Mitteilung. Arch. exp. Path. Pharmak. 222: 633—539 1954.

Roumer, W. AND ScuuLy, R.: Gegenilberstellung von blockierenden und deblocki Substanzen am
Z hfellph fiparat der Ratte. I1. Mitteilung. Arch. exp. Path. Pharmak. 222: 591-597, 1954.

Rurxowski, R.: Die quantitative Bestimmung von Succinyl-bis-cholin in Injektionslésungen. Arzneim.-
Forsch. 3: 537-539, 1953.

SALEM, G. AND RExES, I.: Lysthenon in der Unfallschirurgie. Wien. klin, Wschr. 64: 88-90, 1952.

SaLLE, J. AND THUILLIER, J.: Pharmacologie de dérivés d’ammoniums quarternaires de quelques esters de I’acide
adipique. Activité du bisjodoéthylate de l'adipate dialkylaminoéthylique (B.T.5201) sur le systdme neuro-
musculaire. C.R. Soc. Biol., Paris 146: 538-539, 1952.

. SaAMUEL880N, G.: The photometric determination of choline and choline derivatives. J. Pharm., Lond. 5: 239-

244, 1983.

. Scumrtr, W.: Uber die mit Muskelrelaxantien modifizierte Konvulsionstherapie. Nervenarzt 24: 383-387, 1953.
. ScURR, C. F.: Relaxants of very brief action. Brit. med. J. 2: 831-832, 1951.

. SHERMAN, D. A.: Prolonged respiratory paralysis after succinylcholine. (Letter). Brit. med. J. 1: 1135, 1952.

. SIEBECK, R. AND FREY, R.: Die Wirkungen muskelerschlaffender Mittel auf die Augenmuskeln. Anaesthesist

2: 138-141, 1953.

. 816HART, H. AND DENK, G.: Bronchoskopie in einer Lungenheilstitte. Wien. Z. inn. Med. 34: 78-86, 1953.
. 8x0UBY, A. P.: The influence of acetylcholine, curarine and related substances on the threshold for chemical

painstimuli. Acta physiol.scand. 29: 340-352, 1953.

8urrH, J. A. AND WoOD-8MITH, F. G.: Use of succinylcholine in E.C.T. (Letter). Brit. med. J. 1: 451, 1953.

SomeRrs, G. F.: C ication to British Ph logical Society, Sheffield, July 1951. (Quoted from 34.)

SomEeRrs, G. F.: Studies on the pharmacology of succinylcholine. Brit. J. Pharmacol. 8: 19-21, 1853.

SoumMERKAMP, H.: Das Substrat der Dauerverkiizung am Froschmuskel. Arch. exp. Path. Pharmak. 128: 99-115,
1928.

StEDMAN, E., STEDMAN, E. AND WHITE, A. C.: A comparison of the choline-esterase activities of the blood-sera
from various species. Biochem. J. 27: 1055-1060, 1933.

StErAN, L.: Die technische Ldsung des Applikationsproblems kurzwirkender Muskelrel tien bei langd. n-
den Operationen. Wien. med. Wachr, 102: 84-98, 1952.

Sreran, L.: Klinische Erfahrungen mit der Lysthenon-Dauerinfusion bei Eingriffen in der Bauchhshle unter
Ver d D linfus i #ites. Wien. med. Wschr. 102: 477-481, 1952.

StEINKE, H. J. AND Voom.. G.: Verglei ichend Unt h Qiber den Angriffspunkt muskelerschlaffender
Verbindungen. Pfliig. Arch. ges. Physiol. 259: 152-164, 1954.

STicRecHNEIDER, F.: Erfahrungsbericht iiber Lysthenonnarkosen in einem mittleren Provinzkrankenhaus.
Wien. med. Wachr. 104: 46-47, 1954,

StormMANN, H.: Unpublished.

Srompr, C.: Unpublished.

Stumpr, C. AND HERrzreLp, E.: Zur Frage der Cholinesterase-Hemmwirkung der Polymethylen-dicarbamins-




343.

344,

345.

346.

348.
349.

350.

351.
352.

353.

DICHOLINESTERS OF «,w-DICARBOXYLIC ACIDS 335

#ure-bischolinester. 21. Tagung Deutsch. Pharmakol. Ges., Saarbriicken, 1954. Arch. exp. Path. Pharmak. 225:
119-121, 1955.

. SwWERDLOW, M.: Succinylcholine apnoea. (Letter). Lancet 2: 1231-1232, 1952.
. SweroLow, M.: Curr. Res. Anesth. 33: 201, 1954. (Quoted from 6.)

. TaMMELIN, L.-E.: Succinylcholine iodide (Cel in). A synthetic drug with a curare-like effect. Acta chem.
scand. 7: 185-195, 1953.
TaMMELIN, L.-E. AND STRINDBERG, B.: Cholinesterase activity determined with an electrometric method

Acta chem. scand. 6: 1041-1047, 1952.

TAYLOR, D. B.: Some basic aspects of the pharmacology of synthetic curariform drugs. Pharmacol. Rev. 3: 412-
444, 1951.

TewrFIK, G. I.: Suxamethonium-modified electroconvulsive therapy in the frail and elderly. Lancet 2: 110-112,
1953.

TuesLEFF, S.: Farmakologiska och kliniska fors6k med LT1 (0.0.-8uccinylcholin-jodid). Nord. med. 46: 1045-
1047, 1951.

. THESLEFF, 8.: An investigation of the le-relaxing action of succinylcholine-iodide in man. Acta physiol.
scand. 25: 348-367, 1952.
THESLEFF, 8.: An investigation of inyl-choline-iodide in man. Acta physiol.scand. 25: 368-376, 1952.

THESLEFF, 8.: The pharmacological properties of succinylcholine iodide. (With particular reference to its clinical
use a8 a muscular relaxant). Acta physiol.scand. 26: 103-129, 1952.

TresLEFF, 8.: Succinylcholine iodide. Studies on its pharmacological properties and clinical use. Acta physiol.
scand. 27: Suppl. 99, pp. 1-26, 1952.

THESLEFF, 8.: Neuromuscular block caused by acetylcholine. Nature, Lond. 175: 594-595, 1955.

TuEeSLEFF, S. AND UNNA, K. R.: Differences in mode of lar blockade in a series of symmetric bis-
quaternary ammonium salts. J. Pharmacol. 111: 99-113, 1954.

THUILLIER, J. AND SALLE, J.: Pharmacologie de dérivés d’ammoniums quaternaires de quelques esters de 1’acide
adipique. Activité ganglioplégi du bis-iodoéthylate de 1’adipate diéthylaminoéthylique (B.T. §201). C.R
Soc. Biol., Paris 146: 535-539, 1952,

353a. TRAUSCHKE, W.: Komplikati der Lysth dung. Wien. klin. Wachr. 65: 272-273, 1953.

354.
355.

356.
357.
358.
359.
360.
361.
362.
363.
364.
365.
366.
367.

368,

369.
370.

371,
372.
373.
374,
375.

376.

Tsuai, F. J. aAnp Foupks, F. F.: Hydrolysis of succinylcholine in human plasma. Fed. Proc. 12: 374, 1953.

Tsuar, F. J., Foupes, F. F., HEes, C. R. AND SHANOR, 8. P.: Further studies on the hydrolysis of succinylmono-
choline in human plasma. In press.

VaLponi, P.: Osservazioni cliniche sull’impiego del curari: te 362 I.8. R.C. Ist. sup. Sanit. 12: 255-262, 1949.

Vaz, T. anp Bisuopr, J. M.: Succinylcholine chloride for casualty anaesthesia. (Letter). Brit. med. J. 2: 885, 1953.

VEIGEL: Zur pharmakologischen Charakterisierung von Muskelrelaxantien. 20. Tagung Deutasch. Pharmakol.
Ges., Bonn, 1953. Arch. exp. Path. Pharmak. 222: 186-187, 1954.

WALKER, J.: Some new curarising agents. J. chem. Soc. 18: 193-197, 1950.

WALKER, O.: Prolonged apnoea following suxamethonium. (Letter). Lancet 1: 103, 1954.

WANKMULLER, A., AND KREBS, K. G.: Zur Papierelektrophorese von Arzneimitteln., IT Mittlg. Dtach. Apoth-
Ztg. 94: 192-194, 1954.

WEIMANN, H.: Verlingertes hypopnoisches Stadium mit freien Intervallen bei Anwendung von Succinylcholin.
Anaesthesist 2: 210-211, 1953.

WEITHALER, K. AND WIEDEMANN, H.: Erfahrungen mit dem Muskelrelaxans Lysthenon bei der Gastroskopie.
Wien. med. Wachr. 103: 519-520. 1953.

WESTERMANN, E.: Zur Digitaliswirkung auf die neuromuskulire Ubertragung. Arch. exp. Path. Pharmak. 222:
398-407, 1954.

WHITTAKER, V. P.: Idrolisi della inilcolina da colinesterasi: Utili: ione simultanea della cromatografia su
carta e della tecnica di Warburg. Experientia 7: 217-218, 1951.

WHITTAKER, V. P. AND Wl  ESUNDERA, 8.: The separation of esters of choline by paper ch tography. Bioch
J. 49: XLV, 1951.

WHITTAKER, V. P. AND WIIESUNDERA, 8.: The separation of esters of choline by filter-paper chromatography.
Biochem. J. 51: 348-351, 1952.

WHITTAKER, V. P. AND WLIESUNDERA, S.: The hydrolysis of inylcholine by cholinest Bioch J. 52:
475-479, 1952.

WiLrians, T. E.: Observations on the use of “Scoline’ as a le rel t. Med. J. Aust. 1: 818-820, 1952.

WnNUck, A. L., NorTon, 8., Eruis, C. H. ANpD DE BEER, E. J.: Production of trolled lar block
by infusion of diacetylcholine. Fed. Proc. 11- 403-404, 1952.

WnUCK, A. L., NortoN, 8., ELLis, C. H. ANp DE BEER, E. J.: Controlled paralysis of skeletal muscle. Anesthe-
siology 14: 367-375, 1953.

Worrers, P.: Sensitivity to inylcholine chloride. (Letter). Brit. med. J. 2: 778-779, 1952.

WoOLMER, R. AND CartEes, T. E.: Succinylcholine in the treatment of tetanus. Lancet 2: 808-809, 1952.

WorpsworTH, V. P.: Succinylcholine chloride for casualty anaesthesia. (Letter). Brit. med. J. 2: 1219, 1953.

Zamis, E. J.: Motor end-plate differences as a determining factor in the mode of action of neuro-muscular block-
ing substances. Nature, Lond. 170: 617, 1952.

Zamis, E. J.: Motor end-plate differences as a determining factor in the mode of action of neuromuscular block-
ing substances. J. Physiol. 122: 238-251, 1953.






