RESUME COF LITERATURE
P OG Al IC_GANG :

“Here nature provides us with an aggregate of neurones,
readily accessible to experiment, readily isolated from the
influences of othez; active neurcnes, sometimes even fitted with
modern plumbing in the form of a vascular system that can, with
relative esse, be gsegregated from the general circulation™,
(Perry, 1957),

Eocles (1935 a) shoved us almost st the stert what was
evailable, Many of the subtle iInteractions between neurcnes
which must form the basis for the.integrative and modulatory
activities of the brain are also exhibited in the microcosm of
‘the ganglione There is summation both spatial and temporal,
facilitation and occlusion; almost all the Sherringtonian
principles of integrative action, we have, But since Eccles
first demonstrated the phénomena, they had been neglected for
relatively long period of tiﬁe.

Tnstead we all have "shocked" the ganglion with meximal
electrically-induced volleys in the présynaptic nerves at
frequencies chosen only to suit oursel/ves. Most of the work of
this nature had been done in the superior cervical ganglion of
cats Transmissions of the nervé impulses were based on the
assumption that s11 the preganglionic fitres sre cholinergie and
all synapse in the ganglion,
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Perry (1957) remarked that neither of the sssumptiorsis
necessarily céwrect. It 13 just possible that nme-cholinergic
presynaptic fibres exist - if they do, they are small minority of
the total pop}xlatim ;af presynaptic fibres; there is a certain
number of so-called through and through fibres most of which are
postsynaptic fibres aris ing? from cells proximal to the ganglion
being studled,

1, Phases of ganglionic trensmission ¢

Application of a mxiﬁal eleetrical stimulus to the
presynaptic neﬁe supplying the ganglion. induces all the nerve
fibres in the nerve to fire simultaneously. This in turn lesads to
the dischargs of‘ all the cells In the ganglion. although this
discharge 1s not quite synchronous, It 13 not synchronous because
the distance between the point of stimulation on the presyneptic
nerve and the individual ganglion cell is varieble and, even more
important, befause the size of the presynaptic fibres and their
conduction v@élocity 19‘: ;lso varisble, The asynchrony is not however,
sufficiently greet to praw;ent the recording from the postsynaptie
nerve of a relatively uncomplicated action potential - i,e, of an
approximately synchronous discharge of all the axons in the
postsynaptic nerve, The slight asynchrony is important to a proper
understanding of the elecirical events in the genglion,

When the ganglion is stimlated in this way, it is
convenient to try to follow the events during transmission In terms
of a simplified model of synapse (Fig. 1). There is not the least
similarity of the ganglion cell to the model, as the nerve terminals



LEGEND FOR FIG, 1

Diagrammatic representation of ganglionic synapse, The phases
of transmission are represented spatially along the horizontal

scale (The numerals represent the phases). (From Br, Med, Bull,
13, 220, 1957).
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ramify over the entire surface of the cells and ene presynaptic ‘
axen wﬁl terminate on numerous presyneptiec axema. Nevertheloss

for our ertificlal meximal stimnlus the model will serve a useful
purpose, The seguence of events initinted by the maximal presynépti’c
volley een be classified Into seven distinet phases, Perry (1057)
represented these phases in what he termed as overaimplified menner,

The seven phases may he desoribed as follows &

BOUTONS
TERMINAUX
FINE NON-MYELINATED POSTSYNAPTIC CELL
NERVE TERMINALS

AXON HILLOCK

NON-MYELINATED
/POSTSYNAPTIC AXON

MYELINATED
PRESYNAPTIC AXOM

. PHASES OF TRANSMISSION

| Lo 111
1 2 34 5 6 7

B Fig. 1
Phese 1 : Saltatory conduction in the myelinated presyneptic fibre,

Phase 2 1 Conduction in the monemyslinated pregynsptic terminals,

Phase 3 s Release of acetylcholine et boutons terminaux.

Phase 4 1 Acetylcholine crosses the synaptic gap ¢ cocuples receptor:
on the cell membrane; and eliminated,

Phase § 1 Looal responde of cell to acetyleholine,

Phase 6 3 Initiation of propagated actiem potentiel,

Phase 7 1 Conduction in the non-myelinated poestaynaptie awon,

Feetors affecting transmission @

Table 1 summarizes the ways in whieh the fumotion of each
phase can be tested experimentslly, It is also possible that a
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factor may affeot any one pbgse of transmission, not only dir;ctly
but also indirectly, by interfering with a fumction which subserves
that particular phase, Thus depression of the release of
acetylcholine may be direct or may be indirect as for example, the
result of a depressioﬁ of acetylcholine synthesis; oz; Initiation
of the propagated action potential may be prevented by direct action
on the cell membrene or indirectly by depression of the cell
metabolism,
o Table 1 .
Experimental tests of the function of phases of tramsmission

Phase of Test to ensure this phsse iz functioning normelly

trensmission (each test applies only if the preceding tests
listed in this Tseble have been carried out
guccess fully) :

1. Stimulate presynaptic nerve and record action
potential at a point distal on the same nerve,

2 and 3 Stimdate preaynaptic nerve to eserinized perfused
ganglion and test effluent for presence of
acetylcholine (It 1s not yet possible to differentiate
with certainty between phases ¥ and 3).

4 and § ' Stimulate presynapﬁe nerve and record local
potential of ganglion cell, (It is not yet possible
to differentiate between phases 4 and 5).

6 - Stimulate presynaptic nerve and record propagated
. action potential in postsynaptic nerve,

7 Stimulate postsynaptic nerve and record action
potential at & point dlstal on the same nerve,

Factors affecting phase 1: Local anaesthetics such as cocaine are

powerful agents for ertificislly interrupting saltatory conduetion;
and in the analysis of a new drug to possess true geanglion-blocking
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potency, 1t is necessary to exclude such activity before presuming

it to possess true genglion blocking potency,

Factor affecting{_ phage 2 @ 49 discu;sed phases 2 end 3 cannot be
separated. ‘{mtior‘x of the toxin of Cl, botulinjum deserves mention,
Ambache (1949,_;951) showed that the toxin possessed a characteristic
action in blocking transmiss ion at cholinergic junctions i,e, at
ganglion synapses and at motor and p;atfes. Presynaptic nerve )
stimlation fails to excite the end orgen but acetyleholine would
excite the postsynaptic cell; he further\sﬂt\zoweq‘that phase 1 was not
affected by the toxin, Burgen et al., (1949) showed directly that
the toxin prevented the release of acotylcholine, They concluded
that the block is due to an irrgvgrsip@ fixation of toxin on the
fine non-myelinated fibres. Brooks (1954) supported this contention
of Castillo & Katz (1955) who showed that the action occurred at

the sites of acg#quhpling i‘glease s the tips of the nerve fibres

1,8, by en zction on phese 3,

Factors qfftect:!ng gha_s\? 3 s The preciete gechpnism of the release of
acetylt_:holing at the boutons terminaux remeins obscure, Birks &
MacIntosh (1957) discussed the problem of storage and release of
acetylcholine, Perry (1953) showed that over a wide range of
frequencies of stimulation, the output fell exponentially to a
final constent rate pe'w’r‘n:_lnujbe:'rhis indiecates that at a high
rfreguepcy a"s':}z}gleh stimulus released less acetylcholine than did

a single stimilus at a low frequency; end Perry argued that the
explaration lay in the exhaustion of the As?:og%cugi_‘ tavailable!

acetylcholine and that the synthesis failed to keep pace with
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release. The presence of anticholinesterase accelerated this

exhaustion of the stock, since it prevented the re-synthesis

of choline to acetylecholine in the presynaptic terminals.

Other factors play a large part in determining the release

of acetylcholine and it is necessary to examine some of them,

i. Tnorgsnic cations. (See Tasble 2).

Tablg 2

Effeet of cations on release of Acetylcholine

Cations

Acetylcholine Totes
Increased Decreased release
K - Increased Spontaneous release
ocours,
- K Normal -
Ca - Increased No spontaneous relesse,
; but increase in release
during stimlation,
- Ca Deeressed -
Mg - Decreased -
- Na Normal -
K Ce Normal Increased K has no effect
in the absence of Ca.
Mg Ca - Normal -
- K Ca Normal Decreéased Ca has no

effect in the absence
of K
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ii. pH & temperature : MacIntosh & Emmelin (1956) showed that
variation in pH requlting from changing from phosphate-buffered

to .bicarbonate TLoock's solution did not affect the scetylcholine
relesse from the genglion, In 1954 Brown showed that the re;lease
of acetylcholine was susceptible to fluctuations in temperature.
Reducing the temperature. from 3900 to 2006 reduced the aceﬁylcholine
output to approximately one-tenth, although transmission continued
apparently normal, as judged by the contraction of the nictitating
menmbrane, Brown concluded that this was clear iIndication of the
high "safety factor" in tranémiss ion to which he had previously
called attention, Clearly minor modifications of the amount of
acetylcholine release would not, in such circumstances, have any
profound effeot on the transmission, It is important to note that
maximal presynaptic stimulation is not a normal i)h,ys iological
event, Kostial & Vouk (1956) stimulating in the same way but at a
frequency of 2 per sec instead of the 10 per sec used by Broun,
failed to £ind any modification of the emount of acetyleholine
released on changing the temperature from 3900‘1:0 2000. Kostial

& Vouk inferred that it was the synthesis of acetylcholine rather

than its release which wes sensitive to temperature,

111, Factors affecting acetylcholine synthesis. The release of
acetylcholine in normel fashien is obviously dependent upon the
pre-existence of an sdequate stock offavailableacetylcholine,

This stock 1s maintained enzymically by chol ine: acetylase, Factors
affecting synthesis, however, affect transmission only indirectly
and ususlly only after a relatively long latency, during which the
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stores are depleted,

Factors affecting phagse 4 : Phase 4 is divided into three separate
components which ueEarei’ called 4a, the transient free exictencs of /
acetylcholine in the synaptic gaps; phase 4b - the stage also
trensient - during which acetyleholine is attacheé to the receptor

sites; and phase 4c¢ the phase of elimination of the acetyleholine,

i. Phasg 4a, The phase, arising as a\resul'h of nerve atimdationis
analogous to the injection of acetylcholine into artery supplying
the ganglion, MacIntosh & Emmelin (1956) made an interesting
comparison of the relative doses required to produce ganglionic
stimlation in each case, The ratic between these dqses lies
between 1:10 & 1:250; but as MacIntosh & Ennnelin/pcinted out,

the acetyleholine released by stimulation is distributed, not
throughout the whole volume of the ganglion but only In the
"effective synaptic space' , Tt is difficult to imagine that thisg
space occupies 1/250 the volume of the ganglion far less than 1/10
of the volume, Perry (1957) argued that the discrepancy is more
apparent then real, No such factor is lmoun save cholinesterase which

affects all the stages of phase 4,

i3, Phase 4b, Attachment of acetylcholine to "receptor sites" is
influenced by a large number of drugs described as "competitive"
ganglion-blocking agents (Paton & Perry, 1853 ) which compete with
acetylcholine to occupy the receptor and are discussed later at

greater length,

113, Phase 4c, Very rapid elimination ‘of acetylcholine after its



attachment to the roceptors is a vital part of efficient
ganglionic transmission and enzyme cholinesterase 18 reputed
for these effects, The other view of MacIntosh & Emmelin (1956)
was that the most liksly-mechanism is the phys ioa;[ removal of
the acetylcholine by simple diffusion out of the limited "effective
synaptic space" possibly reinforced by an increased mobility of
the acetyleholine, If acetylcholine were to persist for :. long in
high concentration it would rapidly lead to failure of transmission,
Paton & Perry (;953) showsed that injected acetylcholine produced a
long lasting depolarization of the cell membrane during which

' tranamission i,e, phsse 5 1a blocked, Thus, the efficient
elimination of acetylcholine is essential; in fact, elimination is
extremsly efficient whether the major rols is playsd by

cholinesterase or not, '

" Factors affecting phase § : Nature of local responses If in the

loeal reaponse all electrical changes which are not propagated

are included, but which spread only decrementelly, then there are

several separate components Involved. Fig, 2 shows a disgrammatiec

“sPIKE”
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Diagrammatic representation of ganglionic action potential,

(From Br, Med., Bull, 13, 223, 1957).
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representation of the ganglioniec potential complex, Apart from
some 507 of the initial "spike" all the components of this
complex decay exponentially, with approximately the same - space
constant, as they spread along the postsynaptic axons (Eccles,
1935b;Paton & Perry, 1953),

i, "synaptic" potentials, Eecles (1937) descrived the detonam'r
reaponse of ganglion cells, but the evidence for such responses
was more an inference than the clear-cut demonstration, Eccles
(1952) further showed in the same ganglis from rabbits, but
excised and maiz;tained in vitro, using curare, changes in the
complex whieh, she believeii indicated that the propagated
"spike” had been abolished and that the remaining potentiel was
a pure synaptic potential, In 1956 she obtained similar records
with dihydro-betaw~erythroidine: but failed to deteet any

synaptic potential when using nicotine as a blocking agent,

11, Action of injected acetylcholine. Paton & Perry (1953) guve
Intra-arterial injections of acety}choline and recorded the
changes in the resting and evoked potentials of the ganglion,
Acetylohol:!.ne produced a long-iasting depolarization of the
ganglion cells, a depolarization which often excseded in magnitude
the initisl "spike" potential, Even if we accept the "spike" as a
propagated action potential, it is not surprising that the
depolarization should apparently exceed it in magnitude; the
*spike" will be greatly reduced in size owing to both temporel
and spatisl dispersion. and to the shunting action of the tissues

surrounding the eells; and more prolonged changes of potential



i1

will not be so greatly atténuatad. The depolarizing action of
acetylcholine did not affect the presynaptic fibres. and the

effeet on the postsyneptic fibres was restricted to that which
would be expected from the decremental spread of a change

r.;ccuring logally In the cells, These results were confirmed by
Pascoe (1956) who did not, obtain a depolarization by acetylcholine
greater than some 50% of the "spike" potential, There seems then

to be l‘ittle doubt that acetylcholine does produce a long-lasting
negativity of the ganglion cells, This change is also accompanied
by striking alterations in the shape of the evoled potential
complex, The spilke helght 1s reduced and the slow waves are

greatly mc;dified in a way which can be explained (Paton & Perry,
1953) on the assumption that the time constant of the slow negative
wave 1s reduced almost to vanishing point (Fig, 3). Eceles (1935}h) .
had previously shown that these slow waves were also loeal responses

of the ganglion cell.

Factors affecting the loeal response : The local response is a
graded response and is thus open to all sorts of modulating
stimuli, The propagated response is an all-or-nothing reaction,
In consequence, it can be blocked but not otherwise modified,
Most pharmacological analysis has, of course, been based on the
records made of end-organ responses,in other words on the changes
induced in the whole ganglia: so that block of the all-or-nothing
response in a varying number of Individual units also appears as
a graded phenomenon,

i. Depolarizing blocking drugs, A group of substances, described

i



IEGEND FOR FIG, 3

Diagrammatic representation of the effect of scetylcholine on
ganglionic action potential, (From Br, Med, Bull. 13, 224, 1957).
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by Péfon & Perry (1953) as depolarizing blocking drugs, affect
the locel mSponéa of the ganglion cell to acetylchgline by
redncfi:ng the normal resting potential of ganglion cells for a
prolonge;i period of time. During this time further depolarization
caﬁnot occur and consequently transmission is blocked, The
initial depolaerization produced by these drugs causes repetitive
firing of the ganglion cells, indicating that the activation of
the end organ is there, but this phase may be followed by
inexcitability of the ganglion cells, Nicotine and tetramsthyle
ammonium both have an actlon of this kind, Tt is not known
whether these drugs also compete with acetylcholine for receptors,
or whether this action on the'membrane is produced at some other
site or by some other mechanism, If they compete with scetylcholine
they could also, of course, be regarded as agent affecting phase 4.
The depolarizing action of nicotine and tetramethylammonium was
confirmed by Pascoe (1956).

ii. Axotomy, Transmission fails in & ganglion after section of
the postsynaptic axon (Brown & Pascoe, 1954), Acetylcholine
release occt\:rs normally and block is not due to accumulation of
acetylcholine (Mclennan, 1954), The failure is probably in

phase 5, and Browun & Pascoe (1954) were indeed able to show that
the cells of the exotomlzed ganglion are less sensitive than ‘

usual to acetylcholine, The explanetion is not clesr.

iji, Denervation. The extraordinary incresse in the sensitivity
of denerveted tissues to the normsl tramsmitter is well known

and thus increase does occur « although not to a very large
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degree - in the ganglion (Canmmon & Rosenblusth, 1949), There
is again 1ittle doubt that this phenomenon affects phase 5,
but the mechanism is equally cbscure, Thus the pre.sence of an
intaet presynaptic nerve exerts a remarimble modulating influence
on the postsynaptic mmbrang, and no reason is yet lmown, Some
of the effects of denervation can be strildngly mimicked by
reducing the extracellular potassium concentration (Perry &
Reinert,1054a,b)and these authors believe that denervation
induces some fundamental change in the metabolism of the
ganglion cells (Perry & Reinert; 1955), possibly by inhibition
of aerobic glycolysis, and that a reduction of the extracellulsr

potassium concentration may be the initial cause of this change.

Factors affecting phase 8, Factors potentiating submaximal
stimulation can do so only by increaesing the number of post-
gsynaptic units firing, This can be accomplished by increasing
the local effect of the acetylcholine or by reducing the
threshold of the mechanism for propagation of the response so
thet the cells fire at a smaller value of the loeal response,

In the one cese we would classify the action as affecting phase §
and in the other as affecting phase 6, The distinctlion can ‘be
made only by recording the local response itself and, since this
is aseldom undertaken, we must remain in doubt gbout the preecise
nature of these changes, COn the other hand, the initiation of
the propagated action potential will be dependent upon the
maintenance of normal conditions af the cell membrane, This maine
tenance is in turn dependent upon normal cell metabolism, ,Both
the metabolic and céll membrane conditions necessary for the
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initiation of a propagated response may be different from

those necessary for a lceal response, Consequently, an entirely
separate set of factors may be operative in affecting the two
phases, Failure to differentiate at the present moment does not
imply that differentiation is wnimnortent., Indeed, proper differ-
entiation might d4id considerably in solving some of the outstanding
physiologicel problems, At the moment, however, all those factors

described as affecting Phase 5§ may equally well affect Phase 6,

Factors affecting phase 7 ¢ In general, transmission in the
postsynaptic axom will be subject to the same sort of effecis
as i§ transmission in the presynaptic axon (Phase 1) although it

Al ‘\u uf—“cﬂ .
must be remembered that the postsyneptic axon is non-zyx\le\dullated. g

Trendelenburg {1961 a,») did not feel any necessity to
challenge the classical concept that the release of acetylcholine
is the central event in ganglionic transmission, although there
is a gocr;i-possibility that detailed study with improwved methods
of the mechanism of synaptic transmission will Jead to some
modification of the elassical theory, Till 1961 a, the following

suggestions have been made @

a) an inhibitery system arising from the C.N.S. may

aet on the presynaptic nerve terminals,

b) presyneptic nerve terminal may be an important site
for the ection of drugs believed tc have an actiom on the
postsynaptic structures only, Simllar ideas diseussed in connection
with motor nerve endings, are nou recognized as an important site

of drug action,



¢) ganglion cell may be affected or even stimulated by
a variety of substances which differ from acetylcholine and the

well Imown group of nicotineslile substances and the nonericotines
1ike substanceg.

d) peripheral genglion may serve functions which extend
considerably beyond th,ose ‘of a simple relay station; they may, far
instance, be acted upon by sensory strustures,

The isclated and parfflsed superior cervical ganglion of
the cat, a classical preparation for the study of autonomie
genglia does have disadvanteges end limitations, They have been
‘discussed by Paton (1954), Am‘;aache (1254) aend Perry & Reinert
(1954 a,b), Additicnal disadvantage of the perfused preperations is
thelr low gensitivity to certaln substances; the perfused ganglias
are hundred times less sensitive to histamine and 5~ET than the none
perfused preparations (Tremndelenburg, 1955),

The toughness of the tissue surrounding ganglion cell
precludes the use of certain electrophysiological methods as
routine procedures in the analysis of the action of drugs on
Banglionic transmission, The preganglionic fibre of the superior
cerviesl gangl:l}m for instance, consists of four different groups,
possessing dlfferent conduction velocities, 34 to 54 (Eccles,1935 a,
b,c)s The fastest, Sy innervstes structures in the arbit; Sg fibres
carry vesomotor impulses, These observations were confirmed by Follkow
et al, (1958) who also identified the very slow condueting fibres
a8 sympathetic vasodilators, Trendelenburg (1961 a) remarked that
no systematic studies heve been made of the stimulating or
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depressing actions of drugs on these functionally different
groups of fibres. In the evaluation of ganglion bloeking substence
it is customery to.use either the nictitating membrane (i,e, the
Sy £ibres) or the "postganglionic action potentials® (presumably
the Sy fibres, since these contribute most to the size of the
action potentiel). It is unknown, however, whether the different
groups of fibres are equally ‘sens itive to ganglion blocking agents;

occasionally reported "resistant® pathways may find their
explanation in such quentitative differences of semsitivity.

Douglas -%.. Ritchie (1956) reported the occur‘énce of an
accessory cervical ganglion in the rabbit, and Boyd (1957)
dlscussed the ocourence of intermediate sympathetic ganglie. whieh
may escape sympathectomy, Chronie preganglionic denervation of
the superior cervical ganglia increases its semsitivity to
acetylcholine by a factor of three, and completely changes the
characteristics of its responses to hexamethonium and ezamethonium
(Perry ~&: Reinert 1954!9).Perfus ion of the normal genglia with low
potassium perfusate results in similar changes, whereas perfusion
of the denervated genglia with high potassium perfusate or with
glutamete restores it to the normel, The analysis of the effects
of variovs amino acid end determination of the intracelluler
potassium concentrations showed that this "effeet of denervation®
is sattributable to chenges in the oxidative metabolism of
denervated ganglion ¢slls rather then to their decreased intra-
cellular concéntration of potassium ions(Gertner & Reinert
1957) . Hemologous reimmervation (i.e, reinnervation of the

superior cervicael ganglia by cholinergic fibres of the
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glossopharyngeal, the phrenic, or the vagus nerves) is easily
established, Heterogenous reinnervation also seems possible
contrary to earlier postulates, DeCestro (1951) reported that .
ascending fibre of the vagus are able to make the fumctional
eontact with ganglion as indleated by a respomse of the nietitating
membrane to stimlation of the afferent fibres of the vagus, This
interesting synapse has not been studied pharmacologically,
Sensory vagal fibre can be assumed to liberate the sensory
transmitter substance, Holton (1958) confirmed earlier cbservation
that entidromic stimulation of sens}:rj nerves of the rabbit eer
caused the appearance of ATP in the perfusate, Murray & Thompson
(1957) studied in great detall the occurence end importance of
collateral sprouting after partial denervation of superior cervical

ganglia,

Zakusov & Ul'ianova (1958) observed that distension of the
bladder or of part of the intestine causes a relaxation of another
part of the intestine, The viscero-viscersl reflex pérsists’after
total desiruction of £he central nervous system and after chronic
preganglionic denervation; it is abolished by ganglionectomy or
by ganglion blocking substances,

Riler & Szreniawsld (1959) found that acetylcholine and
tetramethylammonium, when injected into the blood supply of the
superior cervical genglia elicit: an antidromie preganglionic
activity in addition to the well! Inown postganglionic effect,
Internittent spontaneous antidronic activity in pregenglionic
fibre has also been demonstrated in superior cervicsl ganglia of
the rat after infection with pseudorabiss virus, the activity
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being increased by acetylcholine and physostigmine and inhibited
by d-tubocurarine {(Dempsher & Ricker, 1957), This activity is
increaéed by toplcal application of cocaine or by sectlon of the_
pregangiionic fibre and reduced by GABA! epinephrine and
norepinephrine {(Dempsher & Zabara, 1960), From such observation it
hes been postulated that acetyleholine has a presynaptic site of
action and that an inhibitory system ariginates in the central

nervous sysism and acts on the preganglionic nerve terminal,

Factor T of Florey & Molennan (1958) doss not affect
synaptic’transmission through the superior cervical ganglia of
the cat, but other ganglia of the cat and of the rabbit are \
blocked (Honour & Melennan, 1960), GABA, ggia~aminombutyrylehol ine,
" betam~guanidinopropionic acid andggvina.guenidinobutyrie acid are
ineffective, .

MICROSCOPIC ANATOMY

In the superior cervieal ganglion of the cat, rab\b\ii".
and rat, the overwhelming majority of synapses result from \t\he
extensive conﬁact.s made bebween the very fine (0,1 to 0,3 1 in
diameter) terminals of the preganglionic nerve and the dendritic
processes of the ganglion cell body (Causey & Barton, 1958; Elfvin,
1963; Taxi, 1961), The preganglionic fihres course with the
dendrites, often winding sbout the dendritic process snd forming |
synapses at several sites, At these points of synsptic contact, .
the nerve terminals appesr to be dilated, In the superior cervieal
ganglia of these species, few synaptic contacts have been found
between the nerve terminals and the soma of the cells,
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By contrast, the domina;at synaptic relationship in the
superior cervical ganglis of the frog is made up of contacts
between the nerve endings and the somatic portions of the cell
(DeRobertis & Bemett, 1955; Hunt & Nelson, 1965; Pick, 1963 ), In
the frog, each ganglion cell receives its ?.nnervaticn from a
single preganglionic fibre that males multiple contacts on 'l:.he
cell body, As a result of paucity of dendritic processes, the
genglion cells appear to be umipolar, It is also of some Interest

that many syneptic cbntacts are found on the axon hillock,

The synaptic cleft in the ganglion of the mammal and
frog is approximately 100 g wide, In meny of the synaptic
regions, the i)resenee of electronopaque material has been detected
in the cleft, In this coméction, i1t should be noted also that
the oytoplasm of the satellite cells (Schwang cells) invests
the presynaptiec nerve endings and the perileryon of the ganglion
cells, It is somewhat surprising that the dense synaptic material
. and the location of the Schwann cells apparently do not impede
the access of the drugs to the synapses, That this is so, is
indicated by the immediate response of the ganglia to applied
agents, m‘ tpe other hand, the differentlal sensitivity to drugs
of the several cell groups in the superior cervicel ganglia of
the cat (Mainland & Shaw, 1952) end the rat: (Hertzler, 1961)
may possibly be due to variations in the pattern of the

investments by the satellite cells of the genglion cells,

The occurence of a number of vesicular organelles in
the preganglionic nerve endings represents one of the most

consistent ultrastructural features of the sympathetic ganglion,
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One type of vesicle has diameters ranging from 200 to 400°A,

has centres of modest electronopacity, and is found mainly in
the region of the synepse (DeRobertis & Bennett, i955; Elfvin,
1963}, Thesexhave been termed the "synaptic vesicles" and are
believed to‘lf:e'the containers of the transmitter substance,
acetyleholine, The second commonly found vesicular element of

the nerve terminal is much lerger (500 to ;OOO‘Z) and possesses

a centre of high electron opacity, For this reason the larger
vesicles are termed "densecore vesicles" because of ‘their
similarity to the "densecore vesicle" of the adrenal medulle (

S jostrand & Wetzstein, 1956) and postganglionic sympathetic
nerves (DeRobertis & Delraldi, 1961; Richardson, 1962), It has
been suggested that the dense core vesicles contain catecholamine
(Pick, 1963), In view of the considerable circumstantisl evidence
for a fuctional role for 'catecholamines in the genglionic
transmission, it is wnfortumate that it hes not been possible

to establish the ldentity of the material in the densewcore

vesicles of the preganglionic nerve terminals,

The dendritic processes of the ganglion cell of the
sﬁperior cervical ganglia of the cet umdergo extensive branching
and ‘are elaborate In thelr structural features as those of the
pregenglionic nerve endings, In addition to the large numbers of
synaptic contacts made with the preganglionic terminal
arborization, the de;ldrites form meny close appositions with
each other (dendrodendritic junctions) and with the perikarya
of the ganglion cellé (dendro-somatic junctions). Elfvin (1963)
remarked that the wellmdefined struetural organisation of some
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of these contacts indicates that they may be more than a fortituous
arrangement resulting from the close packing of a lerge number of
the cells in a small volume, Thelr existence suggests an anatomical

bagsis for functional interactions among ganglion cella,

In addition to the variety of junetional arrangements
occurring in the superior cervical ganglion that might contribute
to the differential responsiveness of the ganglion cells to a
broad spectrum of cholinomimetic end sympathomimetic agents, the
ganglion cells themselves exhibit mearked variation in form and
size , Attempts have been made to class:lfy ganglion cells on the
basis of features such as size, morphological appearance and of
the dendrites, or the arrangement of the Wissl subs;tance. ’i’he
cells of the superior cervical ganglion range in size from 20 to
60 1, Lpproximately one half of the cells are said to be in the
lover middle of the range (DeCastro, 1932) with the remainder
devided almost equally between the 1arger: and smaller cells,
Hillerp (1960) has commented eritically c;n the possibility that
the three ’eell groups observed with the eleectrophysiologic
techniques (Bishop & Heinbecker, 1932; Eccles, 1935 ¢) might correspond
to this rather arbitrary enstomical classification, Tt has been
noted above that the pattern of the dendrite processes of the
genglion cells in the mammalian ganglia is extremely complex,
For most ganglion cells, the dominant dendritic form consists of
long,extensively branching processes, Only a very small number
of genglion cells with short dendritic processes heve been noted,
There is no evidence to relate either cell size or the configuration
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assumed by the dendritic‘processes tlo the funotion or the

pharmacology of the cell,

In contrast te the synaptie contact of the ganglion
cells considered so far, the synapses of the elliary ganglion of
the chick have the unique ultréstructural feature of a singls,
cup-like nerve ending enveloping a considerable portion of the
ganglion cell ~(DeLe:sa'anzo, 1960){&1 the basis of this
morphological characteristic Delorenzo (1980) predicted that
transmission would occur by means of electrical coupling ,
Martin & Piler (1963, 1964) subsequently presented electro-
physiological evidence of simultaneous "eleetrical'; "chemical®
transmission. The presence in the nerve endings of "synaptic
vesleles" provides a morphologleal correlate for the chemical
form of trensmission, Since classical ganglion blockizig drugs
interfers with the chemical component in the transmission

processes, the transmitted substence is believed to be acetylcholine,

HISTOCHEMISTRY ¢

i Acetylcholinesterase : Because of the cholinergic nature

of transnission in autonomic ganglia, the enzyme acetylcholinesterase.
has been the centre of interest for many years, Using a histochemical
technigque for acetylcholinesterase, Koelle (1950, 1951, 1955) was

the first to demonstraﬁe that the enzyme is irregularly distributed
in the ganglion cells of the sympathetic ganglion.While most of

the cells exhibit little enzymatic asctivity, a small population

of cells has & histochemically demonstrable heavy enzyme content,
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Among several thousand cells in the stellate and superlor

cervical ganglion of the cat, 80 to 85% of the cells possessed
1ittle of no enzymatic. activity and 0.5 to 74 of the cells possessed
marked activity, the remainder showed an intermediste activity
| (Holmstedt & Sjoqvist, 1959), Sjoqvist (1963) concluded from his
statistical study of the correspondance between his'boéhemical
staining of the enzyme In ganglion cells and the outflow from the
sympathetic ganglion neurons subserving cholinergic fimetions

(esc. sweat secretion) that cells with moderate to high levels

of enzymatlic activity were from cholinergic neurcns while those
with weak activity were from adrenergic neurcns e.g, the 7th
lumber ganglia contain the highest percentage of heavily stained
banglion colls (10.8% of 28,9 x 10 cell counted) and the

highest number of cells sending fibres to the eccring sweat glands,

CQg:versely, the coeliace and\ inferier mesentric ganglia
are essentially devoid of any cells with acetylcholineste:Lase
activity and with cholinergic functions. There is 1ittle reason
to doubt the cholinergic nature of the heavily stained ganglion
cells, Consistent with this conclusion is the observatiom that
almost all the cells of the paresympathetic ganglia (e,z. ciliary)
are derived from cholinergic neurons end demonstrate high
cholinesterase activity (I'g’euitz & Reinert, 1952), n the other hend, \
the meaning of the presence of small amount of the enzyme in the
adrenergic eell is open to conjecture. It has been suggested
(Bccles, 1964) that the presencé in adrenergic neurons of
sumall amount of acetyloholinesterase is ecompatible with

the proposition that acetylcholine acts as an intermediate
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in the release of noradrenaline from adrenergic nerve endings,
This sugéegtion is_ﬁased on the assumption that the presence of
scetylcholinesterase 18 a reflection of the presence of acetyl-
choline, In any eventé, the wnequal distribution of the enzyme
in cells of the sympathetic ganglion reflects biochemleal

heterogeneity in autonomiec ganglia,

One important difference betwesn the cells of
syubathetic ganglia showing high levels of enzyme and those of
the parasympathetic ganglis requires comment, In the former, the
enzyme is located inside a barrier to water soluble drugs; in the
latter, the enzyme is found on both sides of the barrier (Koelle &
Koelle, 1959), These authors further pointed ocut that the
internal localization of the esterase males it unlikely that the
enzyme participates in the transmission proceas and consequently,
mlikely ﬁhat the inactivation of the intracellularly localized
enzyme by drugs would have much effect on transmission in

sympathetic ganglia,

METABOLISM OF ACETYICHOLINE :

The studies of the formation, storage and release of
acetflcholine in the cholinergic neurcnes are not as precise as
the more elegant method used to stqdy the metabolism of catew
cholamine in adrenergic neurones. Almost all the studles of the
metabolism of acetylcholine in autonomic ganglie have been

performed on the perfused superior cervical ganglia of cat,
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Synthesis and storage @

The most remsrkable feature of the sympathetic ganglion
is the ability of the synthosizing mechanisms in :l'.he nerve
terminals to meintain the concentratiom of acetylcholine in the
genglia at or near normel levels during intensive and prolonged
activity (Birks & MacIntosh, 1961; Mattheus, _‘!.963). As long as, the
perfusion fluid contains the ingrediente (§§m§ 7éhcline) ¢
required to support the synthetic processes, the total smownt of
acetylcholine present in the ganglion is unchanged by prolonged
intensive stimlation of the preganglionic nerve, '1"he striking
synthetlc capabilities of these cholinergic nerve terminals is
11lustrated by the facts thet an amount of acetylcholine
equivalent to the total resting content (300 ng per ganglion)
can be recovered from the perfusion fluid dﬁn!ng 10 nin of
preganglionic stimilation at the rate of 20 eq4p.S,

By the use of the drugs that iInterfere with the synthesis
of acetyleholine and of drugs that prevent the enzymatic '
hydrolysis of the ester, it has been possible to develop some
concept about the intra-ganglionic distribution of acetylcholine
end the availability of the trensmitter for synsptic activity,
Ganglia perfused with media lacking choline or containing the
‘hemicholinium compound (HC~3) that prevents the synthesis of
acetylcholine are unable to maintain normal concentrations of
acetylcholine during intensive, repetitive stimilation, Under
these conditima; the ganglia lose 85% of the acetylcholine
content approximately, Birls & MacIntosh (1961) concluded that
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the storsge f9rns of scetyleholine can be classified ss “depot®
and "stationary", The “depoﬁ” form represents the component
avallable for relezse by the incoming nerve imp'UiSG. The
"stationary" form is the component remaining after treatment of
the ganglia with HC-3, They suggested further that the "stationary"
pool of acetylcholine is probably confineﬁ‘ to the preganglionie
axons (as distinct from nerve terminals) that penetrates into the

ganglion proper,

' A further classification of the "depot" pool of
acetylcholine into "readily" and "less réadily" releasable
components is besed on changes in ganglionie content of acetyl-
choline produced by anticholinesterase sgents, When the resting
ganglia are exposed fo large doses of anticholinesterase agents
'and their content of acetylcholine determined, the concentrat‘.ion
of the transmitter in the ganglia rises to value considerably
abov;a those of the eoncentrations of ganglia, One of the most
interesting features of acetylcholine metabolism revealed by
Athis experimont is the fact that no acetylcholine appeared in
the perfusion fluid at the time when the genglionic concentrations
of transmitter was marledly elevated, This observation and the
observations that the amount of acetylcholine released by nerve
stimlation is the seme in the ganglia treated with anti;-
cholineaterese agents as that of the normal ganglia led Birks
&1 MacTntosh (1961) to postulate that newly formed acetylcholine
is not available for participation in the transmission process,
The fact that the content of acetylcholine falls to the gomal
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values, when the anticholinesterase agents are removed indicates
that the newly formed acetylcholine 1s subjectéd: to hydrolysis,
Thus the curious situation exists in which acetylcholine .
formed rapidly and in large amounts is retained by the ganglia,
is not subjected to release by the nerve action potential, but..:
is hydrolysed: bycholinesterase enzyme, T}zis collection of
circumstances males it tempting to suggest that the newly formed
acetylcholine exists primerily in the cytoplasm of the nerve
endings and as a corollary, that only the acetylcholine eonfined

to the synaptic vesicles participates as a transmitter substance,

The excitato:;y transmitters other than acetyleholine
<13 present in sympathetlc ganglia es variety of pharmacologically’
active choline esters can be isclated from neursl tissues, Tn
one attempt, no evidence was obtained with physical and chemical
techniques of the presence of any ester of choline other thanv
acetylchplme (Friesen et al, 1965), Tn a second study using
simllar techniques, it was reported that most of acetylcholine-
lilm\ activity extractable from the ganglia was in the form of a
co-enzyme A ester of betaine (Hosein &:.Proyly, 1965).

Relesse of acetylcholine :

1, Neurogenic transmitter release: The process liberating
acetylcholine from the nerve terminals b& the action potential
is one of the most faseinating and least understood of all the
steps in synaptic transmission, ﬁrug:’-induced alteration of

conduction in the nerve terminsls would result in some alteration
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of transmitter output, It is presumably by an :hq:a:irment of
conduction in the fine terminals that the local anaesthetios reduce
the output of acetylcholine in response to preganglionic stimlation
(Hervey, 1939). Certain quaternary smmonium ions (i,e, tetraethyle
ammonium) enhenced the amount of acetyleholine released from
sympathetic ganglia by nerve stimulation (Douglas, 1961) and at

the other cholinergic junctions (Collier & FxYey,1963; Koketsu, 1958),
most likely by prolonging the duration of the nerve éction'poténtial.
Modification of the ionic composition of the fluld bathing the

nerve terminals should markedly alter the output of acetylcholine
from the terminal either by producing changes in nerve conduction

or by direct action on the process of transmitter release. Liplcky
et a1,(1963), using isolated rabbit ganglis depolarised by potassium
c¢hloride found‘ that a slightly less than a one-tto-one molar exchange
oécurred between the Influx of radiosactive caleium and the releas;s
of acetylecholine, It has been sug\gested; that the role of caleium,
and the other divalent ions in the release mechanism does not in;rolve
neuronal mechanism at the membrane but most likely at the storage
site of the transmitter. Katz & Miledi (1965), supported this

view as the effects of celcium ions on the relase of aee\t‘:,rlcholine

from the métar nerve terminals,

2.Drug evoked release of acetylecholine : Carbaminoylcholine
(carbachol) causes the release of acetylcholine froxﬁ the nerve
endings into the perfusion fluid of superior cervical ganglia of
cats(M¢ Kimiiatry- et al, 1963), Koelle (1962, 1965) studied the

1
release of acetylcholine by preganglionic nerve stimulation and
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that evolwd by:ecarbachel and proposed the following points of
differences: |

(1) Doses of the hexamethonium having no effect on the liberation

of acetylcholine by nerve stimulation reduced markedly the ability
of carbachol to cause the release of acetylcholine, It is Interesting
to note that high doses of mecamylamine (which like hexamethonium
blocks tfwsgiss ion at a postganglionie site) are without effect

on either form of stimwlation,

v

(2) The addition of stryehwmine to the perfusion stream abolishes v
the responses to nerve stimulation, but has no effect on the -

respengses to injected carbachol.

(3) Incressing the concentration of caleium in the perfusion
stream enhances the output of the trensmitter induced by nerve

stimulation, but abolishes that induced by carbachol.

(4) Removal of the caleium from the perfusion medium blocks the
response to nerve stimulation, but has no appreciable effect on
the responsiveness of the nerve terminals to carbachol, These
results suggest that while the actiop potential effeects the
relesse of acetylcholine indirectly by mechanisms considered
above, carbachol may actually penetrate the nerve terminals and
exchange with the endogenous acetylcholine as first proposed by
Renshavw, et al, (1938). )

Thus : carbachol is the only cholinomimetie compound

Imown to consistently evoke the release of large amount of
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scetylcholine from the nerve endings, The "dimethyl™ end
"monome thyl® snalogues of carbachol have been tested
(léeKinistry, 1965), When compared with carbachol both the
compounds are more potent ganglionic stimulants, but possess
-only minimal activity for evoking the release of acetylcholine,

Koelle (1962, 1965) has proposed on several occasions
that the ability of carbachol to cause the release of acetyle
choline is a pharmacological msnifestation of a physiologically
ocewring positive feedwbhack mechaniam in the terminal that allows
for reinforcement of the transmission process by the relesse of

acetyleholine,

3, Miniature synsptic potentisls: It has been possible with the
intracellular recording tectmique, to demonstrate spontaneously
ocourring miniature potentisls in frog sympathetic g;mglz_la

(Blac kman ét al, 1983 a; Hunt & Nelson, 1965; Nishi & Koketsu, 1960),
Since these potentisls were reduced by the application of
dwtubocurarine and are analogous to those seen at the neuroe
muscular jimction (Fatt & Katz, 1952) they are presumsbly due to
acetylcholine liberated from nerve endings, In support of this
contention is the observation that 24 to 36 hr following transe
seetion of the preganglionic trunk, there is initially an
Increase and then a complete diseppearance of these potentbials.
Unlike the miniature potentials of the denervated frog neurow
musculer junction, the potential of the denervated ganglia do
not return unless reinnervetion has been established,

-~
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POTSINAPTIC CHOLINOCEPTIVE SITES @

A, Trans-synaptic activation : The magnitude of the resting
membrane potentials or latency of depolarisationand:the generation
of impulses in sympathetic ganglia conform te the pattern of events
observed at other axc'itatory sites, It has been demonsirated by
the microelectrode recording technique that preganglionic
stimlation produces the classicel pattern of a slowly occurring,
decrementing, excltatory synaptic potential giving rise to an
action potential in nisolated sympathetie ganglia of the rabbit
and frog (Blackusn et al, 1963b;McKinistry, 1965; Riker, 1965),
When ganglia are exposed to an appf'opriate'concentration of a
classical ganglionic blocking compound i.e, hexamethonium,there

is no change In the resting membrane potential ’or in the latency
of depolarisation produced by preganglionic stimulation; however,
preganglionic stimulation produces only the excitatory synaptic
potentials (Eccles, 1963), These experiments provide good
electrophysiological corroboration of the notion that hexamethonium -
sensiti;re cholinoceptive sites are the primary postaynaptie
component in the sequence of events leading to lmpulse transmisgion
in the sympathetic ganglion, Koppasnyi (1932) showed thab
pilocarpine causes the stimilstion of superior cervicel ganglion
of the cr;t that can be prevented by atropine, ‘I‘ranses&ynapti;:
activation of more than one type of génglionic cholinoceptive

sites has been demonstrated (Eccles -&%,Lmét;rgai).rhese authors
showed that several components of the complex surface potential

evoled by preganglionic stimulation of partially curarized
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superior cervical ganglion of the rabbit are sensitive to

blockade by various antagonists of the actions of acetylcholine,

In rabbits, preganglionic stimulation of partially ¢ v " .~
curarized superilor cervical ganglia evoked a long-lesting wave-
form that can be recorded from the su;face of the gangiia and is
characterised by a tripﬁas ic sequence of negative (N), positive
(P), and the late oecurring negative (IN) potentials (Becles, 1952).
Increasing the concentration of d-tubocurarine or dihydro-beta-
erythroidine hydrobromide in the bath decresses the amplitude of
the ‘:I.nitial negative potential and increases the amplitude of the
late negative potential. Small amounts of atropine selectively
abolish the positive and late negative potential. Since all the
potentials disappear when the ganglia are exposed to botulinum
toxin, a substance lmown to impair the release of acetylcholine
from the nerve endings, it is quite 1ikely that acetyXcholine is
the mediator involved in the generation of each phase of the
com;ilex potential, The positive wave was attributed to catechol-
amines relessed by acetylcholine. Following model of ganglionie
transmission was suggested by Eceles &> Libet (1961).
Acetyleholine subsequent to its release from the nerve endingy
is able to cause ganglionice depolarisation by acting upon
curare-sensitive sites (N potential) or atropine-sensitive sites
(IN potentisl). Tn addition, hyperpolerisation (P potential) of
the ganglia results from the activation by acetylcholine of
atropine sensitive sites on chromaffin cells causing the release

of the catecholamine, thet in turn, acts upon the ganglion cell.
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_ The second exsmple of érans-synaptic activatiom of
atropine-serisitive ganglionic cholinogeptive sites 1s the
demonstration in the cat that troatment of the superior cervical
ganglia with m:ticholineqtrase agents evoles postganglionic firing
that is unaffected by doses of heiamethonitm sufficient to block

transmission produced by nerve stimulation,

| Thirdly, repetitive stimlation of the preganglionic nerve
activates atropine-sensitive cholinoeeptive sites (Libet, 1964;
Takeshige & Volle, 1964), The persistent depolarisation of the
ganglia that oceurs following intense preganglionic activity
(Tekeshige & Volle, 1964) can be prevented by small doses of’
atropine,

B, Drug Evoked Activation: In addition to the several anticholine~
strase agents (Taleshige & Volle, 1964; Volle, 1962 and Volle &
Koelle, 1961), genglionic stimulation that can be blocked by prior
administration of atropine has been demonstrated in the superior
cervical ganglia of cat for pilocarpine (Ambaclxe, 1949; Koppanyi,
1932; Marrazi, 1939; Root, 1951), muscarine (Ambache, 1955;
Gyermek, 1963; Jones, 1963; Konzett & Waser, 1956), acetyl-betaw
methyleholine (Pappeno & Volle, 1962; Taleshige ot al, 1963),
4-(m-chlorophenylcarbamyloxy)-?—butynyl«—trmethylammmium (Jones,
1963; Reszlovskd, 1961), N-benzyle3wpyrrolidyl acetate methobromide
(Frenko et al, 1963; J‘one;s » 1963), and oxotremorine, (DeGroat & Volle,
1963), The genglionie firing produced by each of these compounds

is either maffected or enhanced by traditional gan'glion blocking
compounds, In addition to the fact that the ganglionie Tresponses



to these siimulatmg agents are blocked by doses of atropine
having 1ittle effect on Impulse transmission, the fact that the
blockade of the responses to the drug by atropine persists for
several hours, suggests that ganglionic atropine~gsensitive sites
have characteristics common to those of the peripheral para-
sympathetic neuro-effector junctions, Acetylcholine is the only
substance with demonstrated ability to activate both types of

ganglionie exeitatory receptors(Gebber & Volls, 1965; Taleshige &
. / -

/

Volls, 1962). In untreated ganglia, the postganglionic response
fto {acetylcholiné is c'haracterized by 2 single burst of firing that
1s imrediste in onset and sensitive to blockade by hexamethonium,
However, afisr treatment of the ganglia wit:h small doses of
anticholinestrase drugs, repetitive preganglionic stimulation. or
repeated injeetions of potassium ions, the response to acetylcholine
is com;&osed of two periods of firing : an early response sensitive
to bloclade by hexamethonium and e late response, preventsd by
small doses of atropine (Takeshige-£:Volle,1962),In genglia
conditioned by the above procedureé, the threshold dose of
acetylcholine required for activation of the atropine sensitive:dites
(late discharge) is lower than that required for activation of the

hexemethonium sensitive early firing,

The potentials recorded from the surface of the superior
cervical ganglion of the cat following the administration of
acetylcholine are strikingly similer to those evoled by nerve
stimlation in the curmrized rabbit ganglia,
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DRUG ANTAGQNISM :

Clark & Reventos (1937) described three types of drug
antagonism 1,0, physiological, chemlcal and specific,

The physiological or independent antagonism results
when two drugs have action on the two different responsive
systems, but of such a nature that the manifested effects are
antagonistic. For exsmple, carbachol causes a contraction of

rat uterus; this effect is antagonised by adrenaline,

The chemicel entagonism does not involve the receptor
mechanisms and results when an inactive or substantially less
active compound is formed due to chemical interaction between
two drugs, The toxification of sulphonamides by acetylation in
the liver is an example,

The specific antagonism is a more important variety for
the pharmacologists because of its greater prevalence and

usefulness,

The specific antagonism might be competitive or none
competitive in neture, If one states in general tterms that the
agonist on combination with a receptor activates events or
reactions of undetermined length and nature to lead to a
manifest response, then it becomes evident that the presence
of another drug can reduce the response to ths agonist in
question, Such en “antagmist* may interfere with the primary
combination of the egonist with the speeiric reéeptor and
exhibit a high specificity of action, This constitutes the
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"competitive" type of‘ antagonism, If however, the antagonist acts
at some point between the receptor - agonist interaction and its
ultimate monifest response, end thus reduce the latter, it
exemplifies the"non-competitive" type of antagonism, because

the competition of two drugs to occupy the same receptors doss

not occur,

’

There is good evidence tl';sat the reaction between the .

drug molecules and receptors is a bimolecular reaction (Ariens

& van Rossum, 1957)::

(R) + (&) I NS )

Where R'is the concentration of free receptors, RA
the conceltatration of occupied receptors and A the concentration
of drug A, There is no estimate of the total amount of receptors
in a tissue so that we can caleulats the fraction of receptors
RA / r occupied by the drugs

(R&)/»r = 1 / (1+m / &)

where v is the total number of receptors and KA is the
dissocistion constant of drug A, The affinity of a drug 4 is
defined as the reciprocal of the dissociation eonstant, The

logarithm of the affinity equels the negative logarithm of KA,

As a consequence of receptor occupation by an agenistic
drug a stimulus is generated . gAfiens, 1964 ; ‘Stephenson.1958)  i.<;
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S /8y = < (M) / r

' where Sy is the n}méripa:!. value for the stimulus ‘
generated by a certain dose of drug A, while S;ﬁn‘ iz the maximal
possible stimulus to be 'obta;n‘ed by the particular tissue, The
proportionality Ac}:onsi.:aq:b, " has been celled the "intrinsie
activity" (Ariens, 1954; Ariens et al, 19%6),

___ The intrinsio activity deternines whether the drug
can generate a stimilus and therefars,hether a drug can be
“acft,i}ref or not, The gfx“?inift:y and the intrinsie ‘acf;iv;t-y are

determined by the molecular properties of both receptor and drug.

Competitive antagonlsm .

The efficisney of a drug acting as competitlve

sntagonist will depend on the relationship between affinity

and intrinsie activity of the compound, Burgi's law Indicates
that in a homologous series the gy}tagqnggﬁ}c chargctgr .ir_gc;'eases
with decreasing _intringicﬂactivit_y, ‘assuming the affinity to
remain fa;rly‘ccngtfapt;v and a compound with zero intrinsic
activity is in fact a competitive antagmist, Competitlon for
the receptor will usually ‘g!e_c‘;"zjease_ the frequency of the best
igteract?q!‘anfi‘with decreas;’mg }ptr!.gsic _ac‘thivity‘ of one

of the components, the combined action will mare and more

take the form of a competitive antagonism,
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idost compounds acting in this feshion appear to be In
nass action equilibrium with the receptors and the blockade
produced is a measure of competition between the agonist and the
antagonist for receptor occupaney. Such agents sre referred to
a8 clessical competitive antagonists,

~

Ariens et al, (1956) reported that if one agonist can
give the maximal effects by acting on particular receptors and
another can give only submaximal effect by acting on the same
receptors, then the latter by competing for the receptors can
act a3 an sntagonist of the former, The other drug has been
" called as a "partial agonist®, Stephenson (1956) demomstrated
that progressive chenges in the structure of an agonist produce a
serles of derivatives with a progresaive change from agonistic
to competitive antagonistie properties,

Recont studies have demonstrated that certain blocking
agents react with the receptors or some adjacent group of receptors
to form a relatively stable chemical bond. This reaction precludes
further mass action "competition® and ej:‘fec’f.ively reduces the
-number of available receptors (Nickerson, 1956), Such agents are
best described ss non-equ:llibrilpn entagonists e,g, organo-
phosphorus enticholinesterase agents (DFP, TEPP), beta~halow
alkylamine adrenergic blocking agents (phenoxybenzamine an;'l its
congeners), The blockade produced has been referred to alsc as
"irreversible competitive® (Furchgott, 1954) and "unsurmountable
(Gaddum et a1, 1955), However, the blockade is not strictly
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irreversible and the term unswrmounteble is appropriate only when
the antagonist is used in sufficiently large doses to prevent a

maximal response even in presence of massive amount of agonist,

Tests for competitive antagonism :

(4) Clark -&:; Raventos (1937) suggested a method of
estimating the act:lvi.'ty of 'drug antagonists in terms of “the
concentration which is altered by a selected preportion e,g, 10 fold
the concentration of an active drug needed to produce a selected effect,
The negative logarithm of this (molar) concentration has been termed

pd, where x is the proportion selected(Schild, 1947).

The pA, is 2 measure which is particulerly suiteble for
determining thek activity of antagonists which do not alter the slope
of the log dose effect curve of the agonist, Difficulties arise,
howsver, with the antagonists which affect this slope. pA, values
may then be determined when the effect of the agonist 1s half the
meximal(Schild, 1949), '

ne of the two tests fer competitive entagonism is

baséd on a comparison of equiactive doses, This ty;pe of test
involves no assumption about the mamner in which the receptor and
physiological effect are related, It assumes only that equal effect
involves aqua.l number of receptors, There are two stages to the test.
First a seriss of log-dose-~affect curves are plotted, one without
antagonist and the others with different concentrations cf the

antagonists, If these curves are parallel they affoi-d ﬁresumptive

evidence of competitive antagonism (/Schi1d,-1957)), ot 17, 10I7),

%S
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Next, the equation given by Gaddum (1943) for this case may be

written as follows :

y T K Ax
-y kp B4

where y 18 the fraction of the active réceptors and X4, K and
n arer constaﬁts. A and &x are the concentrations of agonist causing
the reSpénse correspanding to y in the absence and presence
respectively of the antagonist in concentration B
Eliminating K A and taking logarithm )
log (x » 1) = r log BHlog K
since pAx =-log B,
log (x -~ 1) 2 log k2 = n phy
The plot of log (x » 1) against pAy (~log B) thus gives a straight
line with slope -r, The line intersects the pAy axis at a point
corresponding to plp -
when n =z 1,
pip = log K
and pA2 - pA10 = 0,95
This equation provides a useful test of competitive antagonism

which 1s independent of y. This relation is reasdily verified
experimantelly,

‘ However, certain aspects of the relationship between
the log dose of agonist and the effect, as well as the effect of
antagonist on such a relationship should receive greater attention,
- These aspects are. concerned with certain sources of error and inay

invalidate the results,
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1. During the course of the experiment, there might be a
gradual alteration In the sensitivity of the test preparation to the

agonists,

i) certain agonists might exhibit "tachyphylexis" with
some preparations, a phenomenen which is related both to the agonist
concerned and the test preparation under study, Increasing the interval
betwéen succesgsive additions of the agonist and using agonists in

submaximal concentration may at times overcome this difficulty.

11) while using the agonists in meximally effective
concentrations the phenomena of (a) desensitization to agonist and

(b) autoinhibition may be encountered,

(a) Desensitization to agonists : On continued exposure to a
depolarising dose of acetylcholine, repolarlzation can occur in

muscle end plate despite continued presence of the agonist, This
phenomenon of receptor "desensitization" was first studled by Thesleff
(1955) for acetylcholine acting on frog sartorius muscle, Another
example 1s the second phase of blockade of autonomié ganglie by
nicotine, Paton (1961) investigated the partisl desensitization of
guinea pig ileum to large doses of acetylcholine and h;tstamine,f
Whatever may be the innate cause of this phenomenon, it might result .
in a profound change in sensitivity of the preparation for the agonist
which in turm might complicate subsequent Investigation of antagonism,

" (b) Autoinhibition : The importance of phenomenon of autoinhibition

as a complicating factar in the studies on drug antagonism has been

recognized in recent years. Intermediate derivatives iIn some of the



42

homologous series had the properties of agonists or partial
agonists exhibiting Yautoinhibitiont (Ariens, 1964), With
increasing concentration of such derivatives, there was first

en incresse in response and then a decrease so that the resulting

log-dose-cffect curves became bell shaped.

This was thought to be due to the action of .agents as
noncompetitive antagonists at a second site of action, counteracting
their own effect at the receptor sites, Similer observatioms have
been made with certain cholinergic ganglionic stimlents including
nicotine and dimethylphenyli\piperazinium. r'd

That autoinhibition might be due to a successful
competitive antagonism by the compound under question in high doses,
has also been recognised by Bijlsma et al, (1961),

It becomes -imperative, therefore, that this phenomenon
should be considered in studies on antagonism, if the dose-cffect
relationship becomes bell shaped, especially when higher dose of

the agonists are used,

2, The recording condition will sometimes modify the
slope of the doseeffect-curve, Paton (1961) found that curves for
histamine and acetylecholine on guinea pig ileum wers elose to
theoretical rectangular hyperbolas when recording was with an
auxotonic lever {one in which shortening and tension both increase
with increasing eontraction); or an isometric trensducer, But with
an isotonie lever there was an initia) "foot® to the curves followed
by a slape which was much steeper than in theoretical ourves, In
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contrast to this finding, Rocha e Silva (1959) found excellent

agreement between experimental and theoretical curves for histanine
on guinea plg ileum with an isotonic laver, both in the absence and
presence of antihistaminies, The reason for this diserepancy is not

‘clear. :

3. The éhape of actual dosew-effect-curves of agonists
varies considerably (Segre, 1957), In the usual plot of effect
agsinst log dose, the maximum slope is frequently much greater than
that predicted in clﬁasical receptqr theory which has E proportional
to RA, Correspondingly a plot of 1/E against 1/A (Lineweaver-Burk plot
LQ&%) does not usually give straight lines but upward curving iines

as 1/A increases,

A 'foot' on a dose-effect~curve often indicates a
threshold phenomenon, If one extrapolates the curve back to the
effect axis, it interéectg this aiis below the dose axis, It has
been suggested that the distance of the inter-section below the
dose axis is a measure of threshold stimulus, a stimulus which must

be exceeded before any effect is seen (Kirschner ‘& Slené;giggl).

4, Failure of the antagonists te reach equilidbrium also
constitutes a possible source of error, This could be avolded by
studying the effect of incressing the duration of eprsure of the
preparation to the antagonist on the degree of antagonism obtained,
when the dose of antagenists is kept constant, It is preferable to
fix this duration in such a fashion that further increment in
duration of exposure does not inerease the antagonistic effect

obtained,
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To add to the significance and reliability of the results,
testing of competitive antagonist should be explored over a wide

renge of concentrations,

{B) If a competitive antagonist produces the same pA,

in- different biologica;l. test preparations it can be assumed that it
reacts with elosely similg.r receptors, If this assumption holds true
then it can be deduced that if the differemt preparations with closely
similer receptors produce the same pA, value then it is competitive
antagonism, Agonists are as a rule more variable than aniagonist e.g,
the guinea plg ileum is much more sensitive to histamine than the
tracheal chain but the pAy values of antagoniets in the two preperations
are the same (Schild, 1957), Stephenson (1956) and Ariens (1954)

have suggested that the activity of an agonist depends on atleast two
factors; its affinity for the receptors and the contribution made by
the drug receptor complex to the physiclogical effect whereas the
asctivity of a competitive antagonist depends only on.-its affinity far
the recepters,

(C) Receptor protection 3 If competitive bloclmde involves
the occupation of the specific agonist receptors by the antagonist,
the presence of. the agop:let in high concentrations will protect the
speciflc receptors from the blockede snd this can be verified after
removal of both the agonists and the wnreacted antagonist, The
specificity of such "recepter protection® tests is indicated by the
fact, that where an antagénist is effective against responses to
several types of stimulants such ss adrenergie, cholinergic,histamine
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etc, the presence of agonist during exposure to the blocking agent
. inhibits the blockade of responses to only one specific type of
agonist (Furchgott, 1954),

Differentistion between classical competitive and non-equilibrium

(irreversible cometitive) antagonists :

No single clear cut test is avallable to differentiate
classical competitive from non-equilibrium blockade of tissue
responses, Houever, certein tests may be suggestive of the type of

antagonism,

S

(1) Straight-line relationship in plots of agonist
versus antagonist is characteristic of classical competitive agents,
whereas, lines deseribing the action of non-equilibrium agents

curve towards the agonist axis (Nickerson, 1957).

(2) Development of the bloskade produced by clessical
-compotitive agent c:zaases and is reversed as soon as amctive drug is
removed from the surrounding medium (bicphase) whereas formation of
a stable drug receptor cbmplex from active non-equilibrium inhibitor
present in biophase may continue for some time after washing, It may
be mentioned, that some classical competitive antagonist sueh as
atropine and ergotamine produce relatively prolonged blockade,
Nechmansohm et al ,(1947) and Nickerson (1949) have demonstrated that
the reactions of all knoun non-equilibrium inhibitors with receptors
appear to occury in two steps, the first reversible "absorption" and
the second & more stable chemical reaction, From this it can be

concluded, that rate of dissipation of classical competlitive agents



§6

when washed out of tissues i3 a continuous fumctlon of the concentration
gradient, whereas the dissipation of non-equilibrium blocking agents

is discontinuous,

(3) The cumulative effect of several short exposures to
a competitive blocking agent should be less than that produced by a
single exposure of equal total duration vwhereas cumulative effect of
short exposures to a non-equilibrium agent should be greater tham
the effect of the single longer treatment, although experimentel
verification of this assumption has been limited to relatively
small number of compounds, Comparison of the effects of single and
repeated exposures has provided a clear differentiation of blockade
produced by dibenzyline from that due to sev;ral competitive inhibitors

(Nickerson, 1957),

Tests for noncompetitive sntagonism :

In this case, where the antagonist reacts with some site
other than the site on the receptor with which the agonist reacts,
the following equation has been proposed by Sehild (1954):

KlA I’&:l.‘é'x 1
Yy = = X
K].Afl K1Ax+1 K'28+1

where y is the fraction of 'active' receptors (i.e. receptors
combined with agonist), K1 and K2 are constants, A & Ax are the
concentrations of agonist causing the response corresponding to y
in the absence, and in the presence respectively of the entagonist

in concentration B,
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In this type of Qntagoniém, the log dose-response curves
are not parallel., bult become progressively flatter and their maxime
declines, Both the pr values and the pA, differences now depend upon
y (the mumber of receptors activated)., For the calculation of K,
from the sbove equation, it is necessary to lmow the value of y;
however, when y is unknown, K'2 can be caleculated as’

xloxz (B2 - Bl ) kot xloBl - 12.32

2 - -
Blo Bz (x2 xl )

where Xy o and xz

concentrations Bl and 332 .

are the dose ratiocs corresponding to antegonist



