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I. InTRODUCTION

It has been known for many years that the material called curare has the effect
of causing muscular paralysis when injected into frogs or mammals. This
material had been brought from South America to Europe in small quantities by
explorers, and was known to have been prepared by the natives in the form of
aqueous extracts and concentrates for use as an arrow poison. The samples
available for scientific examination have varied so widely in botanical origin,
physiological potency, and chemical constitution that it is only in recent years

1 Aided by a grant from the National Foundation for Infantile Paralysis.
285



286 L. E. CRAIG

that definite information has been obtained about the chemical compounds
responsible for the “curare activity” of the South American curare.

The physiological effect of curare (curare or curariform activity) has been
found to have useful applications in surgery and in the treament of spastic and
other paralytic conditions. Furthermore, a large number of synthetic and
naturally occurring organic compounds have been studied which have physio-
logical effects similar to, although in practically all cases less intense than, the
active materials present in South American curare,

The object of the present paper is to review the literature and to tabulate the
compounds which have been reported to exhibit curare or curare-like activity in
order to deduce, if possible, what units of chemical structure are responsible for,
enhance, or reduce this activity. Other types of physiological actions which
frequently accompany curare activity have been recorded.

I1I. HISTORICAL

The paralyzing action of curare has been known for centuries. The first
record of the primitive use of curare is in Hakluyt’s description of Sir Walter
Raleigh’s contact with Indians of the Orinoco in 1595. Watterton and Brodie
in 1815 demonstrated that death from curare was due to respiratory failure.
Bernard in 1844 first described the location of the physiological action of curare
as being at the junction of the nerve and muscle (myoneural junction). The
paralytic action of curare led to its early investigation in causing relaxation of
muscles in such convulsive conditions as epilepsy, rabies, tetanus, strychnine
poisoning, and various tics. The non-homogeneity of the crude curare prepara-
tions made physiological investigations and clinical use difficult, with the result
that chemical investigations were started (8, 74).

The chemical examination of curare preparations was first carried out in 1829
by Roulin and Boussingault (187), who isolated a syrupy mass which they called
curarine. In the period following, Buchner (18), Preyer (158), Sachs (188), and
other workers isolated amorphous alkaloids for which they proposed various
structures. Boehm (12) brought some order into the curare field when he showed
that the South American curare preparations were of three kinds, distinguished
by the type of container in which they were packed. They were (a) para, tube,
or bamboo curare, packed in bamboo tubes, (b) pot curare, exported in small
earthenware pots, and (¢) gourd or calabash curare, packed in small gourds.
Furthermore, Boehm showed that curare preparations contained several al-
kaloids of two general types: amorphous quaternary bases which produced the
curare action, and tertiary bases which were inactive. The constitution of the
various curare preparations depended on the botanical origin, which not only
differed among the three types of curare but also differed from sample to sample
of the same type. Curare was first believed to be prepared from South Amer-
ican Strychnos species, but later chemical evidence indicated that the alkaloids
also occur in menispermaceous plants (86).

King (129) isolated the first crystalline active alkaloid, d-tubocurarine chloride,
from tube curare, and found that a dose of 0.5 mg./kg. produced complete curare
paralysis of frogs, as compared to doses of 2.5-5 mg./kg. required of various
curare preparations. He (129, 130) was able to show that d-tubocurarine
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chloride was a diquaternary base with a bisbenzyltetrahydroisoquinoline type
structure (see Section IV,D,1 on page 351 et seq. for the chemistry of the curare
alkaloids). XKing’s chemical evidence (131) indicated that there was a close
relationship between the alkaloids of pot and tube curare.

More recently, Wintersteiner and Dutcher (223) isolated d-tubocurarine
chloride from a sample of South American curare which was known to have been
prepared from only one plant species, Chondodendron tomentosum Ruiz and
Pavon. This gave a source of a pure, active curare alkaloid and of standardized
curare preparations, so that physiological and clinical investigations could be
carried out with a greater degree of certainty.

Investigations of gourd curare have not been as extensive as those of the other
types. Wieland and coworkers (217-220) isolated a group of very active quater-
nary alkaloids from gourd curare, which have been shown by preliminary ex-
amination to be different in chemical nature from the other curare alkaloids
(see Section IV,D,1). Although these alkaloids are very active physiologically,
some even more active than d-tubocurarine, no reports of any investigations as
to their possible therapeutic value were found.

III. CURARIFORM ACTIVITY
A. PHYSIOLOGICAL ASPECTS

Since Bernard’s discovery of the peripheral location of the action of curare,
many investigations as to the mechanism of curare action have been carried out.
It is generally agreed that the curare action is one of prevention, in some manner,
of the transfer of impulses from the nerve to the muscle at the myoneural junc-
tion.

The mast widely accepted theory for the mechanism of neuromuscular trans-
mission is the acetylcholine theory, which states that an impulse from the nerve
causes the formation of acetylcholine which in turn causes stimulation of the
muscle. The acetylcholine formed by each impulse is quickly hydrolyzed by
cholinesterase, and the process, which takes place at the myoneural junction, is
repeated for each impulse of the nerve. Rosenblueth and coworkers (186a,
210) postulated that there is a range of concentrations of acetylcholine to which
the muscle responds. Response by the musele does not occur if the concentration
is below the “threshold of excitation” or above the ““‘upper paralytic boundary”.
This postulate explains why the injection of acetylcholine or drugs that are
known to inhibit the action of cholinesterase cause curare-like paralysis, since the
acetylcholine would be present in concentrations above the upper paralytic
boundary. Because curare does not interfere with the liberation of acetylcholine
and does not inhibit the action of cholinesterase, they believed that the action of
curare was one of raising the threshold of excitation of the muscle. Thus, it is
postulated that although the usual amount of acetylcholine is produced by the
impulse from the nerve, it is not enough to cause response by the muscle.

The peripheral paralysis due to curare occurs in a definite order, so that the
first signs of curare poisoning are dropping of the eyelids, drowsiness, loss of
speech, and paralysis of the neck muscles. The extremities are then affected,
followed by the muscles of the diaphragm; finally, death occurs from respiratory
failure. A compound which produces a true curariform action has no effect on
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the central nervous system or the heart. Reflexes are diminished but not
abolished, and a paralyzed muscle returns to its normal state without showing any
harmful effects. That death occurs from respiratory failure before other toxic
manifestations are noted has been shown by giving dogs up to fifty times the
ordinary lethal dose of a curare preparation without fatality by maintaining
artificial respiration (8, 74).

The nature of the action of curare led to early investigations as to the possible
therapeutic use in treatment of various neuromuscular disorders. Some success
has been attained in the use of curare for relaxation of muscles during surgery
and for treatment of various convulsive states. The difficulties encountered
because of non-homogeneity of preparations have been alleviated by the avail-
ability of purified, standardized preparations; however, the margin of safety is
still low. Another disadvantage has been that it is ineffective orally (8, 86).
Because of these difficulties, many other compounds which produce a curare-like
effect have been investigated clinically, the most notable being certain erythrina
alkaloids. Erythroidine and dihydro-8-erythroidine, the two erythrina alkaloids
which have been used extensively, have shown considerable promise as ther-
apeutic agents, particularly because they are effective orally (20, 57). Their
main disadvantage is that they do not have as intense and prolonged an action as
the curare alkaloids (19, 20).

Since the known drugs exhibiting curariform activity have certain disad-
vantages, it was hoped that a literature survey would furnish chemical infor-
mation that could be used in preparing new drugs or improving old ones.

B. TYPES OF COMPOUNDS EXHIBITING CURARIFORM ACTIVITY

Since the active curare alkaloids were quaternary, Brown and Fraser (15, 16)
in 1868 attributed curariform action to the onium ion. Since that time many
quaternary salts have been investigated, and it has been found that quaternary
ammonium, sulfonium, phosphonium, arsonium, and stibonium salts all possess
curare activity (5, 32, 102). The onium salts in the order of decreasing in-
tensity of curare action are as follows (167):

(CHyN* > (CHy)sS* > (CHs)P*+ > (CHi)eAst > (CHy)sSb*

Actually, the ammonium, potassium, and sodium ions and ions of other alkali
metals have been shown to exhibit curare activity in varying degrees (5, 32).
Attempts have been made, though with little success, to relate quantitatively the
intensity of the curare action with the size (5, 117) and the mobility (167) of the
cation, since it was the ionic nature of the material which seemed to be essential
for the physiological action.

Folkers and Major (57) isolated an active principle, which they called B-ery-
throidine, from an extract of the seeds of Erythrina americana Mill., which had been
known for some time to possess curare activity. Subsequent chemical investi-
gations showed that this compound contains a tertiary nitrogen instead of a
quaternary nitrogen. This was the first example of a tertiary nitrogen com-
pound that exhibited a marked curare action and, as stated above, the action
was of such a nature that the drug has been used clinically rather extensively.
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During a systematic investigation of the pharmacological properties of -
glycerol ethers, Berger and Bradley (9) in 1946 observed that certain of the
compounds produced paralysis and marked muscular reaction. Further in-
vestigations of the most effective of these ethers, a-(o-tolyl)glycerol ether,
showed that while the action was partially curare-like, it was mostly a depressant
action in the spinal cord (9, 10). However the net effect, muscular paralysis,
was the same, and this type of compound was proposed as a curare substitute.

C. OTHER PHYSIOLOGICAL ACTIONS FREQUENTLY ACCOMPANYING
CURARIFORM ACTIVITY

Hunt and coworkers (99-116) and Renshaw and coworkers (163-183) pub-
lished a series of papers on onium compounds and their effect on the autonomie
nervous system. They attributed three general types of action to quaternary
ammonium compounds: curare action, muscarinic action, and nicotinic action.

A muscarinic action is one of direct stimulation of smooth muscles, which is
manifest in mammals by slowing of the heartbeat, depression of the blood pres-
sure, vasodilatation, miosis, bronchial constriction, salivation, and sweating
(74). Renshaw (163) and Hunt (101, 102) used as a criterion for muscarinic
activity the production of a fall in blood pressure which was prevented by
atropine, the latter being a specific antagonist to muscarinic activity.

A nicotinic action consists of a primary transient stimulation and a secondary
more persistent depression of all sympathetic and parasympathetic ganglia.
Thus, the first signs of a nicotinic action are a rise in blood pressure due to periph-
eral vasoconstriction, followed by a falling of the blood pressure due to vaso-
motor paralysis. In the stage of paralysis, nicotine thus manifests a curare-like
paralysis which largely explains the fact that death from nicotine is due to
respiratory failure (74). Renshaw (163) and Hunt (101, 102) distinguished
between stimulating and paralyzing nicotinic actions of the onium compounds.
Their criterion for a stimulating nicotinic action was a rise in blood pressure which
was prevented by a large dose of nicotine. A compound was said to exhibit a
paralyzing nicotinic action if it prevented the stimulating action of a small dose
of nicotine.

Since these physiological actions are exhibited by the same compounds which
give curariform paralysis, they must be taken into consideration when investi-
gating compounds for possible therapeutic use. The presence of a stimulating
nicotinic action would probably prevent the clinical use of a compound, although
the paralyzing nicotinic action might not interfere and muscarinic action could
be abolished by use of atropine. In the tabulation of compounds which possess
curariform activity, the above physiological actions, when reported, have been
indicated.

D. METHODS OF MEASUREMENT

The abolition of response of muscle to electrical stimulation of motor nerves
has been used as a qualitative determination of curare activity (163). Several
methods have been used in testing quantitatively for curare action. The most
widely used has been the determination of the minimum dose necessary, when
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injected into the lymph sac, to cause complete paralysis in the frog. Other
animals have been used to a lesser extent in complete paralysis experiments, but
such a determination is more convenient with frogs.

The rabbit head-drop procedure (8, 31) is a rapid, accurate method for de-
termining the intensity of curare paralysis. The solution of the compound to be
tested is injected slowly into the ear vein of a rabbit and the dose adjusted so that
the neck muscles fail to lift the chin in 2} to 3 min. The end-point is very clear
and reproducible. The dose required to produce the above effect can be reported
in milligrams per kilogram of body weight, or the volume of test solution neces-
sary to reach the end-point can be compared to a standard curare solution re-
quired to reach the same end-point in the same rabbit on the day preceding or
following. In the second case the effectiveness of a compound is reported in
units per milligram of the compound. A unit is defined as the activity of 1
milligram of the standard curare powder; hence the larger the value in units per
milligram for a compound, the more effective it is.

Ing and coworkers (118-121) used isolated sartorius nerve-muscle prepa-
rations to determine the intensity of curare action. They measured the time for
paralysis of the isolated nerve sartorius immersed in solutions of various com-
pounds in concentrations of 0.1, 1, and 10 millimoles per liter.

IV. Compounps ExHIBITING CURARIFORM ACTIVITY

Although all onium ions, in general, exhibit curariform activity to some extent,
a literature survey of only the most effective of these, the quaternary ammonium
compounds, seemed worthwhile. The quaternary ammonium compounds
(tables 1 to 19) have been organized into four large groups: alkylammonium com-
pounds, arylalkylammonium compounds, heterocyelic ammonium compounds,
and alkaloids. FEach of these groups has been subdivided, with a table of related
compounds for each subdivision. A definite order for listing compounds has
been used in each table. The simplest and, in the case of the heterocyclic
compounds, the most unsaturated derivatives appear first. That is, in the
tetraalkylammonium derivatives the tetramethylammonium salt is listed first,
followed by the compounds in which one methyl group is replaced by alkyl groups
of increasing length, then by compounds in which two methyl groups have been
replaced, ete. In the arylalkylammonium compounds the same general order is
used with respect to the number of methyl groups on the nitrogen. In the
heterocyclic compounds, the parent compound with simplest substituent is
listed first, followed by increasing size and number of substituents, then by
compounds of increasing saturation,—dihydro-, tetrahydro-, etc.

The alkaloids have been subdivided according to types, with various deriv-
atives of each series listed in order of empirical formula or increasing substi-
tution. The only alkaloids occurring naturally as the quaternary salts are the
curare alkaloids. Although the erythrina alkaloids are effective as tertiary
bases, the other types of alkaloids must be converted to quaternary derivatives
before marked curariform activity is exhibited.

Table 20 contains the a-glycerol ethers, which have recently been proposed as
possible curare substitutes.
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In the discussion which follows each table the type of compound is taken up,
with particular attention being given not only to the compounds which are most
effective in their curariform activity but also to the effect of change of chemical
structure or substituents on the various types of physiological action. Toxic
doses of the various compounds have been recorded where possible in order to
have this information readily available for consideration of margins of safety if
any of the compounds are ever considered for drug use.

Ezplanation of symbols in the tables

The relative intensities of the types of actions are indicated by use of plus
(+) signs. Three plus (4 ) signs mdlcate a very pronounced action; two, a
pronounced action; and one, a weak action. If the action is reported to be
present and no notation is given as to the intensity, it is indicated by the symbol
®. A negative (—) sign indicates that the action was tested for and found to be
absent. A question mark (?) indicates that the presence of the action is doubtful.
In table 12 the letters d and p indicate depressor and pressor actions on the blood
pressure.

The salt used in determining paralyzing or toxic doses is indicated in the same
column with the dose. The letters and underlined numbers in the toxic dose
columns indicate whether the lethal dose is the minimum lethal dose (M) or the
dose required to kill a certain per cent of the animals (50 = lethal dose for 50
per cent of the animals; 80 = LD 80, etc.). The absence of any of these symbols
indieates that the dose was merely reported as the lethal dose. The method of
injection is indicated by the following:

EL = endolymphal

IP = intraperitoneal
IV = intravenous
OS = oral

SC = subcutaneous

The rabbit head-drop method and tests with the isolated nerve sartorius were
discussed on page 290.

A. ALKYLAMMONIUM COMPOUNDS
1. Tetraalkylammonium compounds (table 1)

In general, all of the tetraalkylammonium salts possess both curare and
nicotinic action in varying degree. Muscarinic action may or may not be
present.

Tetramethyl- and trimethylalkyl-ammonium salts have very pronounced
curare actions, a maximum effectiveness in the trimethylalkyl series being
reached with the butyl and amyl derivatives. The paralyzing power of these
derivatives compares favorably with curare, as shown by comparison of the
effectiveness of trimethylbutylammonium iodide on the isolated nerve prepa-
ration with that of curare (see table 14). Trimethyloctylammonium iodide was
investigated clinically (19), but it caused vomiting. The muscarinic and stimu-
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208 L. E. CRAIG

lating nicotinic actions shown by these compounds would probably prevent any
therapeutic use.

The successive replacement of methyl groups with other alkyl groups reduces
the muscarinic action to such an extent that tetraalkyl derivatives other than
tetramethyl are devoid of muscarinic action. The replacement of methyl groups
with ethyl groups reduces the intensity of curare action; however, the intensity
again increases in the tetrapropyl- and tetrabutyl-ammonium compounds.
The nicotinic action shows no general trends in these variations of the molecular
structure.

Substitution of one alkyl group by an alkyl group containing a phenyl group,
such as benzyl, 8-phenylethyl, etc., in most cases eliminates the muscarinic
action without affecting appreciably the other actions. However, triethyl-
benzyl- and triethyl-3-phenylethyl-ammonium salts possess neither muscarinic
nor stimulating nicotinic actions, and the latter possesses a very pronounced
curare action on the isolated nerve sartorius. Alles (4) showed that the intro-
duction of a methyl group in the phenylalkyl chain in the position « to the
nitrogen greatly decreases both muscarinic and nicotinic actions.

Furfuryltrialkylammonium salts possess both muscarinic and nicotinic
actions, but no information is available on their curare action. Fellows and
Livingston (37) reported that saturation of the furan ring decreases the physio-
logical potency with little effect on the toxicity.

2. Neurine derivatives and analogues (table 2)

Neurine acts in accord with the rule concerning the relation between the
physiological actions of compounds containing saturated and unsaturated groups
(32), which states that the unsaturated compounds are more toxic and generally
more effective physiologically than the corresponding saturated compounds.
Neurine is more toxic and has more pronounced muscarinic and nicotinic actions
than ethyltrimethylammonium salts. Hunt and Renshaw (102) reported that
neurine also possesses a depressant action on autonomic ganglia. In general,
all derivatives and analogues of neurine possess curare actions, but they also
have marked muscarinic and nicotinic actions. Of this series, only ethynyl-
trimethylammonium salts are reported to possess a very pronounced curare
action (191).

3. Muscarine dertvatives and analogues (table 3)

Muscarine is the drug responsible for the poisonous effects of certain species of
mushrooms. It has no curare or nicotinic action. It has such a definite action
that the term “muscarinic’ is used to designate the particular response of heart,
smooth muscle, and glands to its stimulation. The criterion for muscarinic
action was discussed on page 289. The analogues of muscarine have never been
found to possess any marked curare activity (68, 74).

4. Choline derivatives and analogues (table 4)

Choline possesses the three pharmacological actions of quaternary ammonium
bases,—muscarinic, nicotinic, and curariform. Derivatives of choline may
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possess all, none, or varying combinations of these actions. Esterification of the
hydroxyl group greatly increases the muscarinic action. Acetylcholine and
acetyl-8-methylcholine have such effective musecarinic action that they have
been used clinically in the treatment of various diseases, particularly those of
blood vessels (74). Carbaminoylcholine is less readily hydrolyzed in the body
than the above esters, and therefore has a more prolonged action and is effective
orally.

Unna and coworkers (213) reported that carbaminoylcholine in extremely
small doses greatly enhances and prolongs the curarizing effect of 8-erythroidine.

The alkyl ethers of choline have a somewhat more effective muscarinic action
than choline but are less effective than the esters. The aromatic ethers are
devoid of muscarinic action and have very marked nicotinic actions.

A methyl group in the - or 8-position on the hydroxyethyl chain seems to have
little effect on the activity. Acetyl-8-methylcholine is as effective as acetyl-
choline and has a more prolonged action, since it is somewhat less readily hy-
drolyzed. Other alkyl groups in the g-position abolish the nicotinie, reduce
the muscarinic, and enhance the curare action, particularly in the case of the
choline ethers. Derivatives containing a phenyl group in the hydroxyethyl
chain, such as ephedrine derivatives, have only weak nicotinic and no muscarinic
activity.

The formocholines are somewhat less active physiologically than the corre-
sponding choline derivatives. ~-Homocholine has a greater muscarinic action
than choline itself. The various derivatives of y-homocholine, however, seem
to be less effective than the corresponding derivatives of choline.

Benzilyl derivatives of choline in which one or more of the methyl groups on
the nitrogen has been replaced by another alkyl group have atropine-like actions.
Choline derivatives with the three methyl groups replaced by ethyl, propyl, and
butyl groups lack both muscarinic and stimulating nicotinic actions. The
ethers of the triethyl derivatives are reported to have only curare activity (74).

The replacing of the oxygen of choline with sulfur to form thiocholine greatly
enhances the curare and paralyzing nicotinic actions and abolishes the stimulating
nicotinic action. The ethers of the thioformocholine derivatives containing
three ethyl groups on the nitrogen possess marked curare actions. The isobutyl
ether has a very powerful but brief curare action (112).

5. Betaine derivatives and analogues (fable 5)

Betaine itself is pharmacologically inert, but its esters have marked
physiological action, chiefly muscarinic with some nicotinic. Replacement of the
three methyl groups on the nitrogen in the betaine esters with ethyl, propyl,
butyl, and other alkyl groups abolishes the muscarinic action. Thus, as was
true in the tetraalkylammonium derivatives, the methyl groups on the nitrogen
appear to play a part in causing muscarinic action. The amide of betaine
possesses both muscarinic and nicotinic actions; substitution on the nitrogen of
the amide diminishes the muscarinic action.
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Very few data are available on the curare action of the betaine derivatives.
Betaine itself and true betaine-type compounds, such as benzbetaine, the methyl
betaine of nicotinic acid, tryptophan betaine, taurobetaine, and thiohistidine
betaine, are pharmacologically inert. The fact that they do not exhibit a
curare action may be due to the quaternary nitrogen not being a free ion, since a
negative charge is present in the same molecule. Some of the esters of sub-
stituted betaines do have marked curare action, and these esters are onium iong
of the ordinary type.

6. Digmmonium compounds (table 6)

The few compounds of this type which have been reported have only weak
pharmacological actions.

B. ARYLALKYLAMMONIUM COMPOUNDS
1. Aryltrialkylammonium compounds (table 7)

Aryltrialkylammonium compounds exhibit muscarinie, nicotinic, and weak
curare actions. The replacement of an alkyl group on a quaternary nitrogen
with an aryl group reduces the curare activity.

2. Prostigmine derivatives and analogues (table 8)

Prostigmine is a synthetic compound which is used as a physostigmine sub-
stitute in the treatment of eye and intestinal disorders. Its pharmacological
action is due to the inhibition of cholinesterase in body fluids and tissues, thus
preventing enzymatic hydrolysis of acetylcholine. Its effect on skeletal muscle
in small doses is opposite to that of curare; indeed, it has been found to be an
antagonist to curare paralysis (74), with the result that the effects of too large
a dose of curare can be alleviated by injection of prostigmine.

Large doses of prostigmine, however, have been found to cause a peripheral
paralysis similar to that of curare. Rosenblueth and Morison (186a) postulated
that the cholinesterase inhibition of prostigmine allowed the acetylcholine
formed at the myoneural junction to build up to concentrations above which the
muscle does not respond (see page 287 for a discussion of their theories).

The cholinesterase inhibition of prostigmine is attributed to the carbamyl
group. Stedman (199, 200) showed that the urethans of the isomeric dimethyl-
aminophenols and of the isomeric hydroxybenzyldimethylamines possess miotic
activity, which is a result of cholinesterase inhibition. He found that conversion
of the tertiary bases of the dimethylaminophenol derivatives to the quaternary
compounds intensifies the miotic action of the meta compounds and abolishes the
actions of the ortho and para compounds. In the benzyl derivatives, the con-
version to the quaternary compounds increases the miotic action of the ortho
derivative, diminishes that of the meta, and abolishes that of the para com-
pound. Stedman, Schweitzer, and Wright (201) reported that the tertiary
bases are central convulsants, but the quaternary compounds are central de-
pressants.
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Stevens and Beutel (202) showed that an alkyl group on the benzene ring
makes the quaternary bases of the ortho and para compounds effective. It is
remarkable that the methiodide of the dimethylearbamyl derivative of p-di-
methylaminophenol has a toxicity in mice of 120 mg./kg., whereas the
corresponding compound with an isopropyl group on the ring in the position
ortho to the nitrogen has a toxicity of 0.075 mg./kg. This represents an increase
in toxicity by a factor of 1600.

Prostigmine has been used clinically in the treatment of infantile paralysis
(124), but it is necessary to use atropine along with the prostigmine to suppress
its muscarinic effects. Kabat and Knapp (124) reported that prostigmine acts
at the spinal cord as well as at the myoneural junction.

C. HETEROCYCLIC AMMONIUM COMPOUNDS

1. Pyridinium compounds (table 9)

The alkylpyridinium salts possess weak curare activity, in some cases marked
muscarinic activity, and in general, no nicotinic activity. The benzylpyri-
dinium salt is the most effective of the pyridine derivatives. The ethyl- and
propyl-pyridinium salts are less effective than the methyl derivatives. The
isoamyl and cetyl derivatives have an action comparable to the methyl
derivative.

The presence of an alkyl group on the ring seems to have little effect, as methyl-
a-picolinium iodide has an activity comparable to that of methylpyridinium
odide.

2. Piperidintum compounds (table 10)

Dimethylpiperidinium iodide is more effective in paralyzing the isolated nerve
sartorius than is methylpyridinium iodide. Santesson and Koraen (190) ob-
served that reduction of the pyridine ring increases the curare action, while
Hunt and Renshaw (104) reported that reduction of the ring reduces the mus-
carinic and nicotinic actions and the toxicity.

3. Quinolintum compounds (fable 11)

Unsubstituted alkylquinolinium salts possess a curare action but no muscarinic
or nicotinic action. Increasing the length of the alkyl group increases the
intensity of the curare action. Octylquinolinium iodide is half as effective as
curarine in paralyzing the isolated nerve sartorius.

An alkyl group on the quinoline ring in the 2-, 4-, or 6-position renders the
compound pharmacologically inert.

Dimethyl- and methylethyl-tetrahydroquinolinium salts are about equal in
action to the ethylquinolinium salt and are more effective than the methyl-
quinolinium salt. N ,N-Dimethyl-6-methoxytetrahydroquinolinium chloride (di-
methylthallinium chloride) is ten times more effective than methylquininium
chloride. Since such a marked increase is not noted in the reduction of the
unsubstituted quinolines, it seems probable that the methoxy! group acts to en-
hance the curare action.
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4. Isoquinolintum compounds (table 12)

Hjort and coworkers (89-97) and Takase and coworkers (204-206) published
a series of papers on the pharmacology of various substituted isoquinolines,
dihydroisoquinolines, and tetrahydroisoquinolines. No mention was made of
any peripheral curare paralysis. The effect of substituents on the toxicity and
blood pressure was shown. In three homologous series of 2-alkyltetrahydro-
isoquinoline derivatives it was shown that the toxicity increases with increasing
length of the 2-alkyl group. 6,7-Dihydroxy compounds are less toxic than
6,7-dimethoxy compounds. Substituents in the 6- and 7-positions have less
effect on toxicity and blood pressure response than substituents on the nitrogen.

Takase and Sato (205) found that certain 2-methyldihydro- and 2-methyltet-
rahydro-isoquinoline derivatives have anesthetic and antispasmodic actions.
Since the bloed pressure effect of the compounds is not prevented by atropine
(not a muscarinic action), the action must be on the central nervous system.

The paralyzing doses for frogs indicate that N-methylisoquinolinium chloride
is less effective than N-methylquinolinium iodide. However, Santesson (189)
reported that the order of intensity of curare paralysis is 1:2.5:3.75:25 for
methylpyridinium, methylquinolinium, methylisoquinolinium, and dimethyl-
thallinium chlorides, respectively.

Various workers (93, 206) have noted the similarity of action between iso-
quinolines and B-phenylethylamines, which may be regarded as the parent
compound of isoquinolines. Further discussion of this observation and of other
isoquinolines is included under isoquinoline alkaloids (see page 388).

5. Miscellaneous heterocyclic compounds (table 13)

Some pyrazolium salts have been reported to possess a curare action. These
compounds also paralyze the central nervous system, possibly because of the
secondary nitrogen present. Two isoxazolium salts have been reported to
possess curare activity.

D. ALKALOIDS

1. Curare alkaloids (table 14)

Preparations from South American curare have a powerful and prolonged
peripheral paralyzing action; the mechanism of the action has already been
discussed (see page 287).

Boehm (12) isolated from tube curare the inactive, tertiary alkaloid curine in
a crystalline form and assigned to it the formula CisH:)NO;. This formula was
accepted by Spéth, Leithe, and Ladeck (198), who proposed a benzyltetrahy-
droisoquinoline structure, which was later doubled to a bisbenzyltetrahydroiso-
quinoline by Spidth and Kuffner (197) on the basis of molecular-weight
determinations.

The active, amorphous alkaloid ‘“tubocurarine’” obtained by Boehm (12)
from tube curare was obtained as a crystalline chloride by King (129). Since
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TABLE 12
Heterocyclic ammonium compounds

Isoquinolinium compounds

PHARMACOLOGI-
CAL ACTION
b stavorons T =
form | 100y
action pressure
mg./kg. mg./kg.
N-Methyl- N\ + Cl 500 | (190,
| 211)
N*+CH;
\/

7 B- -

N-Methyl-6-meth CH,O S d p |Cl 50 166 IP (91)
oxy-3,4-di-
hydro- N+CH;

4

N-Methyl-6-eth- | 5 / dp |CI 50184 IP (91)
oxy-3,4-di-
hydro- N+CH,

\/
N-Methyl-6,7-di- VaVAN p |Cl 50 120 IP (91)
. | HO =
hydroxy-3,4-di- ! |
hydro- HO | N+cH,
NN\

N-Methyl-6,7-di- | NS ® p [Cl150 92 1P (91,
methoxy-3,4-di- CH.0 \ 211)
hydro- [

|

N-Methyl-6,7-di- d |Cl30124 1P (91)
ethoxy-3,4-di-
hydro-

N-Ethyl-6,7-di- | o p |Cl 50 116 IP (91)
hydroxy-3,4-di-
hydro- N+C.H;

HO \/
T_Ft - _di- 5 1

N Et1iy16,7 di CH,07 /\ dp |[C150 99 IP (91)
methoxy-3,4- “

: +
dihydro- CHsO\\ 1\/.\1 C.Hs
N-Propyl-6,7-di- p [Cl 50 134 IP (oD

hydroxy-3,4-di-
hydro-
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TABLE 12—Continued

ISOQUINOLINIUM
COMPQUND

CAL ACTION

STRUCTURE
Curari-
form
action

on

PHARMACOLOGI- l

Effect

blood
pressure

TOXIC DOSE
MICE

PARALYZING
DOSE
FROGS

RETFER-
ENCES

N-Propyl-6,7-di-
methoxy-3,4-di-
hydro-

N-Isopropyl-6,7-
dihydroxy-3,4-
dihydro-

N-Isopropyl-6,7-
dimethoxy-3,4-
dihydro-

N -Butyl-6-ethoxy-
3,4-dihydro-

N-Butyl-6,7-di-
hydroxy-3,4-di-
hydro-

N-Butyl-6,7-di-
methoxy-3,4-di-
hydro-

N-Amyl-6,7-di-
hydroxy-3,4-di-
hydro-

N-Amyl-6,7-di-
methoxy-3,4-di-
hydro-

N-Isoamyl-6,7-di-
hydroxy-3,4-di-
hydro-

CH;0

CH,O

CH;0

% d
\N‘*Cs}h
\/
HO /\ dp
g

V4
CH.0 /\ d
N+CH(CHy),

N/

cH 07N \j d
i N*tCH,
NN\

N+CH,

N+CH(CH;),

dp

dp

mg./kg.
Cl 50 73 IP

C1 50 109 TP

Cl 50 86 IP

C1 50 179 IP

Cl 50 126 IP

Cl 50 159 IP

Cl 50 108 IP

Cl 50 170 IP

mg./kg.

o1

oD

oD

(1)

(1)

(o1

oy

(3]

91
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TABLE 12—Continued

[ PHARMACOLOGI-
| car acTioN
I— B, R | B
f
i pi |
[ J mg./kg. mg./kg.
N-Isoamyl-6,7-di- | -y ) /\ d ICcl30130 1P (91)
methoxy-3,4-di-
. AT+ i
hydro CH,O \/Z\ CsH 11 (is0)
U, 8-
N Methyyl 6 CH,0” yd @ (204)
methoxy-7-
benzyloxy-1- N*CH,
3, 4-dimeth- | CHCH0N ANy
oxybenzyl)-3,4- CH.
dihydro-
OCH;
OCH;
|
N,N-Dimethyl-6- / CH, dp (Cl150 251IP (90)
hydroxytetra- HO \ / |
hydro- N* l
N \C
3
N,N-Dimethyl-6- CH; p |Cl 50 311IP (90)
CH;0, —~
methoxytetra-
hydro- !
\/ \ |
N,N-Dimethyl-6- CH; p |Cl150 58 1IP (90)
C.H ;0
ethoxytetra-
hydro- \
\/
C 3}
N,N-Dimethyl- / CH; dp Cl150 331IP (90)
. HO =
6,7-dihydroxy-
tetrahydro- \T*
HO
NS \
N,N-Dimethyl- Ve p CI50 201IP (90)
6,7-dimethoxy- CH.0 \ /
tetrahydro- CH,O \/ \
3
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TABLE 12—Concluded

369

PHARMACOLOGI-
CAL ACTION
. PARALYZING .
rsogEmoraw seavervas | O o
form | p1o04
action 1, ecsure
mg./kg. mg./kg.
N,N-Dimethyl- a CH, p |Cl 50 69 IP (90)
6,7-diethoxy- | 0 | /
- +
tetrahydro C,H,0 « /N\
CH;
it was found to be dextrorotatory, it was called d-tubocurarine chloride. King

(129, 130) showed that d-tubocurarine chloride and [-curine methochloride are
isomeric, and proved by a series of Hofmann degradations that d-tubocurarine
chloride has the following structure:

OH \
/) ‘
Y)

CH: 0
H ~

—O—

—0—

CHs~+

CH; E; k/

2

Cly

}—CHa
—H
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King (128-133), Wintersteiner and Dutcher (223), and Dutcher (31) showed
that various curare alkaloids have structures of the following two types:

AN OR""
y OR’"

Protocuridine: R is CHj3; R or R’ or
both are CH;; R” or R/ or both
are H (133)

Neoprotocuridine: R is CHjz; R’ and
R are H; R” and R’ are CH;
(132)

Isochondodendrine: R is CH;; R or
R or both are CHs; R” or R’
or both are H (133)

CH2 H O
\ OR///

H2 \/\/O R//I/

Type 11

I-Curine (I-bebeerine) and d-bebeerine:
R is CH;; R’ and R’ are CHjy;
R” and R are H (131, 132)

d-Tubocurarine chloride: R is (CH;)s,
making nitrogen quaternary; R/ is
CH,; R” is H; one of R and R""’
is CH; and the other is H (129)

d-Chondocurine: R is CHj; R/ 18 CHj;
R”is H; R and R'’ are H and
CH; in reverse of d-tubocurarine
chloride (31)

d-Chondocurarine chloride: R is
(CHj)2; R, R”, R”’, and R"" are
the same as in chondocurine (31)

Wieland and coworkers (217-220) have isolated a group of very active al-
kaloids from gourd or calabash curare, which they have named calabashcurarines

and toxiferines.

The different alkaloids are indicated by numerals placed after
the names, such as calabashcurarine I, calabashcurarine II, etc.

They were

able to establish the empirical formulas for these alkaloids and to show that only
one of the two nitrogens present is quaternary.
Karrer and coworkers (126, 127) recently published two papers describing

preliminary work on structural determinations of these alkaloids.

From titra-

tion data and preparation of an N-nitroso derivative they showed that the non-
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quaternary nitrogen was secondary and not basic. Heating the quaternary
chloride gave them methyl chloride and a tertiary base, a result which indicated
that there was a methyl group on the quaternary nitrogen. They interpreted
titration data on the tertiary base as indicating that the tertiary nitrogen is in a
reduced isoquinoline ring system and is common to two rings.

Freise (67) and Carneiro (22) have isolated alkaloids from various South
American plants believed to be associated with curare: eucurarine from Strychnos
spp., macowbeine from Macoubea guyanensis, and lethaline and curalethaline
from Strychnos lethalis. No information was found about their physiological
action or chemical nature.

The active constituents of curare preparations are quaternary alkaloids; the
tertiary alkaloids have a very weak or no paralyzing action, but become very
effective on conversion to the quaternary bases. d-Tubocurarine chloride is the
active ingredient of the curare preparations which have been most widely used
and has a paralyzing action on frogs from five to ten times that of standard
ampuled curare. Chondocurine, which is a tertiary alkaloid, has only a weak
curariform action; however, when it is converted to the dimethochloride, it has
an effectiveness about three times that of d-tubocurarine chloride. Winter-
steiner and Dutcher (223) stated that this is the first instance in which a tertiary
alkaloid of this type has been converted to a quaternary base which approximates
or exceeds in potency the naturally occurring active constituents of curare.

When the two free hydroxyl groups of d-tubocurarine chloride are methylated,
the resulting compound has a paralyzing action much greater than that of the
original compound. Ethylation does not show this marked effect, and butylation
abolishes the activity completely (223).

The effectiveness of some of the calabashcurarines is greater than that of d-
tubocurarine. Calabashcurarine I paralyzes frogs in doses of 0.12-0.16 mg./kg.
as compared to a dose of 0.5 mg./kg. for d-tubocurarine chloride. Calabash-
curarine I can be readily converted to monobromo or mononitro derivatives
which paralyze frogs in doses of 0.04 and 0.008 mg./kg., respectively. These are
extremely low paralyzing doses.

The effective paralyzing action of the curare preparations, as was stated in the
introduction, led to early clinical investigations for treatment of various muscle
spasms and for relaxation of muscles during surgical operations (7, 17, 20, 23,
29,70, 74, 77, 80, 147, 186), with promising results in some cases. The fact that
the composition of various curare preparations was not uniform has caused un-
reproducible results in clinical applications. Three things that would be
desirable in a drug of this type are (Z) a powerful and prolonged paralyzing
action, (2) a relatively large margin of safety, and (3) effectiveness when given
orally. Intocostrin, which is a standardized, purified curare preparation, has the
powerful and prolonged action desired but is ineffective orally and has a relatively
small margin of safety.

Cohnberg (27) reported recently that intocostrin and d-tubocurarine chloride
have an effect on the central nervous system. The action is one of stimulation
of the central nervous system so that hyperexcitability and clonic convulsions
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are produced. Signs of stimulation are more conspicuous in some animals than
others. Central nervous depressants such as sodium amytal or cyclopropane
decrease or prevent intocostrin convulsions, but artificial respiration has little
effect in controlling convulsions. This central stimulation is another dis-
advantage of curare.

Clinically, standardized curare preparations in doses of 25 mg. given intra-
venously and 10-40 mg. given intramuscularly have an effect lasting 1 to 2 days,
80 that injections are given about three times a week. Patients still show some
signs of curare paralysis up to 12 days after administration. The paralyzing
effect occurs immediately after intravenous injection and in 20 to 30 min. after
intramuscular injection (19).

2. Erythrina alkalotds (table 15)

The extracts of seeds of plants of the Erythrina species have been known for
many years to exhibit a paralyzing action in animals. Only recently, however,
has their paralyzing action been shown to be curare-like (213).

Folkers and Major (57) isolated an active alkaloid erythroidine from Erythrina
americana Mill., and found that it consisted of at least two isomeric dextroro-
tatory alkaloids, which were designated as a- and B-erythroidine. Since the
B-form is more readily obtained in pure state, it has been investigated chemically
and physiologically to the greater extent. In further examination of various
Erythrina species, some twelve different alkaloids, most of which show curare-
like paralysis, have been isolated (40, 43-48, 54-57, 61, 63-65). A series of
patents have been issued to Folkers and coworkers on procedures for isolating
and purifying these various alkaloids (41-42, 49-53, 58-60, 62).

B-Erythroidine has been shown to have the empirical formula CHpNO;
and to contain a tertiary nitrogen common to two rings, a methoxyl group, two
olefinic double bonds, and a lactone ring. It was shown to contain an indole
nucleus by isolation of indole from a potassium hydroxide fusion. After de-
methylation, hydrolysis, methylation, and oxidation of @-erythroidine,
3-methoxyphthalic anhydride was obtained. After dehydrogenation, hydrolysis,
methylation, and oxidation, hemipinic anhydride (3,4-dimethoxyphthalic
anhydride) was obtained. These facts would indicate that a partial structure
for B-erythroidine might be as follows:

+ C¢N fragments

0=C—

It is highly probable that the ring system of erythroidine differs from that of the
other erythrina alkaloids (52, 213).
By catalytic hydrogenation B-erythroidine is converted into dihydro-g-ery-
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throidine and two tetrahydro isomers, which are called a-tetrahydro-g-ery-
throidine and g-tetrahydro-g-erythroidine (52, 58, 213).

One of the compounds isolated from Erythrina extracts was called hy-
paphorine. It was shown to be the betaine of tryptophan (44).

CHz CH 01010

NH ( CHs) 3
Hypaphorine

Hypaphorine does not possess curare activity, but the methyl ester does. This
is in line with observations of other betaine-type compounds.

Of the other alkaloids isolated from Erythrina species, the first structural
investigation was carried out on erythramine (CisH;NO;), which was shown to
have a tertiary nitrogen common to two rings, a methoxyl group, one olefinic
double bond, and five fused rings, one of which was aromatic (45). Because of
the close similarity of the ultravioletabsorption curves of dihydroerythramine and
6,7-methylenedioxy-1,2,3,4-tetrahydroisoquinoline, the following structure
was proposed (47):

/0\ y \i——OCHs
H, 1 N,/
2 C_ C=C

N
\O NS \/J / AN

It was pointed out, however, that one ring might be five-membered.

In later degradation studies, indole was isolated from potassium hydroxide
fusions (55). Interpretation of the indole formation suggested that erythramine
might be one of the following:

o)
LO C-_c
0
VA Vs =0
0 1/

II
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Structure I was favored over II because of biogenetical relationships, that is,
1 is a 1-benzyltetrahydroisoquinoline derivative, many of which occur naturally.

Erythramine, erythraline, and erythratine were shown to have carbon skeletons
containing five fused rings, four of which were identical for all three of the al-
kaloids. The fifth ring differed in unsaturation and substitution (55). The
following structures were proposed for these three alkaloids:

0
SNAYN
H.C

Erythramine: A = CH;O— and one double bond
Erythraline: A = CH;0— and two double bonds
Erythratine: A = CH;0—, HO—, and one double bond

The alkaloids isolated from various Erythrina species are of two types: those
occurring as free alkaloids, and those which must be liberated by hydrolysis.
The stem erythr- has been used in naming the first group, while the stem eryso-
has been used for the liberated alkaloids (48). Thus, erysodine, erysopine, and
erysonine were isolated after hydrolysis of extracts with hydrochloric acid.
Erysodine, erysopine, and erysovine have identical nuclear structures, as the
complete methylation of the alkaloids produces identical compounds (54).
By chromatographic purification, erysocine, which was thought to be a single
alkaloid, was shown to be a mixture of erysodine and erysovine, possibly a
molecular complex (61). Since these liberated alkaloids contain a phenolic
hydroxyl group and the free alkaloids do not, it was believed that the liberated
alkaloids were tied up through this group (56). No indication has been given as
to whether these “‘eryso-"’ alkaloids have the same general ring system as erythra-
nine, erythradine, and erythratine. The substituents found for these alkaloids
are as follows: erysopine has one —OCH;, one alcoholic —OH, and one phenolic
—OQOH ; erysodine has two —OCH; groups and one phenolic —OH ; and erysovine
has two —OCH; groups and one phenolic —OH (48).

Folkers, Koniuszy, and Shavel (56) isolated two sulfur-containing alkaloids,
erysothiovine and erysothiopine, which were found to give erysovine and eryso-
pine on acid hydrolysis. The other compound formed in the hydrolysis was
found to be sulfoacetic acid. Since the sulfur-containing alkaloids were weakly
basic, the sulfoacetic acid residue was believed to be attached as a sulfonic ester
to the phenolic hydroxyl group.

The erythrina alkaloids are the first compounds containing a tertiary nitrogen
that exhibit a pronounced curariform action. In all other cases, the conversion
of a tertiary base which has a curare action to a quaternary compound greatly
enhances the action. This is not the case with the erythrina alkaloids, as
B-erythroidine is reduced in effectiveness by a factor of about twenty on con-
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version to the methiodide. This is also true to a lesser extent with erythraline,
erythramine, and erythratine.

B-Erythroidine paralyzes frogs in doses of 3-8 mg./kg. as compared to doses
of 0.5 mg./kg. of d-tubocurarine chloride. Dihydro-g-erythroidine is five to ten
times more effective than B-erythroidine itself. The g-tetrahydro-g-erythroidine
also has an action greater than that of the unsaturated alkaloid, but the a-
isomer is very much less effective.

Erysothiopine and erysothiovine are three to four times as effective as eryso-
pine and erysovine, and differ from them only by the presence of a sulfoacetic
residue on the ring. This indicates that the sulfoacetic group, attached as a
sulfonic ester, enhances curare activity.

Because of the effectiveness of g-erythroidine and dihydro-g-erythroidine and
particularly because they are effective orally, they have been investigated
clinically with some success as possible curare substitutes (17, 19, 28, 33, 37, 70,
71, 72, 73, 77, 79, 81, 82, 148, 184, 185, 221, 222). The paralyzing action of
B-erythroidine is not as intense or prolonged as that of standardized curare
preparations, but it has a greater margin of safety. B-Erythroidine given in-
travenously has an effect lasting at most 24 hr., making it necessary to give
injections daily. Burman (20) reported that it has a hypnotic effect when given
orally that is not shown when given by injection.

3. Quaternary derivatives of cinchona alkaloids (table 16)

Quaternary salts of quinine and cinchonine have been prepared and are found
to possess marked curare activity. The nitrogen of the quinuclidine ring is the
most basic and is in the quaternary form in the monoalkylquininium salts.
The diquaternary salts have only about half the curare activity of the mono-
alkylquininium salts.

In the series of monoalkylquinium salts, &2 maximum effectiveness is shown by
the amyl derivative in paralysis of both frogs and rabbits. If the ratio of the
dose in the rabbit head-drop test to the toxic dose for a rabbit is taken as an
indication of margin of safety, the amylquininium salt is the safest to use. The
amylquininium salt is about one-sixth as effective in frogs or rabbits as stand-
ardized curare; compared to S-erythroidine, it is less effective in frogs but more
effective in rabbits. Using the above ratio as the margin of safety, the quininium
salt is safer than either curare or $-erythroidine.

The quininium salts have an action of about one-third the duration of that of
curare (25). Harvey (78) found that quinine itself has a weak curare action
which is greatly increased by formation of the monoquaternary salt, the central
and other effects being greatly reduced or abolished. He found that methyl-
quininium chloride is effective orally, a dose of 150-200 mg. producing in cats a
sequence of events similar to those caused by curare injected into humans.

Methyleinchoninium sulfate has about the same action as the corresponding
quininium salt; however, the amylcinchoninium salt is less effective than the
corresponding quininium salt.

Quinine methochloride and ethochloride have been investigated clinically as
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curare substitutes (8, 79, 81). The results were described as “adequate” in the
treatment of spastic paralysis and in shock therapy; the margin of safety, how-
ever, is uncertain.

4. Quaternary derivatives of pyridine alkaloids (table 17)

Various alkylconiinium, alkylconhydrinium, and alkylnicotinium salts possess
curare actions. The most effective salt reported, ethylbenzylconiinium iodide,
has a paralyzing action in frogs about one-fiftieth of that of curare or about
the same as that of methylquininium iodide.

The presence of two different alkyl groups on the nitrogen of coniine and
conhydrine gives rise to two stereoisomers, since the quaternary nitrogen and the
adjacent carbon are now asymmetric. The higher-melting or g-isomer is always
more effective than the lower-melting or a-isomer. In the benzylalkylconiinium
series through the benzylbutyl derivative, the effectiveness decreases with
increasing length of the alkyl group. However, the isoamylbenzyl derivative
has an action comparable to that of the ethylbenzyl derivative. In general, the
conhydrinium salts are less effective than the coniinium.

The nicotinium salts have only a weak curare action. N ,N’-Diethylnicotinium
iodide is about one-third as effective as N-ethylnicotinium iodide. This ob-
servation is in line with results in the quininium series, where conversion of both
nitrogens to the quaternary form reduced the intensity of the curare action.
It is interesting to note that a quaternary nitrogen in a saturated ring system
caused marked curare action, which is reduced when a nitrogen in an unsaturated
ring in the same molecule is converted to a quaternary nitrogen.

§. Isoquinoline alkaloids (table 18)

The simple isoquinolinium compounds were discussed on page 351. In that
discussion, mention was made of the similarity in physiological action of the
isoquinolines and B-arylethylamines. This is also borne out by the similarity
of action of mescaline and the cactus alkaloid, anhalonidine.

H, H,
y /C\ CH:07 /}Hz
CH. O | NN\
YN NH, HO '\
CH,;0 H CH;
Mescaline Anhalonidine

Both have a depressant action on the central nervous system. Anhalonidine is
reported to have a curariform action in large doses (86).

Laidlaw (138) reported that isoquinoline derivatives substituted in the 6-, 7-,
and 8-positions with methoxy and methylenedioxy groups are convulsant when
the nitrogen is tertiary, but devoid of this effect when the nitrogen is quaternary.
Pyman (159) made these same observations with 6,7-dimethoxy derivatives;
no mention was made in either case of peripheral paralyzing actions.
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Macht (142) found that papaverine and related alkaloids tend to inhibit con-
tractions and to relax the tonus of smooth muscle. The inhibitory or depressor
effect seems to reside in the benzyl portion of the molecule. Papaverine, nar-
cotine, hydrastine, and hydrastinine exhibit this depressor effect, but isoquino-
lines which do not have the 1-benzyl group do not have this relaxing effect and
may cause contractions.

Pohl (157) reported that papaverinium salts have no curare action, but give a
central paralysis. However, Takase (204) reported that papaverinium salts
paralyze motor nerve endings. In this case, the nitrogen is present in an un-
saturated ring.

Coclaurine, which has the nitrogen present in a saturated ring, has a weak
curare action (156) although it is only a secondary base. No information on the
quaternary salt could be found, but in view of previous results, it should have a
marked curare action.

The alkylation of canadine leads to two stereoisomers, and again the higher-
melting or B-isomer is more effective (ten times) than the a-isomer. B-I-Canadine
methochloride paralyzes frogs in a dose of 2.5 mg./kg., an effect which is com-
parable to that of standardized curare. This compound is particularly interest-
ing, since it contains a quaternary nitrogen which is common to two rings.

On the other hand, palmatine paralyzes the central nervous system and the
respiratory center. This is also true of columbamine and jatrorrhizine, which
are isomers and differ only from palmatine in that one methoxy group is replaced
by hydroxyl (11, 86). These compounds also contain a quaternary nitrogen
common to two rings, but one ring is unsaturated.

The quaternary salts of some of the morphine alkaloids are reported to have
curare activity; the intensity of their action, however, is not great enough to
make them of interest.

6. Quaternary derivatives of miscellaneous alkaloids (table 19)

Quaternary salts of some of the tropine alkaloids possess curare activity.
Benzyl- and methyl-atropinium bromides paralyze frogs in doses almost equiva-
lent to that of g-erythroidine. The only example found where there is any sig-
nificant difference in the effectiveness of different salts of the same onium ion is
that of benzylatropinium bromide and iodide. The bromide is reported to be
sixty times as effective as the iodide, an observation that seems doubtful.

Quaternary salts of some of the indole alkaloids possess curare activity. Of
the strychninium and brucinium salts reported, the benzyl derivatives are the
most effective, benzylstrychninium bromide being comparable to 8-erythroidine
in paralyzing frogs.

Quaternary salts of two alkaloids of indefinite structure, dendrobine and
veratrine, have been reported but have little curare activity.

E. a-GLYCEROL ETHERS (TABLE 20)

Most of the 143 compounds of this type which were investigated by Berger
and Bradley (9) give paralysis only in doses which are lethal to some of the
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animals. They reported that they were unable to make any correlation between
chemical structure and paralyzing activity. Some of the most effective and
least toxic of the ethers are listed in table 20. «-(o-Tolyl)glycerol ether, which

TABLE 20
a-Glycerol ethers
1 :
ROCH,CH(OH)CH:0H TOX:(CX CDEOSE ‘ Puﬁ%gémc THE%%}E;T!C
Etber R LDs0SC | ppsosc | LDso/PDso
mg./kg. mg./ke.
Butyl CH,— 2800 = 150 | 1480 == 54 1.89
Amyl CoHi— 2000 = 100 | 870 = 49 2.30
Isoamyl (CH;),CHCH,CH;— | 2100 = 130 | 1240 = 80 1.69
Hexyl CeH i— 2230 = 50 | 1060 = 70 2.15
Phenyl CoHs— 1680 = 65| 920 == 98 1.82
p-Chlorophenyl Ay - 920 = 86 | 420 = 46 2.19
2,4-Dichlorophenyl Cl @—— 840 = 44 | 540 = 53 1.55
Cl
p-Bromophenyl Br@- 1160 £ 57 | $40 =+ 44 1.38
|
o-Tolyl @ 1000 = 56 f 325 = 20 3.07
CH, i
m-Tolyl oS 1470% 80| 5051 | 2.58
CH, | ‘
p-Tolyl CHLC - 1270 = 61| 5304+39 | 2.3
p-Ethylphenyl CH, @— 1450 = 67 | 820 = 38 1.77
p-Methoxyphenyl CH30®— 1610 = 50 | 040 = 74 1.72

has been given the name myanesin, is the most effective and has the greatest
margin of safety.

The action of myanesin has been shown to be partially curare-like but mostly
a depression of reflexes in the spinal cord (9, 10). That the action is somewhat
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curare-like is shown by the action of high concentrations on nerve-muscle prepa-
rations and the weak antagonism of physostigmine and prostigmine toward it.
Large and nearly lethal doses are necessary to produce curare-like actions.
Physostigmine and prostigmine accelerate the recovery of animals from myanesin
paralysis, but do not abolish the effect of lethal doses of the drug. This suggests
that the curare-like action accounts for only part of the effect produced.

The depressant action on the central nervous system is shown by the an-
tagonism to convulsions produced by central nervous system stimulants. My-
anesin does not appear to act on the brain, as it does not effect consciousness;
hence it is not an anesthetic. In minimum paralyzing doses, myanesin appears
not to affect blood pressure or respiration. With sufficiently large doses, death
is due to respiratory failure.

Table 21 gives the periods of induction and the duration of paralysis for
various doses of myanesin given intraperitoneally in mice. As shown in this

TABLE 21

Duration of myanesin paralysis of mice

DOSE “PARALYZED‘ DIED | MEAN DURATION OF INDUCTICN l MEAN DURATION OF PARALYSIS
mg./kg. ‘ per cent ! per cenl
1 0 ' 0
175 | 65 0 2 hr. =+ 6 min. : 12 hr. &£ 1 hr. 42 min.
200 | 7 0 2 br. © 6min. | 13hr. + 4hr 18 min.
225 90 0 1 hr. 48 min. =% 12 min. ! 23 hr. &= 4 hr. 12 min.
300 100 ‘ 0 1 hr. 36 min. #+ 12 min. ] 25 hr, 4= 2 hr. 48 min.
350 | 100 0 1 hr. 12 min. £ 6 min. 56 hr. &= 6 hr. 42 min.
500 ¢ 100 5 48 min. £+ 2 min. 61 hr. == 12 hr. 42 min.
550 ! 100 ‘ 35 ‘
600 |, 100 & 45 48 min. & 6 min. ‘ 120 hr. &= 4 hr. 18 min.
|

650 | 100 . 60

table, the duration of paralysis is relatively short, but repeated doses show no
cumulative effects, and tolerance is not built up.

Mallinson (145) investigated myanesin as a possible curare substitute in
clinical use. He observed that the injection of 13 mg. per kilogram of body
weight in a conscious patient caused no narcosis, although some is produced in
animals. A dose of 27 mg./kg. in a patient produced some weakness of limbs
and full abdominal relaxation without narcosis. The action of myanesin is
enhanced by pentothal, so that full abdominal relaxation is easily obtained in
man in doses of 10-15 mg./kg.

In therapeutically effective doses, there has been no evidence of toxic effects
on any organ of the body. No effect has been noted on the tonus and contraction
of intestinal muscle. Myanesin has well-marked advantages over curare in
certain applications, having a much greater margin of safety and bringing about
relaxation without distress. It is much more effective with barbiturate anesthe-
sia than curare, apparently enhancing the action of the barbiturates.
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V. SUuMMARY

1. The peripheral curare paralysis is commonly associated with onium com-
pounds, of which quaternary ammonium salts are the most effective.

2. A few nitrogen compounds which are not quaternary possess weak curare
action. In general, the conversion of such a compound to a quaternary com-
pound greatly increases the curare action.

3. The erythrina alkaloids, which contain a tertiary nitrogen common to two
rings, possess a pronounced curare action. Conversion of this nitrogen to a
quaternary nitrogen abolishes the curare activity. This is the only class of
compounds which loses curare activity on conversion of a tertiary nitrogen to a
quaternary nitrogen.

4. The length of the alkyl groups on the quaternary nitrogen has an effect on
the intensity of curare action. Tetraethylammonium salts are less effective
than tetramethyl, but the effectiveness is again increased with the tetrapropyl
and tetrabutyl derivatives. In the series of alkyltrimethylammonium salts, the
maximum effectiveness is reached with the butyl and amyl derivatives; in the
quininium derivatives, the maximum is reached with the amyl derivative; and
the curare action increases from the methyl to the butyl derivative of quinolinium
salts.

5. The replacing of one alkyl group of tetraalkylammonium salts with a
chain containing a phenyl group (benzyl or S-phenylethyl) reduces the mus-
carinic and nicotinic actions. Benzyltriethyl- and B-phenylethyltriethyl-
ammonium salts possess pure and pronounced curare activity.

6. The replacing of an alkyl group on a quaternary nitrogen with an aryl
group reduces the curare activity.

7. The benzy! group is frequently associated with paralyzing action. In
pyridinium, strychninium, coniinium, and brucinium salts, the N-benzyl deriva-
tives have the most intense curare actions; further, 1-benzylisoquinolines have
relaxing actions, whereas the same isoquinolines without the benzyl group may
even cause contractions. The curare alkaloids, which possess a very pronounced
peripheral paralyzing action, are of the bisbenzylisoquinoline type.

8. The degree of unsaturation of a ring containing the nitrogen, quaternary or
otherwise, influences the intensity of the curare action. Piperidinium, tetra-
hydroquinolinium, and tetrahydroisoquinolinium salts have more intense curare-
like actions than the corresponding pyridinium, quinolinium, or isoquinolinium
salts. The canadinium salts, which have a quaternary nitrogen common to two
saturated rings, possess pronounced curare activity. However, quaternary
salts of palmatine, columbamine, and jatrorrhizine, which differ from canadine
in that one of the rings which contains the quaternary nitrogen is unsaturated,
exhibit a central paralysis rather than a peripheral one. In general, all of the
really effective curare-like compounds have the nitrogen present in a saturated
ring.

9. When a compound containing one nitrogen in an unsaturated ring and one
in a saturated ring has both nitrogens quaternary, the compound is less effective
than when only the nitrogen in the saturated ring is quaternary. This is shown
in nicotinium and quininium derivatives.
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10. The methoxyl group enhances curare action. Methylation of the two
free hydroxyl groups in d-tubocurarine chloride greatly enhances its paralyzing
action, whereas ethylation decreases and butylation abolishes the action. A
methoxyl group in the 6-position enhances the curare action in quinolinium
salts. The quininium salts are somewhat more effective than cinchoninium
salts, the former containing a methoxyl group in the 6-position. g-Erythroidine
and other erythrina alkaloids contain methoxyl groups.

11. When the conversion of a compound to a quaternary nitrogen compound
produces two isomers, the higher-melting or 8-isomer is invariably more effective
than the lower-melting or a-isomer. This is true in numerous quaternary de-
rivatives of coniine, conhydrine, and canadine, and in the tetrahydroerythroidine
derivatives.

12. The sulfoacetic acid group enhances curare activity in some of the erythrina
alkaloids.

13. The replacing of oxygen in choline with sulfur greatly enhances the curare
action and abolishes the stimulating nicotinic action.

14. Certain a-glycerol ethers exhibit paralyzing actions. Of those tested,
a-(o-tolyl)glycerol ether has the strongest action. These compounds do not
possess a true curare-like action, but are the only compounds which do not con-
tain nitrogen that have been reported to have possible therapeutic value as
paralyzing agents.

15. The calabashcurarines, of unknown structure, are the most effective com-
pounds reported. Nitration and bromination in some cases markedly increase
their activity.

16. Curare alkaloids, erythrina alkaloids, quininium salts, and prostigmine
have been used clinically for producing relaxation of muscles in various types of
neuromuscular disorders involving spasm or contraction.

The author would like to express his appreciation to Dr. R. Plato Schwartz for
his interest in this work and to Dr. D. S. Tarbell and Dr. V. Boekelheide for their
assistance in the preparation of the manuscript.
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