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ABSTRACT

SECTION A. EREFFECTS OF NITROGENQUS STHROIDS ON THE

CENTRAL NERVOUS SYSTEM.

A study has been made of the pharmacologilceal
properties of 26 nitrogenous steroids, with particular
refercnce to thelir effcets on the central ncorvous systen.
The results are discussed in torms of possible correlations
betwecen chenmical structurc and biological activity.

Twenty-threc of the compounds under investigation
were androstanes or pregnancs bearing & substituted amino
group in the 28 - or 3 - position. Two of the romaining
compounds‘carried an anino substitucnt at cither the
6 - position ( compound A18), or at the 174~ position
(compound A25) whilst the naterial designated compound A7
was 1in fact an cquilibrium nixture of 2 a -~ morpholino-

5« —androstanc~3,17-dlone and 24 -morpholino-5>& ~
androsvane-3, L7-dione.

The conpounds were investigated in mice for
general anaesthetic and anti-Perkinsonian activity and
also for their ability to induce loss of the righting
reflex and to antagonize electrically- and chenically-
induced seigurcs, In addition, the effects of the
compounds on blood pressure and on neuronuscular and
ganglionic transmission in the anaesthetized cat were

invegtigated as were their effects on a polysynaptic



preparation of the spinalized cat.

Three of the compounds (412, A1T7 and A24) on
intravenous administration to mice, induced loss of the
righting reflex and this cffcecet was attributed to the
possession of interneuronal blocking activity by these
compounds. With respect to anticonvulsant activity, nonc
of the compounds gave protection against electrically-
inducecd seizures without the sinultancous presence of side
effects such as excitation, sedation and/or loss of the
righting reflex while, apart from one cxanple (compound 424),
no compound was active against leptazol-induced seilzures,
From these results it has been concluded that anticonvulsant
activity is not a specific property of the conpounds under
inveétigation.

None of the compounds investigated produced a degree
of anaesthesla sufficient for surgery nor did they antagonize

the tromors induced by tremorine, the latbter result

0

uggesting the absence of anti~Parkinsonian activity.

It was obsgerved that anticonvulsant activity and
abllity to induce loss of the righting reflex appearced to be
assoclated more with conpounds which have the nitrogenous
radical in the 2 §p~ position than with conpounds which have
the nitrogen function in the 3 ¢~ position and that the
presence of additional nuclear substituents appeared to

diminish the power to inducc loss of the righting reflex.




SECTION B. EFFECTS OF NITROGENOUS STEROIDS AT THE

NEUROMUSCULAR JUNCTION,

A total of ton 2 B- and 3 &~ monoguaternary armoniun
ateroids of the androstanc and pregnanc types, as well as a
single bisquaternary ammonium androstane have been investigated
for ncuronuscular blocking activity. The results are again
discussed in terms of possible structure~action relationships.

The evaluation of the muscle relaxant activity of
the compounds studied was carricd out employing conventilonal
techniques with the cat and the hen gastrocnemius muscle—
scilatic nerve preparations, the rat phrenic nerve-~diaphragn
preparation and the frog rectus abdominis nugecle preparation,
Toxiclity tests on mice weore also conducted as were studies of
the effects of the compounds on autonomic ganglia in the cat
and the guinea pig and on resplratory nusculaturce in thoe cat
and the rabbit.

Avplying the acceptoed criteria for the qualitative
differentiation of depolarizing and non-depolarizing activity,
all eleven compounds werce shown to display typilcal non-
depolarizing activity. In both the cat and the hen, the
time of onscet of maxinum paralysis and the duration of block
was significantly less than those for tubocurarine,

In all specics cxanined, with the exception of the
frog, the activity of the ton monoquatornary armonium steroids
a8 nuscle relaxants proved very low and all were considerably

less potent than tubocurarine. The nost active compound (BL)




wag only 1/16th as active on the cat as tubocurarine on a
molar basis. Differences in potency between the various
monoquaternary ammonium sterolds have been interpreted
as ariging from variations in the nitrogen substituents
rether than from alterations in hydrophilic to lipophilic
balance.

The one bisguaternary steroid under exanination
(compound Bll) showed potency comparable to or greater
than that of tubocurarine in all speciles, except the nouse,
Consideration of the activity of this compound in terms of
the activitics of other steroidal bisquaternary anmoniunr
salts already reported in the litcraturc has been taken
to indicate the relative unimportance of a "fixed"
interonium distance in determining neuronuscular blocking
activity. In contrast to the situation pertaining with
the monoquaternary conpounds which would seen to be withoutd
pogsible therapeutic application, the short-acting potent
non~depolarizing propertics of the bisquaternary ammonlun
compound, coupled with its anparent freedon from undesirable
side effects, suggest that serious consideration of

clinical trials for this compound is in order.
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Physiology, the World List of Scicntific

Poriodicals (4th edn. 1963, London: Butbterworths)
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GEVERLAL INTRODUCTION.

Steroids, which can be fomelly regorded as
derivatives of the perhydrocyclopentenonhenanthrene ring
gsystem ~ including compounds related to the parent
nucleus by wnrocesses of ring enlargement, ring contraction
and ring cleavage ~ are of virtually ubiquitous occurrence
in both the plent and animal kingdowms (Ficser & Fieserx,
1959; Deane, 1962; Holmes, Phillins & Chester Jones, 1963
Pincus, Thimamn & Astwood, 1964). They constitute a most
intriguing class of compounds and emdrace many biologically-
active members of particular physiologilcal and phsrmacological
significance (see Woodbury, 1958; Villee & Fngel, 1961;
Applezwelg, 19623 3Bush, 19623 Deane, 1962; Sarent,

Patchett & Steelman, 1963; Hartinl & Pecile, 1964; Dorfman,
1964, 1965) including subgroups as varied and important

as the adrenocortical, male and female sex hormones, the
cardiac glycosides, the bile acids, the anti-rachitic
vitaming, certain saponins, the tozad polisons and certain
alkaloids.

Prior to 1952, the view was held that, with
the exception of the oestrogeus, structural requircements for
the primary biological activities exhibited by steroids
were exbtremely rigid and tuct no syanthetic steroid would
be capable of eghibiting grester potency than the natural

steroid hormones since it was considered that the processes
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of evolution would eusure natural occurrsuce of the
nost effective compound. However, the demonstration
that 9¢t ~halogenated adrenocortical steroids, although
still possessing powerful wineralocorticoid activity,
were more potent anti-inflammatory agents than cortisone
or hydrocortisone (Fried & Sabo, 1953, 1954), indicated the
potential value of exwnloring the effects of structural
alterations to steroidal molacule:s and as a result the
preparation of steroid hormone aunalogues (Applezwelz, 1962)
became an intensively exploited field. A most important
fact to emerge from these studies was that 1t was wossible
to obtain steroids in wuich various minor biological
actions characteristic of natural svteroid hormones wexre
accentuated at the exvense of the major physiological
actions, and there are now avalleble androgen anclozues
exhibiting reduced masculinizing but increased anabolic
provertics, vnrogesterone~like comdounds exhibiting general
anaesthetic activity and oestrogen analogues having
diminished feminizing but increased lipodiatic effects -
several of which have come t0o assume an ilmportent place
in modern clinical practice.

Included among the new synthetic steroids
prepared as potential new non--hormonal therapeutic agents
are many possessing nitrogen atoms, and indeed considerable

interest has been shown in compounds of this type (Alauddin &

Martin~Smith, 1962a,b; Martin-Smith & Sugrue, 1964). While
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synthetic nitrogenous steroids exhiblit a broad snectrum of
biological activity (Martin-Swmith & Sugrue, 1964), and
many of them have been shown o nossess pobtent anavolic
(liatscher, Tupo & De Ruggleri, 1962: Arnold, Potts &
Beyler, 1963), anti-inflammatory (Hirschmann and others,

1963; Steelman and others, 1963) and anti~lhynercholesterolzanic

activity (Counsell, Klimstra & Ranncy, 1962; Ranney &

there are indications that toue full notentialitissz of
this class of steroild have not yet been realized (Lavtin-
Smith & Sugrue, 1964).

Ian particular, the deressant effects of
nitrogenous siteroids on the central nervous systen
(La Barre & Desmarez, 1959; Sugrue, 1963; Hewett, Savase,
Lewlis & Sugrue, 1964 ) and %he potential of steroidal
quaternary ammonium compounds in tue field of
neuromuscular pharmacology (lizy & Baker, 1963, 1965; Biggs,
Davis & Wien, 1964; Alauddin, Caddy, Lewis, lartin-Smitu

& Sugrue, 1965) have attracted recent attention.
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SECTTION A. BFFECTS OF NITROGHEQUS STEROIDS ON THE

CENTRAL NXRVCOUS SYSTHHL.

With the discovery that adrenocortical and gex
hormones possess gedative and hywnotic properties as well
as convulsant or anticonvulsant activity, in addition to
their hormonal actions, a searci has been instituted for
new synthetic steroids having potent central nervous systen
activity but devoid of any hormonal properties. As a
result, several groups of nitrogenous steroids have been
discovered which possess varying degrees of anticonvulsant,
sedative and even general anaestietic properties (Alauddin &
Martin-Swith, 1962a,b; Martin-Smith & Sugrue, 1964, and
references cited therein). These nitrogenous steroids
include various amino esters of 2l-hydroxypregnanedione
which possess general anaestitetic activity (Pigdor and
others, 1957) , the alkaloid funtumidine (3 ot-amino-200¢—
hydroxy—5 X ~pregnane) which is claimed to cause
tranquillisation comparable to that of reserpine (Le Barre &
Desmarez, 1959) and several 2p~ 6F ~ and 16 F ~ morpholino
steroids which display central nervous system depressant
activity, as evidenced by induction of the loss of the
righting reflex in the mouse (Hewett et al. 1964). However,
desplte the discovery of these compounds no nitrogenous
steroid of clinical value as a cenbtral depressant has ye?b

been found and it seems probable that the full potential of
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nitrogenous sterolds with respect Lo ceuntral activity hos
st1ll To be realized.

The present work described in this thesis
represents part of the continuation of the search for
a clinically useful nitrogenous steroidal central nervous
system denressant -~ namely the determination of the
pharmacological effects of a series of nitrogenous steroids
on the central nervous systen. These steroids were
synthesised by Organon Laboratories Ltd. and kindly
supplied by Dr. C.L.Hewetdv.

The results obtained in the wvresent study are
then discugsed in terms of the sitructural requirements
apparently necessary (in the light of present day knowledge)
for a steroid to exhiblt activity on the central nervous
systen.

SECTION B. EFFRCTS OF NITROGENCUS STEROIDS AT THi

NEUROLIUSCULAR JUNCTION,

In recent times, owing to the potent neuromuscular
blocking properties displayed by biscuaternary =mmonium
and trisquaternary ammonium compounds, coupled with the
observation that certain monoqueternary ammonium compounds
show marked cholinergic proverties (Huguenard & Martin,
1950; Hey, 1952), there has been a virtual neglect of
monoquaternary ammonium salts as potential muscle relaxants.

Some recently published observations, however, have pointed
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to the nossibility of a profitable re-sssessuent of
monoquaternary ammonium comoounds, esvecially steroidal
rionoguaternary ammoninm salts. T'or instance, the
discovery that the trimethylemmoniun salts derivad from
the steroidal alkaloids, funtunine (3 -anino-20-~0x0-5X -
pregnane) aund funtumidine (3 X-amino-20 X-hydroxy—~50 ~
nregnane) exhibit weak non-depolarizing neuronuscular
blocking activity (3lannin & 3retaudeau, 1961; Blanosia &
Plerye, 1961) denonstrates that muscle relaxant activity

1s certainly piresent in such compounds. Further, the

Y
(@]
}..J

saibility that the vary potent blsquaternary compound
C~toxiferine~1 might be dissociating in vivo into two
molecules of monocustvernary ammouiﬁm compound was suggested
by the known in vitro hydrolysis in mild scid conditions

of C-toxiferine~I into the wmotho=salt of the Wieland-
Gumlich aldehyde (Battersby & Hodson, 1958, 1960) - and

A

indeed some monoguatbternaxry salts ol Strychnos—type

-

08sess neuromuscular blocking

o7

alkaloids are claimed to

y-=4

sotency comparable to that of tubocurarine (Tarrer,

Bugster & Veser, 1949). Pinally, recent work with ccrtain
bisqueternary steroidal compounds (Ilay & Baker, 1963, 1955)
has cast doubt upon the validity of tue classic two-poiat
attachment tucory of neuromusculsr blockade and placed new
emphasis on concepts such as the adumbration theory

(Loewe & Harvey, 1952) with its postulate of a one-

noint attachment.
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Accordingly, the wresent worker has investigated
a garies of 10 monoguaternary ammonium salts derived
from 28 - and 3 &~ anino steroids of the androstane and
regnane tywnes, which werce kindly made available through
the courtesy of Dr. C.L. Hewett of Organon Laboratories Ltd.

In addition, one bisquaternary ammonium steroid
was also investigated in view of the recent interest in
compounds of this type, which nave been employed in
attenpts to elucidate the exact naturs and »Hroperties of
the cholinergic receptor (Alauddin et al.1965, and
references cited therein). Such compounds hava also
aroused clinical intarest (liushin & Mapleson, 1964) since
they possess, in animals, short-acting, non-devnolarizing
activity quanivitatively similar to that of tubocurarine

(Biggs gt al. 1964).
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1. SURVAY OF THx ZFFECTS OF STSROIDS ON THE

CANTRAL NARVOUS SYSTEIL,

A well-established minor vharmacological action
assoclated with steroids is central nervous system activity.
Not only is this property present in naturaliy-secreted
steroid hormones of both the adrenocortical series and the
sex hormone series, but it is also found in many synthetic
non-hormonal steroids, including a number of nitrogenous
derivatives.

Indeed, there is a large literaturc dealing with
the central actions of steroids. Unfortunately, however,
this is complex and frequently contradictory. Nevertueless,
it would avnpear that sedatlve and hypnotic actions and
convulsant or anticonvulsant actiong arce the major ecffects
obsarved although voery recently wnotent analgesic activity
has been digcovered in a synthetic gteroid. In attemdts 10O
discover more about the underlyins nrocesses bringing about
these phenomena, a number of studies have been made on the
effects of steroids on brain excitablility while attention
has also been devoted to biochemlcel work, although the
results from these studies have in fact done little to clariiy
the overall picture, The major festures of central activity
in steroids can be briefly summarised as follows: -

i) ADRENOCORTICOIDS.

This group would appear Lo have seen greatver



-9 -

investigation tlian eny other, Perhaoss this 1s not
surarising in view of the natural roles of the adrenocorticoid
in controlling carbohydrate, fat and orotein mcetaboliags
and in controlling the distribution and excrction of

water and electrolytes taroughout the body., Chenges in
brain excitability produced by both naturelliy-occcurring
adrenocorticolds and synthetic sterolds having the ability
to mimic these adrenocortical hormones have been asscessed
by their zbility (a) to raise or lower the threshold at
which electroshock seizures occur; (b) to nrotect again-t
leptazol-induced convulsions; (c) to enhance or diminish
seizures induced by auditory stirulesion and (&) to alter

.. )

the normal electroencephalogram pattarn, but sucn tests

give little indication of the oxact locus of action of tuese
compounds within the central nervous sysitem. Certarily
such exeriments tell nothing of tue fundamental mechanisn
by which the steroids exert thelr actions.
he effects produced by adrenocorticoids in the

minimal electroshock seizure threshold (E3T) test|which is
defined (Woodbury & Davennort, 1952) as the smallest amount
of current, in milliamperes (mA), delivered for a Ffixed
period of time (0.2 seconds) through corncal electrodes,

equired to elicit detectable convulsions in experimental
animals} can in general be correlated with the
glucocorticold or mineralocorticoid activity they nossess.

Thus, in intact rats, the glucocorticoids cortisoue,
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hydrocortisone, vprednisone, prednisolonc and fludrocortisone
have been shown to decrease the EST, with the potency
of the three gynthetic derivatives belng approxinately
3 = 4 tines, on a wceight basis, that of cortisone and
hydrocortisone (Mansor, Holtkamp, Heming & Christian,
1956). On the other hand, the nineralocorticoid
desoxycorticosterone would seem to increase the EST of
normal rats although corticosterone, the major secretory
product of the adrenal cortex of this species (Bush, 1953),
like adrenocorticotrophic hormone (ACTH), appears to have
little or no cffect (Wo.oc‘lbury & Sayers, 19503 Woodbury,
1952, 19543 Timiras, Woodbury & Goodman, 19543 Woodbury,
Timiras & Vernadakis, 1957); Nevertheless, despite
having 1little or no dircect effect on the EST in intzet rats,
corticosterone, like aldosterone (Woodbury et al, 1957),
would appeaxr to have the ability to prevent both the
increase in the EST causced by desoxycorticosterone and the
decreasc in the EST produced by hydrocortisonc.
Adrenalectony of rats with its resultant
abolition of corticostoronc biosynthesis has becen found +to
decreasce the BST, this effect boing reversed both by
saline and by desoxycorticosterone (Davenport, 1949; Tiniras
ot al. 1954). Indeed, the ability of desoxycorticosterone
to increasce the EST beconies more pronounced in

adrenalectonized rats as does the ability of hydrocortisone



to decrease the EST (Woodbury and others, 1951; Woodbury,
1954).

Despite suggestions to the contrary, (Hoagland,1954),
changes in brain excitability in adrenalectomized animals
would not seem atiributable to the reduced cerebral blood
flow and oxygen consumption imposed by adrenalectomy since
adninistration of saline to adrenalectomized rats still
prevents a decrease in the BEST in the presencce of a reduction
in cerebral blood flow and oxygen consumption (Woodbury, 1958),

In the light of the above facts, Woodbury (1954)
has suggested that corticostcorone may have a regulatory
role in the rat serving To normalize an increaged or
decreased brain excitability. The same author (Woodbury,
1958) has also attempbed to exvlain ability to interfere
with the execitability of the central nervous sygstem by
postulating that adrenocorticel hormones wmodify brain
excitability by affecting birain sodium ion transwort and

gamma—-aminobutyric acid (GABA) metabolism (vide infra).

In contrast to its ability to lower the EST as
previously described, adrenalectomy (like adrenocortical
hypofunction) would not seem to increase the susceptibility
of rodents to leptazol-induced convulsions (Torda & Wolff,
19523) and may even elevate the leptazol seizure threshold
(Little & Conrad, 1960).

A contradictory and confusing picture, which nay
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be explicable in terms of dosage nhenomena and/or
duration of drug administravion, of the effects of
adrenocortical. hormones and 0T on the sensitivity of
experimental animals to le)tazol has energed. Thus on
the one hand daily adwinistration of ACTH (6 - 8 ng/kg for
3 to 4 days) has been claimed %o decrease the susceotibility
of intact rats to leptamol while on the other hand, a
single injection (1L -~ 8 wmg/kg) of ACTH has been stated to
increase the susceptibility of these animals to leptazol
(Torda & Wolff, 1951, 1952a). Desoxycorticosterone
appears to act in an opvosite manner, acute administration
(25 mg/kg) having been claimed to increase (Koch, 1959)
and prolonged administration (0.5 mg daily for 8 days) +to
decrease (Swinyard, Schiffuman & Goodman, 1955) the ledtazol
threshold. If one accents the vronosed (Woodbury, 1958)
correlation betweon changes in the 3E3T producced by
desoxycortlicosterone and fluctuations in the brain sodiun
ratio (the ratio of the concentration of extracellular to
intracellular sodium ions in the brain), leptazol could
conceivably be acting by annulling the cnticonvulsant effect
of this steroid either by interfering witn the '"sodiun
pump’ mechanism for the extrusion of intracellular brain
sodium ions or by facilitating the entry of sodium ions
into brain cells (Swinyard et al. 1955).

in the audiogenic seinmure test, in which the

experimental animal 1s exposed to a sound stimulus in the
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90 - 120 decibells range (Bevan, 1955), a characteristic
seizure pattern is observed (Werboff, Hedlund & Havlena,
1963). The adrenocortical hormones have the ability

to antagonize the different nhasges of the seizures
produced by this method and so have been assayed for
central activity in this way. Use of this test, however,
has given rise to conflicting repowrts of the activity of
cortisone (Ginsberg & Roberts, 195L; Vieari, Tracy &
Jongbloed, 1952). Desoxycorticosterone is claimed to
decrease the suscentibility of rats to audiogenic seizures
(Colfer, 1947) while ACTH is stated to have noc effect in
this test (Hurder & Sanders, 1953).

Interpretation of the obgerved changes in the
electroencephalogram (e.g.g.) induced by adrenocortical
sterolids in pathogenic conditions ls very difficult. In
patients with collagen diseases, cortisone or ACTH have
been reported to restore abnormal e.e.g. patterns
(characterized by high voltase, slow waves of 3 - 7/sec)
to normal (Priedlander & Rottger, 195L; Pine, BEngel &
Schwartz, 1951) while in subjects with »reviously normal
records, administration of these compounds can induce
slowing of the alpha rhythm frowm 12 -~ 13/sec to 7 - 8/sec
(Hoefer & Glaser, 1950; Debré: liozziconacel & Nekhorochefd,
1952; Glaser, Kornfield & Knight, 1955). In this connection

it is of interest that the e.c.g. pnatterns of normal,
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non-hosplitalized subjects during cortisone or ACTH
adninistration did not differ from those obtained during
the countrol period when no hormone was being administered
(Friedman & Engel, 1956).

Desoxycorticosterone, in contrast to its ability
to normalize the 2ST of adrenalectomized rats (Davenport,
1949), does not restore to normal the e.e.z. of these
animals (Bergen, 1951) nor that of Addisonian patients
(Hoffman, Lewis & Thorn, 1942).

Ixperimental studies atiempnting an assessment ol
the convulsant and anticonvulsant effects of adrenocorticoids
in animals are few, However, coanvulsions have been

obgerved following administration of 4CTH to rabbits

b

(Pincus, Natelson & Lugovoy, 1951) or administration o
cortisone to various other rodents (Hicks, 1953).
Clinical obsarvations ars more numerous altnouzi
the »icture emerging is somewnat confusing. Thus, on toe
onec hand, convulsive enigodces, not of hypnoglycaecmic origin
(Storrie, 1953), seem a not uncommon feature of Addison's
disease (Engel & Margolin, 1941) in which adrenal hynotrophy
decreases production of adrenocorticolds while, on the other
hand, administration of cortisone and ACTH has been
observed to result in generalized convulsions and even
status epilepticus when employed therapeutically (Zlkinton

and others, 1949; Astwood, Raben, Payne & Cleroux,l1950;
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Dorfuman, Avter, Smull, Bergenstal & Ricuter, 19513 Irons,
Ayer, Brown & Armstrong, 1951; Wayne, 1954). These
last observations are also of iunterest in the ligut of
the fact that ACTH is without effect or only slightly
raises the EST in rets (Woodbury, 1954), but an explanation
for the apparent anomaly may lie iun tuc fact that in man
ACTH liberates mainly lhydrocortisone (Sweat, Abbott,
Joffries & Bliss, 1953), which will increasc brain
excitability, while in the rat 4C0Th Lliberates
corticosterone which is without appreciable influence on
brain excitability (Woodbury, 1954).

The first intimation of the exigtence of
sedative and hypnotic activity in steroids of the
adrenocorticoid groun came from the work of 3elye (1%41la, .,
1942a) who showed that desoxycorticosterone and
dehydrocorticosterone possessced annrecianle central
devrossant activity. Cortisonc was only weakly deprcssant
(3elye, 1942a). Subsequent studies (Figdor and othars,

e
L U

T

1957; Atkinson, Davis, , Sharne & Tomich, 1965)
naturally-occurring adrenocorticolds as well as many
of their synthetic, non-hormonal, analogues.

Theories as to the Nechanism of Actlon of Adrenocorticoids

in the Central Neyrvous System,

While various storolds including
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desoxycorticogteronc inhibit brain respiration in vitro
(Bisenberg, Gordan & Elliot, 1949a,b;Gordan, Bentinck &
FEisenberg, 1951), there is little evidence to indicate that
this property represents the basic mechanism by which these
compounds exert their central action (Eiduson, Geller,
Yuwiler & Biduson, 1964). Likewise, attempts to intcrpret
the central nervous system activity of various steroids

in terms of interference with possiblce central transmitters
such as acetylcholine (Crossland, 1960; Wdccles, 1962) and
S--hydroxytryptamine (5-HT) (Brspamer, 1961; Shore, 1962
Garattini & Valzelli, 1965) have met with little

definitive support (Torda & Wolff, 1944, 1952b,c; Kato,
1960; Takahashi, Nasu, Tanura & Koriya, 1961; Giarman &
Pepeu, 1962).

On the other hand, the wostulated assoclation
between the effects of adrenocortical hormones on brain
excltability, as wmeasured by the ST levels, and the
metabolism of gamma-aminobutyric acid €(GABA), a possiblo
central nervous system transmitter (Elliot & Jasper, 19583
Roberts, 1960), has rccelved a measurc of experimental
support (Woodbury & Vernadakis, 1958).  Thus,
adrenalectomy and the administration of hydrocortisone to
adrcnalectomigced rats both decrease brain GABA levels and
increase brain excitability whcereas administration of

desoxycorticogstcerone to adrenalcecctomized rats wmarkedly
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increases brain GABA levels and decreases brain excitability.
Jince in intact rats, nelther desoxycorticosterone now
hydrocortisone significantly alters brain GABA
concentrations it 1s nossible that hydrocortisone and
adrenalectony could rceduce brain GA3A levels by inducing
the removal of glutamic acid from the main route of GADA
metabolism and facilitating its entry via & - ketoglusarate
into the tricarboxylic acid cycle (sce diagram onnosite),
whilst desoxycorticogterone could increase GABA levelis by
preventing the entrance of glutamic acid into the
tricarboxylic acid cycle, thus making it available for
conversion to GABA (Vernadakis & Woodbury, 1960).

As might be expected from the normal function
of adrenocorticoids, evidence has accrued that adrenocortical
hormones interfere with brain electrolyte metabolism.
Both adrenalectomy (Daveanport, 1949; Timiras et al.1954)
and hydrocortisone administration (Woodbury et al. 1957),
to intact and adrenalectomized rats, decrease the brain
sodium ratio (i.eo, increase the invtracclluler brain
sodiun ion concentration), as measured vhotometrically
(Davenport, 1949; Timiras et agl. 1954), and increase
brain excitability. In analogous situations,
desoxycorticogterone, in both intact and adrenalectonized
rats, increases the brain sodium ratio (i.e., decreases

the intracellular brain sodium ion conceuntration) and
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decreases brain excitability (Woodbury & Devennort, 1949
Woodbury et al. 1957).

in tire light of the above observabtions on tae
effects of adrenocortical steoroids on both brain sodiunm
ratic and brain GABa concentravion, Woodbury (1958) has
pregented an wintegraied explanation of the way in which

adrenocorticoids modify br~in exzcitability in terms of

basic metabolic phenomena. Thus he cons’ders that thc

aropansity of the glucocorticold hydrocortisone to increase
brain excitavility stenms dircectly from its dual function

..J

of decreasing brailn sodium rztio and ol decrcasing bdbrain

]

GABA levels while the abilibty of the mineralocorticoid
desoxycorticosterone to decrcasc orain cxecitebility 1is
a direct result of 1ts action in increasing botu brain
godium ratio and brain GABA levalg, The lowe:r
susceptinilitics of tue bdre.n of tvhe intact rat as
compared with that of the adrenalcectomizged rat to an
increase in excitability oun adminisvreation of Lydrocortisone
or to a decrease in excitabllity on administration of
desoxycorticostercne can then be ratvionalised in JScrms of
the modifying influsnce 0f corticostarone. Thus in the
ntact rat, the release of corvicosterone is considered
to block any chenges in brain GA3A concentrations end so
excitability changes stem mainly if not solely from chanes
in sodium ratios. In the adrenelectomized rat, whoere

corticosterone scerction nas been abolished, since braun



excltadility changes will result rfrom a sumnation of
changes in both sodium ratios and GABA levels, more
nronounced effects should ve observed, as 1s indzed the case.

ii) SEXL HORMONES,

in addition to their role in sexual function,
the oestrogens obviously have tae avility to induce
changes in brain excitability as indiceted by comparative
data with mature and ovarilectomized female rats and maturs
male rats. Thus intect, mature, Tfenale rats have boeu
renorted to exhibit lower seizure thresholdsg of
excitability than intact males (Yoolley, Timiras,
Rosenszweig, Krech & Bennett, 1961) or ovaricctomized femcles
of the seme age and strein (Woolley & Timiras, 1962b).
Again, variations in oestrozen levels ( as determined by
daily vaginal smears) during the ocstrus cycle anpareatly
parallel altecrations in brain ssizure thresholds, witi
the ST belng highest during dincatrus and loweast during
oestrus (Voolley, Timiras, Srebnik & Silva, 1961). Daily
adninigtration of oegtradiol to rats of elther sex
(0.04 ~ 5.0 mg/kg) has also been observed (Woolley & Timiras,
1962a) Lo lower markedly the EST and %o give rise to a
convulsant effect, characterized by tonic flexor nhases
of a shorter duration than those of untreated control
animals, on the maximal electroshock scizurc (IES) pattern

Lwhioh can be employed (Woolley & Timiras, 19623,3) as
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a measurz of the ability of stv~roids to intvterfere with
the characteristic »attern of clectroshock convulsions
elicited in control animals by the passage of a fixed, hlgh
density current of 150 mdA through corneal olectrode%,

In contrast to oestrad.ol, which uniforml§
exerts a direct excitatory effect on brain function, wthe
male sex norwmone, Ttestosterone, ayunears able to increase
or decrease brain excitability in the vat dedending on
the type of seizure studied, the age of the animal and
the dose of hormone administered (Woolley & Timiras, 1962¢).
For example, testosterone in daily doses of 8.0 mg/kg has
been reported wo lncrease tuc 25T and to exert an
anticonvulsant effect on the MIS aattern of 10 week old
rats. However, by the time the rats have reached 13
weeks of age, continuous administration of thue same daily
dose of the hormone is stated to result in a change fron
anticonvulasznt action on thc Mi5 oatiern to a
convulsant action in spite of which the E3T rcwmains
increased (Woolley & Timiras, 1962¢).

Progesterone (5.0 mg/kg/day) has been stated

to produce an initial rise in the BST in femalc (but not
in male) rats, an effect subsequently replaced, after 20
days, by a modcrate convulsant effect in both sexes
(Voolley & Timiras, 1962a). It has been suggested (Yoolley

& Timiras, 1962a) that the initial anticonvulsant effect
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Selye, 1942b)

Koch, 1959) have been clained

to antagonize such convulsions in tuc rat.

On the other hand, tue cffects of sex hormones
on audiogenic seizuras have veen more thorousnly
investigated (Werboff & Cowmcoran, 196L; Werboff et al. 1963,
1964). In these studies, the sanimals werce classified,
before testing, as selzurc-resisiant or selzure-susce-tivlie,

devending upon bthelr

abimulus.

animals were considered to navae a

0% and 100% reso

¢

the action of sex hormo
analysed scparately
the seizurce incidence,
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after horrmonal sdministretion

exnressed as a nerceuntsge and



compared for significance with Tue nre—-treatment

selzure incidence of 0% by means of a z-test (Zdwards,
1950). The results for the seilzurce-suscentible

animals were analysed similariy. The seizure incidence
after treatment was compared with the pre-experimental
level of 100% and tested for significancc as previously
indicated.

Oestradiol, in low doses (0.02 - 0.08 ng/kg),
increases the incidence of zudiogenic scizures in intact
or gonadectomized male and female rats, ilrrespective of
their initial suscentibility to selizures. This result
is in agreement with the results of experiments embploying
the IS8T as the index of brsin excitability (Woolley &
Timiras, 1962a,b). Testostorone (2.5 - 10.0 mz/kg)
and progesterone (1.25 - 5.0 mg/kg), however, may
produce convulsant or anticonvulsant effeccts depending
on the sex of the animal and its susceptibllity to
induced selzures. For examvle, vwrogesteronc, in
seizure~resistant female rats, increases the incidencce
of audlogenic scigures while, in scelzure suscentible
females it reduces seizure incidence (Verboff et al. 1964).

It would scem that of the sex hormones only
oestrogens have becen investigated for thelr ability
to interfere with the e.e.g. During mengstruation

(Duesser de Barenne & Gibbs, 1942) or in pregnancy when
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progesterone levels are relatively high and ocstrogen
levols ralatively low (Gibbs & Reid, 1942) thero is

a decrease in the celectrical activity of the brain
characterimed by a slowing of the normal alnua rhythm

of the cortex. Intravenous injection of ocestrogans

has an 2ctivating effeet on tshe e.o.g. of ewnileptic
women (Logothetis, Horner, orrell & Torres, 1959)

and on both normal and epilevtic rabblts often resulting
in seizurcs and cven death in status enilepticus
(Logothetis & Harner, 196D).

With regard to the convulsant asctivity of
oestrogeus, clinical studlias uave shown that there nay
be an increase in the inclidence and severity of attacks
in epilentics during the immedietc wremenstrual mneriod
(insell & Clark, 1956; Taidlaw, 1S56). These changes
occur concomitantly with an increased ocstrogenic
production (Logothetis gt 2l.1959), refuting the vicw
that the catamenial cexacerbation of sclzurces is a
progasterone-witndrawling wmhenomenon (Laidlaw, 1956),

In contrast Tto vue convulsant activity of <he
oestrogens, it has been cleimed (Sclye, 1941b,1942g)
that androstcerone, epiandroscarona cnd rogesterone
possess considerable sedative and nyonotic activity. In

“

avbemnts to elucidate the pogsivle biochemical wmechanlisns

underlyinz this central deorcssant action, 1t has becn
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shown (Wade & Jones, 1956) that orog

esterone reduces

brain levels of adenosinetriphosphate (ATP), the

breakdown of which is gencrclly accewted to be tho

"

most important source of cellular oncrgy (¥rcbs & Kornberg,

1957) and which is implicated in

nunerous physiolo-ictl

processes, including musculsr contraction (Weber &

Portzehl, 1954; lorales,Botts,Blum & Hill, 1955) and

nerve impulse transmission (Tluenncekens & Whiteley, 1960).

However, a reduction in the awmount of available ATP

cannot entirely account for wvae cen

vral activity of

deoressant steroids sinee ovuer derivatives c.g.,

pregnenolone sodium succinate, while inhibiting oxidstive

nhiosphorylation, have no anacsgthe

Bell & Krantz, 1956).

1ii) NITROGENOUS STIROIDS Wil

tic activity (Truitt,

SRFRCTS ON TITE

SENTRAL NiRVOUS SYSTEM,

Certain groups of nitros

to possess anticonvulsant and se

ggnous

ative

steroids apoear

nroderties (sco

inbter alia lartin-Smith & Susruo, 19643 Overback & Bonta,

1964). Mgese include various sto

(Babcock, 19583 Wechiter, Scaroste

dioximos (Babecock & Wachter, 1962,

voidal monoximes

# & Buhler, 1961) and

Weehiter, 19625 Unjouan,

1962a,b), some androstane~l6ﬁ3,l7 B —dicarboxylic acid

imides (Jrabbe, 1963), a number

of 17 8-

acetamido—-androstanc

derivatives (de Ruggieri, Forrari & Gandolfi, 1963),
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certain 34 —(aminomethoxy)—5~androsten-17~ones (Upjohn,
1964 and 2,16~bis (aminomethylene)-~secoandrostanes

(Knox & Kincl, 1963) as well as certain amino acid csters
of 2l-hydroxypregnancdiona. These last comvounds

wore prepared during structural modification studies

to the hydroxydione molecule (Figdor and others, 1957)

but although a number of the amino accetates wosscssed
potent anacsthetic activity, Thelr high toxicity precludes
thelr clinictl usec.

The claim that tue steroidal alkaloid
funtumidine (3 g~amino~-20 (~hydroxy-5X -pregnana)
possessed sedative propertices cuantitatively similar
to those of reserpine (La Barrc & Desmarez, 1959)
stimulated the preparation of a serieg of amino storoids
structurally related to the former (Ttablisseronts
Clin~3yla, 196la, 1964; 3chmitt and others, 1962g, b;
Birkemmeyer, Lednicer, Kagan & liagerlein, 1965). 3¢ ~amino-
5 —pregnan—20-ong, 3#3waminDMSCl~pregnan~20~one and 3;9"
aminow5§ -nregnan~20—-one arc claimcd to wossess contral

nervous system deprossant activity (Etablissements $lin-—
Byla, 1961a,b).

Several 2f3~,6§3~ and 16F§~morpholino steroids
also deypress the central ncervous gystem as evidencaed by
the induction of loss of the righting reflex in the mouse.
Moreover, 2§ ~-morpholino~-3 X ~hydroxy-H X ~pregnan~20-one

protects mice from leptazol-induced seizurcs at a dosc one
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third of that necesgsary to wroduco loss of righting

reflex (3ugrue, 1963; Hewett et _al, 1964). In addition,
several of the compounds arc active in protecting mice

from electrically-induced seizures but unfortunately

this anticonvulsant property is accompanied by simultansous
sedation and/or loss of righting reflex (Sugrue, 1963),
effects which would appear vo »rohibit the clinical usc

of these compounds. Indecd, at present nonc of the
nitrogenous steroids with dedrcssant ¢ffects on the central

nervous sgsystem would avjear to be of therapeutic valuc.

iv) STEIROIDS WITH ANATLGESIC ACRIVITY.

Very recently, a new tyne of central act:ion
associated with the sterolid nucleus has bzen uncovered,
that of potent analgesic activity in a scries of oestrane
derivatives, the prototype of which is 2,3,4-
trimethoxyoestra~1,3,5 (10)~trien~17 @ ~ol (Axclrod, Rao &
Baeder, 1966; Axelrod & Bacder, 1966). This comoound
appears to be devoid of ocstrogenic activity and in the
"rat-tail flick" method (D'Amour & Smith, 1941) it is
claimed to be 40 and 160 times nore potent than morphinc
sulphate and pethidine, resoectively. It is reported
to be successful in man in the control of post—-operative
pain and chronic pain duc to walignancy (Axclrod & Bacder,
1966) and administration to cats and dogs of doses of

3-5 ng/kg allow abdominal surgery to be verformed without
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further medication. Toxicity is low and no undesirable
side effects on the blood pressurc, respiration or
electrocardiogram of dogs were observed after intravenous
administration.

V) PHARLACOLOGICAL OBSERVATIONS AIID STRUCTURIE--

ACTION RELATIONSEIPS ARONG STEROIDS.

Following the pharmacological investigations
which established the existence of seneral anacsthesia
among hormonally-active steroids gsuch as »rogestarons,
desoxycorticosterone and androsterone (Selye, 1941a,Db,
1942a), several attempts to correlate this effect with
structural entities in the steroid nucleus have been
made (Figdor and others, 1957; Witzel, 1959; Overveek &
Bonta, 1964; Atkinson et al. 1965). While considerably
more steroidal compounds need to be investigated in
this field before any closely defined structure-action
rclationships can be formuleted, the broad generalizations
have been made that central nervous system depressant
activity is not limited to hormonallymactive derivatives
and that maximal activity is found in relatively simple,
saturated steroids oxygenated at the extremities of thae
molecule i.¢., at the 3 and 17 positions for androstoncs
and at the 3 and 20 or the 3,20 and 21 positions for
pregnanes. Additional nuclear substitution or

unsaturation normally reduces activity. Stercochemical
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factors such as whebther the steroid has an A/B trans or
an A/B cis ring fusion, aporcar to exert little offect.

Within the steroids examined for general
anaesthetic activity, those nossessing a 50— or 5[?~
saturated pregnane skeleton nave piroved to be the nost
active comnounds (Overbeck & Bonta, 1964; P'An & Laubsach,
1964). In particular, 21-hydroxy-5 @ ~pregnane~3, 20~dione
sodium succinate (hydroxydione) (P'An and others, 1955)
has achieved clinical recognitvion as a basal anaesthetic
(Gordan, Guadagni, Picchi & aAdams, 1956; Dow, 1961). In
contrast to the studies made on pregnane derivatives,
litvle attention appears to have becn devoted to the
synthesis and testing of androstanc derivetives, despite
the fact that both androstorone and cplandrosterone
pogsess anaesthetic activity compsrable to that of

progesterone (Selye, 1942a).
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a) EXPARIMENTAL METHODS,

oolubility.

Three of the comoounds under investigation
were readily soluble in delonlzed water. The remaining
compounds were relatively insoluble in water and the
golublc hydrochloride of each was preparcecd by adding
to an accurately weighed quantity of the compounds the
theoretically equivalent esmount of N/10 hydrochloric
aclid plus 0.2 ml. excess. The mixture wasg then heated,
if required, on the water bath to facilitate solution
and made up to the required volume using deionized
water. Clear, colourless solutions werc obtained in
all cascs.

The pH of the drug solutions employed ranged
from 2.5 to 4.5, Control solutions of acidificed

deioniged water of a simllar pd renge werc also prenared,

TXPERIMLANTS USING MICE,

Solutions of ths comnounds were administered
by slow intravenous injection into thce dorsal tall vein
of male albino mice (18g -~ 22g) using a 1 ml. graduated
tuberculin syringe. In no instance was a volume greater
than 0.4 ml. per 20g of wmouse injected. An injection of

sinilar pH and volume was also administered as a control.



Toxicity Tosts.

Five to ten mice at three to four dose lovels
werc used for each compound.

The mice were obgerved in varilous ways to
neasure the following effects:~ idncreased or decreascd
spontaneous activity, excitation, convulsions, sedation,
nuscular paralysis, loss of righting, pinna and/or corncal
reflexes and finally analgesia.

This observational technique gives an overall
profile of the gross e¢ffects of a drug together with an
indication of the onset, poak, duration, character and
intensity of action.

Skeletal muscle paralysis was measurcd Dy
placing the mice on a fine-mesh wirc screcen inclined at
60° to the horizontal (Thomson, 1946).  Those mice which
slid abruptly off the scrcen within 30 minutes after
pretreatunent with the drug werce decmed to show a positive
reaction,

Loss of the righting reflox was considered to
have occurred if treated wmice werc unable to regain tacir
balance when placed on their backs for onc minute (Hine,
Christensen, Murphy & Davis, 1949).

A fine nylon suture was used to confimrm tae
nresence of the pinna and corneal railexes. The pinna

reflex involves a twitch, tromor, or laying—back of the
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ears when the external auditory mcatus 1s sitimulated
using the nylon suture (Witkin, Spitaletta & Plummer,
1959). The reflex was considercd vo be abolighed when
no response could be elicited in eitucr ear following
treatment with the drugs under test. The corneal reflex
was ellcited by touching the cornea and conjunctiva and
dcemcd absent when the suture, placed on the eyes, producced
no closure of the lids. The ablility of the compounds
under test to exert an snalgesic effect was detected

by the absence of squeaking and biting in wmice

following vninching of their tails with a finc »air of
forceps.

Compounds with a central stimulant action would
be exwected to produce increascd motor activity, cxcitation
and perhaps convulsions. Convarsely, compounds
pogsessing a hypnotic action would exhiblit decreascd
mobility, muscular paralysis, Lloss of the righting
reflex, disappcarance of thc corneal before abolition of
the pinna reflex (Goodsell, Toman, Everetvt & Richards,

1954.) and scedation.

Loss of the Righting Reflex.

During toxicity exvcrimenis on mice certain

at doscs below tane toxic range. Moreover, the pinna



reflex disappearced beforcec the corneal roflex suggesting
that internceuronal. blocking activity wmight be a property
of the compounds under investigetion (Goodsell et al, 1954).
However, these effcets must be interpreted cautiously
since a variety of pharmacological agents are known 0
produce loss of the righting reflex (0'Dell, 1960).
Various investligators have used the loss of the righting
reflex to compare the potenciecs of sceries of compounds
suspcected of possegsing interncuronal blocking activity
(Roszkowski, 1960; Burke, Papandrianos, Brannick &
Hassert, 1961).

Conscquently, an accurate determination of the
dose causing loss of the righting reflex in 50% of the
injected mice (ED50) was made. The dose killing 50%
of the mice (LD50) on intravenous injection was also
found.

Each compound was given at four dose levels:-
once dose level producing zcro loss, another 10 % loss and
two intermediate dose levels producing approximately 30%
and T0% loss respectively of the righting reflex. The
ED50 and LD50 values of the compounds producing a loss
of the righting reflex were calculated using a graphic
method (Miller & Tainter, 1944). The ED50 and LD50 of
mephenesin, the most scelective internceuronal blocking

agent known (Domino, 1964), was also calculated,



Some of the compounds undexr investigation
produced a mora wnrolonged loss of the righting reflex tucun
others. Amoloying the method used by P'An and his
co~workers (1955) to estimetc the duration of activity,
one and a half times the BD50 dose of tihesc compounds,
provided that it was less than the the LD50, was administered
to a group of ten wmice and the duration of loss of tae

righting reflex observed.

Anticonvulsant Activity.

Adrenocortical hormoncs possess both convulsant
and anticonvulsant properties. Desoxycorticosterone
may raise the EST and cortisonc and hydrocortisone may
lower it in rats (Woodbury, 1654). Sex hormones can
also alter the EST of rats, oestradiol lowering it
(Woolley & Timiras, 1962a) and testostorone either
raising or lowering it depending on scveral factors such
as the doge of the hormone administercd and the age of
the animal (Woolley & Timiras, 1962c).

Furthermore, interneuronal blocking agents
such as menhenesin have anticonvulsant actions against
leptazol (Bastian, 1961), sitrychaine (Berger, 1949) and
electrically-induced seizurces (Domino, 1964). It was

decilded therefore to test the nitrogenous sterolds for

their ability to antagonize both eleetrically- and
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chemically-induced selzures.

Three dose levels werc used for each compound
and the anticonvulsant activity detvtermined 5 and 20 minutes
after intravcenous injection. Where anticonvulsant activity
was discovered at these times, the PD50 values were

calculated by the method of Ifiller and Tainter (1944).

i) Protection Against Blectricslly-Induced Seizures.

The method used was based upon that of Ahmad
and Lewis (1960) but ear-clip electrodes were employed
(Hoyt & Rosvold, 1951). The cilrcult diagram and
apparatus are shown on the opposite page (Figs. 1 and 2).

Each mouse wasg placed 1n a perspex box, one
electrode clipped to ecaeh ear and the 1id closed. A
suprathreshold current of 20 mA anplied for 5 seconds
caused tonic extension of the hind limbs, the appearance
of which was taken as the end-point. All mice to be uscd
were tested 24 hours before the experiment and those which
failed to convulse within five seconds were discarded.
Bight mice were used at each dose level.

Sodium diphenylhydantoin and sodium
phenobarbitone, compounds used in the treatment of major
epllepsy, were compared with the protection afforded by
the steroids under investigation.

The supramaximal electric shock method is the
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most accurate means of indicating the usefulness of

drugs in abolishing the seizures characteristic of clinical
grand mal in that a high degree of correlation of effced
exists between man and laboratory animal. Additionally,
the method also favours drugs uscful in the treatment of

psychomotor epilepsy (Toman & Bverett, 1964).

ii) Protection Against Leptagol-Induced Seizures.

The method (Berger, 1954) determined the
ablility of compounds to antagonize the convulsant effect
of a pre-~determined dose of levptazol.

Control mice were injected intraperitoneally
with 120 mg/kg of leptazol. Within 30 minutes a
sequence of excitement, myoclonic jerks, clonic selzures
and death developed. The ability of the steroids
under investigation to antagonize the convulsant action
of this dose was assessecd.

Ten mice were used at each dose level and the
end-point of the assay taken as the appearance of mersistent
clonic convulsions. The mice were observed for 30
minutes following injection of the leptazol.

Sodium phenobarbitone and trimethadione, drugs
used in the treatment of human minor epilepsy, were
similarly compared. The leptazmol test cannot be used

with certainty to predict those drugs which will be
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effective against human petit mal. It is not a specific
test and drugs ceffective against zrand mal can also shiow

anticonvulsant activity (Toman & Bverctt, 1964).

Anti-Parkinsonian Activity.

Glinically useful anti-Parkinsonian drugs also
possess anticonvulsant (Goodman & Gilman, 1965) and
sedative activity (Lewis, 1964). Tho existonce of
sedative and anticonvulsant propertics among the nitrogenous

steroids Jjustified their cexamination for anti-Farkinsonian

activity.

The Tremorine Test.

Tremorinc (1,4 dinyrrolidino-2-butyne),when
adwinistered to cxporimental animals, produccs trewdrs,
rigidity, asthenia and hyoothernia in addition to a
number of oarasympathetic effcets such as merked
salivation, urination and defaccatvion, an overall plcture
closcly resembling Parkinsonism in man (Bvorett, 1956).
Drugs active clinically againsy Parkinson's diseasc have
the ability to antagonize the tremorigenic and
paresympathetic activity of tremorinc (Farqubharson & Johnsion,
1959; Keranen, Zaratzian & Colenan, 1961; Fricdman &
Everctt, 1964) and the anbtitremorine test is now used

widely in the investigation of new compounds for potential
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anti-Parkinsonlian activity. The test can also be
enployed to detect drugs with central anticholinergic

or central parasympathomimetic activity (Spencer, 1965).
In addition, since it 1s believed that tremorine is
converted in the liver to 1ts active mebtabolite
oxotremorine (Cho, Haslett & Jenden, 1961), +thc test
can also be ubtilized to detect those compounds which
prevent the apvearance of tremors by inhibiting the
metabolism of tremorinc in the liver (Lesliec & Maxwell,
1964 ).

Eight mice, prcetreated with the test drug,
were used at each of two dose levels, Fifteen minutes
later trewmorine (20 mg/kg) was injcected intraperitonecally.
Thig dose was found to be completcly effective in
producing tremors and salivation in untrcated mice. Bhe
test mice were compared with control micc to assess the
degree of protecction afforded.

4 points-scoring system was adopted in an
attempt to essess the results semi-quantitatively. Vizs~
complete protection ~ O points; almost complete
protection ~ 1 point; woderate provection ~ 2 polnts;
slight protection -~ 3 points; no vrotection ~ 4 points.
Consequently, a compound affording complete protection
to vight mice would score O points whereas a cowmpound

contributing no protection would gscore the maximum of
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32 points., The mice were obsarved at 15, 30, 45, 60 and
90 minute intervals rcspectively after injection of
tremorine and the percenbtage degrec of protection at

cach of thesc times calculated. A comparison was nmade

with the clinically used anti-~Parkinsonian agent, atrooine.

EXPiRIMENTS USING CATS.

Cats of either sex (2 « 4kg) were used.
ixeluding the crossed extensor reflex prceparatlon, for
which ether was employed, anaesthesia was induced by
intraperitoneal injection of sodium pentobarbitone (60 mg/kg).
The tracheca was cannulated to permit the apnlication of
artificial respiration when nccessary, the amount of air
entering or leaving the cannula being controllced by an
adjustable slceve. The external jugular vein on one
side was exposcd and a heparinized wolythenc cannula
inscrted. The cannula was connected to a 50 ml. burette
containing saline by means of a p»icce of rubber tubing.
The compounds under investigation were injectad into the
rubber tubing connecting the burette and the cannulated
jugular vein. Bach injection of drug was washed in using

3 ml. of normal salinc.

To Record the Blood Pressurc of the Anacsthetized Cat.

The common carotid artery, on the opposite side
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of the neck from the cannulated jugular vein, was frecd
from the accompanying vago—-sympathetic trunk and

ligated as ncar the cephalad end as vossible. A "bull -
dog" clip was then placed round the artery about 3 cnm
distal to the ligaturc and a hepsrin-filled polythene
cannula inserted into the artery with its pointed end
towards the hearv, The cannula was connected to a
mereury manometer by rubber tubing filled with heparinisced
normal saline solution as an anticoagulant. The nressurc
in thc mercury menometer was set at anouroximately 100 to
120 mm of mercury {(i.e., the normal blood pressure of the
cat). The "bull~dog® clip was then releascd and the

blood pressure recorded on a moving smoked surfacec.

The Cat Gastrocnemius Muscle~Sciatic Nerve Prcparation.

Skeletal muscle wnaralysis in animals can be
produced by newromuscular blocking agcents, interneuronal
blocking agents, hypnotics and other central nervous
system depressants. The cat gastrocncemius muscle-gsciatic
nerve preparation (B&lbring & Burn, 1942) can detect the
presence or absence of neuromuscular blocking activity.
The production of muscular paralysis by the compounds
under review warranbted theilir further examination on this
preparation to more accurately determine the nature of

the paralysis produced.
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When the trechea, as well as one of the external
jugular veins and the carotid artery had been cannulated
as previously described, one leg was sclected for
indirect stimulation of the gastrocncmius muscle via
the sclatic nerve. The lcg was held with its long axis
perpendicular to the onerating table and rigidly fixed
by means of two clamps, one at the knec joint and the
other at the ankle. The gastrocnemius muscle was
partially dissected free from surrounding tissue and
the Achilles. tendon severed at a point near to its insertion
into the calcaneus. A strong linen thread was then
tied securely round the tendon and the free end of the
thread conncected via a system of pulleys to a Brown-Schugster
spring~loadcd, myograph lever, the writing polnt of
which recorded the muscle contractions on a moving
smoked surface (Fig. 3).

The skin covoering the lateral aspect of the
thigh was incised and the sciatic nerve located betwecn
the hamstring nuscles. A palr of platinum elcctrodcs
wag placed round the exposed nerve. The nerve was then
stimulated supramaximally, using a Dobbic+llcInnes square wave
stimulator (6 to 8/min, 5 to 10 V, 1 to 2 mscc). Thesc
valuecs and the tension on the muscle (0.2 to 0.3 kg)

remained constant during any onc cxperiment,
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The Cat Crossed Extensor Reflex Preparation.

The steroids under examination were tested
on the cat crossed extensor reflex preparation which
can bce used to indicate thec presence or absence of
interneuronal blocking sctivity (Domino, 1964).

Afnacgthesia was induced by ether inhalation and
the cat was spinalized using the method described by
Burn (1952). The anaesthetized cat was tied onto 2
warm operating table, the trachca cannulated and artifieisl
respiration applied. Both common carotid arteries ware
freed from the accompanying vago—-sympathetic trunks
and ticd off as near the cephalad cend as possible. The
cat was reversed, ventral sidc rcesting on the table and
securcd. The hcecad was placed on a grooved wooden block
to prevent obstruction of the rubber tubing connecting
the tracheal cannula to the resniration pump. The skin
of the dorsal region of the neck was divided down the
midline by a scalpel from the top of the head to the
level of the shoulders and the spinal cord frecd from
all connecting tissucs. The vertebral artceries were
occluded by tying them with a strong linen thread passed
under the spinal cord at the level of the third cervical
vertebra. The exposcd cord was sectioned at the level
of the second zervical vertebra by a pair of bone forcepns.

The brain was destroyed by & blunt probe pushed through the
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foramen magnuni. A small amount of bleeding occurred

and this was arrested by the application of swabs of
cotton wool soaked in hot, normal saline. Plasticinc

was used to plug the spinal column and a pad of salinc-
moistencd cotton wool placed over the operated arca. The
skin at the back of the neck was sewn together and

the cat turned over, ventral side up. One Lxzternal
jugular vein and one common carotid artery were then
cannulated as previously described,

To obtain the crosscd extensor reflex, the
method employed was baged upon that used by Liddell and
Sherrington (1929).

The skin covering the patellar tendon of the
left lcg was rcecmoved, the tendon detached from the
tibilal tuborcule and the patella fireed from the articular
attachments. By means of a necdle, a gtrong linen
threcad was passed several times around and scecurcly
knotted to the detached patellar tendon. The leg was
gemlflexed at the hip and supported by a brass rod under
the knee joint. The free end of the linen thread was
attached via a gystem of »pulleys to o Brown-3chuster spring-
loaded, myogrenh lever, the writing point of which
recordcd on & moving smoked surfacce. The tensilon on the
nuscle (0.3 to 0.4 kg) remained constant during any onc

experiment.
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The right leg was held in & vertical position
by two clamps, one at the ankle and the other at the
knee Jjoint. The skin covering the lateral aspect of
the thigh was parted and the sclatic nerve exposed. The
nerve was crushed as low in the thigh as possible. &
pair of platinum electrodes werce then placed around the
nerve as high in the thigh as possible and the nerve
stimulated supranmaximally by a Dobbic-licInnes square wave
stimulator (6 to 8/min, 2 to 4 V, 1 to 3 msec). These
values remainced constant during any one exveriment. To
minimise fatigue of the preparation, 5 minutes stimulation

periods alternatecd with 5 minutes rest.

The Cat Nictitating Membranc Preparation.

A marked and sustalned fall in the blood
pressure of the anaesthetized cat was obscrved with
several of the compounds under test, To dinvestigate the
possibility +that this effect was mediated by sympathetic
ganglion blockade, the cat nictitating membranc
preparation was uscd.

The head of the anaesthetized cat was kept in =
rigid position during the cxverimcent by tying the jaws
securcly to a brass rod passed betwcen the tecth,. The
rod was clamped to two uprights fixed to either side of
the operating tablo. The trachea, external jugular

vein and common carotid artery were cannulated as nreviously
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described. Using a finc uncedle, a linen thread was
passed through the mid-point of the margin of the
nictitating membrane of the right eye and securely

knotted in nlace. The thread was then nulled forward

and to the side to makc an sngle of about 30 © with the
long axis of the cat. It was then led over a system

of pulleys and attached to a carcfully balanced frontal-
point writing lever. The contractions of the nictitating
membrene were recorded on a moving smoked surface.

The right cervical sympathetic ncrve was then
carcfully freed from both Tthe right common carotid
artery and the vagus and lizated at as low a noint as
possible in the nock. The cexrvical sympnathetic chaln
was sevaered just above the ligature and placed on a
palr of platinum electrodes. 4 oicce of cotton wool
soaked in normal saline kent Tthe cexhosed nart of the
nerve moist.

The nerve was stimulated supramaximally for
15 scconds every 3 minutes by neans of a Dobbie-llcInncs
squarc wave stimulator at a frequency of 800 to 1,200
per minute, at & to 15 V, Tthe »ulsce width being 0.5
to 1.0 msec, all these values rcmaining constant Ior any
onc experiment. When standard reproducible contractions
of the nictitating membranc werc obtained to electrical

stimulation of the sympathcetic chain, the compounds undor



investigation werc injected into the cannulated left
external jugular vein one minutce before the next period
of stimulation.

The nature of the inncrvation of the
nictitating membrance and its usce in vharmacological
analysis has becen the subject of uuch controvoersy. The
hypothesis that all postgenglionic sympathetic fibres
possess cholinergic innervation (Burn, 1962; Burn & Rand,
1962, 1965) has not been universally accepted (Bentley,
1962; Leaders, 1963, 1965; Boura & Green, 1965). Thus, the
failure to demonstrate the vpresence of acetylcholinesterasc
in thc smooth muscle cells of the membranc (Hellman &
Thomson, 1961; Gardiner, Hellman & Thomson, 1962) counled
with the observation that in an in vitro (Gardincr &
Thomson, 1961) and in vivo (Wilson & Long, 1959) membrane
preparation hemicholinium was ineffective in preventing
transmission confirm the validity of the usc of this
preparation in the analysis of agents acting at
sympathetic synapscs.

Stimulation of the cervical sympathetic ncerve
chain reaches the nictitating membranc across the synapses
of ganglion cells in the superior cervical ganglion. It
a drug under test possessed gympathhetlc ganglion
blocking activity, a rcduction in the helght of the

contraction of the nictitating membrane in resvponse to



nerve stimulation would be expected,
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Table 1 Structural Formulae of Nitrogenous Steroids

with BEffects on the Central Nervous System,
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b) RESULTS.

Twenty threc of the twenty six compounds under
investigation were derived from 28~ and 3o -amino sterolds
of the androstane and pregnane tynes and fitted the
general formula shown in Fig. 4. Compounds A5, A6 and Al2
also posscssed additional substituents at the 3, 11 or 16
positions of the steroid nucleus.

Two of the rcmaining three compounds
possessed an amino substituent at cither the 6ot
position (compound 418) or at the 178 - position (compound
A25) whilst the material designated compound A7 was in
fact an equilibrium mixture of 2 & -morpholino-5& —androstanc—
3,17~dione and 28 -morpholino-5o.~androstanc~3,1l7~dione
(Savage, D.S., personal communication). The structural
formulae of the compounds under investigation arc shown

in Table 1.

EXPERIMENTS USING MICE.

Toxicity Tests.

A positive biologiéal response e.g., paralysis,
convulsions or loss of the righting reflex 1s indicated by
a plus sign, the intcnsity of effect being denoted by the
nunber of plus symbols agsigned:~ four plus symbols
indicated a very pronounced efifcct; three a marked effect;

two a moderate effect; one a slight effcct.
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The compounds under investigation exhibited
varying degrees of central ncrvous sgystem activity
including stimulation and depression (Table 2). Twelve
of the amino steroids (compounds Al, A2, A3, A4, 43, AL3,
Al4, AL5, Al6, A21, A25 and A26) on intravenous injection
at dosces (25 to 50 mg/lkg) half to two~thirds below that of
thelr toxic range, initially produced increased spontancous
activity, excitation and convulsions supcr.eded by
decreased movencnt, sedation and paralysis, none of the
effects, however, being very striking. As the dose
levels were increased into the lethal range, the effects
observed became more intense in anature.

Gompounds A12 (75 mg/kg), ALT (75 wg/keg),

A19 (250 mg/kg) and A24 (37.5 mg/kg), however, thesc

doses producing no fatalities in micce, posscessed moderate
sedative and paralyzing activity without previous
stimulation of the central nervous systenm. Compounds Al2,
ALlT7 and A24 also abolished righting and pinna reflexcs

but not the corncal reflex at doses (55 mg/kg, 79 mg/ks,
and 28 mg/kg resvectively) considerably below their LDSO
(110 mg/lkg, 98 mg/kg, and 49 mg/kg respectively).

None of the 26 compounds »roduced strychnine—
or leovtazol-like convulsions and no analgeslia was
obsorved at non-Lethal doscs, Decath in all cascs

followed respiratory failure, usually prcceded by convulsions.



TABLE 4 (continued)

Protective effect of compounds against
Leptazol and Electrically induced Seizures

in mice.

Compound

PD50 at
5 min
mg/kg

PD50 at
20 min

ng/kg

1D50
mg/kg

A25
Electroshock

Leptazol

75=100

A26
Electroshock

Leptazol

1+

33 2,85

62.5

Trimetha-~
dione

Leptazol

1+

327 = 7.0

I+

335 = 9.3

Sodium
Diphenylhyd-
antoin

Electroshock

1+

21

1.25

1+

20 1.9

Sodium
Phenobarbi-
tone
Electroshock

Leptazol

1+

30
29

3.1
2.2

I+

I+
no
(o)

26
27

1+
-
O




TABIE 4 (continued)

Protective effect of compounds against
Leptazol and Electrically induced Seilzures

in mice,

Compound PD50 at PD50 at LD50
5 min 20 min mg/kg
mg/kg mg/Kg

A9
Electroshock 0 0]

' 300400
Leptazol 0 0
A20
Electroshock 0 0
87,.5~100
Leptazol 0] 0
e e o e e v e — |
A21 + .
Electroésnock | 45 = 4.5 64 Z 7,7 .
101 - 11,3
Leptazol 0 0
—— F S |

A22

Electroshock 0 0
150

Leptazol 0 0
— P — -_.1..._. - -

A23 l
Electroshock 0 0 175-200
Leptazol 0 0 l

A24 +
Electroshock |20.,5 2 2,5 |47 I 5.2

49 * 4.4
Leptazol 46 t 4.4 48 T 5.7




TABLE 4 (continued)

Protectlve effect of compounds against
Leptazol and Electrically induced Seizures

In mice,
Compound PD50 at PD50 at LD50
5 min 20 min mg/Ke
mg,/kg mg/kg
Al13
Electroshock 0 0
75=-100
Leptazol 0 0
Al4 +
Electroshock 59.% = 4,4 0 |
! 46 * 4,5
Leptazol | 0] 0 !
i _ e
A15 ! .
Blectroshock | slight action 0
I 50-62,5
Leptazol 0 0
- .- —— = S TR :
k16 !
Electroshock 0 0 !
75 |
Leptazol 0 0
A17
Electroshock | 53 % 6,5 81 ¥ 8,4 |
98 I 3.5
Leptazol 0 0
£18
Electroshock 0 0
125-150
Leptazol 0 0




TABIE 4 (continued)

Protective effect of compounds agdinst
Leptazol and Electrically. induced Selzures

in mice,
i.' .
Compound ’DB0O at PD50 at LD&0
5 min 20 min mg/kg
mg,/kg mg/ kg
A7
i Electroshock 0 0
‘ 150=-175
| Leptazol 0 0
| i o
| A8 N
! Electroshock] 35,5 - 5,7 0 |
102.3 ¥ 6.7
Leptazol 0 0
i A9
i Electroshock 0 0
250
Leptazol 0 0
; Al1D
1 Electroshock 0 0
25=50
i TLeptazol 0 0
| —_—
i All
. Electroshock 0 0
50
TLeptazol 0 0
A1z
Electroshock |90 I 6,25 0 +
110 = 5,0
Leptazol 0 0]




TABLE 4

Protective effect of compounds against
Leptazol and Electrically induced Selzures

in mice,.
Compound PD50 at PD80O at LDSO
5 min * 20 min* mg/ kg
mg/kg mg/ kg
- EOSURE G I
Al :
i Electroshock 0 0
; 150-175
! Leptazol 0 ' 0
— _
| A2
v Blectroshock i 0 0
| | 50
| Leptazol 0 0
|
|
- A3 ‘
| Elect hock 0
F ec trosnoc | 0 50-75
} Leptazol E 0 0
| A4
i-Electroshock' 0 0 100
! Leptazol % 0 0
A5 I . |
1 } :
E_ectrosaock: 47.3 - 3,8 8 % 5,2 110.5 ¥ 5.0
Leptazol ' 0 0
A6
Elsctroshock | 108 I 6,0 0 *
114 - 6,3
Leptazol -0 0
- ot

= Time between injection of compound and electroshock
= Time between injection of compound and injection

of Leptazol. .
That dose protecting 50% of the mice injected with

test cqmpgynd.

fl

PD50

”~ R B



TABLE 3

éLoss of righting reflex. ILD50 and EDS0., Values

rand - duration of loss of righting reflex 1n milce

'of compounds A12, Al17, A24 and mephenesin,

* %
Duration

éompound ED50 Dose™ LD50 Therapeutic
1 ng/Kg |[mg/Kg| in min mg/Kg {Index

A12 55 & 4;2 82,5 8.8 % 4,5/110% 5,0 2;0

A1 79 X a.m 98 ¥ 3,6| 1.24

n24 28 2 1.6\ 42,0{16.8 8.1 40 ¥ 4,4| 1,75
ﬁephen- o7 ¥ g,2|145,0| 9.8 ¥ 5;5 154 % 11;0 1.59

,6sln

*  One end a half times the ED50

ﬁ* Duration of loss of righting reflex,
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Fige 5 Histogram of loss of righting reflex activity. LD50 and

EDS0 values of compounds Al2, Al7, A2%4 .and mephenesin,.
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Logs of the Righting Reflox.

During toxicity tests on mice only compounds
412, A17, and A24 caused a moderate loss of the righting
reflex at doses considerably below their toxie range. The
ED50 was therefore determined for these compounds and
also for mephenesin (Fig.5).

Compound A24 produced loss of the righting
reflex of approximately twice the duration of that found
for compound Al2 or mevhencsin when one and a half times
the ED50 dose was administered to a group of tcon mice
(Table 3). On the other hand, the therapeutic index
was lower than that of compound AL2 but higher than that
of mephenesin. The therapeutic indices of compounds AlZ2
and A24 compared very favourably with that of mephencsin

(Fig. 5).

Anticonvulsant Activity.

Table 4 shows the doscs of tThe compounds
required to protect 50% of the mice against electroshock
and leptazol-induced seigures. Their LD50 valucs are

also shown.

i) Protection Against Electrically-Induced Seigzurcs.
Compounds A5, AG, A8, Al2, Al4, AL7, A21, A24,
and A26, at doses ranging from 20 to 108 mg/kg, werc active

in protecting 50% of the mice from electrically~induced
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seizures 5 minutes after injection. However, when the
period of time from injection to testing was increased
to 20 minutes only compounds A5, ALT7 and A24 in doscs
(86 mg/kg, 81 mg/kg and 47 mg/kg respectively) close to
their LD50 and compound A21l (64 mg/kg) were active in
protecting mice from seizures (Fig. 6).

When the PD50 (5 min) valucs of the compounds
were compared with their ED50 values for the loss of the
righting reflex compound Al7 was shown to have the most
favourable index of aetivity (53 megflkg v 79 neg/kg) .
However, the PD50 value of comvound ALY increascd to
81 mg/kg when the interval bobtweon testing and injection
became 20 minutes (Fig.8).

It is obvious that marked anti-electroshock
activity is not a spcecific property of the amino steroids
under investigation since none showed anticonvulsant
activity without the appearance of side effects such as
excitation, sedation and/or loss of righting reflex.
Figure 8 shows that a marked correlation exists between
anti-electroshock activity and the ability to produce
loss of the righting reflex, In contrastv, the clinically
useful anticonvulsant drugs sodium diphenylhydantoin and
sodium phenobarbitone protected against clectrically-
induced seigzures without the appearsnce of any visible side

effects. Furthermore, their PD50 values at 5 and 20 minutes



TABLE 5

Anti-Parkinson Activity of compounds A5, Al2, Al7, Al9,
A21, A24 and atropine in mice.
12%§in 20 min 45 min 60 min 90 min
Com- Dose *J ** { | .
pound | mg/kg| Scor % |Score % | Score|] % |Score, % | Score %
AS 45 28 | 12.5 | 28| 12.5| 31 3 32 - 32 -
90 28 | 12,5 | 27| 16 30 6 |32 | -] = 3
A12 50 28 | 12,5 29 9.5 31 3 32 - 32 -
100 24 25 271 16 -] 30 6 28 |12.5 32 -
ALT 37.5| 28 |12.5 | 29| 9.5 32 - | 32 -] 32 ] -
alg | 125 30 | 6 28 | 12.5| 29 | 9.5 | 30 |6 32 | -
250 24 | 25 26 | 18.75| 30 6 |30 |6 30 | 6
A21 25 28 | 12.5 | 30 6 28 12.5| 31 |3 30 6
50 27 | 15.5 | 30 6 31 3 32 |- 32 -
A24 20 30 6 28 12,5 28 12,51 31 3 32 -
40 22 31.25( 27 15.5 27 15,51 30 6 30 6
Atro- . 2.5 0 Rnoo 0 1100 3 93,75 3 P3.75 3 [93.75
pine 5 0 [L00 o |100 o }100 0 100 o hoo
f* For description of Scoring System employed, see page
@** Percentage Degree of Protection Afforded against
! Tremorine-induced Seizures, '
(#*%*  Observation taken 15 min after injection of Tremorine.
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were virtually the sanme,

ii) Protection Against Leptazol-Lnduced Scizures.

Only compound A24 was sctive against leptagzol-
induced seizures (Fig. 7) and this was at a dose
aporoximately twice that necessary to protect 50% of the
mice against electrically-induced seizures (Table 4).

The PD50 value (5 min) and PD50 value (20 min) were both
very close to the LD50 and much higher than the ED50 value
for loss of righting reflex (Fig. 8).

In view of these findings, protection against
leptazol~induced seizures would not appear to be an
important feature of the pharmacological activity of the

compounds under investigation.

Anti--Parkinsonian Activity.

Compounds A5, Al2, AL7, Al9, A21 and A24 were
selected for this test since during preceding experiments
these appearcd the most active in producing sedation,
loss of righting reflex and/or protection against
electrically-induced seizures.

The results in Table 5 indicate that none of the
compounds in doses of from 20 to 250 mg/kg appear to
possess the ability to abolish either the tremorigenic
or parasympathetic effects of tremorine. Atropine

sulphate, 2.5 mg/kg, injected intravenously, alnost



B
i<lg® 10 Cat* Pentobarbitone anaesthesia* Blood
pressure record from common carotid artery* Drugs
administered intravenously*. Vertical scale*

on left hand side*, indicates the blood
pressure in mn of mercury®.

At A* B and U* confound Alt) 1* 2 and 4 mg/kg
resjjectively*

it Uf S* F and G, compound All 1* 2* 4 and
8 mgAg respectively*

At H* I and j compound Al) 1* 2 and 4 mgAg

respectively,



150

120

Pig. 9

30

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

At A* B and C* compound AL8 1* 2 and 4 mg/kg

respectively*
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completely inhibited the troemors and completely
antagonized the salivatory, urinery and defaeccatory cffects
induced by tremorine. Moreover, it produced no noticeable
side effects.,

It appears unlikely that anti-Parkinsonian

activibty is a property of the storolds under investigation.

EXPARIHMENTS USING CATS,

Bffect on the Blood Pressurc of the Pentobarbitone-

Anacesthetized Cat,

All the compounds wroduced a depressor
responsc on intravenous administration. Compounds A2, A3,
A6, A12,414, AL6, ALT7, A18, A21 and A24(all at a dosage
of 4 mg/kg) had a moderate deprossant effect, producing a
fall of about 30 mm of mercury. Compounds A4, A5, ALO,
A1}, Al3 and A20 (4 - 5 mg/kg) had & worc pronounced
effect, each producing a fall of 40 to 60 mm. Figures
9 and 10 show the effects of comnounds 410, All, Al3

and Al8 on the blood pressurc.

The g2t Nictitating Membrance Preparation.

Since compounds A4, A5, ALO, All, Al3 and AZ20
had the most promounced hypotonsive efféot, thelr potential
sympathetic gangllion blocking activity was ascertained.
None of the compounds in doses of up to 10 mg/kg

produced any reduction in the height of thc contraction of



Pig* 14

mm

Cat gGLstrooiemlus oouacle-sciatic nerve
preparation. Pantobarbit one anaesthesia*
Contraction dofnmrards* Indirect stimulation
via the sciatic nerve at a Arequenqy of
6Ain* ¢é y and 1 msec*

Drugs administered intravenously.

At A# B and C* confound AlIO 2* 4 and

a mgAg respectively*

it D and S» conpound ill $ and 10 mgAg
respectively*®

it P# d-tubocurarine 0.10 mgAg»

There was an interval of 7 min between the

administration of S and F*



V. nlel™ In A -
Im " (TMvw/A "vii/'

*ig. 15 Cat gastrocnemius musde-sciatic nerve preparation.
Pentobarbitone anaesthesia. Contraction
downwards* Indirect stimulation via the
sciatic nerve at a ft*equen¢y of 6/min, 5 "
and 2 msec.

Drugs administered intravenously*
At A. B» C and D. compound a6 1, 2, 3 and
10 mgAg respectively*®

At E, d-tubocurarine 0*10 mgAg»



Fig.

12

Cat. Pentobarbitone anaesthesia. Contractions
of the nictitating meobrane elicited at J min
intervals by pregan”ionic stimulation of the
siperior cervical nerve trunk at a frequency of
1200 impulses/min* 6 V and 0*$ msec for 1§ sec*®
Drugs administered intravenously 1 min before
stimulation*

At A and B* conpound A$ $ and 10 mgAg
reapectively®

At 0# hezajnethonium 0.$ mgAg»



Fig.

11

Cat. PentobarbitoiBanaesthesia. Contractio
of the nictitating membrane elicited at 3 min.
intervals by preganglionic stimulation of the
superior cervical nerve trunk at a frequency c¢
1200 impulses/min, 8 7 and 1.0 msec for 15 sec
Drugs administered intravenously 1 min before
stimulation.

At A and B, compound A20 4 and 8 mg/kg
respectively.

At 0, hexaméthonium 0.5 mg/kg.



- 53 -

the nictitating membrane. In contrast, hexémethonium,
0.5 mg/kg, always markedly decreased the height of
contraction (Figs. 11 and 12) in response to elootriecal
stimulation.

In view of the abscnce of activity in this
preparation, 1t seems unlikely that sympathetic ganglion

blockade accounts for the hypotension observed with the

gsterolids investigated.

Effect on the Gastrocnemius Iuscle-Sciatic Norve

Preparation of the Anaesthetized Cat,

A1l the compounds were inacitive on this
preparation in doses up to 10 mg/kg (Figs. 13 and 14).
In contrast, doses of 0.10 to 0.15 wg/kg of tubocurarine
always produced marked neuromuscular paralysis.
Neuromuscular blockade, therefore, docs not
seem o be the cause of the varalysis and loss of righting

reflex seen in mice during the toxicity tests.

Effect on the Crossed Extensor Prenaration of the

Spinalized Cat.

This voreparation is uscd to identify compounds
with interneuronal blocking actiivity. Only compounds ALZ2,
ALl7, and A24 (20 mg/kg) produced an inhibition of the
crossed extbtensor reflex preparation. Thoy were all less

active on the preparation than mephenesin which at a dose



FLg. 16

WHIC"

% )inalized cat* Crossed extensor reflex
preparation*® Contraction downwards* Indirect
stimulation via contralateral sciatic nerve

at a frequency of 6/min* ) V and 2 msec*

Drugs administered intravenously*

At A# mephenesin )0 mg/kg»

At B, coagpomd jU2 20 iQgAg»



FLg* 13

finalized Gat* Grossed extensor reflex
preparation*® Contraction downwards*
Indirect stimulation via contralateral
sciatic nerve at a Arequenqy of 6%udrp

3 T and 2 msec*

Drugs administered intravenously*

At A# mephenesin 0 mg/kg#

At B* compound A24 20 mgAg»
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of 30 mg/kg produced an inhibition of the reflex threc
times as great as that of 20 mg/kg of compounds Al2 and

A24 (Pigs. 15 and 16).
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c) DISCUSSION,

.

None of tho 26 awino staroids of the hresent
investigation (Table 1) cxhibited any potentially
useful clinical propertics as judged from the results of
the oharmacological tests to which they werce subjected.

Results from the acute btoxicity tests showed
that the compounds did not induce a degrece of anacsthesia
sufficient for surgery nor did they nroduce any marked
stimulation of the central nervous systen. Compounds
Al2, AL7 and A24, howcvor, did oroduce a marked loss of
the righting reflex and showed anticonvulsant activity,
Compounds A5, A6, A8, Al4, A21 and 4206 gove Hrotection
against electrically-induced seizurcs altiough in no
casc was anti-electroshock activity observed without the
simultancous prescunce of side cffects such as excitation,

.~ -

sedation and/or loss of the righting roflex.  This
would suggest that enticoavulsant actlivity is not a
specific property of the amino steroids under investigetion.
Apart from compound A24, there was no amino storold active
against leptazol-~induced gseizurcs,

Loss of the righting reflcex can be produced by
a variety of pharmacological agents such as anacsthetics,
interncuronal blocking agents, neuromuscular blocking

agents and other central nervous system devressants (0!Dell,

1960) and it is not possible employing solely



observational fechniques to conglude by what primary
mechanism of action a drug produccs this effeet, However
the absence of any effect on the cat gastrocnemius
muscle~gciatic nerve preparation by the amino steroids
used in the present work would indicate that loss of the
righting reflex was not due to neuromuscular blocking
activity. Moreover, during the toxicity experiments,

no general anacsthetlc cffect was anparcnt, as judged

by the fact that the reflex response to painful stimuli
was not abolished by any of the compounds. However,
adninistration of compounds AL2, AL7 or A24 to mice

caused the pinna reflex to be abolished beforc the corncal
reflex, suggesting that the loss of the righting reflex
might be due to the possession of interneuronal blocking
activity by the steroids being tested (Goodscll et al.
1954).  This view was further substantiated by the
finding that compounds Al2, ALT7 and A24 had the ability

to inhibit the crossed extensor reflex in the cat, a
property typically possesscd by intorneuronal blocking
agents e.g., mephcnesin (Domino, 1964).

None of the amino steroids antagonized the
tremors induced by tremorine (1,4-dipyrrolidino-2-butyne)
(EBverett, 1956). This observation would indicate that
the compounds do not possess eithor central anticholinergic

or contral sympathomimetic activity (Spencer, 1965) and
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that they do not inhlbit the conversion of trewmorine

into itgs active metabolite oxotremorine in the liver
(Leslic & Maxwell, 1964). In view of the negative
results obtained in the trowmorine test, it is unlikely
that the compounds would be of any value in the treatment
of Parkinson's disease.

Compounds ALZ2, AL7 and A24 induced a fall in
blood prossure not only in intact but also in spinalized
cats, There are many factors, both central and
peripheral, which may contribute to a compound nroducing
a fall in blood pressure on administration to
experimental animals, Since in thoe spinalized animal,
the brailn has been destroyed, it is unlikely that the
hypotensive activity of the compounds under investigation
is due to any great cxtent to a deonressant effect on
the vasomotor centres of the brein stem and the medulla.
Moreover, the hypotension docs not seem to be attributable
to sympathetic ganglion blocking activity (sec naze 52)
and the fall in blood pressurc may well be mediated via
a dircct action on the heart and/or the blood vessels.

In order to reach their site of action in the
central ncrvous gsystem the amino storoids have to cross
the blood/brain barrier. It is goenerally believed that
this barrier behaves as a selective lipold membranc

(iark and others, 1957, 1958: Mayer, Maickel & Brodie, 1959).



Ionized substances, such as cuatornary ammoniunm
compounds, penctrate the blood/brain barrier much morc
slowly than do lipid soluble un-—ioniged compounds

(Mayor & Bain, 1956; Levine 1959; Rall & Zubrod, 1960;
Hansson & Sohmiterlgw, 1961). In the latter, the rate
of penctration i1s roughly parallcl to the lipid-to-wzter
partition coefficient of the un-ionized moleecules (Mayer
et al. 1959). With the exception of the cstorified
amino steroids (compounds A9, AL9, A22 and A23), it
seens likely that the compounds under investigation
exist in the blood as lipild soluble un-ionized molecules
which can readily pencetrate the blood/brain barrier,
Unfortunately, complete verificstion of this proposal
was not nossible due to the unfavourable solubility
characteristics of tho alino sterolds proventing
measurcement of their pKa values from which, employing
the Henderson-Haselbach equation, thoe percentage of
amino-steroid which is un-lonized at biological pH can

be calculated. The postulate nevertineless scems
accentable in view of the observation tuat the loss of
the righting roeflex induced by compounds AlZ, ALT7 and 424
ig almost immediate following intravenous administration,
a fact which also suggests that 1t is the compound per sc

and not a metabolite which possessces activity. The

highly ionized, hydrophilic hemilsuccinate steroid esters



(compounds 49, ALY, 422 and A423), on thc other hand,
would be unlikely %o cross the blood/brain barricr
per se. Lt might be expected that in vivo hydrolysis
of thesc compounds to the un~ionized Llipid solublce parcnt
amino steroids would take place through the action of
the non-gpecific esterases of the s:crum, as was obsesrved
for other steroidal hewmisuccinate esters by Figdor and
others (1957). That this may not be the case for the
henmiguccinate esters under investigation is demonstrated
by the absence of central nervous system depressant
activity in compound A23 (the hemisuccinatc cster of
compound A24), although 424 itself induces loss of tho
righting reflex. It would therefore seem that the
hemisuccinate function of cownpound 123 may not be
suffering in vivo clcavage to any grcat extent.

Onc intercsting fact 1s avyarcnt from Table
4 (opposite page 50); in those compounds showing
protection against electroshock convulsions, the PD50
(20 min) is usually of the order of twico the dose of
the PDSO (5 min). This might suggest that the compounds
concerned arc cextremely rapidly decactivated in the body.
If such werc to be the casc it might afford an added
explanation as to why compound A23 is inactive since the
rate of in vivo hydrolysis to compound A24 might be

sufficiently slow with respect To the rate of inactivation
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of compound AZ24 that a concentration of the latior
necessary to produce an cffect cannot be achicved. A
study of the metabolism of thesc compounds would be
of considerable interest but it was considered that such
work was outwith the scope of this thesis.

The biologlcal actions of the amino staroids
reflect the properties of a group of structurally spcecific

compounds since their ootency and spectrum of activity

can be vastly altered by small chonges in chemical structurc
(see pages 48 and 49). It appears reasonable to assume,
thercfore, that the awmino steroids recact with hypothoetical
reeeptor sites which possess a geometry and clectrical
charge distribution complementary to fthosc of the active
drug moleculc.

Unfortunately, owing to the limited number
of compounds available, no broad generalizations on
structure—~action rclationships would appear to be feasible.
However, it was obscrved that antlconvulsant activity
and loss of the righting reflex occurrcd more often
with compounds having the nitrogen function in the 2 B -
position than with compounds having the nitrogenous
radical in the 3 o~ position. Bxeemtlions to this
generalisation are, however, provided by compounds A8,
Al4 and A21 with resmect to anti-~clectroshock activity, and

possibly by compounds ALS and AlS which induce wmild loss



of the righting reflox.

It is of some interest that Sugruc (1963) also

found anticonvulsant activity and induction of logs of the
righting reflex to be associated with other amino steroids
containing a N~heterocyclc in the 2F?w nosition as a

result of which he proposced that a F- face attachment

of the steroid molccule to the rcceptor surface is
operativa. However, the prescent rosults with compounds
A8, Al4, Al5, AL9 and A21 would avwpcar to make this
hypothesis untenable.

A comparison of the structural featurcs of
compounds A5, A6 and ALlT shows that all thrcee compcunds
posscss a 2 g-morpholino group and the same basic proegnone
skeleton. The least substituted member of thesc throec
compounds is ALY and it is z2lso congiderably more activoe
than compound A5 in producinz loss of the righting
reflex, while compound A6 is inactive in this resvect, I%
would thus appear, from this limited observation, that
additional muclear substitution in the amino storoids
under investigation is detrimental %o loss of the righting
reflex activity. It 1s worthy of note that this
conclusion is in agrcoment with the work of Figdor and his
co~workers (1957) who also found that nuclear substitution
decrcased the central nervous systcen depressant activity of

a serics of water—-soluble storoids.
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I. SURVEY OF THi EFFECTS OF WoTROGENOUS STEROIDS

AT THE NEUROLIUSCUL.AR JUNCT.ON.

Intzrest in the oharmacology of drugs acting
alt the skeletal muscle--notor nerve junction has been
sustained in recont yoars (Bovet, Bovet--Nitti & Martini-
Bettolo, 1959; Lewis, 1960; Bowman, 19623 3tenlake, 1963;
Taylor & Nedergaard, 1965; Thesleff & Quastel, 1965).
Although the oxact nzturc znd proncrties of the
cholinergic nicotinie receoptor remain unknown, the rocent
chemical and pharmacologlcal rescarch devoted to rigid
bisguaternary steroidal derivatives ins been larticularly
relevant (Msy & Bakor, 1963, 1965; Khuong HuumLainef&
Pinto-Scognemiglio, 1964: Bigags ot al. 1964 liartin-3nith &
Sugruc, 1964; Alauddin ¢t al. 1965), permitting an
investigation of basic nhemmacologilcal probleoms of The
reeceotor, unhaupered by bthe changing of molccularn
conformation characteristic of unon-rigid molccules.
Compounds of this nature have also aroused clinlcal interest
(Mushin & Mapleson, 1964) since they posscess short-acting
potent non-depolarizing nropertics in animals (sec
refcrences cited).

In order to understand thoe complex mechanism
of action of neuromuscular blocking ~gents, it is first
essential to cousider the anatomlcal features of thc

neuromuscular synapse and the physiological events which
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occur there during neuronuscular transmission.

THE NMEUROMUSCUL.LR JUNCTION.

i) Anatomical Featurces.

ER USSR

[ W

The anatomical featurcs of the nouromuscular
junction have beocn well defined, mainly as a rosult of
light microscope (Coutcaux, 1947, 1955, 1.958) and elcctron
microscone studics (for reviews scc Robertson, 1956
Andersson-~Cedergren, 1959; and the monograph by Zacks,1964).

As the motor nerve aphroacices the skeletal
muscle surface, the nerve fibre loses its myelin sheath
and divides into numerous terninal branchletgs which lic
in grooves or troughs - synantic troughs -~ indenting vhe
sarcolecmma or muscle fibre surfacca. Therc is no dircct
protoplasmic continulty between the nerve and muscle
fibre. Within the synaptic troughs, the sarcoplasm of
the nuscle fibre is thrown into deep infoldings -
"Junetional folds" (Robertson, 1956). The intoervening
gap (150 - 600 4) between the nerve terminal and the muscle
surfacc is called the synaptic cleft.

Anatomlcal featurcs of tThe neuromusocular
synanse have been correlated with thelr physiological
function. Within the pre-synaptic ncrve torminals, thero
is an accumulation of minute (ca. 500 i diametor)
sgerotory granules, "synaptic vesicles® (de Robertis &

KN

Bennett, 1955), which it is belicved may be implicated in



the storage of acetylcholine (de Robertis & Bennett, 1955:
Robertson, 1956). Histological and centrifugation
studices have confirmed that acetylcholine and cholinc
acctylase, the cngyme responsible for the biosynthesis

of acctylcholine, occur togethoer in the microsomal, or
small granule fraction, of ncrve tissuc homogenates

(Hebb, 1963). On the other hand, acetylcholinesterasec,
the specific cagyme responsible for the hydrolytic
destruction of acetylcholine, 1g located mainly in the
lamellac of the post-synaptic junctional folds (Coutesux &
Texi, 1952). Lower concentrations of the cnzyme also
oceur within the pre-synactic nerve terminals (Koelle &

Steiner, 1956; Koelle, 1963).

ii) Chemlcal Trausmission.

AfYer travelling the leongth of the axon from
thc central nervous system, tho nerve impulsce from =
motor norve ils believed to he transmitted to the skeletal
nmuscle through the intercession of scotylcholine (Dalc,
Feldberg & Vogt, 19363 Katz, 19625 Eccles, 1964) which
in consequence nerforms as a neurohormonc.

The concent of chemleal transwmission via
necurohormones was first anolied vo thoe sympathetic
(Blliot, 1905) and subsequently to +the parasympathetic
(Loewi, 1921; Loewi & Navratil, 1926) branches of the

altonomic nervous system.



Whilce the esscntial role of accetylcholine in
neuromuascular transmission 15 now gencerally accevntbted, the
precisce mechanism by which it fulfils this funetion
remains in disputc. In coutrast to the usually acce “ted
view (del Castillo & Katz, 1956: Ketz, 1962) which
maintains that accetylcholine is relceasced only pre-~
synaptically at nerve terminals by a multistage proccss
and diffuscs across the synantic cleft (sce page 67),
Nachmensohn and his associates (Nachmansohn, 1959, 1963a)
claim that acetylcholine pleys an csscential rolce in tae
propagation of the ncrvous impulse along the ontire
nerve fibre through the goneration of bioelectiic
potentials, It is then postulated that at the nerve
terminals thesce currents arc of sufficient magnitude to
bridgce the synaptic cleft and mobllize acetylcholine
post~synantically thus generating the end-plate potontial
(for discussion of this controversy scc Koclle, 1963:

Nachmansohn, 1963a; FBhrenpreis, 1964).

iii) Biosynthesis and Storage of Acctylcholine.

Thce biosynthesis of acctylcholince involves
acetylation of cholince (Wachmansohan, 19465 Hebb, 1963),
the energy for the conversion beilng supplied by
adenosinetriphosphate (ATP)(Nachmansohn & Machado, 1943).
In the first step 1t would scem that coenzyme A is

acetylated in the prescence of acetylkinasc while the
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sccond stage involves the choline aceotylasc-mediated
transfor of an acetyl groun from acetylcocenzyme A to
choline.

It seems that intracellular choline storcs
may be inadequate for the synthesis of acetylcholine in
amounts sufficient for all conditions of nervous activity
and accordingly it has been suggested that there may be
a specific choline carricr mechanism rcesvnonsible for the
transport of cxtraccllular choline, derived from thc
brecakdown of previously utilimed itransmitter, to
intracellular sites for acetylation (lfaclntosh, 1959,
1963).

The synthesis of acetylcholine is belicved to
take place mainly in the nerve terminals, as evidenced
by the high concentrations of choline accetylasc localizoed
there (MacIntosh, 1963). The fact that cholinc acetylasc
is not abundant in areas away frou the ncuromuscular
junction (Hebb, 1963) has been takon as wroviding supoord
for this suggestion.

Acoetyleholine is stored both inside (bound')
and outside ("free") the synaptic vesiclos (MacIntosh,
1963) in the form of a physiologically inactive orobein-

bound complex (Hebb, 1963).

iv) Liveration of Acetylcholine.

While the rcelease of acetylcholine in guantitiocs



sufficient to produce muscular contraction only occurs on

the advent of a nervous imoulse, tuere is a continual
spontancous rceleasc of acetylcholine in multimolecular

quanta from the nerve endings at rest (del Castillo &

Katz, 19563 Katz, 1958a). These latter amounts nroduce
miniature cnd~-platc potentials which are, however,
insufficicnt to initiate a propagated muscle action potontial
(Fatt & Katz, 1952; Katz, 1962).

A mechanisn coupling the clectrical impulsc from
the axon and the nhysical rupturc of the vesicles nay
operate in the physiological rcleasc of acetylcholinc.

The cntry of calclum ilons into the nerve axoplasm during
development of the action potential and their extrusion
from the nerve axoplasm during rest (Harvey & MacIntosh,
19403 Birks & MacIntosh, 1957; Hodzkin & Keynes, 1957) has
secrved to implicate this ion in the releasce of
acetylcholine.

Evidence from experinents in which the extoernal
ionic cnvironnent was altercd indicatces that a mutual
antmconlism exists between coelcium and magnesium lons.
Thus, high cxogenous concentrations of magnosium ions or
Llow concentrations of calciui ions reducce the amount of
acetyleholine liberated (del Castillo & Bngback, 1953,
1954) whilc large concentrations of calcium ilons increasc
the quantity of transmittcr released (del Castillo & Stark,

1952).
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Bxperimentally, rcelcase of acetylcholine from
the sitorage particles can be achieved through usce of
high concentrations of K+, Cs+, RbT or NH4+ (Brown &
Feldberg, 19363 Feldberg, 1945), by freezing or thawing
nerve-muscle preparations (Hebb, 1963) and by addition of
drugs destroying nerve membrancs c.g., bthe lecithinasce of
cobra venom (Gautrelet & Corteggiani, 1939: Braganca &
Quastel, 1952)., Acetylcholine may also be released in
exchange for the uptake of choline csters (e.g., carbachol)
into synzptic vesicles (MeKinatry, Xocnig, Koellc &

Koelle, 1963).

v) Transmitter Function of Acotylcholinc.

Wheon acetylcholine ig released it reduces the
notential diffcorence across the membranc of thoe muscle
motor cnd-plate through what is regarded as an intoraction
with suecific reeceptors on the external surface of thne
end-plate (del Castillo & Katz, 1955; Katz, 1958b).
Unlike the remainder of the musclce mewbrane, the end-plate
1s highly scnsitive to the action of acetylcholince
(Buchthal & Linhard, 1942:; Kuffler, 1943, 1945) and has a
relatively higher concentration of acctylcholinesterasc
than other tissues (Couteaux, 1955; Koelle, 1963). If
sufficient transmitter is released, the guantal
depolarization which follows - the end-plate notential -~

exceeds the threshold level of stimulation of the adjaccent
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muscle and initiates in it a potential changce (the action
potential ) (Nastuk, 1953). Unlike the end-plate »notential,
the action potential 1s propagatcecd over the muscle

fibre and in turn gives rise to the contraction of the
muscle.

Following the intcoraction betwecen acetylcholine
and its receptors and underlying the changes in moenbrane
potential there is a rapid and indiscriminate increasc
in the permeability of the muscle end-pnlate to various
inorganic ions, esoecially Na™* and K+, on vboth sides of
the membranc (Hodgkin, 1951; Nasbtuk, 19595 Katz, 1959).
This induces a short circuit of thc end-plate membranc
thus producing a high local current—density. By this
means, an impulsce is transferred from the minute nerve
endings to the vastly greabter surface of the musclc fibre
(Fatt & Katz, 1951 Nastuk, 1953; del Castillo & Katsz,
1956), When the end=-plate potential rceaches the
threoshold value it gives rise to Llocal ionlc currents of
sufficient intensity to incrcase the sodium ion
permcability of neighbouring portions of the muscle
membrane and thus initiate the action notential. e
notential change across the cnd-plate membranc is ¢ simple
depolarization thus differing from the reversal of
potential which results from the specific incrcase in

sodium ion pormceability occurring during thoe action
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potential (Katz, 1962).
Acetylcholine rcleased from the ncrve endings
is rapidly hydrolysed within a fow wmilliscconds mainly
by the action of acetylcholinesterasc (Marnay & Nachmansohn,
19373 Nachmansohn & Rothenborg, 1945) thus permitting
the end-plate to return quickly to its nolarized

condition ready to recspond to further quanta of transmitiser.

METHODS OF PRODUCING NEURQEUS3CULAR BLOCK.

Any substance interfering with the normal
physiological sequencc of events at the ncuromuscular
junction may rclax skeletal musclo. Into this catcgory
fall substances interfering with the synthesis, rclcasc
or destruction of acetylcholine as well as thosc which
impair its effect by blocking its access to its specific
post-junctional reccptors.

The relaxation of skeletal musclce may also be
produced centrally by interneuronal blocking agcents which
interfere with the conduction of ncrve impulses in
polysynaptic pathways in the spinal cord.

Interfercence with the combination of
acetylcholine with its roceptors on the post—synaptic
muscle membrane is the mechanism by which act all the
clinically useful, perinherally acting, muscle relaxants
and for the purpose of this thoesis these will Dbe

gspecifically referred to as ncuromuscular blocking agents.
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i) Inhibition of Transmitter Synthesis,

Whilo no substance is known winich is a specific
inhibitor of cholinc acetylasc in vivo, the biosynthesis
of acetylcholine itscelf may be Hrevented by the
hemicholiniums (Schucler, 1955). Thege compounds are
believed to interfere with the socelific choline carricr
mechanism thought to be responsible for the transwort of
choline from cextracellular to intracellular sites for
acetylation (Gardiner, 1957; Reitzel & Long, 1959a,b;
Schueler, 1960). On the other hand, block by
tricthylcholine may be due to its wmistaken uptake and
acetylation in place of choline with the subscquoent
liboration of an inactive transmitter (Bowman & Rand, 1961;

Bowman, Hemsworth & Rand, 1952).

1i) Prevention of Acetylcholine Roleasc.

Block of conduction in tcrminal motor nerve
endings may follow high fregucncy totanic stimulation
which lcads to a rcduction in the output of acetylcholine
(Brooks & Thics, 1962; Otsuka, #ndo & Nonomura, 1962) with
concomitant deccrecasc in the size of the cnd-plate
potential, Procainc and ovucr local anacsthotics, as
wall as high concentrations of magnesium ions or low
concentrations of calcium ions (dcl Castillo & Engback,

1953, 19545 MacIntosh, 1959), may also modify acectylcholinc

releasc by inhibliting poermeability chiangces nccessary for



the conduction of ncrve impulscs (shancs, 1958). On
the other hand, the ability to block axonal conduction
may be indeoondent of the proescence of acctylcholinc.
Inhibition of ceonduction in wnorve fibres by fish toxins
ariscs, it is claimed, from a specific block of the increasc
of sodium ion pormeability assoclated with excitation
(Kao & Nishiyama, 1965).

Alternatively, the aoility of botulinum toxin
t0 block the relcoase of acctylcholine (Burgen, Dickens &
Zatman, 1949; Brooks, 1954, 1956) does not affect cither
nerve conduction (Guyton & I'mcDonald, 1947), or the
structurce of the motor ncrve terninels, the acetylcholine
content of the syneptic vesicles remaining unaltercd
(Thesleff, 1960). The toxin may thus act sclectively on
the mechanism rcesponsible for the relcase of acetylcholince

(Thesleff, 1960).

iii) Inhibition of Transmitter Destruction.

The accumulation and persigtence of
acctylcholine in the prescnce of sufficiontly high
concentrations of anticholincesterascs c.g., ncostigmine and
cdrophonium may producc a prolonged depolarization of the
notor cnd-plate resulting in block (Thesleff & Quastel,
1965)., At the same time postponed transmitter hydrolysis
may result in inadequatce choline supplies for pre—-synantic

acetylcholine synthesis (Perry, 1953).
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iv) Drugs which Block the lctions of Acetylcholince at

the Pogt~synantic iombrance - Neuromuscular Blocking

Agents.

Whil: the terminology usced to describe the
differcnt mechanisms of action of neuromuscular blLocking
agents is often confusing and misused (Bowman, 1962), +hesc
compounds can be convenlently classificd into two mailn
groups on the basis of whether or not they causce post-
synantic depolerization as first delincated by Paton &
Zainmis (1952) and modified by Foldes (1954) and Zainmis
(1959).

a) Non-dcpolarizing drugs, ¢.g., btubocurarine.  Thesc
compounds act by rcduclng or proventing the depolarizing
effect of acetylecholine,

b) Depolerizing drugs. o.g., decamethonium.  These
compounds mimic the zction of acetylcholine, producing

a depolarizgation of the end-nlate region, for at lecest
some of the poeriod of their duration of action.

The type of block produced by the depolarizing
compounds depends to a large extent on the propertics of
the muscle end-plates of the specles cmployed. In contrast,
the non-depolarizing compounds display a gualitatively
uniform mode of action in all species (Tayloxr &
Nedergaard, 1965), except perhaps the lizard, where the

muscle cnd-platc secoms very sensitive to dewnolarization



(Foldus, 1959).

In an carly classification (Bovet, 1951),
neuronuscular blocking agents werce classed as
"pachycurares" which possess bulky molcculcs and broadly
corresponded to the non-depolarizing compounds and as
"leptocurares' which possess long thin moleculcs and
broadly corresponded to depolarizing compounds. However
factors such as specics variation and the "dual' mode of

action of the depolarigzing compounds (vide infra) malke

This classification unsatisfactory. For instanc.,
nicotine (classcd as a pachycurare) cxerts a devolarizing
action in the cat (Paton, 195la) ond tridccemethonium
(classed as a leptocurare) has a non-depolarizing action

in the chicken (Zaimis, 1952,1953).

a) Non~dcpolarizing Neuromuscular Blocking Azents.

These progressively reducce the amplitude and

duration of the end-plate wotontial which may, depending

upon thae concentration of drug vresent, completely
disappear. (Fatt & Katz, 1951: Thesleff, 1955).  When tho
end-plate potential falls below the level nccessary to
exclte the adjacent muscle membrane, neuromuscular block
results (Becles, Katz & Xuffler, 1941). During paralysis
by tubocurarine, the output of acetylcholine from ncrve
terminals is not significantly affected (Dale, Feldborg

& Vogt, 1936), ncrvous conduction is unimpaired and thc
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skeletal musclae reotains its sensitivity to direcet
electrical stimulation and lontophoretic application of
ions (Fatt & Katz, 19515 del Castillo & Katz, 1957).

Block produced by non-depnolarizing agents is
antagonized by any procedure which increascs the local
concentration of acetylcholine c.g., anticholincgtoerascs
(Riker, 1953) or the repetitive stimulation of the motor
nerve (Thesleff, 1955). Converscly, a reduction in the
amount of transmitter released, cither as the result of
drug action e.g., the hemicholiniums or thce application of

potassium ions enhances this typce of block.

b) Depolarizing Neuromuscular Blocking Ascnts.

ety Wy T

Thesce produce initially an accetylcholine~liko
depolarization of the end-platc rogion which is followcd
by a reduction in the sensitivity of the end-plate to the
Transmittcr, The block produced by depolarizing agents has
thus been divided into two distincet components., The
first stage, phase I block (Jenden, Kamijo & Taylor,
1951, 1954), is characterized by a lock of rapid onset
and relatively short duration during which the musclce
membranc is depolarized. This block may be preceded by
nmuscular fasciculations or cven a sustained contracture,.

The continuous preacnce of depolarizing drugs gradunlly

A

-

decrcagscs the sensitivity of the end-platc and phase 1

A

block is followed by membranc renolarization (Thesleff,



1955, 1958), in spite of the preseuce of the depolarizing
agaeant. Pnase II of the block may be more prolonged
than pnase I and qualitatively rcscmbles that produced
by non-depolarizing compounds in belng roversed by
anticholincsterases and potentiated by tubocurarine
(Taylor & Nedergaard, 1965). Phasc I and phasc IT
blocks arc therefore mutually antagonistic. This "dual®
(Zaimis, 1953) or "biphasic® block (Jenden ot al. 1954)
is characteristic of all the depolarizing agents so far
investigated and appears to occur in all +types of
voluntary muscle, including human voluntary muscle
(Zaimis, 19593 Foldes, 1959).

It has been suggested (Taylor & Nedergaard,
1965) that the production of a phasc II block by
depolarizing compounds may depend upon thclir entry into
the muscle fibres at the end-plate region - a suggestion
in good agrecment with certain autoradiographic
experimonts by Waser. (1963).  Tubocurarine, on the other
hand, while not centering the nusclc fibres, appears ablo
to block the penctration of depolarizing compounds sincc
1t has beon shown to prevent the onscet and development
of phasc II block by decamcthonium (Nodergaard & Taylor,
1963).
SPECIES VARTATION AND NEUROMUSCULAR BLOCK.

Onc of the most important factors in the



investigation of ncuromuscular block 1s the choico of
a sultablce animal spocics. The problem of choosing
animal spocics whosc gqualitative and gquantitative
responscs to ncuromuscular blocking agents rescmblc thosc
in man is complicated by tho varistion in the kind and
degreo of the roesponsc not only of diffcerent specics to
the samc drug but also of difforont muscles within the
sance specices (Zaiwmis, 1959).

A comparison of tho rclative scnsivivitics
of differcnt animal swnecics 1o desolarizing and non-

depolarizing drugs has boon made (Zaimis, 1959).  With

<t

respeet to non—-dcpolariging drugs thore is little
variation in scnsitivity betwaen spocics. Thus, thc
most scnsitive speclcs is: only approximatcly fivce times
as susceptiblce to tubocurarince as the leoast scnsitive
(rat >harc = monkey:>rabbit =>nan=dog=cat = hen). On
the other hand, the rcsponse to the depolarizing drug
deccancthonium shows a wmarkod spocles variation, thc most
scnsitive species being approximatcly 100 times as
susceptible to dccamcthoniuvma as thoe lecast scnsitive

(hen »cat »nan >rabbit = dog=muonkey=haro=rat). Tho
rat is relatively scnsitive to non--dgpolarizing agents
but markcdly inscnsitive 4o denolarizing compouands. Tiic
hon, on tho other hand, is relatively inscunsitive to

non-dcpolarizing compounds but scnsitive to depolarizing
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agents.

The variation in resoounse botwoen manmalian
species (c.g., the cat) and avian spoecics to depolarizing
drugs is particularly striking. In mammals, thore is
a bricf period of musclce fasclculation and potontiation of
twiteh height bofore the onget of block. Tho paralysis
ig flaccid in naturc. In birds inhibition of the twiteh
height by depolarizing agents 1s accompanicd by a
contracturc or shortening of the muscle which producces
a spastic paralysis (Buttlc & Zaimis, 1949; Paton &
Zaimis, 1952).

In addition to quantitative differcenccs in
behaviour to depolarigzing ncuromuscular blocking agents
between species therc arc also qualivative differcences
(Foldecs, 1959). Thus, in avia, amphibia and some
mamals c.g., cat and wman, vhasc 1 depolarizing block is
relatively prolonged and whasc LI block develops only
slowly and may be difficult to dovcet In the monkey
and dog, howover, phasc I block is rclatively bricef (Foldes,
1959).

An atteompt to corrclatc the obscrved clinical
cffeocts of somc necuromusculer blocking agents c.g.,
tubocurarine, gallaminc, deccamcthonium and suxamcthonium
with thoir activity in a number of spocles has lod to the

conclusion that no onc animal swcecics can be used to
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predict the potency of thesc compounds in man (Hovpzs, 1955).
However, coxcept for suxamcthoniuw, thoe potency of which
in man resombled most closcly that in the rabbit, the
most accurate cstimates of potency were obtained from
the cat and dog (Hopne, 1955). On the othcer hand, tho
non-depolarizing stceroidal bisquatsrnary ammonium
compound, 3@3,l7i9—dipyrrolidinml'wyleO:uandrostanc
pismcethochloride, in the hen, cat and rabbit, oxhibited
a duration of action similar to that of suxamcthoniuwa
(Biggs ot 81.1964) and only in tho monkey, as in man,
was its rccovery rate much slower being similar to thot

of gallaminc (Mushin & linwlcson, 1964).

THI0RLES OF DRUG-RECHEPTOR LWIARACTION,

Fouronuscular blocking agewts arc considerced to
cxerdt theilr activity by their abdbility to combine with
the accetylcholine raceptors on the nost-synantic muscle
cnd-plata. Drugs which act in this way vhrough
combination with spocific rocewntors which impose severc
limitations in stercochemistry and charge distribution on
the drug molcecule arc known as Yspeeific! drugs in
contrast to "non-spocific® drugs whose cffcets appear to
bc largoely dependent upon thelr odhysical proncrtics
(Beckoett, 19563 Beckett, Casy, Horwer & Phillips, 19563
Ing, 1959).

The concent of receptors wrs first postulated
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by Ehrlich (scc Albert, 1965) and implicd a complemontarity
of fit between the two cntitics i.c., drug and rcceptor,
mediated by choemical forces. The dovelonmont and
gcneral acceptance of this concept may be traced through
the lock and koy analogy of PFischer (1894) and in the
work of Langley (1906), Clark (1937), Gaddum (1937) and
Ing (1936). Thus, whilc currcnt idcas concorning the
naturc of receptors may be somewhat romoved from thosc of
Ehrlich, the rceceptor theory is inhcront in and
fundamental to many of the morc recent attempts to explain
drug action including thc work of Stophonson (1956),
Ariens (1954, 1964), Paton (1961) and Bolloau (1964).

An cxtension of the receptor theory is the
principlce of biological antagonism which contends that
a drug may compete with a natural substrate, or cven
another drug of similar chcecmical structurc, for the samc
receptor. The substrate analoguc like thoe substrate
itsclf may bc capable of producing a positive responsc
and different degrecs of partial agonism cxist (Schild,
19543 Arigns, van Rossum & Simonis, 1957; Gaddum, 1957).
On the other hand thoe analoguc may boe incapablce of
evoking a positive responsc, and through passive
occupancy of thc recceptors, antagonizce the action of the
substrate. The subject of biological antagonism has been

trecated mathematically using formmulac in which the
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mceasurcd biological rcsnonsc has beon related cither to
physical adsorption laws or o laws governlng cnzymc
kinetics. All mathematical rclationships derived to
explain drug action have been develoncd fundamentally
frowm the law of masg action, underlining the importance of
the chewical rcactlon as a model of drug behaviour.
marlicr attompts, including the work of
Proundlich (sec Clark, 1937), Lengnuir (1916, 1917, 1918),
Clark (1937) and Gaddum (1937), to describe mathcmatically
pharmacological activity assumced thet the degrece of
biological reosponsc was a lincar function of the receptors
occupied by the drug. The validity of this assumption
has boen quostioned (Stevhenson, 19563 Schild, 1957:
Arigns ot al. 1957) and the view put forward that in
order to produce e maximal cffcet only a comparatively
small proportion of the recowtors requirce to be occuniod.
The romaining Ysparct rcceptors may constitute 95% of
the available total (Stephonson, 1956).

Until reccently, the view that pharmacological
activity lay in thce ability of a drug to statically occupy
the appropriate rcceptor sitec was uncucstioned and tho
studies of Clark (1937), Gaddum (1937), Stephenson (1956)
and Aricns (1964) have beon colleetively termod
"occupation” theorics. An intorcsting altcrnative view

has rccently been proposcd (Paton,1961; .Paton & Waud, 1962)
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in which it is claimed ‘that tho activity of a drug is
more accurately rcelated to the ratec with which combination
with the rceceptor takes place rather than to moerc
occupation of the site itsclf. This theory is again
bascd on obscrvations occurring during chemical rcactions
(Croxatto & Huidobro, 1956) and cmphasizes the
importance of thce moment of encountor between drug and
roceptor. Thus, the ratce of dissociation of the drug-
receptor complex i.c¢., the rate at which receptors
become available for furthoer interaction is decilsive
in distinguishing botween agonistic and antagonistic drugs.
While it has not been vossible to experimentally verify
the ratce theory, it may be uscd to classify muscle
relaxants. Thus, depolarizing compounds can be
visualizced as posscssing a high dissociation ratc waile
non-depolarizing compounds may bo regarded as nosscessing
a low dissociation ratec.

In the studies of Arigns and his collcagucs
(Arigns, 1964), drug-receptor intcraction was rclated to
two basic concepts derived from e counsideration of thce
chemical bonds uniting the drug and the receptor. The
term affinity definced the ability of a drug to enter into
compleox formation with a given rcecentor and intrinsic
activity was defined as a moasurc of the power of the

drug-recentor complex to evoke a positive biological
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resSpPONsSCo On the basis of these two concents, threo
principal groups of muscle relaxants arc rcecognized; the
depolarizors or cholinomimetics having a high intrinsic
activity c¢.g., deccamethoniuwa, thoe non-depolarizers or
cholinolytics having a low intrinsic activity c.g.,
tubocuraringe, and thce non-competitors e.g., prodcconium
which have an affinity for rcecoptors other than thosc
occupicd by acctylcholinc. The last group have been
further subdivided into comvounds which block the
synthesis of acctylecholine (e.g., thc hemicholiniums),
inhibit its rolease (o.g., bhotulinum toxin) and proevent
its destruction (c.g., ncostigminc).

Variations in the molccular configuration or
concentration of a drug may induce changes in intrinsic
activity and affinity. Thisg classification has thus bocn
used to accoumodate thosc compounds, the modc of action
of which had hithcrto been uncongidercd, whosc activity
lics somewhere vetween those with a high intrinsic
activity and thosc with a low intrinsic activity.

Recently, Bellcau (1964), rclying on analogics
drawn from the ficld of cenzyme kinetics, has postulated
that true antagonists of acetylcholine rcact with the
nuscarinic cholinergic rcceptor, which is asgsumed $0 be a
protein with acetylcholincsterase~like properties, to

producc various conformational perturbations in the tertlary



structure of the rcceptor, whicn arc incapable of
celiciting any responsc. Such compounds, by rcason of
thelir molecular dimensions, intcract with the hydrophobic
periphery extending beyond the spcecific acetylcholine-
binding sitce and producc a non-—swecific conformational
perturbation of the receptor. Once could postulate thatb
non-dcpolarizing agents ¢c.g&., tubocurarine may interact
with the receoptor surface in sucu a mannor. Acctylcholinc
and its agonists all intoract only with the acctylcholine-
binding portions of the recewntor surface to nroduce an
unigue conformational poerturbation of the delicately
arranged non-polar residuces of thce rceceptor protein. 1t
is posgaiblce that depolarizing compounds c.g., decamethonlum
may rcact with the receptor surface in such a manncr to
produce a rcsoHonse. Those compounds which possess
side—~chains which do not protrude too deeply into the
hydrophobic perivhery of the acetylcholine sitc may
producc an equilibrium mixture of specific and non-spocific
conformational porturbations, Such compounds are

partial agonists. [for discussion of proposcd theorics
of drug-receptor intcraction sec reviews by Belleau

(1964 ), PFurchgott (1964) and Ing (19645“.
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Proscent-day knowlcdge concerning the naturs of
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receptors 1s far from complete in spitc of numcrous
attempts to isolatec and characterize thon. Barly
workers conceived of a "periterminal nctwork" (Boeke,
1929) or a molccular side chain of cellular substances
(Langley, 1906) although a morc recent viow (Cavallito &
Gray, 1960) suggests that the rcceptor surface might
consist of a lattice of anionic grouns arranged in a
crystal~shaped pattorn. The reccutor may not be a discrcte
physical cntity and has becn envisaged as a sphere of
influence bounded and definced by cnzymes, cocngymes and
netallic ions (Martin-Smith & Reid, 1959). The view
that the cholincrgic receptor may be structurally
identical with acetylcholinestoerasce, first suggested by
Rocpke in 1937 has recently been repcated in a modified
form. In his treatment of drug-reccptor interaction,
Belleau (1964) sugscsts that the roceptor might be
acetylated cnzyme and have its origin in a biochemical
pool of acetylcholincsterasc. On the assumntion that thc
recentor is a discrete physical cntity posscssing
definite spatial and electrical properties, a number of
attempts to isolate and charactorize it have been made.
In gecneral, these have involved biochemical experiments
in which the substancce believed to contain the recepntor
was bound with radiocactive neuromuscular blocking agents

to form comploxes., Experimental covidence indicating
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strong, but probably non-specific binding, of radioactive
gallamine to an acidic mucopolysaccharide led to claims
for having isolated the receptor (Chagas, 1959). These
claims werc disputed by cvidence suggesting that the
receptor was in fact a protein (Bhrenpreis, 1960).
Subsequent studics, howeveor, showing that the postulated
rceoptor substance had high avidity for non-spccific
subgtances such as procainc and low avidity for compounds
like decamethonium and acctylcholine itsclf lcd Ehrenprols
(1963) %o renounce his original claims although Nachmansonn
(1963b) still belicves that the protein fraction isolated
may be the cholincergic receptor,

While the precisc physical naturc of the rcceptor
substance thus remains unknown, attempts +o localizce and
cstimate the number of rceepbors at the cholincrgic
neuronuscular junction have been wore successful, Thus,
elcgant autoradiographic studies of the uptake of
radioactive C—curarinc by mouse diaohragm have shown that
the cnd-plate region lies in a clrcular band round the
central tendon of the diavhragm (Waser, 1959, 1960). In
addition, the work of de¢l Castillo & Katz (1955) indicates
that the cholilncrgic recentorg arc isolatced on the
exterior of the cnd-platc mombranc since injcetion of
accetylcholine or carbachol into the interior of a muscic

fibre does not causc depolerization of thco cend-plate,
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Using auto-radiographic tochniques, Waser (1960, 1963)
has estimated that the number of curarine molcocules bound
to one end-plate is 2.8 x 10°for the minimal lothal dose.
This figure is in good agrecmcnt with calculations that
9 x 10°molecules of acetylcholine arc needed for one
depolarization of onc cend-plate of the rat diaphragm
(Krnjevid & Miledi, 1958) and it has also bucn shown
that a minimum of 6.6 x 10°molccules of acebylcholine
are relcased at the end-plate by a single nerve impulse
(Krnjevié & Mitchell, 1960). From the above obsarvatioas,
Wascer (1959, 1960) has concluded that when the minimal
raralyzing dos¢ of curarinc is applicd to the end-plate
less than lOwreceptors will remain free and from this he
estimated that the total number of nicotinic cholinergic
receptors in one cnd-platec is nrobably aboud 103

In addition to the physiological aspect, the
cheomical contribution to the problem of the naturc of the
nicotinic receptor has also becn vigorously maintaincd on
the assumption that the receptor will have molecular
features and electrical characteristics complemcntary to
those of the most active drug molecules. This approach
has provided many of the clinically most usceful
neuromuscular blocking agents and has made it possible to
corrclatce biological activity at the skceletal ncrve-muscle

junction with certain structural festures.



In the ficld of necuromuscular puarmacology,
intercst has been centred on the quaternary ammonium ion
present in theo vast wmajority, although not all (Folkers &
Major, 1937; Dculofcu, 1959; Domino, 1964) of the muscle
relaxants, Bvidence of the importance of the quatornary
anmonium function in muscle relaxant activity was first
provided by the demonstration (Crua Brown & Frascr, 1869a,b)
that while a number of tertiary alkaloids including
thebaine, brucince and atropine showed a wide varicty of
pharmacological prowvcrties, thoelr gquatcrnary salts all
exhibited a common propcrty of roelaxing skelcetal muscla,
Subseguent investigations (for reviews scc Craig, 1948
Cavallito & Gray, 1960) have confirmcd the iwmportance of
the guatcernary ammonium function for muscle relaxant
activity. Menoquaternary comnounds, howevor, have nob
proved clinically useful as musclc relaxants on account
of their potent cholinergic properties (Hey, 1952;
Cavallito & Gray, 1960). On the other hand, the prescuce
of two guaternary ammonium functions 1u the molacule of
tubocurarine (isolated in 1935 by King) togethor with the
sucecessful development of techniques for its clinical
use (Bennett, 19415 Griffith & Johnson, 1942) provided
a stimulus for the preparation and study of a largoe
number of drugs each possessing two quaternary ammonium
groups (Barlow & Ing, 1948a,b; Paton & Zaimls, 1948a,b;

Bovet, 1951).
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The higher potency of bisguaternary compounds
comparcd with the corrcgponding monogquaternarics (Paton &
Zaimis, 1949) lcd to the postulate that activity in the
former group could be attributed to thc interaction of
optimally spaced quatcrnary anmonium centres (apnroximately
13-15 A apart) with similarly spaced receptor grouns on
the motor cnd-plate. Tue complex formed by such "hivalent®
molecules (Barlow, 1955) would be twice as active, it
was claimed, as that formed by a corresponding monoquatornary
coupound,. A logical oxtension of studices using bisquaternary
galts were thosc involviag tris—, totra-—, and polyonium
compounds undertaken in the hove that a highcer dcgres of
activity than that found in blscuatcruary salts would be
derived by their sceveral cationlc centres reacting with a
similar number of rcceptor sites (Bdwards, Loewis, Stenlake &
Stothers, 19595 Lewis, McPhail, Muir & Stenlaeke, 1961;

Lewis, Martin-Smith & Muir, 1963).

While there was considerablce cevidence in support
of the so=callcd cguidistant concept in that the most
active member of several sorics of compounds posscsscd an
inter—onium distance comparabvlc to that found in
tubocurarine (10~15 L), it soon becarc ovident that a onc-
dimensional approach omittced sceveral important considerations.
Thus, although the vast majority of the compounds worce

non-rigid and containcd a »Holymetuylenc chain, no attennt
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was made bto usce rigid molcculces. Inter-onium distance

in non-rigid entities has no fixed valuc on account of
conformational isomerism, which arisces from the frecdom

of rotation about single C-C bonds in the polymethylcenc
chain (Cavellito, Gray & Svnimner, 1954).  Morcover, in
chemical media at least, lon pairing between a di-cation
and one anion may occur, Henee, two onium centres may
bond to a single anionic receptor (sce Cavallito & Gray,
1960). Therc is no rcason to assume, therofore, that the
thermodynamically most stable molecular conformation
participates in drug-rcceptor interaction. The difficulty
of assessing the prccisc molccular conformation taking
part in any particular drug-rcceptor combination has boecn
amphasized further by diffcrences betweon conductimetric
measurcments (Rice, 1956, 195%) and statistically
calculated inter-onium distances (Gill, 1959). Additionzl
physico-chemical studies have wnrovided information on tuc
behaviour of long chain, bisquatocrnary compounds in
solutions, Thile the anplicability of results cmploying
nurcly checmical media to the bionhase is speculative it is
clear that long chain aliohatic comwvounds curve in
solution and do not reomain maximally coxtendced (Brody &
Fuoss, 1956). Tlworthy (1963, 1964) has suggested that
the reduction in chain leongth may represcent an atbtempt by

the molccule to minimise interfaclal cnergy between wator
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molccule and the hydrocarbon chain. such counsiderations
could clcarly account for the differences in the cstimatod
inter--onium distance in tubocurarinc variously revorted
as 13~15 4 (Paton & Zaimis, 1949) or 9-12 i (Carecy,Edwards,
Lewis & Stenlake, 1959). Biworthy (1964) has speculated
that 9.5 K as 1n decamethonium may be the critical distance
between anionic. receptor sites.

liany of the criticisms of the equidistant
concept have béen cubodicd in the adumbration hypothesis
(Locwe & Harvey, 1952) which cemphasized the necd for a
consideration of the overall sitructural. characteristics of
a drug in determining the degrcee of drug-rcecceptor
interaction. In this hyvpothesis, the adumbrating or
umbrella~like structure of the bulk of the moleculce shiclds
the receotor and prevents a close anonroach of acetylchiolinc
by steric intorfercnce. A gimilar view is inhorent in
Wascr'!s pilctorial reprcsentation of the rccepntor site in
which he suggests that the rceeeptor might be a "porg" of
diameter 12-14 E in the post-synantic membranc with an
anionic wall +to which the depolarizing hecad of acetylcholinc
becomes attached and an esteratic site at the bottom for
the binding of the cster groups of tite transmititer (Waser,
1959, 1960).

The use of rigid molecules as a mecans of

overcoming much of the valid criticism inhercut in thc use



ANDROSTANES




of flexible molecules wag a logical develonment in the
problom of characterizing the cholinorgic receptor. In
this conncction, rcecent attention has been devoted to the
cmployment of the sterolid nuclcus as a suppnorting moicety
in

upon which to append two gquatsrnary ammonium group

A:

(6]

fixed spatial arrangements (May & Baker, 1963, 1965;
Alauddin ¢t al. 1965).

The presence of potent non-depolarizing
ncuronuscular blocking activity in a scerics of 3o,1l7¢& - bis
(quaternary ammonium) 5 xX-androstancs (Alauddin et 21.1965)
and in storcoisoncric 38,176 -, 3a,17 -~ and 38,170~

compounds related to the forncxr (Imy & Baker, 1963, 1965;

)

Bilggs ¢t al.1964), cach sorics having intcronium disbances

O

which can be expected to diffcr from the 34,17 -~ scrics,
indicates the relative unimoortance of a "fixed" interoniun
distancce in deotermining neuromuscular blocking activity.
Thoe sctivity of the 3ﬁ ,17;3 —,3&,17p~ and
3ﬁ y LT A~ bisquaternary salts indicate that, as with the
maloudtine (3 8,200 ~bistrimethylannoniun~5 o ~pregnane )
scrics (Khuong Huu-Laind & Pinto-Scognamiglio, 1964)
stercoisomerism in steroidal biscuaternary salts apnoars
to have little effeet on ncuromuscular blocking sctivity.
Korceover, the presencce of high activity in stercoisomeric
3<X,1779~ and 3%;,17Ct— bisguatornary ammonium androstancs

(liay & Baker, 1963, 1965), wherc the quaternary heads lie
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on opposite sides of the steroid nuclous, again casts
doubt upon the validity of tho "itwo--point" attachment
theory . It would avnpear thercforce that ncw cmphasis
nust be placced on concepts such ag the Waser oporo
theory or the adunbration hypothesis with its postulate

of a one-point attachment.
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a) EXPERTEENTAL IMETHODS,

Solubility.

The compounds werc rcadily solublce in normal

saline to give solutions of pH 3 to 8.7.

EXPERIMENTS USING CATS,

Cats of either sex (2 - 4 kg) werc anacsthotized
by intraperitoncal injection of sodium pentobarbitone
(60 mg/kg). Cannulation of the trachea, onc external
jugular vein and one common carotid artery, to enablc
blood pressure to be recorded, was carricd out as
previously described (pages 38 and 39).  Drugs were

adninistered in salinc via the external jugular vein.

The Cat Gastrocnemiusg Muscle-Sciatic Nerve Preparation.

Skelcectal muscle consists of threc main types:i-
a) Red muscle charactcerized by slowly contracting fibrcs.
c.&.y, SO0lcus muscle.,
b)  White muscle characterized by rapidly contracting
fibres. ¢.2., anterior tibialis,

These two muscles diffcer in thelr scensitivity
to neuromuscular blocking agcents. Whercag tibialis 1is
very sensitive to decamethonium, soleus is relatively

e

resistant, and whilst both musclos arce scnsitive to

~

tubocurarine the soleus is the more sensitive (Paton &

Zaimis, l95l§). Moreover, in tibialis, decamocthonium
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acts purely egs a depolariging substance while in soleus
it may produce mixed block (Jewell & Zaimis, 1954).
c) Mixed musclec in which both red and white fibres arc
prescnt.

The mixed gastrocnemius nusclce was chosen
for the present experiments since it apnearcd to offer
the most accurate means of agsessing the ovorall biolorical
cffect of muscle relaxant drugs on nmammalian skeletal
muscle with regard to theilr possible clinical use. This
preparatlion previously described on »nage 39 may boe used
to invegstigate the qualitative cffects of ncuromuscular
blocking agents and also senmi-guentitatively to coumparc
the noteney of a new muscle rclazant with that of

tubocurarine or decamcthonium.

The Cat Nictitating Mewmbranc Preparation.

The cat nictitating membranc preparation has
already been described (sce page 43) and it is used for
the detection and cstimation of sympathetic ganglion

blockadsz.

Experiments on the Resviration of the Anacsthetizod Cat

and Rabbit.

In order to establish an accurate picture of who

@

effects of neuromuscular blocking agents on the volume of

alr cxchanged by the lungs, cxpoeriments werce conducted using
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the method devised by Gaddum (1941).  The cat and rabbit
werc chosen as the test soecles and the dosc of the
compounds required to producc respiratory paralysis in
these animals debtermined. Cats (2 —~ 4 kg) werc
anaosthoetized with sodium pentobarbitone (60 mg/kg) given
intraporitoneally. Rabbits (L.5 - 4 kg) were
anacathetized by adwinigtration of a golution of urcthans
(4.5 mg/kg) into a marginal ear vein.

In both speciles, the trachea, onc extornal
jugular vein and one carotid artery on opposite sides of
the neck, werc camulated.

The central 1limb of a Palwmer's 'I' shaned
respliratory valve was connected by rubber tubing to
the tracheal cannula. The valwe was touen connccted to
a conlcal flask, acting as a rescrvolr, and leading %o
a tambour which recorded the resplraetory movements of
the animal (Fig. 17). A screw-clip valve (C) adjustoed
the alr pressurce in the rescrvolir to maintain the
recording lever in a horizontal position. When tho
animal inspired, air was drawn from the reservolr faster
than it entercd through C and the consequent drop in
pressure in the system was recorded by a depressicn in
the tambour membrane and a rise in tae lever. During
expliration, the valve R, closed, air entered the rescrvolr

at C and normal pressure conditions were rcstored. The



lever fell to its normal resting horlzontal position. The
cxpired alr from The animal escanced by the outlet wvalve

RZ' Altcrations in tho rate and denth of rospilration

of the animal could thon be trenslated into changes in

the frequency and cxtent of the lever movoenents. Priox

to administration of the drug into the external jugular
vein, a recording of normal reswiratlion was obtalnaed.
Drugs, of known concentration, dissolved in normal selinc,
were administered via the oxternal jugular veln at a
constant rate of 0,3 ml/min, using a Palmer's slow

infusion apparatus. Infusion of the drug was stopped
when spontancous respiration ccasced and the animal was then
artificially rcspired. The resolratory paralysing dosc

of the drug in both cats and rabbits was calculated from
the rate and time takcon for infusion of the drug and

expressed in mg/kg.

EXPERIMENTS USLHG AVIAN 3PICIES.

T

Non=denolorizing ncuromuscular blocking ageunts

producc a flaccild paralysis in avian speocics while

depolarizing muscle relaxants causc a spastic paralysis
(Buttle & Zaimis, 1949; Paton & Zaimis, 19525 Zaimis, 1953)
which is characterized by contracture i.c., a shortcuning
of the musclc which is indepcndent of the degrcecce of

clectrical stinulation applicd. The contracturce and

inhibition of twitch helghtv commence simultancously but



the maximun degrec of contracturc usually precedes the
onset of maximum paralysis (Crema, Scognamiglio & Bovet,
1959). These effects are readily demonstrable and the
phcenomenon is useful as a rcady mceens of distinguishing
between depolarizing and non-depolarizing compounds,

Onc coxplanation for the differcencc in the
rcsponse of the two species wmay lic in the obscrvation
that the amount of accetylcholine relocased in resnonse
to a singlce supramaximal shock apnlicd to the sclatic
nerve of avian specics only just attained the threshold
level nccessary to cxclbe about 75% of the gastrocnemius
nuscle fibres, whilce for the remaining fibres it was
subliminal (Brown & Harvey, 19382,b). In mammalian
muscle, on the other hand, it is goenerally accepted
that the amount of accetylcholinc rceleasced by a gingle
supramaximal ncerve shock clicits a synchronous contraction

of all the muscle fibres (Blaber & Bowman, 1962).

The Chicken Gastrocnemius Muscle--Sciatic Nerve Preparation.

The method used was similar to that of Pelikan,
Smith and Unna (1954). TLeghorn chickens, of cither sox
(1~2.5 kg) worc anacsthetized by injoction of a 10%
sodium phenobarbitone solution in salinc into a wing vein
(200 mg/kg). This dose of barbiturate was generally
found to be sufficicnt to maintain anaesthesia throughout

the cxperiment. The trachca and an external jugular vein
iy
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were cannulated. The tondon of the gastrocnemiung musclce
of onc lecg was carcfully isolated end cut, as previously
-desceribed for the cat gastrocenemius musclce-sciatic nerve
experiment, and attached over pulleys to a Brown-Schuster
myograph lever by a strong lincn thread scewn through thc
cut cend. The sciatic nerve was cxposed and the distal
end stimulated supramaximally using a Dobbic~MeInnes scuare
wave stimulator (6/min, 5 to 10 V, 2 %o 3 msce).

The contractions were recorded on a smoked
surfacc. Drugs werce adaninistered via the extornal

jugular vein.

The Rabbit Hecad Drop lethod.

The Bstimation of the Head Dron Dose (HDD).

A modification (Varuney, Linegar & Holaday, 1949)
of the method osutlined by Bennett (1941) was ocuployed.
Groups of ninc rabbits of either sex (1.5 - 3 kg) were
uscd for ceach drug. Bach rabbit was placed in an
individual perspex "bleeding® box (Pig.18) with its hea
protruding through the opening at the front (Fig. 19).
Drugs under test, dilutced in normal sseling, werc
administered through a mavrginal cer vein at a counstont
rate of 0.3 ml/min using a Palmer's slow infusion anparatus.
The rabbit remained quict until just before the end-polnt
of the cxperiment when therc was usually a brief neriod

of rostlcessness. Intravenous infusion was stoppced ounly
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when the neck muscles were fully relaxed and toneless
and a light tap on the nuzzle produced no ralsing of
the animal's head. The reading on the timing device
of the slow injcction apparatus was then noted and the
diffeorence betwecen this and the original reading uscd
to calculate the volume of drug injected. The head
drop dose (HDD) was calculated and expressed in mg/kg.
This method of assay is best suited to
compounds having a fairly rapid onset of action and a
duration of effect comparablce to that of tubocurarinc.
Also, by comparing thc head dropn dose to that producing
respiratory paralysis in the rabbit a correlation can
be cffected between the resplratory and the necuromuscular

paralyzing poteney of the drugs under investigation.

EXPERIMENTS USING MICKE.

Astimation of the Approximate Mcdilan Paralyzing Dosc (PQQQ)

and the Apvroximate iedian Liethal Dosc (LD50).

The method described is based upon that of
Thomson (1946) for the assay of insulin in micec. Grouns
of ton malc albino mice (18 ~ 24g) were injected
intraperitoncally at diffcrent dose levels with solutions
of the nitrogenous steroids, in normal saline. The mice
waorce then placed on 2 fine-mesh wire scrceen inclined at

an anglc of 60 to the horizontal snd thosc which devaeloned
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a typical skelotal muscle paralysis and slid abrupntly

off the sercen within a poriod of 30 minutes aftor
injcction of the drug, woerc considercd to show a positive
rcaction. The dosc at which five out of ten injected
mice slid off the scrcen was considered to be the
approximate median paralyzing dosec (PD50) and was exonressed
in mg/kg of body weight. In ordor to detbtermine the
approximatc median lethal dosce (ID50), the dosc at which
five out of ten mice died within half an hour was taken

and expressed in terms of mg/kg of body weight,

EXPERINENTS USING THE ISOLATED GUINEA PIG ILEUM.

Inhibition of the Peristaltic Reflox.

The peristaltic reflex is clicited by an
increase in intraluminal prossurc within the intestine
and consists of two phases. Firstly, a prceparatory
phasc which is associated with contractions of the
longitudinal musclc of the intestine. These contractions
arc an inhecrent property of the muscle fibres and are
not affceted by drugs interfering with ncervous structures
in the intestinal wall. Secondly, an cmoptying phasec,
in which contractions of the circular muscle of the
intestine take place and this i1s controlled by the
autonomic nervous system, and is susceptible to drugs

(Trendelenburg, 1917; Paton & Zaimis, 1949, 1951b).
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As the ganglia involved in the peristaltic
reflox arc probably parasympathetic in origin (Feldborg &
Tin, 1949), inhibition of +this rcflex can be used to
estimatc the potency of drugs inducing parasympathotic
ganglion blockade. The most commonly enmployed method
of studying peristalsis is that of Trendelenburg (1917).
Lgolated guineca pig ilecum was choscen because it has
smaller pendular movements and less variability in tone
than that of other mammalian spheciles. Guinca pigs of
either sex (0.3 - 0.5 kg), werc killed and a piccc of
ileum (7 -~ 10 cm) removed from the region proximal to
the ileocaecal junction. A picce of thread was ticd
round the oral end of the segment and the thread
attached to a writing laever. The caudal cnd was
conncetod to a glass "UY ftube which led via a valve
to a Illariottec bottle containing Tyrode solution which
was placed on a movablc nlatform (Fig. 20).  The bottle
could be raised or lowcred as requircd to subjceet the
intestine to a regulated, intraluminal hydrostatic
Pressurc, Air bubbles werce rcemoved from the system
and the ncck of the bottle connceted by rubber and
glass tubing to a float volume recorder which led to
a frontal-point lever writing on a smoked surfacec. A
lever aftaohed to the cephalad cnd of the preparation

rcecorded, at thc same time, the pendular movements of
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the intestine. To prevent fatiguc of the proparation,
peristalsis was induced for only 30 sceconds every 3
minutes., The temperaturc was thoermostatically
controlled at 300 C throughout cach cxporiment. Tace
drugs under investigation werc added 30 seconds prior
to the inducement of poeristalsis and the effects on the

peristaltic reflex and on the longitudinal contractio

=
]

wore recorded.

Expcriments Using the Isolated Frog Rectus Abdowminis

Gt -

wuselc.

The method of Chang and Gaddum (1933), modified
for muscle relaxant drugs (Garcia dc Jalon, 1947), was
cmnployed. This method can bc used to estimate the
poteney and mode of action of new compounds undor
invegtigation.

An adult frog was killed, decapitated and
pithed. It was then laid on its back on a cork-covaered
dissccting board and pinncd down. The skin of the
abdomen was removed, the rectus muscle cxhosed and
dissccted from its insertion inbto the wnelvie girdlc
to the point of insertion into the cartilage of the
nectoral girdla, Onc half of this wmuscle, obtained
by longitudinal disscction at the midline, was used
in cach ecxperiment. A 100 of thread was sewn through

the xiphisternum and a longer thread around the pubic



Countecweight
(plasticine)

o ﬂtilv

/

Frontal writing

point lever Reservoir of
Frog Ringers
Fluid

Rectus abdominis
muscle

Platinum hook .....__| &

10 ml.organ bath "

waste

Fige 21 Diagram of the apparstus used to record

the effect of drugs on the isclated frog

rectus abdominis muscle.
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end. The muscle was then fixed, by means of the loon,
to the basc of a 10 ml organ bath filled with oxygenated
Ringer's solution at room toumneraturc, The long
thread was thon attached to a modificd frontal--point
writing lever (Pig. 21).

A1l drugs under investigation, dissolved in
normal saline, werce added to the bath using a 1 ml
graduated tuberculin syringc. The concentrations of
acetylcholine used to produce contractions of the mugele
were of the order of 1.0 to 2.0/ug/ml. Two uniform
submaximal contractions to the same dose of acetylcholine
were obtained prior to the investigation of other drugs.
4 suitable time interval between cach dosc of accetylcholinc
was found to be approximately 3 or 4 wminutes and the
resulting contrasctions werc rccorded for neriods of
30 to 90 seconds. Acotylecholine—~inhibiting drugs were
added from 30 to 60 scconds »rior to the addition of
acctyleholine and were quantivatively compared with
tubocurarine as inhibilitors of acetylcholinc. The muscle
was washed a fixed nuwmber of times with firesh frog
Ringer's solution at the complction of cach cycla,
Several additions of aéetylcholine werce necded for complete
recovery, the length of time btaken depending on both the

nature and the quantity of the drug added to the bati,
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The Isolated Rat Phrenic Nerve--Diaphragm Preparation.

The method used 1s essontially that describved
by Bulbring (1946).  Adult rabs of cither sox (150 - 200g)
were killed and exsanguinataed. The skin over the chest
was removed and the thorax opencd along the right side
of the sternum. The frontal part of the left thoracic
wall was then removed and tho lcft phrenic nerve cxposcd.
It was carcfully freecd in situ from fat and other tissues,
taking care not to damage the nerve. The nerve was then
ligated at a point thrce +to four cm from its junction with
the diaphragm and scverced just above the ligature. A
triangular-shaped scction of the diaphragm was dissected
out with a portion of the rib cage attached to its costal
margin. A long thrcad was scwn through the apex of the
diaphragn. The costal margin was attached to the base
of a Bell's clectrode by means of a platinua wiroe, The
phrenic nerve was then caroefully laid over a small groove
in the Bell's electrode and the preparation placed in
a 100 ml organ bath at 2900 containing double glucosc
Tyrode solution. The thread scwn through +the apex of
the diaphragm was attached to a light isotonic Starling
heart lever whiech recorded the contractions on a moviag
smoked surface. The necrve was gtimulated supranaximelly
using a Dobbic-lelnncs squarce wave gencrator at 6/min,

5 to 10 V, the pulsc width being 0.5 to 2 msec, Thoese
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valucs werc kept constant for any one exporiment. A
sintercd glass digtribution tube was fixed at Tthe bottom
of the bath to provide a vigorous sunnly of oxygen.

Thce drugs under investigation, in solution in
normal saline, were added o the bath using a 1L ml
graduated tuberculin syringe and allowed to act for 3
minutes before the Tyrode solution was changed. An interval
of 15 minutes was allowed prior to the addition of the
next dose of a drug to allow the magnitude of contraction
to return to normal,

This prcparation is best suited to the detceetion
and assay of curare--like substanccs. It is comparatively
insensitive to decamethonium and other depolarizing muscle

relaxants (Lewis & Muir, 1959).

Dotermination of Anticholinesterase Activity.

Anticholinestcrase activity is a propcrty of
many guaternary ammonlum comnounds somce of which also
nossess neuromuscular blocking activity (Rikew, 1953:
Todrick, 1954). The compounds under ocxamination wore
tested for anticholinesterasc activity in wicew of tho
possibility that this proporty, in some cases might be
sufficicently great to contributc towards the neuromuscular
block obscrved.

A cholincsterasc—~containing preparation frowm ratb

brain was made by the wmethod of Fenwick, Barron and Watson
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(1957) and in vitro anti-acotylcholincsterase activity
determined manonmctrically by a modification of Ammon's
method (1933). Rat brains werce excised, rinsed frec
from blood in isotonic salinc and weighed, Thoe bralns
were homogenized using a Potter—~Elvehjen homogenilzer

(2 mins, 1500 rev/min, room tomperaturc) diluted with
deionized water to give a 5 w/v suspension, and allowed
to remain at room temperature for two hours., After

18

centrifugation (10 min, 600 x g, room tomperaturc), the
acetylcholincsterase—~containing supcrnatant was renoved.
Bach flask containecd 2.0 ml of Krebs-Ringer
bicarbonate solution (Umbreit, Burris & Stauffor, 1957)
and 0,5 ml of cnzywme prevaration in the main compartuacnt,
and 0.5 ml of acetylcholine chloride solution (0O.036M)
in thoe sidearm. Drugs under investlgation, dissolved
in normal saline, werc edded (0.3 ml) to tho main
compartuent. Differcent wmolar concentrations of cach
drug werc cnuploycd. In order to minimisc the effects
of anacrobic resplration involving endogcuous substrates,
the flasks werce incubated for 30 minutes with the ston
cocks open before the acetylcholine was tipped into the
maln comparitment. Measurcments were then made of the
voluncs of carbon dioxide evolved in 30 minutes from
the bicarbonate medium of accetic acid, produccd as a

result of the engymic hydrolysis of acetylcholine.
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Blank determinations, omitting substrate, wore
carricd out to ostimate the carbon dioxide liberated
from the medium by anacrobically produced lactic acid,

The residual acetylcholincesterase activity in cach
flask was then calculated. The inhibition of theo
cvolution of carbon dioxidc was used as a ncosurc of
the anti-acetylcholinesterase activity of cech drug.
The negative logarithm of the molar concentration of
the drug producing an inhibition of 50% (PI50) was

then calculated accordinz to the method of Blaschko,

1"
Bulbring and Chou (1949),
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Table 6 Structural TFormulae of Nitrogenous Steroids:

with Effects at the Neuwromuscular Junctiom.
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N
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Fige 22 General formula of compounds Bl to BLO..

Eight out of the ten compounds studied, where
Rl = acetyl, incorporate an acetylicholine-like
moiety in their molecular structure. This

can be seen by comparing the structure of
acetylcholine with the struetural wnit to the
left of the dotted line in the steroid formula.
Rlyand R2 were not always discrete radicals and

in most cases, except compounds: B4 and B5,, were

residues of the same heterocyclie ring system,,

namely pyrrolidino or piperidiﬁcﬁ
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b) RESULTS.

Ten of the cleven compounds under investigation
woere monoquaternary ammonium salts derived from 2,6~
and 3& - amino steroldes of tvhe androstanc and pregnanc
types. Thoy fitted the gencral formula shown in Fig. 22.
Their structural formulac arc shown in Tablce 6.

The remainling compound, 311, was a 2f§,165~a
bisquaternary ammonium androstanc (Tablc 6).

In a few instancus, the scope of the
pharmacologlical tosting was limited by the amount of
material availablo. The rosults arce divided into
two main headings:s-

i) Investigation of ncuromuscular block on various
speelces using conventilonal techniquoes.

ii) Investigation of other effects including thosc
on respiratory musculaturce and at autonomic ganglia.

During the cxvcriments to investlgatoe
neuronuscular bloeck the following acceoted criteria
were applicd (Paton & Zaimis, 1952) in an attcmnt to
qualitatively differcntiate the comnounds on the basgia

of theilr depolarizing or non—denolarizing nronortics:-

1) Deopolarizing drugs wroducce muscular fasciculotion
and bricfly increcasc the tension of thoe muscle twitceh
prior to 1ts denrcession.

2) The rocipro?al antagonisn of tubocurarine and
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decamethonium to the block produced by depolarizing
and non-~depolarizing agents rcspectively.

3) The ability of ecdrophonium and ncostigmine to
antagonizce the block produced by non-—depolarizing
drugs and to potentiate, or only slightly antagonize,
the block produccd by denolarizing agents.

A)  The activity of non-denolarizing drugs is
intensificed and prolonged by cether anacsthesia waoereas
depolarizing drugs arc antagonized.

5) A tetanus is well maintained in muscles trceated
with depolarizing drugs but rapidly wancs in muscles
treated with non-depolarizing musclce relaxants.

6) The induction of a spastic paralysis in avian
muscle by depolarizing drugs as opposcd to the flaccid
paralysis produced by non-depolarizing compounds.

7)  The ability of non~devnolarizing drugs to antegonizc
the contracture produccd by depolarizing compounds on

the isolated frog rccetus abdominis muscle.

i) INVESTIGATTION O WERUROMUSCULAR BLOCKING POTENCY

P P L TRy e )

USING CONVENTIONAL TmCHRIQUES.

The Cat Gastrocnomius Muscle-sciatic Nexve

Prcparation.

o —— 2 T 4

All tho compounds, in thce doses empnloyced,

produced complcete oxr ilacowplete revaersiblc block on

this wvnreparation. The ton monoquaternsry steroids,
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24

Cat geustrocnemiiis musde-sciatic nerve
pr”taration. Pentobarbitone aneiesthesia#
Contraction donmvards. Indirect stimulation
via the sciatic nerve. Drugs administered
intravenously#

At iU B and C d-tubocurarine 0.1$0 mgAg»
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Cat gastrocnemius muscle-sciatic nerve
preparation.-  Bszrtobarbit one anaesthesia»
Contraction dovsnrards» Ihdirect stimulation
via the sciatic nerve. Drugs administered
intravenously»

At A. 0 and D. compound B) 6 mg”-cg»



TABLE

A comparinon of the progertiea of compounds Bl to Bll on the cat gastrocnemius

muac

e=-pclntic nerve preparation,

o

NEUROIUSCULAR BLOCKING ACTIVITY EPFECT, on the block produced, of
Tine of . | Duration of | Approx. Preliminary | Tubocur- Deca-— Edro- Heostig- Inhal- Response of
Com- onget of aralysts Holar Excitation arine methon- honium mine ation of| partially
pound | paxinum ?50% block | Potency of Skeletal [ (0.025-0.1] ium 0.25-0,5{ (0.05-0,10] ether blocked
paralyein] approx.) {Tubocur- Muscle wz/kg} (0.02-0,05 ng/¥g} ng/kg ) vapour muscle %o
(min} ! ?min) arine = mz/kg) indirect
100) tetanus
Bl 1 -2 ; 12 - 17 6 Hone Poten-— Antagonism |Antagonisem | Antagonism| Poten~ Poorly
: tiation tistion gustained
B2 1 -2 13 - 18 2 None Poten~ Antegoniem | Antagonism | Antegoniom| Poten- Poorly
tiation tiation pustained
B3 2 -3 14 - 20 1.5 Hone Poten- Antaegonism |Antagonism | Antagonism] Poten- Foorly
tiation tiation sustained
Bé 1 -2 18 - 23 1.5 None Poten~ Antegonism |Antagoniom | Antagoniem| Poten- Poorly
tiation tiation sustained
BS 2«3 15 - 20 1.5 Kone Poten- Antogonism {Antagoniom | Antagonism| Poten- Poorly
tiation tiation sustalned
B6 1 -2 f 12 - 17 2 Mone Foten- Antagonlem |Antagonism | Antagonism| Poten- Poorly
' tiation tintion oustalned
. BT 12 17 - 22 1.5 None Poten- Antagonism |Antegonism | Antagoniom| Poten~ Poorly
tiation tiation sustained
hil:] 2 -3 18 - 23 1 None Poten- Antagonien |Antagoniem | Antagoniem| Poten-~ Poorly
tiation tiation sustained
B9 1 -2 11 - 16 2 Hone Poten~ Antagonism | Antagoniem | Antagonism| Poten— Poorly
tiation tiation sustained
B1O 2 -3 14 - 19 2 Hone Poten- Antagonien | Antagonimsm )} Antagonism | Poten~ Poorly
| tiation tiation nustained
Bil 1 -2 18 -~ 23 124 None Poten- Antngonism [Antrgonism [Antagoniem | Foten-— Poorly
: tlation kintion sustained
are 2~5" 25 - 35 100 Hone Poten- Antagonism {Antegonism |Antagoniem | Poten- Toorly
; tiation Fiation sustained

dT¢ = Tuboourarine.
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in doses of from 1 to 6 wz/kg, produccd an aphroximatoly
50% rcduction in the amplitude of +the muscle twitch.
They woerc appreciably less potent than tubocurarine, the
most active, compound Bl, being 1/16th as active as
tubocurarine on a wmolar basls while the least active,
compound B8, was 1/100th as activo. In contrast, the
bisquatsernary compound, Bll, possesscd a potoncy
slightly greater than that of tubocurarine on a molar
bagis (Taﬁle 7) and doscs of 0.05 to 0.10 mg/kg produced
an approximately 50% inhibition of theo muscle twitch.

The duration and degrece of nouronuscular
block produccd by all cleven compounds depended both on
the magnitude of the dose cmployced and the nuaber of
doscs administered. Neuromuscular block becane more
prolonged and intense following the sccond injecition
of the samc dosc than following the first. Similaxly,
the third injection of the same dosc causcd a nmore
prolonged block than following the sccond. The effeet
of a fourth injcction of a similar dosce often did not
gsignificantly differ from thatv of the third dosc.
Silmilar effeets werc also obscrved using tubocurariue
(Figs. 23 and 24).

In all compounds, the timec of onset of
maxinum paralysis and the duration of block were

significantly less than those for tubocurarinc (Table 7).



Pig. 26 Cat gaatrocnemiua muade-sciatic nerve preparation*®
Pentobarbitone anaesthesia* Contraction downwards*
Drugs administered intravenously* Indirect stimulation
via the sciatic nerve*®
At Ar compound B4 |} mgAg»

At B* d-tubocurarine 0¥025 mgAg*



Fig.

25

Cat gastrocnemius muscle-sciatic nerve preparation*®
Pentobarbitone anaesthesia*® Contraction downwards,
Drugs administered intravenously* Ihdirect
stimulation via the sciatic nerve*®

At A# coopound HL 0*5 mgAg»

At B# d-titocurarine 0*05 mgAg»
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Nonc of the compounds anpearcd to produce
any initial stimulant effcets and there was no evidence

of muscular twitching or fasciculation.

Block Produccd.

liugcle relaxants with dissimilar types of
actlon generally antagonizc cach other wherces
similarly acting drugs, given successively, »nroduce
an additive effect (Paton & Zaimis, 1952). Thesce
observations prompted an investigation of the effects
of tubocurarine and decanmcitnonium on the block
producced by the compounds under tost.

Investigations were carried out using a dosec
of compound and a dogc of cither tubocurarince or
decamethonium seleected to produce, when given alone,
a measurable (25% —~ 40%), but not intensc, dopression

of the twitch hcight.

Tubocuraring.

A dosc of fHubocurarine (0.05 -~ 0.1.0 mg/kg)
given at thoe point of waximal depression of the twitch
hoight produced by any of the compounds, enhancced the
intensity of the neuromuscular block (Figs. 25 and 26).
Thus, in Fig. 25, the dose of compound Bl (0.5 ng/ke)

and tho dose of tubocurarine (0.05 mg/kg) were cach



Fig.

28

c .y

Cat gastrocnemiiis muscle-sciatic nerve preparation*®
Bsntobarbitcne anaesthesia. Contraction downwards*
Drugs administered intravenously. Ihdirect stimulation
via the sciatic nerve (1200 impulses /min.) during
partial block by:

A# compound Bl 1*5 mgAg*

B, d-tubocurarine O.ISO mg”*g.

C, décaméthonium 0O.07 mg/kg.

u, untreated muscle*
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Fig# 27 Cat gastrocnemiua muscle—sciatic nerve preparation*
Pentobarbitone anaesthesia* Contraction downwards*
Drugs administered intravenously* IThdirect stimulation
via the sciatic nerve*
At A. coopound 62 4 mg/kg*

At B, décaméthonium 0*05 mgAg»
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selccted to produce a ncuromuscular block of about

33%, When the dose of compound BL was followed by a
dose of tubocurarine at the point of wmaximal depression,
the degree of neuromuscular block was increased To

approximately 80%.

Decamethonium.

Decamcthonium (0,02 - 0,05 mg/kg) was injcected
at the point of maximal depression of the muscle twiten
produced by the compounds. Immediately therc was an
increasc in amplitudce and, within approximatcly 5 minutces,
a complete reversal of the block was acnieved in all
cascs (Fig 27).

The investigations carriced out using
tubocurarine and decancthonium indicated that all the
compounds under test wore non—~depolarizing in naturce

and no cvidence of a depolarizing componcent was found.

Affeet of Indireet Tetanigation of the Partially Blocked

A1l the compounds (1 - 7 mg/kg for compounds
BL to B10, 0,10 - 0.15 mg/kg for compound Bll) produced
a poorly sustained response of partially blocked muscle
to indirceet tetanization in a manncer similar to that
produced by tubocurarine (0,10 - 0,15 mg/kg)(Fig. 28)
and differcnt from thce well--sustained tension of tetanlzod

muscle partially blocked by decamcthonivm (0.05 -~ 0,10 ng/kg).



FLg* 2)

Cat gastrocnemius muscle-soiatlc nerve
prtaratioKi* Pentobarbitone anaesthesia*®
Contraction downwards* Drugs® administered
intravenously. Ihdirect. stimulation via
the sciatie nerve*

At A# confound BS 4*5 mgAg*

At B, confound BB 4*5 mgAg during ether

inhalation*
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Tffect of Ethor Anacsthogia,

- ox

Ether anacstheosia has beon shown to intensify
the action of non~depolarizing ncuromuscular blocking
agents (Paton & Zaimis, 1952; Foldes, 1960) whereas the
activity of depolarizing agcuts appears to be less
affected, only a slight inecreasc or reduction being
observed (Paton, 1953).

A dose of drug was addced to producec a
neuronuscular block of avout 25% to 50%,  Aftor
receovery was complete, tho same dose was repeated in
the prescence of cther vanour adwministercd frorm a bottle
connected to the artificial respiration pumo. The
admninistration of cether vapour was begun immediately
after injection of the drug and continued for a weriod
of 5 minutes. The noeuromuscular blocking votency of
all thc cowmpounds was intensificd and prolonged by
ethor anacsthesia (Fig. 29). This furnishes further
proof that the quatornary sterolds under test possess

non-depolarizing blocking propertics.

studics of Drug Antagonism.

Anticholinesterascs, for cexample cdrophoniun
and ncostigmine, by virtuc oi thelir ability to intensify
the action of acetylcholine, antagonizce the block
produced by non-depolarizing agents (B&lbring & Chou, 19473

Blaschko, Bulbring & Chou, 1949), but the block produced



fig.

)1

[l

Cat gastrocnemius muscle-sciatic nerve

preparation. Pentobarbitone anaesthesia*®
Contraction downwards. Drugs administered
intravenously. IThdirect stimulation via

the sciatic nerve*®
At A# confound 4 mg>4cg.

At B, neostigmine 0.Q5 mgAg*



Pig*

50

Cat gastrocnemius musde-sciatic nerve

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

sciatic nerve¥®
At A, compound ElI ) mg/kg.

At B» edrophonium 0*5 mg/kg*
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by depolarizing agents may be potentiated or only

slightly antagonizcd (Paton, l95-£), The anticholincsterases
cdrophonium and neostigninc were selected for studices

to obscrve the qualitative nature of the block produccd

by the compounds under investization. Tach was injccted

into the cat at the point of wmaximal neuronuscular block,

Edrophoniun.

Bdrophonium (0.5 - 1.0 mg/kg) injected

intravenously at the noint of maximum depression of

the twitch height, completely and rapidly revorsed thc
neuronuscular block produced by all the compounds. A

typical tracing is shown in Fig.30.

Ncostigmingc.

Noostigmine (0.02 -~ 0,10 mg/kg) producoed
results qualitatively simdlar to thosc obtvained with
edrophonium, although its duration of action was morec
prolonged. It completoly and offcetively antagonized
2ll the compounds under test (Fig.31).

These obscrvotions with ncostigmine and
edrophonium again indicete that all thoe acuaternary
gsterolids arce non-depolarizing compounds.

4 summary oif the guantitative and qualitetive
propcerties of the commounds on Ghe cat gastrocnerius

muscle~sclatic nerve Hreoparation is given in Tablo T.
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TABLE 8

Individual and Mean Head Drop Doses in the
- Rabbit of compounds Bl, Bll and Tubocurarine,

Come
pound

HEAD DROP DOSES (H.D.D.)

INDIVIDUAL
- mg/kg

E

MEAN

X sEM

mg/kg

No, dled
No. Inljected

Molar Potency
(Tubocurarine
= 100)

B1

13.3
13,3
14,2
13,7
14,7

13.8
15,1

9.7
19.3

13,9

14+

0,82

2/8

1.2

Bll

0 ¢ 36
0,25
0.25
0.21
0425

0.2
0.18
0.20
0,26

0,24

(K%

0,02

5/8

109

dTc

0,33
0,26
0,34
0,33
0,29

0.24
0,33
0,21
0,20

0,28

1+

0,02

4/8

100

dT¢c = tubocurarine,
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When the preparation was giving a consistent inbibition,
for example 50%, of the maximum twitch height, in respousc
to a fixed dose of any of thc compounds, a dose of
tubocurarine was sclected which produced a similar
quantitative cffcet. The ewproximate molar potencics
werce then calculated with reference to tubocurarine

according to tho formula:—- Molar Potency of Now Compound =

Molceular Weight of Dogsc of Refercnce Comoound

New Compound Producing a Certain Effcct

) X X 100
Molccular Weight of Dosc of New Compound

Reference Compound Producing the Samc Effcct

The refercence compound, tubocurarine, was arbltrarily

assigned the value 100,

The Rabbit Head Drop Tost.

Only compounds Bl and Bll woere gclected for
this test, tho former veing the most potent monogueternary
steroid on the cat while the bisquabternary compound (311),
was morc potent on the cat than tubocurarinoc. The head
drop dose of tubocurarinc was cestimated for comnarison
and the results arc shown in Table 8. In kceoling with
the obscrvations on the cat, comopound Bll was more notent
on the rabbit than tubocurarince and its duration of effect
was significantly less than for tubocurarine (10 win v
15 min for complete rccovery).  Compound Bl, on tho

other hand, was only 1/6th as active on this proparation



s
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A comparison of the properties of compounds

TABLE 9

Bl to Bll and tubocurarine on the hen gastrocnemius
nmuscle-sclatic nerve preparation.

NEUROMUSCULAR BLOCKING ACTIVITY

| Time of Duration of | Approx Type of Neuro-
Com- onset of aralysis Molar Muscular
pound |maximum %50% block Potency Block

? paralysis | approx (dTc = 100)| Produced

. (min) min)

ﬁl 1 -3 15 - 20 6 Non~depolarizing
B2 3 - 4 18 - 23 2.5 Non-depolarizing
B3 2 -3 13 - 18 2.5 Non-depolarizing
34 1 =73 12 - 17 T.5 Non-depolarizing
B5 4 = 5 22 - 27 2 Non-depolarizing
B6 2 w3 12 - 17 6 Non-depolarizing
BT 2 — 3 15 - 20 1.5 Non~depolarizing
BB 2 = 3 13 - 18 6.5 Non-depolarizing
Bp 1l =2 11 - 16 2 Non-depolarizing
BiO 2 = 3 1% - 18 4 Non~depolarizing
B?l 2 = 3 15 - 20 94 Non-depolarizing
aTec 5 - 10 30 - 40 100 Non-depolarizing

i

dTe = Tubocurarine.
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as 1t was on the cat gastrocncemius muscle-sciatic

nerve preparation.

EXPERIMENTS USING AVIAN LUSCLE.

Hen Gastrocnemius Muscle--Sclatic Nerve Preparation.

This preparation can be used to differcntiate
between depolarizing and non-depolarizing drugs. It
may also be uscd seml~guantitatively to comparc the
approximate potencics of new compounds with those of
decamethonium and tubocurarinc.

All the compounds investigated behaved
gualitatively like tubocurarine and werce devoid of
contracturc—inducing vroncerties, An approxinately
50% reduction in the amplitude of the twiteh hoight
was produced by doscs of froa 1 to 5 mg/kg of thc ton
monoguaternary compounds. Compound Bll, howovey,
produced approximately 50% inhibition of the muscle
twiteh with doscs of 0.05 to 0.10 mg/kg.  Compounds
B2, B3, B5, B6 and BlO werc all slightly morec active
than on the cat but compounds B4 and B8 incrcascd activity
oy factors of 5 and 6 respceetively. Their potency
comparced with tubocurarine, however, was still vory
low (Table 9). Bll was the most active compound, being
approximately cquipotent with tubocurarinc. The duretion
and ounscet of actlon of all the sleven compounds wasg

found to be aporoximatcely thce same as when thcesc commounds
_{..L a
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TABIE 10

A comparison of the potency of compounds
Bl to Bll with tubocurarine on the frog
rectus abdominis muscle,

APPROXINMATE
COMPOUND MOLAR POTENCY
TUBOCURARINE = 100
Bl 57;2
B2 180
B3 40,3
B4 7.28’.
B5 70,7
B6 34,3 -
BY7 131
B8 22,7
B9 50;2
B1O 53;9
B1ll 671.7




Isolated Arog rectus; abdominis musde#

All contractions were due to acetylcholine»
1 g/ffll. acting for )0 seconds*-

At A C, S and & d-tubocurarine 0*2#

0-4» 0.6 and 0*fi g/ml respectively.

At B# D. F and H, confound B2 0»2, 0.A»

0»6 and 0»8 grddrespectively»



Fig.

Hen gastrocnemius musde-sciatic nerve
preparation. Fhenobarbitone anaesthesia.
Contraction downwards» Drugs administered
intravenously. Ihdirect stimulation via
the sciatic nerve»

At A# décaméthonium 0.0) mg”g-



Pig# 5J

Ben gastrocnemius musde-sciatic nerve

preparation. Fhenobarbitcne anaesthesia.
Contractions downwards. Brugs administered
intravenously. IThdirect stimulation via

the sciatic nerve*®

At A# coapound B) 6 mg”"g.

At B» adrophonium 0-)0 mgdcg*



%

i

Pig# 52 Hen gastrocnemLus muscle-sciatic nerve
preparation* Fhenobarbitone anaesthesia*
Contraction downwards# Drugs administered
intravenously* Indirect stimulation via
the sciatic nerve®

At A# conpound B4 2 mg/kg#

At B, d-tubocurarine 0.10 mg”cg.
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werc tested on a siwilar wreparation in the cat.

411 the compounds cxulbited typlical non-
depolarizing activity on this w»Hreparation as shown by
the absencce of a muscular contractural effcect, the
potontiation of the block by tubocurarine (0.05 ~ 0.10 mg/kg)
(Fig.32) and its complete and rapid reversal by cdrophonium
(0.5 - 1.0 mg/kg) (Fig.33). Tor comparison, thc well-
known contracturc of avian muscle produced by a

depolarizing compound, decamcthonium, is shown in Fig,34.

Frog Rectus Abdominis Muscle Preparation.

None of the compounds investigated caused any
direet contractural response in this preparation confirming
their non-dcpolarizing naturc. On the other hand, cach
acted qualitatively siwmilarly, at doscs of from 0.03/ag/m1
to 6 /ag/ml, to tubocurarince (0.1 - 2.0 prg/ml) and
produccd graded inhibitory effccts to acetylcholince-
induced contractions (1.0 - E.ng/ml)(Fig.35)- The
potency of ecach of thesc compounds as measured by the
degree of inhibition of acetylcholine—induced contractions
is shown in Table 10. Tubocurarine was similarly
comparced and thce potency of cach compound was debeimined

graphically as shown in PFig.36.

The Rat Phrenic Nerve--Diaphraegm Preparation.

A1l tho monoguaternary compounds (0,05 — 0.25 mg/ml)




Pig* )8

Cat. Pentobarbitone anaesthesia. Blood
pressure record Arom common carotid artery*
Drugp administered intravenously* Vertical
scale, on left hand side* indicates the

blood pressure in mm of mercury*

(a) At A and B, confound HL 1 and 2.) mg/kg
respectively*

(b) At A, d-tubocurarine 0*$0 mg-cg*

(¢) At A# B and C, confound BIl 0%2% 0.50

and 1*0 mgAg respectively*®



Fig. 37 Isolated rat phrenic nerve diaphragm
preparation. Contractions downwards.
Indirect stimulation via the phrenic
nerve. Drugs allowed to act for 3 min.
every 15 min.
At A, B, D, F, and H, compound B1l 1.0,
1.5, 2.0, 2.5 and 3.0|ig/ml respectively.
At C, E, Gand I, d-tuhocurarine 1.0, 1.5,

2.0 and 2.5|is/ml respectively.



TABLE 11

e ettt st el

A comparison of the Potency on the Rat Phrenic
Nerve~Diaphragm Preparation of compounds Bl to
B1ll with tubocurarine,

APPROXINMATE
COMPOUND MOLAR POTENCY
(TUBOCUR%RINE = 100)
Bl 0,68
B2 1.29
B3 0;68
B4 0,41
B5 * -
B6 0,68
B7 * -
B8 0,69
B9 256
B1O 1;45
B11l " 70,77

* ITnsufficient material,




- 119

wore rclatively inscaslitive on this preparation, the
mnost wotent, compound BY, being approximately 1/40th as
active as tubocurarine (Table 11). A typical tracing

1s shown in Fig.37.

ii) RESULTS OF TESTS OTHER THAN THOSE DESIGHED TO

INVESTIGATE NEUROKUSCULAR BLOCKING POTIICY.

v v acromag

Affect on the Blood Prossurc of the Pentobarbitonc-

AdﬂdSFhutheqvbato

e a Er b —— e

The ten monoquaternary comvounds, on intravenous
injecction, caused a markced fall in thc blood pressure
at doscs (1L - 6 mg/kg) at waich they also produced nartial
or complete ncuromuscular block. The hypotension
obsorved was similar in duration and effect to that
scen after the injcection of tubocurarine (0.1 - 0.2 ng/kg)
(Fig.38). The bisquaternary cowmpound, Bll, on the
other hand, produced no significant risc or fall in
blood pressurc of the cat even when administerced in
doges 10 times that recuilred to induce a nceuromuscular

block of 50% (Fig.38).

Botimation of Sympathetic Ganglion Blocking Activity.

The Cat Nictitating Membranc Preparation.

e T — - 3

All ten monoguatermary compounds produccd an
approximately 50% inhibition of tho hoight of contraction

of the nictitating membrance at doscs ranging from 4 to




Fig. 42

Guinea pig ileunu The effects of drugs
on contractions of the longitudinal muscle
layers (upper trace) and on peristalsis
(lower trace) recorded by "Drendelenburg"&
method (1917).. A $0 ml# organ bath was
used*

At A# confound Bé 0*12$ mg*

At Hr hexaméthonium 0*2$ mg*

At C, D, E and P, compound BIO 0%2§, 0*$0,

0*75 end 1.0 mg*



Fig. 41

o

Guinea pig ileum. The effects of drugs

on contractions of the longitudinal

muscle layers (i¢per trace) and on peristalsis
(lower trace) recorded hy Trendelenburg*s
method (1917)» A $0 ml* organ bath was
used*

At A# hezamethonium 0%$ mg*

At B, C, D and £, coopound Bl 0.$,, 1*0,

2*0 and )*0 mg*



Fig. 40

Cat. Pwitobarbitone anaesthesia. Contractions
of the nictitating membrane elicited at J min
intervals by pregan”ionic stimulation of the
i¢c>erior cervical nerve at a frequency of 1000
iapulses/min,: 8 V and 1.0 msec for 18§ sec*
irugs administered intravenously 1 min before
stimulation.

At A and B, compound HLI 0.$ and 1.0 mgAg
respectively.

At C, d-tubocurarine 0.$0 mg/kg*



Fig* y)

Cat* Pentobarbitone anaesthesia®
Contraction of the nictitating mezdxrane
elicited at } min* intervals by

pregan” ionic stimulation of the stpericr
cervical, nerve at a Arequenpy of 1200
inpulses/min, 8 V and 1*0 msec for 1§ sec,
Drugs administered intravenously 1 min
before stimulation*

At A and B, conpound HLO 4 and 8 mgAg
respectively*®

At C and D, compound KL 2 and 4 mgAg
respectively*.

At E, hexaméthonium 0%5 mgAg*-



TABLE 12

A comparlson of the Sympathetlc Ganglion
Blocking Activity of compounds Bl to BlO
with tubocurarine.

APPROXIMATE
COMPOUND MOLAR POTENCY

(TUBOCURARINE = 100)

Bl 6.2

B2 4,7

B3 | 7.7

B4 3.2

B5 5.8

B6 8,0

B 5.7

B8 | 3.9

B9 N

B1O 6.5
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8 mg/kg (Table 12). It scems likely, thercefore, that
the fall in blood pressurc observed with the compounds
can be attributed in some degrcec to sympathetic
ganglion blockadc.

Tubocurarine (0.50 mg/kg) and hexamothonium
(0.50 mg/kg) also produced a 50% rcduction in the
height of contraction of the membranc (Figs.39 and 40).

Compound BLl, which had no effect on blood
pressurc, produced no sympathetic ganglion blockadc at
doscs 10 times that required to inducc approximatcely

50% neuromuscular paralysis in the cat (Fig.40).

Guinea Pig Tlcum. Parasympathctic Ganglion Bloclking

Activity.
All celeven compounds producced an inhibvition
of the peristaltic roflex at doscs varying from 0,125
to 3 mg (PFig.41l). Compound B6 (0.125 mg) posscssed
significant inhibitory activity on thce Trendelenburg
preparation and was twicce as active as hexamcthoniun
(0.250 mg)(Fig.42).  Compounds B2, B3, B5, B7 and BY
also blocked peristaltic movements and were equlpotent

with hexamethonium in this respect,.

EXPERIMENTS UPON MICH.

Estimation of the Approximatc Median Paralyzing Dose (PD50).

Followlng intraperitoneal injcction of the



TABLE 13

A comparison of the Potency and Toxiclty of
compounds Bl to Bll with tubocurarine in milce,

i Approx. Approx. Therapeutic | Approximate
Com— Mean Medlan! Mean Lethal | ITndex Molar Potency
poqnq Paralyzing Paralyzing 1 LD50 Tubocurarine

o Dose (§D5°) Dose (LD50) ;Sgg = 100

] mg/kg I SEM| mg/kg £ SEM
BL. | 511 3,45 | 64 I 4,15 1,78 0.36

! -4 ———

B2 | 46 % 3,09 | 60 ¥ 3,30 1,30 0,47
B3 | 80 % 4,49 | 82,3 % 4,90 1.03 0.25
B4 156 ¥ 9,6 |155 % 9,00 1.14 0.11
B5 |80,1 % 4.39 |102.8 ¥ 2,99 | 1.28 0.23
B6 | 64 L 3,58 78,56 & 4,09 1,23 0.31

| S S SR
B7 * - ’ - - -

L e —

B8, (69,5 & 2,39 | 71,8 % 2,84 1,03 0,25
B9 170,2 % 4,58 |100,1 ¥ 4,23 | 1,43 0.24
Bl0 | 52 £ 2,55 | 59.5 ¥ 2,96 | 1,14 0.9
B1l 11.22 ¥ 0,06 | 2.5 % 0,22 ! 2,05 23,3
are {0.30 ¥ 0,05 | 0,54 ¥ 0,03 | 1,78 100

‘ ¥  TInsufficient material.

dT¢ = Tubocurarine,
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compounds undcr test, the mice, after a bricf veriod

of cxcitability and restlessness, developed a tynical
flaceld paralysis and slid abruptly off the Inclincd
SCreeh. Recovoery from paralysis was normally comnlotc
within 10 to 15 minutes. The inactivity of tuc
monoguaternary compounds in inducing naralysis on this
speeles was striking and the wmost potent compound, BZ,
wag only approximately 1/200th as active as tubocurarinc
taken on a molar basis (Table 13). In countrast, bhe
bisquaternary compound, Bll, was much morc potent than
the monoquaternary derivatives beilng approximatcely

one—~quarter as active as tubocurarinc on & molar basis.

BEstimation of the Approximate :icedian Lethal Dose (LDQ ).

The median lethal dose was determined in a
gimilar way to the median paralyzing dosc. Intraperitoneal
injection of a minimal lethal dosc of the compounds
causced rapid development of flaccid paralysis followed
by respiratory failurc. Nonc of the compounds, oxcept
the bisquaternary steroid (Bll), had a therapeutic
index supecrior to that of tubocurarine (Table 13).

The results woere calculated by the granhical
method of Miller & Tainter (1944) and arc shown in Table 13.
The percentage paralyzed or killed in cach group, at cach

dose lecvel, was plotted on a logarithmic scale, as a probit



g and lethal effect on mice

-

Paralyzin

PROBIT

LD50O

XX

LDBO X PD5O

X

X X

X X

20 40 10 100 20 40 10 100
Dosage, mg/kg of B

Graph to show method of estimating LDS0 and

- FDS0 of compounds Bl 40> BYL (Miller & Tainter, 1944),
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valuc against the dosc (mg/kg) of drug producing the
cffect, Thg estimated PD50 was that dosc corresponding
to 50% (probit 5) and could be road dircetly Ffrom the
graph in ug/kg. The median lethal dose (LD50) was
determined in a similar feshion.

To estimate the standard error of the PDH50 and
LD50 the doses producing 16% and 84% (probits 4,0 and
6.0) of the cffect were read from the graph (Fig.43). fThe
differonce between thesc values is thce cstimated increment
necessary to increasc the effects by two probits in
this dosc range (28). The approximate average standard

crror of the mean (S.E.M.) was calculated from tho
29

T

VeN”

The valuc N indicated thoe total numboer of

formula, S.E.M, =

L]

animals in the groups which would bo cxpected to show

results between 6.7% and 93.3% (probits 3.50 and 6.50),

.

Experiments on the Respiration of the Anacsthetized

Rabbit and Cat.

In view of tho eclinical importance of the
action of muscle relaxants oun thoe muscles controlling
respiration, an investigation of the ceffect of the wost
potent monoguatcrnary compound, Bl, and thoe potent

bisquatcrnary compound, Bll, upon rcspiration in the rabbit




Pig. 45

Cat. Pentobarbitone anaesthesia. Record
of respiratory movements using the method
of Gaddum (1941).

At A. intravenous infusion of conciound Bl
07095 mg/ml..

At B* intravenous infusion of d-tubocurarine
0*%095 mg/ml»

At C, intravenous infusion of confound BI
1*Sé mg/ml»

At AR, artificial respiration was given.



pig. 44

Rabbit.. Urethane anaesthesia*® Recording
of respiratory movements using the method
of Geddum (1941)*

At A, intravenous infusion of con¢c>ound KL
1*Sé mg/ml.

At B# intravenous infusion of d-tubocurarine
0.095 mg/ml*

At & intravenous infusion of compound HLI
0%095 mg/ml.

At AR, artificial respiration was given.



TABLE 14

Indivlidual and Mean Respiratory Paralyzing
Doses in the Rabbilt of compounds Bl, Bll
and tubocurarine,

Respiratory Paralyzing Dose

e eew——|  Molar
Compound Individual Mean Potency
mg/kg mg/Kg (fubocurarine
= 100)
Bl 13.3, 14.3, 13,7 1.24
13,6
B1l 0.22, 0.24, 0.23 102
0.24
S S
dTe 0.23, 0.25, 0.26 100

0,30

Individual and Mean Reaplratory Paralyzing
Doses in the Cat of compounds Bl, Bll
and tubocurarine,

B1 2,17, 2,54 2,37 4
2,40

Bl1l 0.18, 0,14, 0,160 08
0,16

dTc 0.17, 0,17 0,17 100

0,17
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and cat werc conducted.

Bach drug was tested threc times on differcnt
animals. The first dosce administored which producced
respiratory arrest was roeferrcd to as the respiratory
paralyzing dosc. Subsequent doscs, loss than the
first, were not included.

The doses of compounds BL and Bll required
to produce roespiratory paralysis in rabbits werce similar
to their head drop doscs, compound Bll being approximately
cquipotent with tubocurarine while compound Bl was much
less active (Table 14). Tyoical tracings arc shown in
fig.44.

In cats, tho doscs of compounds Bl (2.37 mg/kz)
and B1l (0.16 mg/kg) roquired to produce comploto
resplratory paralysis were less than those required to
paralyzc respiration in the rabbit (Table 14).  Tracings

of these results are shown in Flg.45.

Anticholinegterage Activity.

Measurcment of anticholincsterase activity
revealed that all compounds had PI50 valucs significantly
less than that of cscrine (Tablec 15).  Coupound BS
posscssced the highest anticholincsterase activity of tho
compounds investigated, 4.29 comparcd to 6.54 Ffor cserinc,
It secms unlikely, thereforc, that the compounds can be

cxerting their action via inhibition of acetylcholincsterasc,
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TABIE 15

The Anti-Cholinesterase Activity of compounds
Bl to Bll, eserine and tubocurarine,

Compound PI 50%
Bl 3.98
Be 2,68
B3 | 3,28
B4 3,49
B5 e e =
B6 4,27
BY7 4,22
B8 4,29
B9 3,48
B1O 5,24
Bll 3,13
dTec 2.58
eserine 6,54

*PI50 = The negative logarithm of the molar concentration
of the drug producing a 50% inhibicvion of carbon
dioxide production.

*%  TIngufficient material,
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An example of the method of caleculation of the PISO

valucs 1s shown in Fig,. 46,
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c) DISCUSSION.

Tach of the eleven compounds under investligation
for which formulac arc given in Fig.6 produccd =
relaxation of skeletal musclce and cexhibited, on all
preparations cemployed, typical non-depolarizing activity
without any disccrnible dewolarizing propertics. Thus,
in the cat, neuromuscular block was intensified by
tubocurarine whilc in the¢ hen, nuscle contracturce did
not takc place. In voth the cat and the hen the block
was quickly and completely reversed by ncostigmine and
cdrophonium, Qualitativcly, thesc results waere
supported by thosc obtained on the isolated frog

rectus abdominis muscle. It is of somc intercst

that depolarizing activity is abscent in thosc
monoguaternary steroids (compounds 31, B2, B3, B4, B6,
B7, B8 and B1O) incorporating the acotylcholinec-like
molety and in the bisquatornary compound (B1ll), which
is essentially dccamothonium-like in so far as i
conslsts solely of a hydrocarbon residue bearing two
ammoniun functions. This might suggest that tho
considerable bulk of the steroid nuclecus is preventing
the gquaternary heads from fitting the anilonic sites
sufficicntly well to disrupt the water molecules on

the membranc of the receptor, in the wanner postulated

by Belleau (1964), to initiate ion transport and
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depolarization of the musclc membranc. Instcad, all
compounds would appcear to be forming complexes luvolving
non-speeific conformational wmerturbations in the reccptor.
Tn torms of the theoriss of Aricns (1964) and Paton (1961),
the compounds under investigation could also bo visualized
as posscssing a low intrinsic activity or a low rate of
disgociation from the receptor respeetively.

Apart from the above indications of the non-
depolarizing nature of the block, mcasurcment of
anticholinesterasc activity, using cnzymc preparcd fron
rat brain, rcvealed that thce most active of the stexoids
under test (compounds B6, B7 and B8) were morc than 100
times less pobtent than csorinc. It scems unlikely, in
vicw of this considerablc vardstion in »notency, that
the compounds undcer invesitligation can be excrtbting their
actiong via inhibition of acctylcholinesterasc.

In both the cat aad the hen, the time takcen
to obtaln maximum paralysis and the duration of the block
were significantly less than thosce for tubocurarinc,
Morcover, as would be expected of non-depolarizing comoounds
(Zaimis, 1959), the activity obscrved in the hen was in
genceral comparable to that in the cat. Thore was, howcver,
the anticlpated variation in potency in other svoccics.
Thus, in mice, employing the inclined scrcen method to

determine the paralysing dosc, all the coupounds showed
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a PD50 of 10 to 15 times the dosage requirced to produce
paralysis in the cat. On the other hand, the compounds
weore apprceciably more active on the frog rectus abdominis
muscle preparation in which their potency was anproxinately
5 (compound B4) to 90 timos (compound B2) as great as

1t was in the cat.

In addition to thelr ncuromuscular blocking
activity, the ten monoquaternary compounds also causcd
inhibition of both sympathcetic and parasympathetic ganglia,
as might be cexpected of monoquaternary ammonium salts
(Cavallito & Gray, 1960). The degree of sympathotic
ganglion blockade in the cat in all cases was more
pronounced than that of ncuromuscular blockade in the
same spocics on a mg/kg basis. in contrast to the
monoqguatcernary conmpounds, the single bilsquatcrnary
ammonium steroid tested did not appcar to posscess
synpathetic ganglion blocking activity coven in doses 10
times that reguired to produce approximately 50% ncuro-
nuscular paralysis in thoe cat.

With tho cxception of the potency of compounds
B2 and B7 on the frog rectus abdominis muscle prevaration,
the potency of the monoquatcernary sterolds as neuromuscular
blocking agents was low and all were appreciably lcss
potent than tubocurarinc,. Thoe most active -~ comnmound Bl -

was 1/16th as active in the cat as tubocurarinc on a wmolar
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basis whilc the least active ~ compound B8 ~ was 1/100th
as activce. Since these two compounds arce so similar

in chomical constitution it is tempbting bto ascribce the
variation in potency to steric c¢ffects about the nitrogen
atom, although variation in the charge density of tho
nitrogen can not be overlooked. Replaccement of a
pyrrolidino ring by a pincridino ring in a molceculc of
this size would not be cxpeceted to produce a markcecd change
in hydrophilic to lipophilic balancc - a factor wcll
known to influcnce ncuronuscular blocking activity
(Cavallito, 1959). Additional evidecncc that changes

in poteuney in the monoguaternary sterolds could indeed

be dirccetly attributed to variations in the nitrogen
substitucnts is provided by results obtained with the
3,17~ bisquaternary ammonium androstancs. Here,

on going from the bisvrimethylammonium compound wo tho
bisdiethylmethylammonium compound, non-dcpolarizing
poteney dncrcascd only to fall off again in the
bistricthylammonium compound (Alauddin ct al. 1965).
Since the rcelative rigidity of the steroid ring systenm
would not be expected to oormit any marked changes in

the interonium distance with change of substitucnts on
the nitrogen atoms, as is known to occur in the flexible
polymethylene bisquaternary ammonium salts (Elworthy, 1964),

tho change in potency could be duc to variations in the
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nitrogen substituents, as appcars to be the casce for the
monoguaternary compounds.

It is of interest that compound B3 (the revorscd
analoguc of compound Bl), in which thc acetate function
is on position 2 of the storold nuclcus and the nitrogen
function is on position 3, is only 1/4th as active as
compound Bl. This again scerves to cmphasizce the
importance in the proscent scrics of steric factors rather
than hydrophilic to lipophilic balancc.

The ono bisquaternary storoid under examination
showed activity comvarablce to or greater than that of
tubocurarine in all soccies, cxcept the mousc. The
potency of this compound which has an intoronium distance
of 9.3 ~ 9.7 A according to the conformation adopted by
ring 4, thus differing from the 3 8,17 - bisquatcrnary
ammonium androstanc derivatives which have interonium
distances of from 10.5 - 11.2 4 (Biggs, Davis & Wein,
1964 ) provides furtner evidence that the original two-
point attachment theory of neurouuscular blockade (Paton &
Zaimis, 1949, 1951), involving anionic rcceptor sites
scparated by ca 14 3, neceds modification. A furthor
fact incompatible with the original two-polnt attachment
hypothesls is the existence of activity comparable to
that of tubocurarine in 30(.,17{9 ~—and 36 ,17&~ big-

guaternary ammonium androstancs where the quatcermary
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heads lie on opposite sides of the steroid nucleus (May

& Bakor, 1963, 1965; Biggs ot al.1964), It would appoar

thereforc, that cmphasis nust be placed on factors such
as accessibility to the sitce of action, lipophilic to
hydrophilic balance, distribution boetwoen sites of action
and sites of loss and probably other factors (Cavallito,
1959; Cavallito & Gray, 1960) as determinants of neuro-
nugcular blocking activity. In addition, the nigh
activity of the bisquatornary steroid (Bll), in which
both quaternary ammonlum funcitions arc in the ﬁ -
configuration, makes it clcar that the angular ﬁ —- moethyl
groups on C-10 and C-13 of the steroid nucleus arc not
interfering with rcceptor intceraction, as was also
observed for the maloudtinc sorices (Khuong Huu-Laind &
Pinto-Scognamiglio, 1964) and for the 38,17 B~,3 &,

l7§ - and 36 y LT~ bisquatcrnary ammonium androstancs
(May & Baker, 1963, 1965; Biggs ¢t al. 1964).

The present results with the bten monoquatvernary
compounds and the singlc bisquatoernary sterold fully
confirm the well-established fact (Cavallito & Gray, 1960)
that bisquatermary compounds arc more potent ncuro-—
nuscular blocking agents than their related monoquaternary
derivatives. If this is not duc to an increascd bonding
to the reccptor made possible by a 2-point attachment as

the evidenco just discussed would suggest, certainly the
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addition of a sccond hydrophilic quaternary ammoniun
function to a monoquaternary compound would be oxpected
to alter the hydrophilic to lipophilic balance of the
molccule. Thus, the cnhanced potoncy of bisquaternary
compounds may be duc in some measurc to the molecules
having attained an optinum compromisc betwecen lipophilic
and hydrophilic bonding functions.

The neecd for at lcast two onium contres in the
ong nolccule for the appearance of appreclable ncuro-
nuscular blocking activity also scrves to placc cuphasis
on the adumbration theory with its postulate of a onc-
peint attachment in which the oniun group not attached
to thce receptor repcls incoming acetylcholine moleculoes
(Loewe & Harvey, 1952).  Certainly, as already discusscd,
the prescncce of high activity in the 3(x,17F3~ and 3@ ,
170C~ bisquaternary ammonium androstancs (May & Baker,
1963, 1965; Biggs et al. 1964) wherce the quaterncry heoads
lic on opposite sides of the sterold nucleus makoe it
difficult to cnvisage a truc two-point attachment to the
recentor. There i1s still, of course, the possibility
of Waser's porce theory (Vascr,1959,1962) being
substantially corrcct, since a molecule of cither the
3cc,17ﬁ3— compound or the 3@ s17cC~ compound could s1in
insidce the porce with onc onium group attaching itsclf

highor on the rim of the pore than the other.
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POSSIBLE CLINICAL APPLICATION OF THE COMPOUNDS INVIESTIGATED.

The valuc of the threc woell establishoed muscle
relaxants in clinical usec, namcly tubocurarine, gallamine
and suxamecthonium as adjuncts to surgery and anacsthesia
(Bowman, 1962) is somewhat marred by the fact that cach
of the threc may producc undesiravle side effcets.
Tubocurarine can causc both histawmine release (Sniper,1952)
and ganglion blockade (Ottolenghi, 1959: Foldes, 1960),
gallanine may inducc tachycardia (Riker & Wescoe, 1951)
whilce the muscle pain and lrrcversible nature of the block
produced by suxamcthonlum and other depolarizing drugs
arc disadvantages to their usc (Foldes, 1960).  Henco
the recent advent of diallylnortoxiferince which, in both
pharmacological (Lissac, Herenberg, Vallois, Pocidalo &
Liot, 1963; Bgohtold, Fornasari & H&rlimann, 1964 ) and
clinical studies (Wescr & Harbeck, 1962; Lund & Stovnor,
1962; Foldes, Brown, Lunn, Moorc & Duncalf, 1963), has
been shown to be a potent, casily reversible, short-acting
musclce rclaxant of the non-denolarizing type with high
specificity and free from side offceets.

All ten monoquaternary compounds blocked synantic
transmission in both sympathetic and parasympathctic
ganglia. Posscssion of this property, together with
thelr weak ncuromuscular blocking activity in a number of

speciles makes it very unlikely that thesce compounds would
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be of any clinical valuc.

The bisquaternary compound (Bll), on the obther
hand, did not appcar to posscss any marked ganglion
blocking activity and its lack of a hypotensive cffcet
suggcested the absencce of histamine-~liberating propcrtics.
In addition, in voth cat and hon, neuromuscular blocking
poteney was gimilar to that of tubocurarine whilc the
timo of onset of maximum paralysis and the duration of
block was significantly less than for tubocurarinc.
Furthermore, the compound was no more potent than
tubocurarine in inducing paralysis of the respiratory
nmuscles of the cat and the rabbit. Thus, while grcat
caution nust be execrciged in attempting to asscss the
potential clinical wvaluc of a compound from results
obtained on animal proparations, as alrcady indicated,
the apparcnt abscnce of any scerious side effects and the
potent, short-acting, non-depolarizing nature of the
block makos it possible that this storoidal biscuatcrnary
compound, oxr perhaps a structurally related derivative,

may be of some clinical usc.
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APPENDLX

SECTION A, EFFECTS OF NITROGHIOU:S STEROIDS ON THE

CENTRAL NERVOUS SYSTEM.

The code nunbers and chemical formulae of the compounds
which worc investigated for central nervous systen
activity arc shown in the table below. Their structural

formulae are shown in Table I (opposite page 47).

Code Number Chemical Tornmula

Al 355“Morpholino-Scn—androstan~2@ -0l ~1(~

one,Q;? acctate,

A2 3cx»Piperidino-Bcu~androstanw25-nol~17«
ONC.

A3 3CL»Piperidino—BCLmandrostan«ZQ ~01 —~1"]~-
one,2 B acctate.

A4 3CL~Morpholino~5czmandrostan~2ﬁ9wol~l7~
ONCo

A5 2 B ~Morvholino~16q ~methyl-50 ~pregnane~

3cL,11(3»diol~2O—one.

A6 2£}mMorpholinoleCL—uthyl—BCL—Prognan~3CL~
ol-20~onc.

AT 2¢ ~Morpholino~5q.-androstane~3,17~dione.

A8 3o -Morpholino-5 oL ~praognan—2 8 ~ol-20~one.

A9 3CLwPiperidinD«SCL~androstan~2§-—01—17"

ono,253 succinate.

AJO 3cx~Dimothylamino—5(x—androstan~2ﬁ9w01~17~0ne.



Code Number

All

Al2

Al3

Ald

Al5

A16

ALT

A18

AlS

A20

A21

A22

Chemical Formula

3 a~Dimethylamino-5Q ~androgtan~2 5 =01 =
17~ong, 2 [8 acetato.

2 p ~Morpholino-3 B ~nethyl-5 o ~androstan-
3 =0l ~LT=0nc.

3 -Pyrrolidino~5 Cl~androstanc-2 (23 ,l’Tﬁ ~
diol, 2 ﬁ acctate.

3a~Pyrrolidino-S5a ~androstan-2 (9 —0L~17~
one, 2 @ acotata.

3oL =Pyrrolidino~5c~androstan~2 ﬁ ol K Ay
one. |
3a-Piperidino-5X~androstanc-2,178 -~
diol,2 B,17 B diacctate.

2 -Morpholino-5 d-pregnane~3 ., 208 -
diol.

6 a~Pipcridino-androstan-3 fs y 5 B~diol—
17-~onc.

3 o ~Mornholino~5 X ~androstan-—-2 ‘9 ~0l-17-
one, 2 (8 suceinate,

3oL-Morpholino-5 d-androstanc-2(3 ,178 -~
diol,2 B8 acctate.

3a-Pyrrolidino-5G —androstanc-2 @, 17 {9 -
diol,2f ,17 B diacetate.

26 ~Piperidino-5a ~androstan-3 o~ol~L7-

one, 3 &L succinate,



Code Nunmber Chendcal. Fornula

A23 2 p «;E’ilaori dino~5a ~pregnan~3 X ~0l—-20~
one, 3 o succinate. _

A28 2 B ~Piperidino~50X —nregnan=3 Oi--'ol-EO-one.

A25 17 ~Morpholino-5 & ~androstane-3p,16 B -
diol.

A26 28 ~Mornholino-17& —ethinyl-5 & ~androstan—

3X ,l?p ~ddlol,

SECTION B, BERFECTS OF NITROGENQUS STEROLDS AT THE

NEUROMUSCULAR JUNCTION

The code nunmbers and chomical formulae of the steroids
which were tested for neuronuscular blocking activity are
shown in the table below. Thelr structural fornulae arc

shown in Table 6 (ownposite page 109).

Code Number ~Chemical TFormula

Bl 2 B=Piperidino-5a ~androstan—3 ¢ ~ol-17-
one, 3 acetate nethobromide. \
B2 3a ~Piperidino-5 —androstane=2 3,17B —
| diol,2}‘:? y 17p diacetate nethobronide,
B3 3 ~Piperidino-50.—androstan-2 B ~0l=17--
one, 2P acetate methobrouide.
B4 N"(Emeﬂoetoxyvl7-oxo—5CXmandrostanr2FB-

¥yl )=trinethyl ammonium hydroxide.



Code Number

B5

B6

BT

B8

B9

B10O

Bll

Ehemical Formula

2 B =Dinethylanino-16 & -nethyl-5 & ~pregnan—
‘3 X ~0l~20~0onc nethobronide.

N-Mcthyl-N-(2 B,17 B-diacetoxy~LT7—ox0~5cx -~
androstan~3 o ~yl)-piperidiniun hydroxide.
N—-Me’chyl-—l\T’—-@ ]9 ~acetoxy~1T7-~0x0=5 =
androstan~-3 =yl )-piperidiniuwi hydroxide.
2 B nP‘yrr olidino~b ~androstan~3 & —ol-17-
one, 3K acctate methobromide,

2 B ~Piperidino-b ~pregnan-3 X ~0l=20~

one nethobronide.

2 }3 --']?yrrolidino-Boc ~pregnan—3X --01~2 O~
one, 3o acctate nethobromide, _
2 fQ ;16 B —D}i_pipcridino~5 X ~androstane~30¢,

17 }S’ ~diol, 3 a,l?ﬁ diacetate dimethobromide.



