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1. BESUME OF L.TTFRATURE

1.1, Aubtonomic Nervous System
lelels M

Historiecally, the adrenmergic drugs are both ancient and modern. For the
last 5000 years the herb, maluang has been used in China, among other things,
for the treatment of respiratory diseases. About 120 years ago, Vulpain (1856)
identified a substance in agueous adrenal extracts giving a rose-carmine coloufv
on oxidation which, he suggested, might be liberated into the clrculation. The
effect he was observing was an example of the characteristic reducing property
of the catecholamines and as Hagen {1959) points out, Vulpain was urknowingly
demonstrating the storage and release of catecholamines for the first time, At
about this time, Henle (1565) demonstrated chromaffin tissue histologleally
with chromium salts which in the 1light of present lmowledge, is a further

example of reduction by catecholamines in the tissue stores.

After about 30 years, Oliver and Schafer (1895) found a pressor response
when adreraline (Adr} was:.injected into an umaesthetized dog, an observation
sooix t\o be followed by the identiflcation of Adr as a highly active pressor
substance, present in the adrenal medulla (Takamine, 1901). Iater it was
synthesized by Stolz (1904). Noradrenaline (NA) was also synthetized at this
time (Dakin, 1905) although its physiological s:@gnificance was not appreclated

for many years. '

The resemblance of the actions of adrenal extracts to those produced by
the stimulation of the syﬁpathetic nerves (Langley, 1901) led Elliot {1905) to
postulate the chemical mediation of autonomic neural transmission. This hypothesis
had to wait 17 years, until the egrly tuwenties, before 1t was conclusively

- proved {Loewi, 1921).
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Although by the thirties, the importé.nce of humoral agenbts in autonomic
nervous activity was fimiy established, further progress was reiarded by
certain conti'adictory observatlions showing that Adr felled to mimic all effects
of sympathetic rerve stimulation (Cannon and Rosenblueth, 1933). This enigma
was not solved until 1947, when both Fuler (1946) and Holtz et. al., (1847)
noted independently that NA is present in extracts from certain siteg in the
nervous sysbem, suggesting that it acts as a neural trapsmitier in memmsls.
Fi;:al proof that this substance is identical with {-) NA was provided a feu
years later by its detection and estimation in efflunent blood from orgars
subjected to sympathetic stimulation (Maim and West, 1950; Oulschoorn and
Togt, 1952).

1.1.2. Introduction to autonomic nervous system

The autonomic pervous system controls tissues {glands, smooth musele
anrd cardiac muscle) that are not under voluntary conmtrole. It consists of two
divisions, the sympathetic and parasympathetic, with essentially opposite
actions. Thus, if its sympathetic nerve supply is stimulated, the pupil of the
eye dilates but stimulation of parasympathetic supply induces pupillary
constriction, Thegse facts are well knoun bubt some points do require emphasis.
(i) Not all organs receive nerves from both divisions of the autonomic
ﬁervous gystems Thus, almost all the arterioles in the body are imnmervated by
sympathetic nerves, the tonic activity of which holds the vessels in a state
of partial-eonstrictions An increase of sympathetic tone causes vasocomstriction

and a relaxation of tone results in vasodilation.
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(11) Even in organs which do receive a dual innervation, the two divisions
of the autonomic systems are not always of equal functional importance, Thug, if
the heart rate refliexly accelerates, about 70 per cent of the observed change is
due t¢ the withdrawal of parasympathetic tone and@ the remaining 30 per cent
results from an increase of sympethetic tone. Similarly, control of the bladder

and the urethra is almost exclusively vested in the parasympathetic nerves.,

(iii) Although it is true to say that the autonomic nervous system controls
inv‘oiluntary movemg@s; it must be appreciated that autonomic activity may
accompany events :,'Lyxj;éwiaaggé in the cerebral cortex. T}:us, voluntary motor actlvity
is accompanied by an increased blood fiow in the contracting miscles ard when

muscles are paralysed as a consequence of a cerebral haemorrhage, their blood

supply ic also disturbed. / Comt Lot A Z
}{ ; ez /,a(aw

i

(iv) Postganglionic fibres of the sympathetic reTvOus systen bring about

their effects by the liberation of N4, Parasympathetic fibres liberate
acetylcholine (ACh)s ACh is also thé transmitter substance at all auntonomic

ganglia, sympathetic and paragympathetic alike,

1.1.3. Chemicag medistors of autonomic system

4 /

The adrenergic nerves, the action of which is mediated by Adr ard NA

LN
\\\;

include all the postganglionic sympathetic fibres exclusive of those designated
-as cholinergic as below. The only kunown instance of a postganglionic para=

sympathetic adrenergic fibres is the immervation of the Tabbit's stomache

The cholinergic nerves, the action of which ls medlated through ACh
include accordingly: (i) all postganglionic parasympathetic fibres (1i) all

autonomic {sympathetic as well as parasympathetic preganglionic fibres (ii1) the
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pre-ganglionic (splanchnic nerve) fibres to adrenal medulla (iv) the
sympathetic fibres to sweat glamds and certain blood vessels {skin of ihe face)

and (v) the somatic motor nerves to the skeletal muscles.

lelede Gereral effects of aubtonomic stimulation

Stimulation of the sympathetic nervous system causes dilatation of the
pupils, acceleration of the heart, vasocomstriction {particularly in the skin
and viscera), the liberation of glucose from glycogen in the liver and muscles,
inhibition of intestinal motility and of gastrointestinal secretory activity
and constriétion of the sphinters. The bronchi dilate, ths fur of the animals
becames yuffled ard hair of men are erected {giving appearance of goose flesh),
the spleen contracts {in those species of animal that possess a contractile
splenic capsule) and micturition is inhibited . Stimmlation of sympathetic
nervous system also evokes the liberation of Adr from adremal medulla. The Adr
powerfully dilates the arterioles in the skeletal muscle and increases cardiac

output indicating Adr bas different action in different organs.

The activity of the sympathetic nervous system reaches its pesk in
stremous exercise and in extreme emotion., This led Camnon and Rosemblueth
{1937) to formulate his famous aphorism that sympathetic system prepared the
body for 'flight or fight'. Tt is certainly true that the changes brought about
by stimulation of the sympathetic nervous system all facilitate the production
of e \ergy, the exchange of respiratory gases ard the. circu}ato%}r‘ adjustments
appropriate to intense physical activity. The sympathetic nervous aétivity is
associated with catabolic and parasympathebic with amabolic corditionse. The
parasynpathgtic activity will be increased when energy is being taken in, as

during the digestion of a meal or comserved as in rest or sleep.
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Stimulation of the parasympathetic mervous system induces .constr‘iction of
the pupils and bromehi, slowing of the heart and an increase in the activity of
‘ the digestive gystem - galivary and gastrointestinal secretions are promoted, the
motility of the iﬁfestine is incressed, the sphincters relax and the gall bladder
contﬁacts. The defaection and micturation do not, of course, recessarily, occur in
the intact animal, since these functiorns are to some extent under ¥volunbary

control.

Albhough it 1s generally. suppoged that emotional states are associated
with activity of the sympathetic nervous system, it should be noted that this
demarcation of the physiological function is not so clearout as 3s sometimes
believed. Some people who receive bad news suffer brédycardia, a fall in blood
pressure and collapse; an angry man is likely to be flushed (indicating
inhibition of sympathetic activity) and defaccation or micturition sometimes
accompany feelings of intense fear of or plgasure. All these events are of

parasympathetic rather than sympathetic origin.

1.145. Biosynthesls of catecholamines

Many theoretically possible pathways have been proposed for the
biosynthesis of NA and Adr; however, that foreshadowed by Blaschko {1939)
following the in vitro demonstration of I~-DOPA decarboxylation (Holtz et al.,
1938; Holtz, 1939), has subsequently bele-n shoun to be the main route in the
mammal (Demis et al., _1956) with phenylalemire as A starting point in -the pathuay
{Fig. 1) inclndes the following séquencesz first para-hydroxylation of phenyl-
alapnine to tyrosine by phenylalanine hydro:cylése s which is functioniné with
reduced nicotinamide-adenine dinuclecotide (NADHa) as a dihydropteridine reductase

{Raufman, 1959), molscular oxygen (Kaufman, 1964) and reduced pteridine co-factorg
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then metahydroxylation of tyrosine by tyrosine hydroxylase to form dihydrexy-
pﬁenylalanine (DOPA; levitt et ale, 1965). This step takes place largely in
adrenergic neurones of sympathetically invervated tissues and catecholamine
storing cells of the adrenal medulla (Sedvall and Kopin, 1867). Tyrosine hydroxylase
requires Oxygens Fé" .‘énd reduced pteridine probably as a co-enzyme {Brenpneman arnd
Kaufman, 1984). DOPA is then_ decarboxylated by DOPA~decarboxylase in cytoplasmic
sap to form depamine (Blaschko et ale, 1955). It has .long been known that
pyridoxal phosphate is a necessary co-factor for the activation of DOPhi~carboxylase
{Blaschko et als, 1948). Dopamine enters chromaffin gramles {Krishuer, 1957) or
gramulated vesicles in nervous tissue (Potter and Axelrod, 1963) when it is
p-hydroxylated by dopamine p=-hydroxylase to NA. Dopamire B-hydroxylase requires
for its activiby agents gsuch as ascorbic acid ags an exterml elsctron donor,
fumaric acid {kevin et al., 1960), ATP (Levin and Kaufman, 1961) 1 o Cgfor 2Vl
molecular crygen and SHegroups {Goldstein et al. , 1963). In the adrenal medulla
some of the NA thus formed passes into the cytoplasm where it iz N-methylated by
phenylethanolamine=N~-methyl transferase to give rise to Adr (Axelrod, 1962a)

which may itsell be further Ne-methylated by the same enzyme to a fourth
catecholamine namely N-methyladrenaline. Phenylethanolamine Nemethyltransferase
has an absclute regquirement for S~aderosylmethionine and SH-group but does mnot

appear to be stimulated by Mg or glutathiome ixelrod, 1962h).

The demounstration of N4 synthesis in sympathetic nerves marks a2 more
recent phase in these studies. The conversion of labelled tyrosine or DOPA into
dopanire and NA occurs in homogenates of sympathetic nerves or ganglion {Stjarne,
1966), Tt has been shown to take place eentrally in rat and cat brain slices
{Masuoka et als, 1963) and in cat brain in vivo (McGeer et al., 1963).
Catecholamine synthesis has been demonstrated in animal hea:t;t s & rich source of

sympathetic nerve (Chidsey et al., 1963; Goldsteim and Musacchio, 1963),
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Iike NA, Adr is found in many tissues of the body in addition to the
adrenal medulla although i1t is not widespread. While its presence in non-adrezial
tissue probably stems from uptake of circulating amire synthesized in the adrenal
medulla (Axelrod et al., 1959) extirpation of the adremals, is not followed by
complete disappearance of Adr from the urine (Euler, 1946). Thus the evidence
. points to extra~Adr production and extra—adrez;al localizgtion of the responsikb]e
enzyme phenylethanolamine-Nemethyl transferase (Axelrod, 1962b). The presence of
this enzyme has also been noted in brain hcmogerates (McGeer snd MoGeer, 1964).

The rate of catecholamine formation in the adrenal medulla ard its release
into the circulation may be inoreased by nervous activity (Hollard and Schuman,
1956) . Sympathetic nerve stimulatien also releasesNA into the circulation fram
extra~adrenal sites (Kopin, 1966); however, the discharge of amine fram stores is
rapidly replenished, suggesting that loeal synthesis after secretion is linked
with nerve stimlation (Anden et al., 1967; Roth et al,, 1966),

In general, the NA content of an extra=adremal tissue is direetly related
to its sympathetic nerve supply. The vas deferens contains a high density of
sympathetic nerves (Flack et al., 1965). It thus possesses a relatively high
level of NA, which is unlikely to be supplied from the circulation as the organ
has feirly poor blood supply (Kopin et al., 1965). After prolonged preganglionic
stimlation of the 1solated-hwpogast;ic nerve-vas deferens preparation, a
considerable increase in KA formation from exogenocus 3H-1-tyroaine has been noted
{Roth et al., 1966). Tn a similar experiment, elect%icai stimlation of the nerve
brought ?._bout an eshanced release of 14G-dopamine and NA after prior perfusion
Of the vas deferens with 4Cpops (mustin et al., 1967). These results provide

additional evidence of the influence of nervous activity on loecal NA synthesis.
The mechanism of this facilitating action may be assoclated with the sectivity of



tyrosine hydroxylase (levitt et al., 1965), the rate limiting enzyme in
catecholamine synthesis. At present, however, this view (Roth et al., 1966)

is only speculative; nervous regulation may occur at a latier point than tyrosine
hydroxylase in the bicsynthesis patiway (Austin et al., 1967).

’

Catecholamine formation in the nmninal takes place in structures belonging
to or deriving from the nervous system, largely occuring in adrenal medulla
(Goodall and Kirshnar, 1957) extra~medullary chromaffin tissue, heart (Spector
et als, 1963), brain (Masuoks et al., 1961), sympathetic nerve and ganglia
(Gocdall and Kirshrer, 1957). Because of their kuown difficulty in crossing the
blood brain barrier (Vogt, 1959), the presence (Carlsson, 1959) ard rapid .
turnover (Carlsson et als, 1960) of dopamine apd NA in the brain is indirect
evidence for théir syntbegis in situ; thelr common precursor, DOPA galns easy
access to the brain from the circulation (—Car:_lsson et al., 1958). Tt thus appears
that loqal synthesis is the main source of endogenousA NA in tissues, with uptake
of the amine from the eirculation making only minor eontribution to the

maintepance of catecholamine stores (Kopin et als, 1965).

e

1+1.6. Subceliular distribution of the catecholamine /forming enzymes
.

Differential centrifugation of homogemates of adremal medulla, post=
ganglionic sympathetic nerves and the braln shows 1';he enzymes to be present in
cells which normally contain the catecholamines. The enzymes and heavy vesicles
in perves synthesized in the cell body are transported along the axon to the
nerve termirals. Tyrosine hydroxylase and DOPA decarboxylase are found largely
in the supernatant and so may be cytoplasmiec in. origine Dopamirne /e-hvdroxylase
activity is present within the catecholamine storage gramules of the adreral
medulla, per@pheral sdrenergic nerves and CN3. Uptake of dopamine into the

storage vesicle is a necessary prerequisite to the formation of NA. In the
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storage gramiles scme of the erzyme iz bound to the immer surface of the membrane
and some is in a soluble form, releasable on rupture of the membrane. Nervous
stimulation releases the soluble fraction alopg with the stored catecholamires
by exocytosis of the storage gramiles, hence the appearance of the enzyme in the

plasnma.

The enzyme methylating NA in the adremnal medulla is fourd in the supernatant
and is presumably in the cytoplasm of the cells. This implies that NA formed in the
gramlgs bas to be released into the cytoplasm for methylation to 4dr, which is

then taken up once more irto granules.

The present evidence is that the rate-limiting step in the biosynthetic
pathyay of the catecholamines is fhe corwersion of tyrosire to DOPA; the amount
of enzyme is probably small and the tissue coﬁcentrations of tyrosine are always
sufficient to saturate it., The amounts of the decarboxylase -and dopanine
B ~hydroxylase, however, are present in great excess of nermal regquirements.
Probably for this reason inhibitors of tyrosAine hydroxylase are more effective in
lowering the content of NA in the tissue than inhibitors of DOPA decarboxylase
and dopamine B -oxidase, even when they are given in amounts which cause marked

inhibition of the ergymes.

The inhibiting effect of the catecho\]amines ocn tyrosine hydroxylase
activity may exert a conbroliling influence on their production in the tissues.
Thus, it appears that there may be feedback mechanism whereby catecholamine
s‘yn’chesis is controlled by its rate of secretion and that this control takes
place at the step for conversion of tyrogsine to DOPA. Prolonged sympathetic
stimulation by stress or drugs, however, leads to increased concenbrations of

the synthesizing enzymes.



1e1le7¢ Engymic inactivation of catecholamines

0

Two enzymes are principally involved, catechol-%-mathyl transferase
(COMI) and monoamire oxidase (MAD). Since the products of the action of one
can then be metabolized further by the other there are several possible pathways
of inactivation (Fig. 2).

COMI catalyses the imtroduction of g methyl group into the hydroxy group

of the catechol micleus primarily at the meta - (or 3-) position.

’ifhe metadreralive, normetadrenaline and methoxytyramine are formed from
Adr, N4 é.nd dopamine respectively. In rare cases depending on the constituent of
’ Ry, methylation occurs primari]y\at the 4 position. As with other methyl
transferase enzymes, e.gs pheny %banolamine-ﬂ-methyltré.nsferase , the methyl
group for this reaction comegs from S-~gdencsylmethionine and studies with
purified enzyme from rat liver show that a divalent metal such M?is required.
Substrate specifielity is low and all catedholamines are =methylated regardless
of the substituent at Re | h

The actions of COMT on the catecholamines and thelr derivatives can be
inhibited both in yitro and in yivo by pyrogallol as well as othér catecholse
These are coméetitive inhibitors and are themselves substrates forthe enzyme.
Other iphibitors are the tropolones, e.ge 4=methyl tropolone, which ivhibit by
chelating with the divalent metallic ion essential for the activity of the
enzyme.

COMT activity is widely distributed im the animal body with high
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concenbrations in the liver and kidney. Tt is falrly evenly distributed in all
the areas of the brain, sympathetic and parasympathetic ganglia and nexrves. It is
found absent in skeletal muscle or plasma. In sympathetic nerve the amount must be
small because surgical sympathactomy with degeneration of nerve has 1ittle or no
effect on the activity in the peripheral tissues. However, the pre;sence of the
erngyme in orgars in which the catecholamines act suggest that it acts lecally in
the metabolism of these substances. The enzyme appears to be located in the

cytoplasm of cells.

MiO like COMT is widely distributed and ils activity is found in almogt
every tissue in the bedy, with high concentrations, in the liver, kidney and

intestine. It is alsc present in all parts of the CNS and in sympathetic nerves.

MAO js a flavoprotein, catalyses oxidative deamination of monoamine such
as NA, Adr, dopamine and 3-methoxy derivative arising from the action of COMI.
Other amines which alsc serve as substrates are 5~HT, tryptamine ard tyramire.

The end product of the reaction is an aldehyde.

R' = CH,= NHR wemmewmy E' - CH z NR+ H,0

_H
-6
o

Rt 4~ H?.NR

In tissue the aldehyde is oxidized by dehydrogenase to the corresponding
acide In case of Adr, NA and their methylated derivatives, the aldehyde can also
be reduced to the correspording aleohol. I brain, dopamine and its methylated
derivgtive give rise mainly to acid metabolites and voradrenalire and its methylated

derivatives to alcchol metabolitess

MAO occurs in tissues mainly as an inscliuble compeonent of the outer
membrane of mitochordria in cells and its activity can be inhibited by a mumber of

subztances.
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Hore potert ivhibitors bave been discovered. These inelude warious
hydralagine derivatives such as iproniasid, phewelzine, ndalemide avd

2 =

isocarvoxazid which produce noncompetitive irhibitiorn of the euzyme.

Trany Ieypromine and pargyline produce reversible competitive inhinition.

Some of these drugs are used in the treatment of depressiorn and hypertension.

1.1.8. Uriwary excretion of catecinolamivnes

NA, Adr ard dovamine aud thei® metabolites are fourd in urire. (Table 1)
shows some estimates of the amounts fourd in normal hman urine. These figures
are collected from different sources and do not refer to the same group of

S = -

lidividuads, They indicate the relative orders of magnitude of the different

substrates.

The catecholzmines, the methoxyamire derivatives arnd the glvcols are
excreted partly as confugates in man, maicly as sulphate ester.. In other
animals conjugatiou may vredomiuate. |

The rate of excretion of both Adr and NA varies with activiiy, being
lower during sleep or rest in bed than during normal day time routine. Physical
stressraises metabolites of both Adr and F4 whils meutal S'trﬁfs raises only of
Adr, Insulin raises Adr more while chauge from ths recumbent to the upright

position inereases output of N4 more than Adr.

1.1.9. ggtake of cabechclamines

NA axd other related amines are kuown to be trausported from the
extraceliular space acrozs the axonal membrave of adrerergic nerves, a process
which for converdence was termed as “uptaks“i by Iversen (1965b). A further

29

mechanism exists bto promote the transfer of free catecholamines from the Kxoplasm

into the membrare-bound storage vesicle in adrenergic nerve. Catecholimines are



Table 1. Amounts of catecholamines and metabolites

/
found in human urine (}x’g/24 hr excretion)t,
AN

13

f“\
o

Noradrenaline

Adrenaline
Normetadrenaline
Metadrenaline i
4=Hydroxy-3-methoxymandelic acid (HMMA)
4nydroxy-3-methoxyphenyl glyecol
Dopamine
Dihydroxyphenylacetic aeid {dopac)
Homovanillic acid (HVA)

25-50
2-5
100-300
100-200
2000-4000
2000-5000
100-200
20004000
6000=10000

# (from Passmore & Robson, 1973).
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also transported across the membrane afid various other postsynaptic cells by

another process known as "uptake," (Iversen, 1965b).

1.1.9.1. Uptake,

Burn (1932) suggested the possibility that exogenous catecholamines
might be taken up into the storage sites of peripheral tissues. Raab and
Humphreys (1247) and Rasb and Gigee (1953, 1955) were the first to demonstrate
an increase in the catecholamine content in the cat and the dog; hearts after
the administration of large doses of Adr and NA in vivo. Nickerson et al.,
(1950) reported large increases in the Adr content of the rat heart after the
administration of Adr. However, Fuler (1956) failed to demonstrate an increase
in the catecholamine content of variocus tissues after the administration of
smaller doses of catecholamines. 01":'. Adr was shown to be accu];zla‘bed in
adrensal medulla apd severgl other tissugs after ixtyavenous injection
(Schayer, 1951; De Schaepdryver and Kirshuer, 1961).

The first demonstration of the importanece of tissue uptake 1g.the \
ddisposition of elreulating catecholamines was made by Axelrod et al.. (1959).
After intravenous administration of relatively small doses of Eo-idr (0-1 mg/kg)
to mice, the unchanged hormone disappeargd in two phases. In the first five
min after injection there was a rapid metabolism of approximately 70% of the
ihjected doses, largely by O-methylation. The remaining 304 however, disappeared
only slo»‘w ly; therafter, detectable amounts of unchanged Adr being present
in enimals ldiled several hr after original injection. Other experiments
on the fate of B- Adr after intravenous infusion in cat showed that unchanged

Adr disappeared rapidly from the plasma while at the same kime unchaged Haa';«gdr

accumlated in various peripheral tissues such as heart, spleen, lung ard kidney.
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Whithby et al. (1961), performed experiments with H -NA in cats and mice. It
was fourd that tissue uptake operated to remove the inbravenously administered
catecholamines from the circulation. The accumulation of NA im tissues was
fourd to Ee greater than that of Adr. In the mouse, 80% of the irnjected dose
of Ni was inactivated by tissue uptake alter the injection of a dese of 0,03
mg/kg. Mascholl (1960, 1961) using sensitive bioassay and fluorometric assay
technique, demonstrated that an appreciable accumulation of NA in the rat
heart was found after the adminigtration of small intravenous doses of NA
(0.03 mg/kg). Using fmorometric assay technique, Stremblad ard Wickerson
{1961) also demonstrated an accumulation of Ni and Adr in heart and salivary
glands of rats after the administration of amines. These authors suggested
that the uptake of catecholamines might represent an importalnt mechardsm for

the physiological inactivation of catecholamines.

Subsequently, several reports confirmed the ability of various
peripheral tissues to accumulate exogenous catecholamines. Increase in
catecholamines has been demongstrated in various organs df'ter the administration
in vivo in the cat and the rat { Permefather ard Pard, 1960; Harvey ard
Permefather, 1962; Crout, 1964). Ni uptake has alsc been demonstrated in
isolated hearts or atria of the guinea pig, rabbit, dog and rat {(Muscholl,
1960, 1961; Burn and Burn, 1961, Kopin et al., 1962, Trendelemburg and Crout,
1964), perfused cat spleen {Gillespie and Kirpekar, 1963; Blakelsy and Broun,
1963) ard perfused rabbit kidney {Irouye ard Tanaka, 1964). The presence of &
bloodPI;raixx barrier to catecholamines prevented the study of catecholamire
uptake in brain tissue in vive bubl studies have been performed with brain
slices incubated in vitro (Dengler et al., 1961)., Glowinsld et al. (1965) and

Glewirski ard ixelrod {19668) studied the uptake, storage ard metabolism of
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small doses of H -NA in the intact rat brain, administered directly intc

the lateral ventricle.

i

1.1.9.1.1. Evidence that uptake, ocours in gympathetic nerve

3
In cat it was fourd that the uptake H -N4A was greatest in tlssues

with a rich sympathetic innervation such ag the heart. There was an approximate
correlation between the amount of HB-NA accunulated in a given tissue and the
richness of the adrerergic immervation, as measured, by the exdogehous NA
content of the tissues (Whitby et als, 1961). In the gui.ne%aig heart ard in
isolated perfused rat heart there is a significant correlation hetween the
amount of HB-NA taken up by the tissue and endogencus NA content {Crout, 1964;
Tversen, 1967). After superior cervical ganglionectomy, the uptake of
catecholamines in the tissues immervated by this ganglion is severely reduced

{Hertting et al., 19613 Fischer et als, 1965).

3
The uptake of H =NA is also markedly reduced in various tlssues of

immunosympathectomized rats and mice in which the development of gympathetic
nervous system was suppressed by the administration of nerve growth factor
antiserum to new born animals {Iversen, 1965b; Iversen et al., 19663 .

Ha-NA and Ha-dopamine were perfused in isolated hearts which were pretreated

1; ith 8-hydroxydopamine., The accumulation of the amives was greatly reduced in
hearts from animals which were chemically sympathectomized by 6=hydroxydopamine
{Hollmarm et ale, 1971), These firdings suggest that the uptake of catecholamines
occurs mainly in sympathetic nerve terminals. However, Stromblad (1959) reported
that the uptake of 014~adrenaline was higher in denervated cat salivary glands
than normal glards. Fischer et al.. {1965) presented evidence to suggest that

the residual uptake in denervated orgars represents an sccumnlation in an

extraneuronal site in the tissues. Anden et ale {1963) reported that the uptake



3
of H -NA in the denervated rat salivary glard was not significantly lowsy than
the&nomal glands if the animale were treated with a combingtion of /é’:‘? ivhibitong
(&
of/\enzymes COMT and MAO,

3
After injection of ¥ -NA, the labelled amine in the heart and pineal glard

of the rat was shoun to be loealized in the postganglionic sympathetic nerve
terminals by a combipvation of radioautography and electronm microscopy (Wolfe et al.,
1962), Using autoradiographic technigue and opbical microscopy it has been shown
that the accumilated HS-NA ig localized in fire nerve fibres of the brain, spleen
and heart of the mouse {Samorajski and Marks, 1962). These results provided

first direct evidence for the localization of accumulated NA in the nerve fibres.
Hamberger et al,. (1264) shoved that the administration of NA in large doses
{0.5-10 mg/kg) resulted in the reappearance of fimort::*scent nerve fibres in the
rat 1rls which was previously depleted of BA b;} treatment with reserpire. These
experiments showed that the uptake of NA occured not only at sympathetic nerve
terminals but also in preterminal axons and in the postganglion gsympathetic

nerve cell bodieg, in the cervical sympathetic garglion, suggesting that the
uptake of WA may occur at any point on the surface of the postganglionic
sympathetic neurone. Malmfors {1965) was able to observe accumulation of NA in
the sympathetic nerve plexus of rat iris after the injection of small amounts of
NA inte the anterior chamber of the eye. Hamberger and Masuoka {1965)

demonstrated that the uptake of Ni by brain slices incubated with NA in vitro

was also loealized in the fine nerve fibres in the tissues, which normally
contain the endogencus catecholamines. Gillespie and Kirpekar {1965) have combined
fluorescent histo-chemical technique with radicautography and demonstrated that
exogenous H?-m irfused into the cat épleen is accumulated in the nerve fibres

which contain the erdogenous catecholamires.
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3 .
After the administration of H -N4A, the labelled amine can be released

from the cat spleen by stimulation of the splenic nerve {Hertting and Axelrod,
1961; Fischer and Iversen, 1966), indicating that it is presenmt in the same

gtore as the endogenous catecholamires.

1:149.1624 XKinetics of up‘bakel

The properties of neuronal uptake precess have been studied in a variety
of isolated organs or tissue preparations in which external exviromment can be
controlled preéisely. Dergler et al.. (1961) found that brain or heart slices
incubated in a medium containing H3-NA geoumilated the labelled amine to levels
upto five times those in the medium. In the isolated rat heart perfused with a
medium containing low concentration {10-20 mg/hl) of Ni, the concentration of
¥4 accumulated in the tissue rises to levels thirty or forty times those in the
perfusing medivm {Iversen, 1963; Lindmar and Muscholl, 1964). If it is considered
that catecholamine uptake occurs almost entirely into sympathetic nerve fibre-
in the heart, it is clear that the uptake proces‘;s has a remarkable ablility to
concentrate catecholamives. The sympatbetic nerves in the heart can only account
for a very small proportion of the total weight of the organ. The actual
concentration gradient between exogencus NA sccumlated in sympathetic nerve
terminals and in the external medium must, therefore,‘ be very high, perhaps

exceeding 1000:1 (Iversen, 1967).

Dengler et al.. {1962) were the first to suggest that uptake of Ni was
mediated by saturable membrare transport. In these experiments, however, initial
rates of uptake at varions N4 concentrations were not measured. This satursble
uptake process has a very high affinity for Ni, the apparent ' K ' beirg

between O.Z/LM and 1/.11\1 in most rat tissue {Iversen, 1973).
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1.1.91 3 3tereospecificity for uptakeq

The uptakel is stereochemically selective having an affinity for
paturally occuring {-)-NA some five times higher than that for the (+ )=enantiomer
{ Iversen et als, 1971). Kopin and Bridgers {1963) reported that the initial
uptake of Deard-li~isomers of NA in the rat heart was the same, although the
D-isomer subsequently disappeared more rapidly tha'n the I~-isamer. Anden {(1964)
also foupd little difference in the accunm}atién of the sterecisomers in the
mouse heart. Crout'.{1964) reported that there was an equal uptake of the
/ stereoisomers of Ni in the guineaZ;ig heart at short t'&lé after the injection of

Deor L-}Z. Maickel et al. {1963) ard Bevan and Maickel (1964) achieved a physical
separation of the stersoisomers of HB-NA accuntilated in the rat heart after the
injection of DL—HS-NA and showed that there was more than ten times more If-Hg-NA
in the tissue a few min after injection, indicating a marked preferehce for the
uptake of 1~NA. Tversen {1963) found in isolated rat heart, that the rate of
uptgke of I-NA was several times ﬁcre rapid than that of D-NA, when hearts were
perfused with low concentrationshof the two isomers, the rate of uptake of D-NA
was equal or greater than the rate of I-Ni, at high perfusion concentrations in
membrane transport process; the rate of uptake may be imversely related to the
affinity of the substrate for the uptake site if high-concentration of substrate

—

are used (Wilbrandt and Rosenberg, i961). Gui.nealpig and rabbit tissues appear to

lack such stereochemical specificity {Jarrott, 1970).

/ Apart from NA,a variety of other related amines can act as substrates

Y

for neuronal uptake. Adrenmaline has an affinity for uptakel approximgtely half

that of N in mammalian tissues {Iversen and Whithy, 1962; Axelrod et al., 1959;

Whitby et ale, 1961). In frog and toad heart, Adr is the preferred substrate for
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uptake, in which 4dr represents the predeminant naturally oceuring catecholamine

1
(Jarrott, 1970). The uphtake of adrevaline is also sterochemically in favour of

L-isomer {Westfall, 1965; Fuler ard Lishajko, 1965),

1.1.8.1.4. JTonle reguirements

Na®

The need of %for the uptake and storage of NA in gympathetic nerve

terminal has been emphasized by a number of workers { Iversen and ¥ravitz, 196?;
Bogdanski and Brodie, 1969; Kirpekar and Wakade, 1968). The requirement oféﬁ%;f
believed to be not unigue for the active transport of Ni. It was shown that %
plays important role in the cholirergic tr;ansmission in ganglion {Birks and
MacIntosh, 1961) and transport of glucose across intentinal enithelial cells

{Crave, 1962).

The cardiac glycoside ouabain, specially shoun to block the Ng-p‘mxp in
red blood cells and peripheral adrenergic rerves (Glymn, 1957; Xirpekar and
Wakade, 1968) also interferes with the upteke of Ni. This supports the view that
the uptake of NA is coupled to the active extrusion of Na’,‘; Furthermore, it wag
observed that deprivation of external na causes a rapid loss of intracelinlar Na©
due to extrusion. Iversen and Kravitz {1966) ‘demonstrated graded relatiom of NA
uptake in the rat heart to the concentration of Né'. in the perfusion medium.

Both in peripheral tissues and in synaptosome preparations from the ceutral
system, the uptake of N4 is markedly reduced if Na“is absent from the exterral
nmediur {Bogdarsld and Brodie, 1969), Uptake; also requires the presence of a low
concentration of potassium ion {approximately 5 mM) but is inhibited by high
concenbration of K+§a.bove 50 mM). These findings prompted Bogdarski and Brodie
{1969) to suggest a model for NA uptake similar to that proposed by other workers

for the Na' dependent uptake of sugars and amino acids in other tissues. This model
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proposes that the uptake of catecholamines depends on tﬁe maintepance of the
normal irwardly directed sodium concentration gradient by the activity of
"sodium pump® and that the affinity with which the carrier sites bind amine is
dependent on the relative internal and external concentrations of V& ard K&)
White and Keen {1971) found that H34NA uptake by synapbosome preparastion was

not inhibited in the nredicted mawner by manipulatiov of the internal.Ngnand K+
contents and that the iphibition of H?-NA uptake by cardiac glycosides in
synaptosomes did not appear t0 be correlated with the inhibition of €N§ - ﬁ5—ATP

ase acltivity by such drugs.

1.1.9.1.5. Energy reguirements

There is a remarkable dependence of NA uptake on the temperature of
perfusion £inid (Xirpekar and Wakade, 1968). The recovery of NA in perfusion
£inid at 1500, 2100 ard 3700 was 98%, 45% and 347 respectively. The recovery
was iwversely proportional to the temperature of the perfusion f£luid. The rate
of uptake of catecholamines approximately doubled for an inecrease in the
temperature of 1000 and could be inhibited by metabolie poisors such as

dinitrophenol and eyanide and by anoxia {Tversen, 1973).

1:1.9.1.6. Inhibitors of uptake,

Burgen and Tversen {1965) and Horn {1973) examined the inhibition of
3
H =NA uptake in rat heart and in synaptosomes of rat brain by various

e

phenylethylamine derivatives. The structurizécﬁivity relationship for inhibition
of uptakel in the peripheral and central nervous system were essentially similar

and can be sumarized as follows: (1) ﬁffinﬁty for uptaks,; sites is decreased by
Lj- e -
11

the presence of bully substituent groups on/terminal nitrogen of the phenyl~

S

ethylamire sidilfhain, by the nresence of methoxy substituents on the ringyand
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by the presence of the hydroxyl group on the beta-earbon of the side chaine

k2]

or the latter compourds affinity for uptakei sites is grestest for the jisomer
corresponding to 1-HA (ii) Affinity for uptekes sites is increased by the
presance of »henolic hydroxyl groups, narticularliy in vara and meba positions
ard also by methylation of the a.pha-carbon of the side chain. In the latter
cagse affinity is highest for the isomer correapording to D-amphetamine. It

—
5
should be poirted ocuv that the 9’5mcnur%.c vivity relgtior/for inhibition of
=

- //
uptake; by s:mpathomimetic am:.ue‘f«' are ot identical with the reguiremeiits for
L =
compomrds to be substrate for the uptake process. Thus, for E;xamplis,
amphetamire or bebte-pherylethylamine, which lzek pherclic hydroxyl groups do
not appear to be substrates for uptakeq bubt are ootent competitive imhibitors
of H?"I\’A—up\uake‘ This suggests that such compourds iLike competitive euzyme

inhibitors are able to biud with high aflinity to uptake; sites in the axoral

membrance of gympathetic nerves, but dack the further structurael features needed

£

for the irward tra:gport states which normally fol.ow such birding. Cn the other

1.8

hand, many sympathomimetic aminss irhibit (H™=NA) uptake because they are

competitive substrates for uptake; (Iversen, 1973).

Apart from the close structural analogues of Vi, uptakeq is also
irhibited by maiy other drugs (cocaine, desmethylimipramine, pherbxybenzamim
ete.). The most potent inhibitors are found among the derivatives of imipramine,
anitriptyline and other tricyclic antidepressants. Tmipramine and desmebhyl-
imipramine are potent ihhibitors of uptakey (Sigg et al., 1963; Iversen, 1965a).
Desmethy limipremine is the most potent inhibitor of NA uptake so far described

\
in the isolanted rat heart, a coucertration avproximately 1 x 15 M 4g sufficiert
to produce a 507 irhibition (Horn et al., 1971). Iversen ard langer (1969) have

shown that desmethyimipramlne lubhibits upteke of N4 in rat heart ard vas
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deferens competitively. Uptakel is also powerfully inhibited by drugs known
predoninantly for their other pharmacclogical activities; such inhibitors
include) local anaesthetic drug cocaine; the adrenergic receptor blocking
drugs, phenoxybenzamine, chlorpromazine and dichloroisoprenaline, the monozmine
/ oxidase irhibitors, harmine, tranylcyprzmine ard'phenelzine; and the adrenergic

neurone blocking drugs, bretylium and guarethidine.

Cocaire in addition inhibits the uptake of Adr (Hardman and Mayer, 1965),
metaraminol {Carlsson ard Waldeck, 1965) and alpha=-methyltyramine { Iversen, 1966).
In contrast to these reports, it has been found that cocaine fails to inhibit
the vptake of catecholamines in the rat uberus {Wurtman et al., 1963) or in
sympathetic ganglia {Fischer and Snyder, 1966) suggesting that in these tissues
there is either a quantitatively different uptake mecharism or that the drug

fails te pemnetrate the tissues.

Phenoxyhenzamine can cause much bigger increase in NA outflcw than
either cocaine or imipramire {Xirpekar and Puig, 1971). These firdings can now
be explained although the actions of phenoxybenzamine are complex, Firstly, the
drug jrhibits u.ptakel witl%c;/otency comparable $0 that of cocaine. S;acondly 5 the
drug inhibits extraneuronal uptake and metabolism of NA {TLightman and Tversen,
1969) ,Ma\.c'bion which also leads to a greater overflow of unchanged NA {langer,
1970). Thirdly, phenoxybenzamire appears to inhibit an "aubto inhibition?

7 {.,mechanism by which NA normally acts on presynaptic alpha=receptors to inhibit
| its own further release during pericds of chronic stimulation of sympathetic

@ervea

1.1:.9:2¢ Uptakﬁg

[

Avart from the uptake of catecholamines in the peripheral adremergic
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neurones, the amines are alsc taken up by a different trarsport system: in

various extraneuronal tissues. Although about 952 of the uptake ca.pacij:y for
tHhev<fone
NA was lost after adrerergic ﬁerv?/ denervation ,some uptake did occur; /some

tissue componeunt other than the nerve of rat s/alivanr glard is capable cof
retaining NA {Stromblad ard Nickerson, 1961). When Iversen {1965b) perfused
isolated rat heart with high concentrations of Wi, it was found that the aminre
was taken up by a saturable process, which could be degseribed by Michaeilg;-
Merten equation axd had different properties from that of neuronal uptake.
Subsequerntly, several tissues were shown histochemically or biochemically to be
capable of taking up NA, e.g. cardiac muscle of rat (Clarke et al., 1969),
smooth muscle of various tissues and rabbit ear artery {Avakian and Gillespie,
1968), cat spleen (Gillespie et al., 1970), vas deferems, bladder, colon,
spleen of rabbit, rat, guineal?;ig ard cat {Gillespie ard Muir, 1970), cat

nictitating membrare {Draskocezy ard Trendelerburg, 1970), chick amnicn and

human umbilical artery {Burnstock et ale, 1971); cultured bovine embryonic

tracheal cells {Powis, 1973) and collagen {Gillespie et als, 1970). Extrareuroral

accumilation of amines was designated ag uptake2 to differentiate it from

neuronal uptake which was called uptake, {Iversen, 1965b).

Unlike uptakel R L'q::‘oake2 involves heterogenous group of cells whose
properties with regard to uptake are not identical. For example, the capsular
muscle of cat spleen shows no lnbrsceliular accumulation, whereas adjacent
splenie artery emooth muscle fluoresces brilliantly {Gillespie and Hamiltom,
1966), The part of the smooth muscle that accumulated the amine is mainly
intracellular with a secord, legser, site on the periphery of the cell in a
position correspording tc the basement membrane. The intraceliular NA is
distributed throughout the cytoplasm with a particular concentration in the

nucleus {Gillespie et al., 1970; Burnstock et al., 1971).
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Clarke et al., {1968) perfused the rat heart with 10=-40/1g/m1 of NA and
histochemical o’t;servati.on revealed that NA fluoregcerce was markedly inereased
in the myocardium and the smooth muscle of the coronary blcod vessels in both
atrial and ventricular sections. Farmebo £1968) perfused isolated rat heart with
VA and siphse-methyl NA and observed marked increase in the amine fluorescence;

furthermore, small non-nsurcual ecells with strong spéci:f'ic green to yellow

fluorescence could be fourd mainly in the commective tissue in the abtria.

On exposure to NA, Avakian and Gillespie (1968) observed the development
of NA flunorescence in isolated rabbit ear artery; several other tissues, viz.
terminal adrenergic fibres, arterial smooth mscle, collagen and elastic tissue
could take up the amive though not to a similar extent. All the tissues did not
develop fluorescence; rerve pundles of auricular nerve running along side the
artery showed 1little or no NA fluorsscence. Smocth muscle and adremergle nerve
terminals resembled one another in that the uptalke was intracellular and irwolved
trapsmembrane trarsport. Birding to collagen axd elastic tissue/ in conbtrast, was
not intracellular. The birding to comective tissue was a surface phenomenon
involving anionic sib2s on the fibres or the mucopolysaccharide ground substance

but some form of transport mechanism was responsible for the transport of NA

across the plasma membrare of the smooth muscle and nerve terminals

1s1:8s2610 Spécies and organ differences and uptakes

There 1s a remarkable variation in extraneuronal accumlation of NA both
betueen species and betwesn different muscles in a given species. Biochemical
estimations of NA retention after cardiac perfusion with & /}{g/ml for 10 min have ,{/L
revealed a marked difference between Wistar rats and C.F.E. rats obtained from /
Carwoth=-Furope {Sprague=Dauley derived strain); heart from the former strain

accumilated 51% more NA than the latter {Clarke et al., 1969). Among the species,
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the ability to accumulate is best developed in the mouse followed by the rabbit,
the rat and the guineazgig in that order. imong the tissues, sccumulation is
more marked in arterial smooth muscle. There is some correlation between the
capacity for uptake in the smooth musecle of ar organ and in the smooth muscle
of the arteries supplying it., This is particularly well seen in the mouse,
where the ability to accumulate WA decreases by more than 10-fold, from the

vags defererns through cardiac muscle, bladder, colon to spleen, arterial smooth
mugeles in these organs show a gimilar 10-fold range in the gbility to
concentrate NA, with the same ranking order. There are some excepbtions; the

smooth mugele of the guinea/pig colon accumulate NA while the capsule and

trabecular muscle of spleen do not {(Gillespie and Muir, 1970).

1e1e9.2620 Adrenergic immervation ard uptakes

Attempts have been made to relé‘c,e extraneuronal uptake with adrenergic
innervation. It has been suggested that this mecharism of up{‘Zke could be useful
in smooth mus cL with low density of adrenergic innervation enabling the muscle
cells to acquire and retain FA in their vicinity (Gillsspie and Muir,' 1970).
This hypothegis was particularly applicable to arterilal smooth muscle, where,
it has ‘been suggested only the outer shell is influenced by adrenergic rerves,
the remgirder resvording to circulating adrenaline (Gillespie and Rae, 1972).
However, investigations on a wider range of tissues showed rmumerous variationg.
For example, the muscle of the alimentary camal is poorly imnervated, yet with
the exception of the guineaZ;;ig and rabbit colon, accummlation is poor, while
the mouse vas deferens iz densely imnervated and its capacity to accumulate is
highly developed {Gillespie and Muir, 1970). A second possible link betueen
extraveuronal uptake process and adrenergic innervation was the hypothesig that

in densely innervated tissue, the avid uptake by adremergic neurones would so
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deplete the extracellular spaces as to hold the NA concentration below the
threshold from smooth muséle uptake. This is not the case, since sympathetic

nerve section and degeneration in the cat splesen do not albter the pattern of

extraneuronal uptake (Gillespie et al., 1970).

Apart from the immervated tissues, naturally occuring non-innervgfed
tissues, like chick amnion and human wmbilical artery are capable of accimulation
of N4 {Burnstock et al., 1971; Gulati.and Shivaramkristna, 1977 ) Tn these non-
innervated tissues the threshold of uptake is far lower than that of immervated

tissues.

1.1.9.2.3+ Ni metabolizing enzymes and up‘oakez

In perfused isolated rat heart, Lightman and Tversen {1969) cbserved that
uptake2 was not a threghold phenomenon, but operates at all perfusion concentrations
of catecholamires. At less than 2.5 /Jg/ml of WA or less than 0.5 ng/ml of Adr,
almost all the catecholamines taken up by upta,kea are quickly metabolized. The
accumulation of unchanged catechélamines by uptalcez would be expscted to ocecur
only when the rate of uptake, exceeds the maximum rate of metebolisms Thus, if
the metabolism of NA is blocked, uptakez can be demongtrated even during perfusion
with low concentrations of R4 {0.5 = 1.0 pg/ml). The threshold concentration at
which uptakez beccmes apparent as an accumilation of unchanged catecholamines
should correspond to the ooncentration at which uptake, exceeds the maximum rate
of metabolism of catecholamines. Thus, it is not possible to estimate the uptakes

of WA or Adr at lower concentrations in tissues, unless the catabolizing enzymes

MA0 and COMT are made inaebive.

4 close relation betueen extraneuronal accumulation of NA and COMI is

striking; while diffusing towards the site of extraneuronsl uptake, a corgidersble



proportion of the Wi is O-methylated. Thus bleek of COMI results in increase
in the concentration of the amine abt the site of extraneuronal uptake as well

ag an increased extraneuronal acatmilation.

The low concenbrations at which the accumulation of NA occurs within
the non-inrervated smooth muscle (chick amnion and human umbilical artery)
corresponds to the threshold for uptakes, after inhibition of both MAO and COMT
(Burnstock et als, 1971; Lightman and Tversen, 1969). Burnstock et al.. (1972)
have gshown low activity of COMT and MAO in these tissues. Inecreased MA upitake
has been reported in both rat heart (Eisenfeld et al., 1967) and rat femoral’
artery {Dolzel, 1966) and in denervated cat niqtibating membrane {Draskoezy and

Trerdelevburg, 1870) following MAC and/or GOMT inhibition.

1e1.9.2.4¢ Kinetics of uptake,

Uptake studies measure the scoumulstion of NA in a bissue after
correcting for the amine in the extracellular f£inid. The accumulation can be
measured chemically, radiochemically or histochemically; whatever the method,
there is an erroreous ’oendency} to equate accumulation with uptake. Properly,
uptake should be restricted to the process of transfer of the amire from the
extraceliular medium ontoc or into the cell. Whether the acecumilation takes
place will depend on the fate of the amine transported. If it is metabolized or
if there iz a diffusional leak back into the medium, the accumulation will occur
only when the rate of imward transport (uptake) exceeds the rate of loss

{Gillespie, 1973).

Uptake of NA at extraneuronal sites is ccncentration—fdependent;
increasing the concentration of NA both increases the rate of accumulastion and

the equilibrium reached { Tversen, 1965b; Lightman and Tversen, 1969).
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1.1.9.2.5:8tereospecificity for uptak92

Neuronal uptake is sterespecific with a preferernce for the laevo form
and a higher affirdty for NA than for idr {(Maickel et ale., 1963; Tversen, 1963).
Extraneuronal uptake is not semsitive to stereoiscmers of adr and NA (Iversen,
1965b; Gillesp/ie, 1968). This uptake system is a low affirity system {higher K )
but maximum rate of uptake is much greater than that of up‘sal«:e:L (higher Vmax)
(Tversen, 1965b; Callingham and Burgen, 1966). Uptake, has higher affinity for
Adr than NA; IS0 is a still better substrate slthough this amire is not taken

-~

up by reuronal uptake mechaviem (Callirgham ard Burgen, 1966).

1.1.92.2.8, Tomic requirements

The ioniec requirements of extraneurcmnal uptake were studied by

Not
Gillespie ard Towart {1973). Graded reduction of ;% producei graded reduction
Her

in uptake, reaching about 50% in the complete absence of % There are
similarities and dissimilsrities for ionic reguirements from those required,
for neurcnal uptake. The similarities are the partial dependence cn Na'*;the
partial irbibition by high concentration and the lack of effect of C'g*and Mg'f*
4 striking dissimilarity is the ability of lithium to substitute fully for
NQ.Colhgen birding of NA is not affected by the removal of N; {Gillespie

and Towart, 1973). In the case of the neuronal uptake of Ni, 1lithium, tris,
cholire, rubidium, caesium and potassimm are all ireffective subsiitutes of
Né’,(Bogdanski and Brodie, 1969). Lithium has been particularly studied and one
study on symaptosames showed that it could substitute to z small extent for
Na'{Baldessarini and Yorke, 1970) whereas in extransuronal uptake, the ability
f’f lithium to substitute completely for Na+suggests that the mechanism imwolved

in NA transport into the smooth muscle may be different from that into the nerve.
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1.1+9.2.7. Energy requirements

o .
Ccoling the smooth muscle to 1=2 C suppressss uptaks. Thig Inhibltion is
o
not solely the result of diffusional slowing, since cooling from 37 C to asbout
o o

20 € has little effect; further cooling to 15 C or lower, greatly reduces the
accumilation {Gillespie et al., 1970), This result suggests that uptake is an
active process involving the experditure of energy by the cell. Both uptake and
loss of NA from adrenergic storage gramle (Stjarne, 1966) and across the axonal

/aﬁ
chick amnion and human umbilical artery n6t affected by 1low temperatur
o

1-2 ¢ {Burnstock et als, 1971). In isolated spleen slices, anoxia combined wibh

gmeose deprivation has no effect on NA accumulation in smooth muscle. ATP,which

; N4
stimulates neuronal uptake {Angelakos, lQGéz?has no effect on uptake in smooth
-4 -3
musele nor has ouabain in concentrations upto 1 x 10 g/ml. At 1 x 10 g/ml
ougbain inhibit uptake by about 50% but at this concentration it is difficult

to claim this as a specific effect {Hamilton, 1968),

1:169+2.8. Inhibitors of uptakez

Uptake, is irhibited by alpha-adrencceptor blocking agenbs, varticularly
phenoxybenzamine, by normetanephrine and metanephrine (Iversen; 1965bh; Tversen

and Langer, 1969) and by certain raturally occuring steroid hormones including

by

cholegterol and/elonidine {Salt, 1972) but is unaffected by cocaine, desipramine
or metaraminol which powerfully irhibit uptakey { Tryersen, 1967)., The beta-

g
adrencceptor blocking agent, propranolol in concentratioms upto 10 g/ml is

ineffective (Gillespie, 1968; Gillesple et al., 1970),
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/ Among the drugs which block uptake ,Aalpha—receptor blocking agent,
phenoxybernzamine was found to be very effective. This is not entirely a non=
specific action, sirce phenoxybenzamine does not interfere with surface binding

of ¥A on collagen or smooth muscle (Gillespie et al., 1970), It was, thus
btempting to seek some association between the uptake mechanism and aloha~
recepbor in particular {Anden et al., 1963; Euler and Lishajko, 1966). Higher
concentrations of phenoxybenzamine are needed to block the uptake of N4 than
to block the respomses and in blocking N4 uptake pvhenoxybenzamire acts
competitively and its action is easily reversed {Gillespie et al., 1970).
Burgen and Tversen {1965) on the basis of structure-activitj relationship came
to the conelusion that alpha=ard beta=recepbors were not related to either

take or uptake .
upa.e:L T upta o

Eightman and Tversen {1968) have shown that pflenoxybenzamine effectively
blocked the extrancuromal upteke of Ri axd ifs metabolism. This blocking effect
produced by phenoxyhenzamine may be competibive, since the effect was reduced
at higher concernbrations of Ni. The estimated IDSO of phenoxybenzanine as
inhihitor was 2.5/1!4 which suggests that the drug is a potent inhibitor o:'f'

uptake2 {ID., for metanephrine is 2.9 uM; Burgen and Iversen, 1965). This

50
firding is corsistent with that of Janger {1968) that phenoxybenzamine blocks

the reuronal and extraneuronal uptake and metabolism of Ni.

Tversen et al.. {1972) bave studied various haloalkylamine .~
derivatives related to phenoxyberzamine as inhibitors of neuroral ard
extraneuronal uptake im isclated rat heart. Phenoxybhenzamine vas confirmed to

be a potent dinhibitor for both up'takel and upta.keg.

The O=methylated products of WA ard Adr {metadremaline, normetadrenalire)

are potent inhibitors of L'qy{',;a.lce2 { Iversen, 1965b; Gillespie et al., 1970;
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Burnstoek et al., 1971). 32

Trersen (1965b) fourd the uptakez inhibitory activity of normetadremaline
and metadrenaline in isolated rat heart. Subsequently, Burgen and Tversen (1965)
found that normetadrenmaline had an affinity 60 times that of NA and it had very

ittle or no effect on the nsuroral uptake.

Certain steroids are fourd to be potent inhibitors of extraneuronal
uptake of catecholamines. Tversen and Salb {1970) studied the iphibition of

uptake, in isolated rat heart by steroids. Rater, Salt {1972) studied in detail

- the inhibitory action of steroids on uptakez. Steroids produced concentrations

dependent inhibition of uptakez of KA. 17=beta-egstradiol; corticosterone,

testosterore ,dogycorticosterone and androsterone were found to be very potent
inhibitors of uptake2 of NA. 3tudying the structurjfactivity relationship,

Salt {1972) found marked changes in the activity of corticosterone resuliting
after the addition or removal of hydroxyl radical to the steroid structure.
Thus, K?7—beta~hyd10xylated derivative of hydrocortisone was completely inactive
and suecessive removal of hydroxyl group LTO?Z?O”thOStGTOﬂB molecule resulund
in progress%:? reduction in the affinity for uptakeg inhibition of NA. Thus,
removal oﬁ{il~a1pha—hydroxyl group froiz?oéticosterone molecul?{
{deoxycorticosterone) almost halved its affinity and further removal of

21-hydrexyl group from deoxycorticosterons gave a compound (progrestone) with

legs than one tenth the potency of corticosterone as the uptake2 antagoniste

1:1.94249, Physiological role of uptakes

It is interesting to know whether this uptake cperates urder

physiological concentrations. In rabbit ear arbtery sccumulabior of NA could be
-5
seen only at concentration of 1 x 10 g/ml or higher {4vakian and Gillespie,1968).
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ibowe this concentration the slope of the curve relating flInorescence to

coneerntragtion is steep, when MAO and COMT were left intact, suggesting that

1 x 10 g/ml is the ‘trie threshold. Sich concentrations never ocour physiologically
in the circulation, but may ocecur in the vic:lni‘tﬁ of the nerve erdings {Avakian
ard Cillespie, 1968), In the experimemts reported by Gillespie and Kirpe’kar {1968),
short bursts of 200 stimuli to the cat splenic sympathetic nerve released,
aufficient NA to give concentrations in the venous blood as high as 5 x 10 g/ml
in normal eats and 1.2 x 10 g/ml in cats treated with pheno;:ybeﬁzamine.
Gongidering the encrmous dilubion in extracellnlar fiuid and bloed which must
ocour b;afore NA agpeam in the venous blood, a concerntration at the site of
relsase of 1 x 10 g/ml or more seems possible {avakian ard Gillespie, 1968), In
the hope that uptake of NA in the vicinity of rerve endings could be demorstrated
during high freguency stimulation, lengbths of rabbit ear artery were removed
during stimmlation at 30 Hz and immediately frozen. Examination of the artery
treated with Falck technique showed some local diffusion of the transmitter with
fInorescence of adjacent structures {ivaldan and Gillespie, 1968). Ianger {1970)
has provided further evidence that the extraneuronal uptake and metabolism of WA
accounts for a substanbtial proportion of N4 released at adrerergic synapse in

the cat rictitating membrane. 4 similar loeal diffusion with rerve stimulation
has been reported by others {Gillespie, 1968) reinforcing the 1ikelihcod that

extraneuroral uptake can occur under physiclogiecal corditicns.

1.2+ Receptors

. R R MW

1.2.1. Tntreduction to receptors

Pharmacclogically active substances. may be roughly divided into two

groupss {1} those compounds whose biological actbivily can be correlated in terms
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of some gereral physical property ard is only indirectly dependent on chemical
structure, for example, volatile anaesthetics {Fergusonm, 1939); {ii) thoése
compourds whose activity is dependent on chemical structure ard where minor
alteratiors in this structure can have a profourd effect on activity. It is in
the attempt to retioralize the behaviour of this latter class of compourd that
the idea of a Mreceptor' is most frequently introduced. The concept of a receptor
proves to be remarkably elusive, considering the central position it occuples in
the theory of pharmacology; and ary attempt at a rigorous definition is probably
fruitiess {Schild, 1962). A receptor will be considered as the comporent of a
cell with which a drug combines to initiate a response. The vagueness of this
definition reflects our lack of precise knowledge about receptors. The idea of
receptors origirated long before it was generally accepted that matier corsists

of gboms ard molecules.

Paracelsus around 1500 A.D. stated that drugs should corbein 'Spiculal
§{Barbsd hooks) with which they could become fixed to the\organism ard so produce
an effect. langley in the year 1878 first suggested the existence of a “receptive
substance” to explain the actiors of curare and nicotine and this idea has gained
comnon currency for almost as long as pharmacology has existed as a distinet
body of knowledge; it is the keystore of almost all discussicms of structure~
activity relationships and of the quantitative description of the effects of
drugs; yet, in 50 far as it is not yet possible to write a recognizasble chemical
structure for one receptor, it could be said that no more is known about
receptors now than in the days of lawvgley. It is however, not difficult to fird
reasons for this apparent lack of progress. The ability te differentiate sharply
between different chemical substances is one of the most fundamental properties

of living systems and the central problem of pharmacology = ywhy an organ responds

in a certain way to a particular drug - is only ome part of this larger guestion.
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Ehrlich vas also the father of'chemotherapy and it was his work in
this field which led him to the conelusion that specialized regions of the
cell, the receptors, were vital in the organism's fumnetion in as much as they
were the means by which it attached itself to wmutrient molecules. Substances
which polisoned the cell did so, Ehrlich surmised, hecause they could attach
themselves to the receptors thereby depriving the organism of its mears of
obtaining nourishments The toxicity of the substance would be considerably
inereasged if, as well as being able tc attach itself to the cell; it possessed
another chemical grouping {the toxophoric g;oup)'capable of actively injuring
the cell., Ehrlich first published these idsas in 1300, In later years; he
exterded them so ag to embrace the more general case of drug action on excitable
tissues. like langley, Ehrlich tock ag hisz model the antagomism of atropine and
pilocarpive; he assumed that both compourds would, by means of Yanchoring
groups' attach themselves to the receptors of the tissue cells. The fact that
atropive, in contrast to pilocarpine; has nc excitatory action on the tissues,
was geen as being due to the different activities of the active groups
{aralogous to the toxophoric groups) in the two substances. Ehrlich's views are
epitomized in his pbrase 'Corpora non agunt nisi fixata'! {substances do not act
unless fixed) - the only Iatin tag which finds a place in modern text books of
pharmacclogy and itself derived from the chemists' rather more famous *'Corpora
non agunt nisi liguida'. Ehrlich linked the relationship of drugs and their
receptors to a lock ard its matchiﬁg koy, just as Fischer {1894) had pictured

enzymes and their substrates.

Fischer {1894) coined the graphic image of the lack and kay to explain
énzyme specificity and this idea, writ large as 'molecular complementarity!
has offered a sabisfying general explamation of the profound alteratiocrs in
biclegical activity that caﬁ often follow mivor alkerations in the structure

of a druge Briefly, it is suggested that the receptor has corplementary
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structure to the dmg‘and that, owing to the wealkmess of the forces binding the
drug to the receptor, a very close f£it between the two is needed for firm
binding. Owing to the cooperative and complementary nature of these binding
forces any deviation from the optimal structure, for example, by the
substitution of a bulky group for a small one, by rearranging the comstlituent
groups of a molscule im space by im;ersion at an asymmetric centre, or by
altering the direction of a dipole within the molecule ean cause a profound
alteration in the stabllity of the drug-receptor complex. This explanation is
probé.b]y basically correet and indeed it is difficult to conceive of any other
explanation for the great changes in biological activity that often follow

inversion of an asymmetric centre in a moleculs (Beckett, 1959),

The receptor theory of drug action implies that the pharmacological
properties of a compouﬁd are dependent not only on the nature ard preperties of
the comstituent groups within the molecule but alsoc in the way in which these
groups are distributed in space. This follows from the idea that the receptor
is a discreet, spatially organized structure and that meximm activation of the
receptors only occurs when there is close apposition between the drug and the
reoceptors. The size and shape of groups in a moleeulg and thei; spatial
arrangements has been emphasized recently by Ariens and Simonis (1964),

The first attempt to incorporate the receptor coneept into some
quantitative genera]jfti;)ns was ma@e by chrg in 1037. Glzg.rk assumed that
the response of a tissue was dependent on the mumber of receptors which were
occupied by the drug and that the interaction between drug and receptor was a
simple unimolecular reversible process. Ehrlich (1900) amd Clark (1937) had

N :
olearly recognized attagl:Lment to a receptor is a necegsary but not a sufficient
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prervequisite for pharmacological activity. 4 compourd may become attached to a
receptor but it will elicit no visible response unless it is also capabls of
setting into motion the train of events which culminates in an overt respornse
of the tissue. The ability to do this is referred to as the elficacy (Stephenson,
1956) or the intrinsic activity {Ariers » 1954; van Rossum and Ariens, 1962). The
nore recent definition of imtrinsic activity makes it virtually identieal with

\ efficacy and the two terms may be used interchangeably. It should be noted that

h o

N a drug with a low affinity bubt a high intrinsic activity can produce the same

[
AL”((‘. pharmacological response as one with a high affinity but a low intrinsic activity.

TN

¢ At the present state of Imowlsdge, any discussion of drug-receptor inter-
oy [
\ £
o\}\l(w . “actiors must be highly speculative: something is lmown of the structurs of the

i drug; partically nothing is known about the equally important second componsnt of
The “peaction-the receptor. in indication of the kind of reaction that may be

ccecuring can be made and it may be asserted that the action of drugs on cellular
systenms is urderstandable in principle in terms of forces that are already knowin.
Any more explicit statements concerning the receptor must await the comoletion of

the formidable task of the isolation and complete structure determination of the

receptor substance.

Although receptors for most drugs have yet to be identified, there is
ittle doubt that drug-cell combinations obeying mass law kinetics are iwwolved in
drug actions. The many discreet relationships betueen chemical structurs and
biologiecal activity and the competitive interaction of chemically similar drugs
are difficult to explain except in these terms. Receptor groups like the active
centres of enzymes are thou'ght to be carboxyl, amine, sulfhydryl, phosphate and

similar reactive groups spatially oriented in a pattern complementary to that ‘of

the drugs with which they react. The binding of drug to receptor is thought to be
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accomplished mainly by ionic and other relatively weak, reversible bonds.
Cecasiomally, firm covalent bonds are involved and the drug effect is only

very slowly reversible.

Receptor theory has often been exterded to éxplain the shape of the
dose=affect relatiorship and to interpret the interaction of drugs that act at
other than a common receptor site. For these applications, it is necessary to
make scme assurptions about the relationship between drug-receptor irteraction
and intensity of drug effect. In the classical receptor theory developeé by
Clark (1937), it was assumed that drug effect is pr0portioﬁa1 to the fraction of
raceptors occupied by drug and that maximal effect resulbs when all receptors are
occupied. Neither of these assumptions is likely and subsequent modifications of
the occupation theory have assumed obher relationships betueen receptor
occupation and Adrug effect and have permitied the possibiliity that maximal
effect may be achieved vhen only a porbtion of receptors is occupied. The latter
coneept is described as that of spare receptorse Tt has also been proposed that
drug effect may be a funetion not of receptor occupation but of the rate of
drug~receptor combination. This ra@e theory is attractivs because it>re1ates
drug efficacy to the rate of dissociation of the drug-receptor complex and
explains certain other aspects of the time course of drug effect. it the
present time, it iz impossible to chcose between the various theories of drug
action and their major value is that of providing a conceptual framework for
degigning future erperiments. It deserves emphasis, homever, that mechanism of
drug action is defined not by an equabion relating dose and effect or deseribing
the pattern of drug interaction, but only by identifying the role of drug
receptors in normal cellnlar function ard by characterizing the action~effects

seguence. It is nobt unreasonable to look to enzymes and other active macro-
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molecules for clues to the structure and activity of drug receptors. Some drug
receptors are ergymes but others are uot, Acetylcholine must clearly have close
structural affinities with active groups om both cholinesterase and receptor

molecule?,bugé'it iz difficult to sustain the view that enzyme and receptor are

identical.

Recent studies of enzyme structure suggest that substrates are capable
of indueing corformational changes in erzyme molecules and a similar change may
well take place when a drug moleg?lemeets itgs receptor. This haz led Mautrer
{1967) to suggest that two spec%k?zed regiong of the drug molecule should be
distinguished. One emables the compourd to become attached to the receptor
molecule and 1t is resporsiblis for the drug's affinity. The other portion of the
molecule whiech induces a configurational change in the receptor {and hence
initiates the pharmacological response) determines the drug's intrinsic activity.
An anbagonist is incapable of bringirg about this change (it has zZero intrinsic
activity) and a partial antagonist has only a limited ability to do sc. Tt will
be realized that this hypcthesis, the best we have, echoes that of Ehrdich which
was propounded so leong ago. Thig is at once s tribute to the latterts prescierce

ard a corfession of our knowr ingbiliity %o penetrate to the heart of the

structural unit of pharmscolegical activity.

There can be little doubt that receptors exist as actual enbities, If
suitable tissue is exposed te a radiocactively labelled drug, the sites at which
the drug is bourd can be revealed by autoradiography. Using this techidque,
Vaser {1966) demonstrated that tubocurarine, a cormpetitive antagorist of

acetylcholire, accumulated at the erd-plates of the muscle fibres in the mouse
6
diaphragm. He calculated that 1.4 x 10 molecules of tuboccurarine were bound at

L ———

each end/plate, This presumably reflécts the pumber of acetyleholire reeceptors
5

\\

in cach mugele cell: it is quite surg 5 ingly close to the Figure (1.6 % 10

—
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recevtor molecules per cell) caleulated for the longitudinal muscle of guinea —

pig ilsum by Paton and Rarg £1965).

1.2.2s Types of recephbors

1e2.2¢1. Cholirergic receptors

Tt was merdlorned above that ACh is the only trarsmitter for the samabic
ard the garnglionic irvervation in the exntire auto£cmic system and for the
parasympathetic division at the postganglionic level. Thers is a clear=-cut
difference between the receptors of each of these regione, which vas demonstrated
lorg ago with pharmacclogical agents. This has been the basis for the recogrition

of muscarinic and nicobtinic types of cholinergic receptors.

The term muscarinic receptor derives from the fact that the physiological
effevts of ACh can be simulated with musecarine, a drug obtained from the fungus
Amgnita muscaria. Such an effect can be observed ir smooth muscles, exocrine
glands and cérdiac muscle and can be blocked by atropine but not by d-

tubocurarire.

The term nicotinie receptor derives from the fact that the effects of
ACh can be mimicked by nicotire, an alkaloid from Nicotfana tabacum.Both the
somatic imnervation and those of the pregargidionic fibres of the autonomic
system are nicotinic. The myoneural junction is blocked by d-tubocurarine bub
not with atropires, whereas the gangiionic synapses are blocked with hexamethornium

ard triethylammonium.

A rumber of drugs of differerd potercies can act on nicobinic ard
muscarinic receptors. Mary guaterrary ard tertiary ammonium salts function as

cholinomimetics, the former beirg the most active.
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1eRs2s2a Adrencceptors

-

In adrencceptors, as in cholivergic receptors, different types can be
recognized. Tn 1248, Ahlquist differentiated the so-called alpha-and beta-
adrenocepbors. One of the criteria used to differentiate recepbors waz the relative
potency of different catecholamines tc produce the same physiological effect. For
example, in the constriction of different vascular areas {uterine contraction in
the rabbit, contraction iu the cat nictitating membrare), there is thé followirg
gradient of potency: Copdr> WA > pheryiephrine > I80 . In vas odila%on,
inhibitior of uterire contrachbion ard change in the inotropic ard chronotropic

effects on the heart, the order I > :dr D VA > pherylephrire was observed,

The classification of Ahlquist (1948) was later complemented by the
criterior of selective action of blocking ageuts for alpha and beta recepbors. This
criterion elucidates only the most evident differences. Adrenoceptors may vary from
tissue to tissue and from species to species, however; and several subclasses have
been poctulated. :

The developmert of special blockiung agents permitted a better definition
of =and ﬁ ~receptors. Among theeC=blocking agents, in addition te the ergot
alkaloids,‘ we have the reversible competitor phentolamine and those agents that
may compete in an irreversible manver, such as the P~-haloalkylamines. None of
these drugs blocked the stimulating efflects of catecholamines on the heart. Powell
ard Slater {1958) introduced a series of drugs that have this property ard since: ‘then
such B~blocking agents as dichloroiscprenaline, promethalol ard propranclol have
become widely used. Farchgott {19687), using a pharmacological approach, recognized
theeCenature of receptors in several tissues of the rabbit. Two catecholamines with
anof -effect, NA and dopamire (DA) act on a common receptor of the pulmorary artery

of the dog {Kauman and Cchoa, 1970).
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The situation regarding p-receptors is more camplex; receptors of th-ii

‘ltype but having special characteristicé, were found in tissues of the guinegzpig
and rabbit. The existence of atleagt three subclasses of 8 ~receptors was
postulated {Furchgott, 1967). In the heart the F -receptors that mediate the
positive inotropism seem to be identical to those determirdng positive
chronotropism (Blinks, 1967). Iand et al., {1967) in experiments based on the
selective action of the rew B -blocking agents, differentiated betueen MBjard @,_
receptors. p.-receptcrs are fourd in heart, B,-receptors in the bronchi. Their
studies imvolve, in each case, the determiration of pharmacologifial constants
such as the apparent dissociation constart {Furchgott, 1967) or the p, of
Arunlakshana and Schild {1959). As in the case of the cholimergic receptors, most
of our knowledge about the possible structure of adrenocceptors is indirect and is
derived from studies on the couformation of the agonists in solution {George et al.,

1971).

Ve have already seen that mogt tissues inrervated by the sympathetic
system, have both el =and P ~receptors, This complicatez the biochemical amalysis
that eventually may lsad to the isolation of the receptor macromolecules. An
exception to this rule seems to be the heart vertricle of the cat that contains
only 8 =receptors {Nickerson and Chan, 1961), ard, for this reason, it was a

very appropriate tissue in which to try te isolate the B -receptor.

Pharmacologically, thsse cardiac receptors react to both I-NA and 1~ISO
{Blinks, 1967) ard are supposed to be localized in the membrane of heart muscle

cells, a suggestion first put foruard by Clark (1926).

1,24263¢ Receptors for amino acids

For more than two decades it has been krown that the amino acids, glutamie

%C(, W o
acid and amiro butaric acid (GABA), occur in high concemtration in brain of
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vertebrates, ard that when applied at the surface of certain neurons, they affect
electrical activity. The possible tramsmitter role of these two amino acids, as
well as, more recently, that of glycine, has been reported {Curtis ard Johnston,

1974).

1.2.2.,3.1. GABA receptors

Tn the case of GABA, although it was first discovered in the vertebrate
brain {iwapara et al., 1950), its function as an inhibitory trarsmitter was
first demonstrated in the erustacean reurcruseular junction. In fact, when GABA
was tested for biological activity on the crustacean streteh receptor, it was
fourd that it reproduced the effects of the stimulation of the inhibitory axons
{ Bazemore et al., 1957). Furthermore, it was chown that picrotoxin could block
the response of the muscle both to nerve stimulstion ard the effect of GABA

{ Robbins and Varder Xloot , 1958),

Frem the neurochemical point of view, it was demonstrated that the
inhibitory axons innervating crustacean muscle contained as much aé 0.1 M
{Moles/1itre of axoplasm) of GiBA, whereas in the excitatory rerves, the
concentration was less than 0,001 M {¥ravitz ard Potter, 1965). Furthermore,
the glutanmic acid~decarboxylase, i.2. the enzyme that synthesizes GABA from
gltamic acid, is only found in inhibitory axors {Hall et al., 1970). The
inhibitory role of GABA in the crustacean neuromuscu]ar.junction was further
supnorted by the demonstration that this amino acid is released after stimulation

£ the inhibitory nerves and can be collected in the superfusate (Otsuka et al.,

1866).

The similarities betueen the stimulatior of inhibitory nerves and the

action of GABA were confirmed by studies on the membrane corductance of
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crustacean miscle fibres. Using intraceliular recording Boistel and Fatt (1958)
observed that both treatments increased chloride conductance and Takeuchi and
Pakeuchi (1965) found that both treatments drove the membrane potential toward
the same ionic equilibrium potential, determined by the increase in chloride
conductance. The identical action of GABA and of t13e ivhibitory nerve was
further gonf.imed by the observations that plerotoxin and X-guanidinopropionic /
aeid (Dudel, 1965; Takeuchi and Takeuchi, 1969) selectively blocked the resporse
of the muscle receptor and increase in chloride conductance. The mechanisms by
which GABA is inactivated, after its release fram the nerve exrding, has been
investigated by Kravitz and Potter (1965). Such mechanisms bay imvolve a rapid
enzymatic degradation by GABA-amino~-transferase or a reuptake, as in the case
of NA. The latter seems to be possible sinee there is a selective accumilation
of GABA fram the extracellnlar fInid which is Na-dependent .(Iversen and Kravitz,
1966)¢ Using radicactive GABA, Orkand and Kravitz (1971) attempted to localize
the gites of accumulastion of this amino acide The autoradiographic label was
mainly found in the cytoplasm of connective and supportive cells, it was less

marked over muscle fibres. There was practievally uo accumlation of 3H—GABA

over the neuronal structures.

Pharmacologically, the study oi‘ re‘:':epﬂl'.ors~ for GABA has been mainly
carried out in the CNS of vertebrates. Here the problem is cdmplicated by the
faet that glycine is also an inhibitory transmitter. This problem has been )
partially s,..l.wzt\i by the demonstration that strychnine selectively antagonizes /
the effect of glycine (Curtis et al., 1968). The'strychnine resistant
inbibition has been found to be blocked by picrotoxin (Galindo; 1969;

Bruggencate and Engberg, 1971) and the alkaloid bicuculline (Curtis et al.,1970).
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1.2,243.2, Glutamate receptors

Although glutemate is well recognized as a leading cardidate for
excitatery traremitter in primary afferent neurons conveying somabic and
visceral senscry information into the CNS of vertebates, it is in the neuro-
muscular junction of arthropods {Florey, 1967) that the transmitter function of

this amino acid has been best studied.

There is good evidsunce that, in both crustacean and insects, motonsurors
produce glutamate as the trarsmitter substance {Florey, 1967). Of a large rumber
of compounds tected, ondy gintamate ard to a lesser degree, aspartate were
effective in producing contraction of the miscle in crustacean {Pobbirs, 1959).
The excitatory elfect of glutamalte has been best studied in the neuromiscular

junction of irsects {Usherwood and Machili, 1966).

In t:he retractor unguis misele of the locust s the striated muscle fibres
are multi-innervated by T=-sheped nerve terminals from motoreurors that exert
an e:c7ﬁ.tatory action. UL-Glutamate depolarizes insect muscles at concentrations
of 16 g/ml, ard is more effective when applied elsctrophoreticaliy in hriefl
-3
pulses. D-Clutamate nroduces no response at concentrations below 10 g/ml, and
l=agpartate or d=-l-homocysteate have little effect, It is interesting that the

sensitivity to T~glutamate 3= localized at the Junctional surface and that upon

denervation, it exterds to the entire surface of the muscle fibre.

By electron-microscope autoradiography, an attempt was made to localize
the gites of BH“glutamate up;aake. As in the case of ?I-GABA, in the crustacean
neuromuscular junction, the ‘H-gluta.mate vas found mairdy in sheath cell
surrounding the norves to the muscle {Faeder ard Salpeter, 1970). The uptake of

H-glutamate vas found to be greater in the region close to the jurction and to

be enhanced by elsctrical stimulation,
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162:2s4+ Synapbic receptors

4s discussed, it seems probable that synaptic ard other pharmacological

e~

receptors are genetically determired macromolecules, which are localized within
the structure of the cell membrare ard which have specific sites that recognize
endogenous Or exogerous ligards. Tt is gemerally assumed that the ligerd-receptor

interaction tricgers a corformational change ir the macraroleculs, which

e

ratiates the series of charges in the membrane, i.e. translceabicn of iorg,

displacement of ce™t, ard changes ir membrare poveubtial , which evemtually lead

tc a response of the enbtire cell; i.e. conbraction, secretioun, metaoollc

j41]

resporse [(Fig. 3). Thiz definition excludes as recephors those macromolecules
that zct as recentors, birding nonspecifically to the ligard {Furchgott, 1964)
and the ereymes that may act to modify Lga:od corcentration, l.e. AChE,

moroamire oxidase {MAC) and so on.

In fact, in rore of these cases does the i.t'aheracﬁcﬁ with the ligard
induce a physiological resporse., In spite of the fact that the action of
certain enzymes may change the resporee by alfecting the level of neuro-
trarcmiltber at the recsptor site, they conly induce a modulation of the response

but not a true receptor resporse.

In hiz book on Neurotrapsmitter-Fecepbor Irteraction, Triggle (1971}
nerbions that'thers is iradequate information about the peurctransmitter
recepbors, how they are inbegrated in the cell membrawne, how the events

initiated at thege receptore are coupled to ionic, potertial, biochemiocal and

mechardical chargeg '. Iater he &bates that " it is distiretly possible that this
picture will charge dramatically over the rext few years for there iz a rapidly

developing awareness of the regulabory significance of cell membrane processes”.
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the receptor that takes place at the cell membrane, This is followed by a-

geries of intermediate steps, which fimlly produce a physiological response,
such as the contraction or relsxation of a musele or the secrstion of a gland.
The figure alsc emphasizes that the primary interaction produces a conformational
changes, which, in turn, may fnduce the displacement of ionic caleium, metabolic
changes (i.e. cyclic AMP and GMP, phosphoinositides) and conductance changes.

The latter by the transloecation of ions may give rise to changes in membrane
potentiale (From Eduardo DeRobertis, 1975),
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This view is correct since this is an era of dramatic change in which receptors
may be isolated and their molecular properties studied by means of biochemical

and biophysical techniques {De Robertis, 1971).

1+2.245, Cenbral nervous system receptors

C
The study of the Kentml nervous system of vertebrates by modern

cytochemical technigues {De TRobertis, 1967) has revealed that there are

different types of neurons with different biochemical characteristics ard that

in general terms each type produces a unique ne%otransmitter. Furthermore,
0

pharmacological studies using microelectrophgretic injections of different

AN

drugs have demonsirated that these cransmltters have dlfferezrb chemical
reactivities, impiying the existence of different types of receptors at the
¢ell surface of a single reuron. In addition to ACh aund NA such biogenic amines
as 5~hydroxytryptamine (5-HT), dopamine and the amino acids-suoch:.as glutamic
acid, GABA and glycine may act as CNS transm:n.tters. Thus, spec::.fic receptors for
these and other possible uraxsm:.tter substances should be present in the

neurons of the CNS.

Since the begimning of research on the ultrastructure of central
synapsis, one of the important goals was to identify morphologically the /
organelles. involved in synaptic transmissiong. The finding that presynsptiec
endings contained special synaptic vesicles (Del Robertis and Benr{ett, 1954 )

" suggested that thé transmitter was stored in these vesicles,'a fact that was

later proved by the isolation of this vesicular componex;t {De Robertis et al. N
1963).

The above observations did not suggest the exaet locus at which the

vesicle discharged to release the trarsmitter, thus initiating the process of
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synaptic transmiegion. Regions of increased thickmess ard electron density were
first observed by De Robertis {1955) in the cochlear rucleus. Palay (1958) made
gimilar observations and described these regiors as ‘active' points of the
syrapses The gyraptic cleft was fourd to be wider than the usual extracellular
space and a dense subsynaptic material was observed at the site of the active
points {De Robertis, 1959). Differences in these junctioral thickerdngs vere used
by Gray (1959) to differevtiate different types of cynapses in the (NS. A system
of inbersyraptic filaments of macromolecular size joinirg the two gynzptic
mermbranes across the cleft and a subsynaptic web of the fine filaments were also
observed {De Robertis et al., 1961). These studies led to the recognitior, as a
svecial structure, of the so~called junctional complex, which ircludes the two
synaptic membranes, the cleft with the intersynaptic filaments ané the gubsynaptic

.

- web.

An interest in the isgolabion and characterization in cembtral receptors
started as a consequence'of the work on cell fractioration of the cerebral cortex
and other areas of grey mabtter. Cell fractionation of the CNS irvolves homogenization
of the tissue, folloyed by differertial and gradient cembrifugation of the orimery
fracticns obtained. EBlectron micrographs of the different nerve-~erding fractions
isolated revealsd thatlthese structures had attached to them portions of the

subsyraptic membrane wvhere the receptor was thought to be present {De Pobertis et.

ale, 1962).

1.2.2.6, Hormope recephtors

Vhat awakened endocrinologists to the reality of hormonal receptors was the
discovery that tissues that had beer idenbified in physiolegical studies as likely

target tissues for oestrogens such as the uterus and vagira, contained binding
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sites to which ostirogens became bound with high specificity ard affinity (Glascock
ard Hoekstra, 1959). In z;resumed nontarget tissues, such as liver and muscle, the
binding sites appeared to be absernt. Subsequently, by a variety of techniques,
cémpa‘rab]e hormone-specific birding sites were . demonstrated in target tissues for
mineralocorticoids (Bdelman et al., 1963), glucocorticoids {Schaumburg ard Bogesen,
1968;Muniek and Johrsen, 1968), androgens (Bruchovsky and Wilson, 1968) and progestins
(Wiest and Rao, 1971). All of these binding sites‘ were eventually shown to be

associated with protein molecules.

Such protein molecules clearly fulfill two of the essential requirements
for receptore: they are present in target tissues and are capable of Yrecelving" the
hormone message through a spec;fic molecular interactions. A third requirement, ﬁha‘b
they should be able to translate the hé:;mone message into a hormone effect, has so

far not been satisfied unegquivoeally by any of the current cardidates for receptors.

A general def;‘.nition of a recepbor R is that it is a molecule or group of
molecules that interacts with a hormone H through specific binding sites to form a
hormone=receptor complex HR, which, in turn , mediates the events in the cell that
ultimgbely are amplified into physiologically recognizable effects of the hormone.

As with any definition, this one is gubject to interpretation in light of contemporary
views. At present, the prevalling view is that steroid hormone receptors are
macromolescules that interact with hormones to form hormone receptor complsxes with
high affinity for muclear acceptor sites. Wot long ago, however, it was reasonable

to think that receptors were carriers, the purpose of which was to cé.rry the hormones
to the mucleus, where they were presumably transferred to other receptors. In
pharmacological usage, receptor~binding sites may be active éites of enzymes, the

drug being a substrate or cofactor {Ariexs, 1964)’. Such a role was contemplated for
steroid hormone receptors in the fashiowable theories of hormones as coenzymes

" . {Hechter and Halkerston, 1964).
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1+2.3, Belation of receptors with cyclic AMP and cyclic GMP

1e2e3ele /8-Eeceptor and adenylate cyclase

& point of extreme irterest is the possible relationship between the

p-receptor and adenylate cyclase. Sutherland and Rall {1960) first described the

stimlation of liver adenyl cyclase by NA. Sincel.then a large rumber of hormone
actions have been shown to be mediated by the stimulation of this engyme in various
target .tissuss (Rall and Gilman, 1970). This hormonal effect is tissue specific; in
fact the adrenalbyciase ig stimulated by ACTH,that of the thyroid by TSH and the -
cardiac cyclage by Adr. Thiz implies that in each case a different "receptor¥ should

be used to recognize the hormone structure that will activate the cyclase system.

The study of the hormone-receptor interaction iu vivo permits a better
analysis of the specific control mechanisms than that of the intact cell or organism.
In liver, as well as in fat cells, the adenylate cyclase system is localized in the
plasma membrane (Rodbell et al., 1971); similarly, in brain it is concentrated in
the nerve-ending membrane {De :.onbertis et al., 1967). In these and in other cells,
it has been demonstrated that the ensyme active site, which synthegized 3'=~8'~-cyclic
AP from ATP, is situated at the inner surface of the plasma membrane. ﬁodbell et ;.1.,
(1971) bave theoretically represented the adenylate cyclase system as an information-
transfer gsystem in which there are three compouents. At the cell surface there is a
recevtor {the so=calied discriminator), which specifically recognizes the hormone.
The information gained is eouplsd by means of a trapsducer to the ampdifier or
cyclase itself (Fig. 4). By way of this informatior=transfer system, the lognleng 3
signal offered by the hormones (which may act at concenbrations of 159 téélézm) may
be amplified one thousand times by the production of the 3'-5f-cyclic AMP. In the
case of fat cell ghosts, the enzyme may react to several hormonel’ :Influences::

This coudd mean that several different receptors may feed into a singls type of
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Representation of the adenylate cyclase system as an information-transfer
system. Systems are present in plasma membrare of target cells and conmsist
of a componerd (discriminator) that specifically recognizes a hormone.
Information gained through the complex of hormone=discriminator is coupled

{ tranducer) by undetermined physical forces to the emzyme adenylate

eyclase {amplifier), which, in the presence of an energy source {ATP),
amplifies and comverts the hormone signal to a new signal (3'=5'=cyclic AMP)
for use by the various information-transfer systems in the target cell,
{From Robell et als, 1971).



bku\% R 3

nxds.ug of the }Jolmone
< C ez ,g
appears to iwvolve a lipoprotein of the plasma memorane- rﬁ,;;

'4«
z\ . ¥ :f

studies on metabolic effects of catecholamines have shown t*h“t they are

amplifier system. According to Rodbell et al.. 51973.)(,/ the

medizted by the p-adrenecep’cor and the aderylate cyclase system (Robinson et al.,
1987). Since this enzyme system is activated in a similar way as the ﬁ-receptor
and Blocked uith/s -adrenoceptor blockers (i.e. propanolol), it was postulated that
either the enzyme and the receptor were identical or that, in the ergyme, there were
tuo subunits, one acting as a receptor to the external stimulns, the other being

iwwolved in the synthesis of cyclic 3'-5'-AMP,

In the heart, Marad et al. (1962) demorstrated that catecholamines increase
adenylate cyclase activity in particulate préparations of dog myoccardium. Similar
findings were obtained in the human being (Levey and Epstein, 1969) and in the rat
{Murad and Vaughan, 1969). Another similarity was that the following potency series
of agonists i.e. ISO > NA or Adr > Dopamine P DOPA yere found to activate the

A -receptor ard aderylate cyclase {(iefkowitz and Haber, 1971). The general conclusion
was that, in myoccardium, the positive inotropic effect produced by catecholamines is
mediated by the activation of this erzyme system. The resulbirg increase in the level
of cyclic AMP liberates Cgi'from the sarcoplasmic reticulum, which induces conbraction

of the myofibrils {Epstein et als., 1971).

Recent investigations bhave provided new imights‘into the coupling between
the catecholamine-receptor interaction and adenylate cyclase activation, The emerging
concept is that these two different macromolecules are in some way integrated in the
membrane structure. Sutherland et al. {1962) had observed that the solubilized
adenylate eyclase from liver and brain was unresponsive to hormopal stimalation axrd a
similar finding was obtained with the myocardial enzyme {(levey, 1971). Tomasi et al.

{1970}, in éetergehtntreated plasma membrane fractions of the liver, demonstrated that
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the macromolecule to which NA is bound can be separated chromatographically from the

¢

adernylate cyclase activity.

In some cases the hormonal responsiveress of the adenylate cyclase could be
restored by the addition of some special phospholipids such as phosphatidylserine or
phosphatidylinositol. iefkowitz and revey (1972) have cbserved that a solble
preparation of myocardial adenylate cyclase was activated by NA only in the presence
of phosphatidylinositol. This phospholipid was not required for the bindirg of NA to
the receptor site. It was concluded that special membrane phospholipids are involved

in the coupling of hormope receptor interaction to the adenylate eyclase activation.

In short, these findings suggest: {a) the P=receptor protein and adenylate
cyclase are two different macromoieculss; (b) in the functional coupling same
membrane phospholipids such as phosphatidylinositol are imvolved; and {c) the
presence of phosphatidylinositol associated with the isolated heart receptor may have

a functional importance ia the coupling with adenylate cyclase.

leRe3.2. Muscarinic cholinsrgic receptor and cyclic 3' - 5' =guanosine

monophosphate (Cyelic GMP)

Becent studies seem to indicate that ACh can cause cyciic GMP to accumulate
in heart {George ot al., 1970; Kuo et al., 1972), brain {Ferrendelli et al., 1970;
Kuo et al., 1972) axd vas deferers (Schultz et al., 1972). Zow concentrations of A.Gh
incubated with heart slices could cause a ten-fold increase in the concentration of
cyelic GMP; in cerebral cortex, the inerease could reach 3=-5~fold {Kuo et al., 1872).
More recent studies terd to indicate that this effect is mgdia‘bed by the mugcariuic
and not by the nicotinic type of cholinergic receptor. Iee et als {1972) found that
eyclic GMP increased in amount in slices of the cerebral cortex in the rat heart

~ \

ventricle ard in the guinea|pig ileum after incubation with such muscarinic agonists

as bethanechol, methacholine and pllocarpine; in contrast, tetramethylammonium, a
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nicotinic agonist, did not significantly inerease the concentration of cyclie GMP.
The effect of the agonists was blocked by low coucenbrations of atropine and other

muscarinic avtagonists bubt not by other anbagonists of the micotinic itype.

Lee et al, {1972) discuss the significance of these Findings ard advance the
hypothesis that the physiological effects of cholinergic and adrenergic agents on
cardiac' and intestinal smooth muscle are mediated through the regulation of the
relative concentrations of cyclic GMP and cyclic AMP. The cholinergic effects would
induce a high cyclic GMP/cyclic AMP ratio and the adrenergi¢: effects would have the

opposite result.

The explanation why the nicotinic receptors do not imwolve the cyelic
macleotides may be that, here, the effect of ACh takes piace in g rather explosive
way, in miliisecondse On the other hand, the activation of musearinic receptors is
relatively slow and in some cases, it may take seconds tow:l.e. the @
decrease in heart rate, the contraction of the intestimal wall, the secretiom by a

ghm’l.

e

1.3. Drug/receptor interactions /

1

1.3.1. Basic steps in drug action

The postulate that drugs produce a respomse by reacting with specific
receptors assumes that a sufficlent number of receptors are occupied by drug
moleculas. To this aim a sufficiently high concentration of the drug has to be 7
present in the direct vicinity of the receptors %‘;[ biophase (Purchgott, 1955), '

also termed receptor compartment {van Rossum, 1966).

Cbviously the drug comcentration in the receplor-comparitment is in some

way related to the dose administered to the orgauism {human or animal) or to the
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bath fIuid in which an isolated tissue is suspended. In the intact organism the
blcod or plasma is in countact via diffusion barriers with all parts of the body and

therefore, also with the compartment where the receptors are located.

The first step of basic importauce in drug acbion is the relation betweeu
the doge administered and the plasma concentration. This reliation can be determined
by investigations in the field of biomedical sciences, callsd pharmacokinetics and
bilopharmaceutics; but since in the strictest sense this relation does not modify

drug receptor theories, oharmacokinetics will not be discussed here.

The next basic step is the relation between the plasma concertration and the
drug concentration in the receptor compartment for the in vivo situvation, or betueen
the coucentfation in the bath £id and that in the receptor compartment for the
in vitro situati&n. Since the plasma coﬁcentration is a function of time and thus
changes after administretion of a drug, so the coucentration in the receptor compartment
changes, but not always in the same directiom. The councentration in the receptor
compartment has as yet not been determined, so that all studies on drug receptor
interactions, as deduced from dose~response or time-respomse curves, are limited by

the lack of information of this relation.

The next step is the drug-receptor interaction proper leading to the
generation of a hypothetical stimzius {Stephenson, 1956). Atleast two drug-parameters
can be distinguished in this process. These are affinity of the drug for the recepitors

and the irntripsic activity or the power to gererate the stimulus (Ariers, 1954, 1964).

The fourth step presents the production of the stimilus as the ultimate
effect. The relationship is exbtremely complex when a drug acts on receptors in the
brain ard a change in behaviour is the response. For isolated orgams, such as the

intestinal smooth misele, the relation between stimuilns and effect may be less
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complicated but still so complex that the respomse is ‘not Linearly related to

receptor occupations

The four basic steps of drug action are shown diagrammatically in Fig. 5.
The third step is main important step but, however, it is nob possible to separate
this step from the others, since the analysis of drug receptor interactiors relies

heavily on dose-response curves and time-response curves.

H

1.3.2. The affinity of a drug for its specifie receptors

The variocus substances provoke an effect on a living organism or isolaied
tissue at extremely low concentratiors and this may serve as an argument that the
drug is not randomly bound to the tigsue or organism but that there are specific
receptive substaunces. Arglotensin is active in concentrations of less th%g a

narogram in the rat. Natural muscarine is active in a concentration of 10 molar on

isolated smooth muscle, whereas its gtereco-isomers are practically imactive.

Certain substances appear to have affinitly for receptors in certain tissues
whereas slightly altered gubstaunces do mob fit at all. Drugs reacting with the same
type of receptors may differ with regard to their affiunity for the receptors. The
activity of a drug' i, therefore, among other things, characterized by an affinity

constarte.

The simple version of drug receptor luberaction occurs when one drug
molecule binds to onme receptor according to a reversible process symbolized by the
following eguationt

>
Rth &—X ry

k
R
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Block scheme representing the basic steps in drug action. The first step gives

the relatiorship betueen the dose and the plasma concentration {or both finid
concentration). The second step gives the relationship between the plagma
concentration axd the concentration in the biophase or receptor campartment.

The third step is concerred with the receptor interaction, leading to a stimulus
which is directly proportional to receptor cccupation. The fourth step gives the
production of the final effect by the stimulus. This step may be very complicated
when psychopharmacologlical drugs are studied in man. {From Robson and Stacey,l%s).
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Here R is the symbol for a free receptor, EiA the occupied recepbor ard
A a drug molecule receptor occcupation is then gnalogous to g bimolscular reaction,
in the bifding of a substrate to the active site of an emzyme or in binding of a
chemical substance to adsorbing material. Since the receptors are probably a part

of membranes or other structures of certain cells of living organ, the amalogy with

an adsorption process is obvious.

Varicus binding forces belween receptors and drug molscules may be present
such as covalent binding forces, electrostatic forees, ion dipodes, hydrogen bords
arnd hydrophobic binding forces (Pauling, 19680). Drug-receptor iuteractions are
geverally reversible processes so that covalent bindirg is not involved except in

A
value is experimentally found to range from 10 moles/1 to :LO moles/1 (van Rossum,

some specisl cases imvolving non~equilibrium c}ru% action (’\Slckerscn, 1957). The K

1866; Furchgott, 1955, 1966). ThelliA value is the quotient of k’2 and kl so that a
given KA value may reflect quite different vaiues of the rate constawts. Although
very few direct estimations have been made of the association and dissoclation rate
constants, analogies might be drawn with rate constants of. chemical reactions and

enzymatic processes,

1.3.3. The intrinsic activity

Affinity of a drug for the specific receptors is not alone sufficient to
make a drug an asgonist, Ihepite of having affinity for the same type of receptors
drugs may differ in their stimulamt action. Acebylicholine is a receptor activator
while atropine interacts with the same receptors but acts as a recepbor blocker.
The extent of the agonistic properties of a drug is reflected by the concept of

Yigtrinsic activity" (Ariens et al., 1957; Arienms, 1964).
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Eiriteh. (1900) was probably the first to distinguish between affirdty and
inbrinsic action when he stated that drug molecules contain haptophoric groups
essentigl for binding and toxophoric or actophoric groups necessary for toxie or
pharmacological action. Clark (1937) too, in his famous monograph, made a clear
distinetion between these two phenomera. From the observation that certain
guanternary nitrogen compourds mimic the action of ACh and thus are s&nergistic
whils others cannot do this and so anbzgonize ACh by blocking specific receptors. -
Clark conciuded that the action of ACh deperded on atlisast two separate factors;

firstly, fixation of the drug by certain receptors and secondly, the power to

produce its action after fixation (Ciﬁ%k, 1937}, ///2&

The difference between agonists and antagonists both acting on the same
receptors, might sugpest that agonistic activity is an alerﬁZ?one properby. ///

The observations that in certain homologous series the agonists differ iu
agouistic property and the partial agomists have not only agoniétic properties, but
also behave as autagonists, led Ariems (1954) to the copclusion that there is, in
addition to affinity a parameter, intrinsic activity, denoting the power of

agouistic action.

Iutrivsic activity is thus a parameter giving the degree of activiity of a
drug when a given number of receptors are occupied. It must be emphasized that
intrinsic activity, since it is an abstract concept, applies to auy model of drug

action, such as the rate theory or occupation theory.

1.3.4, Receptor activators or agonists

Cn an emply receptor system only drugs thab are receptor activators can
- cguse a response. Such drugs are called agonists as e.g. ACh with respect to

cholinoceptive receptors and NA with respect to adrenoceptive receptors. Agonists



are characterized by two varameters viz. the affinity constant and the intrirsic

activity comstant or efficacy comstant. Both parameters may vary with alterations

in the chemical structure of a parent compound.

Producing a stimulawt action does not necessarily imply that the drug in
guestion is an agordst. Por instance, atrovire causes mydriasis not by activating
receptors bulb, as is gewerally known, by competing with erdogenocus ACh. Abropine
is Obviously not an agowist. Strychnire causes comwulsions and, therefore, is
classified as a stimulant, but it appears to inhibit the inhibitory synapses and
ig thus not an agonist. The gituation with morphine is lIess clear. Although there
are antagonists available like nalorphine it is not known with certaimty that
morphine is an agonist. For number of centrally aclting substances it is likewise

not knmown whether they are agorists or antagonists.

1.3.5. Beceptor blockers or competitive antagonists

Drugs like the higher homclogﬁes of ACh, valeryli~srd laurylcholine do not
activate receptors and consequently do not evoke a response in an isolated plece of
intestine, However, they interfere with the action of an agonist and corsequently
block réceptors.—The competibive artagonists are merely characterized by the

affinity constant.

It has been kxown for quite some time {Clark, 1937) that competitive
autagorists cause g parallsl shift of the dose resporse curves of agomist. The
extent of the shift is merely dependent on the dogse and the affinity of the

antagonist and not on the affinity or the intrinsic activity of the agordst.

Competitive antagonists do not necessarily occupy identical positions on
the receptors as the agonists. They gemerally have large molecudes containing

hydrophobic moieties, which may bind to sites adjacent %o the receptor proper in
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such a way thalt the actophoric group in the molecule does uot acquire the correct

position for triggering the respomse {Fig. 6).

The compebitive autagouist may occupy a slightly different receptor bub
there is still competition since simulbaneous occupation of the receptors by an
agonist molecule 'axd an ardagonist molecule ig excluded. The situation visualized
in Fig. © for acetyleholine ard an amalogue that zcts as a competitive anbagonist
may serve as an explaration for the general cbservation that affinity gses through
a mipimm when gradual changes are made in drugs, so that an agonist becomes an

antagonist (Ariens, 1964).

1.3.6. Receptor interaction with antagonists

In addition to the agonistereceptor interaction it is important to elucidate
the mechanism of gction of antagonists, i.e. drugs that will inhibit the response.
Gaddum (1937) applied the law of mass action to the case in which two drugs reversibly
compete for a recepitor site. He found that, in some cases, increasing concerdrations
of the antagonist produced a displacement towards the right of the dose-respouse
curve of the agomnist, without changing the slope or the maximal response; this
defines the antagonism as competitive (Fig. 7a). This should be differentiated from
the noncompetitive type of inhibition in which there is a non~parallisl dispiacement

with depression of the maximal response (7b).
If two drugs A ard B compete for a single population of receptors, the

eguatbtion describing the occupamcy of the agonist will be

- = w5 (1-1)

('A%/K&+ ({’E)/KB+ 1 -




Model of the interaction of an agordst (acetylicholine)with a
recepbor ard of an arbagordst {cyclohexyl phenylglycolic ester
of choline) with adjacewut parts of the recepbor leading to a
wrong presenvation of the ounium head. The correct presentation
of the onium head is supposed to be esseutial for agonistic

action {From Robson ard Stacey, 1968).
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{a) Theoretical concentratlon=response curves of an agonist in the presence of
various concentrations of a competitive antagonist. (b) The same as {a) but here

the inhibitor is noncompetitive. (Fram Ariens, 1964),
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Here the asterisk denotes the simulbaneous presence of 4 and B. Suppose
that, at a fixed effect, the agonist (&) alone produces the same occupary as the
’ #
agonist in the presenmce of the autagonist (4 )3 this equates both sides of

3
eguation (1 = 1). Then the dose ratio A /A = X, whers
3% 3*

gz o B 1 ()
(a) L
%*
% -1=_§B) (1-3)

&
This shows that if ths effect produced by the agonist is a functiom of Ty ;
A
the iutreduction of the anbagonist will simply shift the log-concentration curve bto
the right without charging the amplitude of the slope. If log (x=1) is plotted

3¢
against log (B), then a sbraight line is obtained in which the intercept with the

abscissa corraspouds to KB’ l.e. the equilivorium constant of the antagonist.

Winen the Hill zumber is higher than 1, then for the occupancy of the

anbagonist we will have

B _B)m (1-a)

L

.
{B) Ky

es)
n

and Ey. (1-3) wili take the following form - .

4

xn -1 = ...{3)...@13.........,. (1-5)
55
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T this case the logarithmic plot wilil be nonlinear, having a slope of m at low

dose ratiocs axd of m/n at high dose ratios.

Schild (1957) introduced the concept of pA, . to quartitatively define

competitive antagonism

pAX = =log (B) (1-8)

pr is defined as the negative logaritim of the molar concenbration of the

angagonist, which gives a dose ratio of x.
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Trom Fy. (1-3) it can be deduced that
pA_ = log ¥y ~ log (x-1) (1-7)

and, when x = <
Ph, = Pl = log Ky (1-8)

+

The determination of pi, is wot only of theoretical but of practical
importance, sinece it is a good way of determining if a drug is a reversible
competitive antagonist. Furthermore, it permits a more accurate calculation of Xg,

and it allows us to compare receptors in different tissues.

1.3.7. Characterization of drug effects

The effects of drugs are variously expressed as biochemical or physiological
changes, or as the cccurrence or relief of clinical symptoms. Thus, drugs are
described as aunbicoagulants, vasoconstrictors, psychotomimetics, amalgesics and so
forth, However, for evalmation ard comparison of drugs, their effects must be related
to dogage and they must be further characterized in terms of maximum efficacy,
variablliity and selsctivity. Although interdeperdent, inbensity of drug effect axd
time course of drug effect (laterncy, peak time and duration) should be corsidered

separately.

1.3.7.1, The doge-erfect relstionghip

Tutensity of drug sffect usually refers to the pesk effect after a
single dogse or to the average effect duriig chronle administration. There is no
one, characterigtic relationship between interngity of drug effect and drug dosage.
A doge~-effect curve may be Jinear, concave upward, concave dowrward or gigmoid.

Morsover, if the observed effect is the composite of several effects of the drug,
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such ag the change in blood pressure produced by a combination of cardiac,
vascular and reflex effects, the dose-é’ff:ect curve need not be mono-tonic,
However, a composite dose-effect curve can usually be resolved into simple curves
for each of its components; and simple dose-effect eurves, whatever thelr precise
shape, can be viewed as having four’characterizing parameters; potency, slppe,
maximm efficacy and variability., These are illustrated in Figure 8 for the

common sigmoid log dose-effect cur?vé. The logarithmic transformation of dosage

is often employed for the dose-effect ralationship, because it permits display

of a wide range of doses on a single graph and because it bas certain mathematical

advantages when dose-effect curves are compared.

The location of dose=effect curve along the dose axis is an _
ewaéssion of the potency of a drug. Potency is inflnenced by the absorptioen,
distribution, blotransformation and excrstion of a drug as well as being
determined by its inherent ability to combine wlth its receptors. For therapeutic
applications, the potency of a drug ls necessarily stg.ted in sbsolute dosage unite;

for comparison of drugs, relative potency is more convenient expression,

The slope of the more-or-less linear, central portion of the dosew-effect
curve is more of theoretical than practical imporéance; hoyever, it can have
thera.putj.c significance. For example, the steep dose-effect curve for CNS
depregssant implies that there is a small ratio between dose tha;t produces mild
sedation and that which causes coma énd that excessive or lnadequate effect may

cceur If the dose of the drug is not carefully adjusted.

The maximum effect produced by a drug, even at very large dosage, is
termed its "eeiling effect" and is referred to as its maximum efficacy. Maximmp
efficacy of a drug may be determined by its inherent propertles amd be reflected as

a plateau in the dose-effect curve, but it may also be imposed by other factors,.
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its more important characteristics.

o

Maximum efficacy of a drug is clearly one o
Efficacy aud a pobtency of a drug gre 1ot necessarily correlated and these two

characteristics of a drug should not be confused.

When all uown sources of variation are controlied or taken iunto account,
drug effects are never ideubical in all patients or even in a given patiexnt on
different occasions. The perpendicular brackels in Figure 8 indicate that
biological varia’;ion of the dose-effect relationship can be visualized in either
of two ways. The vertical bracket expresses the fact that a range of effects will
be produced if z given doze of a drug »is administered to a group of individuals;
alternatively, the horizontal bracket expresses the fact thal a range of doses

is reguired to produce a specified irtensity of effect in all ivdividuals.

1.3.7.2. Drug antagouists

A competitive antagonist has an intrinsic activity of zero; it shifts the
doge=response curve to the right and the irhibition it causes can be removed by

increasing the concentration of agonist (Fig. Sa).

A compound with a high affinity ard a low or moderate inbrinsic activity
will also be capable of reducing the effect of an agonist. The imhibition will
égain be removed by increasing the concentration of the agonist but the antagonist
will itself be capable of producing a resiaonse in the preﬁaration. Such a
compound is consequently described as a partial agonist. It is alsc sometimes
kuown as a dualist because it behaves as both an agonist and an antégon%st. The

\
effect of a partial agonist on the dose-response curves of an agonist iz
illustrated in Figure ©b. The form of the curves is simply explained, atleast
qualitatively. In the presence of very small doses of the agonist, the response

obtained is determined aimost entirely by the partiasl agonist. This response
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will increase as the concentration of the partial agonist 1s increased
until it is exerting its maximm effect wh.ifch is determined, of course,

by 1ts intrinsic activity. As the eoncentration of agonist is increased

in the presence of a comstant concentration of the partial agonist, its
effects becames progressively more dominant and the dose-response curve
takes on the form characteristic of that of the agonist although, because
of the contimuing presence of the partial agonist, the curve is displaced
to the right. It will be seen that in the presence of high doses of the
partial agonist the Tesponse of the preparation remains constant over a
range of concentrations of the agonist. This is a reflection of the fact
that urder these conditions the agonist is ineffective until it is present
in a concentration sufficiently high to emable it to free some of the ‘
receptors by displacemex}t of the an‘bagoxfist. It oan also be shoun that
there is a dose of agonist which will a]wé.ys produce the same response,
irrespective of the concentratién of partial agonist. This explains why the
dose-response curves in Figure 9b have a common point of intersection. It
should be noted that some substances are capabls of combining irreversibly
with drug receptors. They reduce the mmber of receptors available to the
agoniat and they cannot be displaced by high concentrations of the latter.

A none=campetitive antaéonist is one which operates on a different
population of receptors from those activated by the agonist but which can
nevertheless alter the responmse of the effector system. A non-competitive
antagonist depresses the response to the agonist to an extent dependent
on the concentration of antagonist. Beeause the agonist and antagonist
affect different receptor systems, the iphibitory effect of the antagonist
is independent of the concertration of agonist and no amount of the ‘Iatter,
hoyever, great, will overcome the inhibition. To put it in another way,
the agonist is incapable of evoking the maximum response// it 1s capable of 0/2
when no antagonist is preseni-in effect, its intrinsic activity has been reduced.



.

Doge=respomse curves in the prasemce of a non~competitive antagonist are
iilastrated in Figure 9c. Some nonecompetbitive drugs increass the resporse of g

tissue 1o the agorist. They are semsitizers rather thau iuhibitors.

: ‘ _
1.3.8. The L pr ard pD; scales

Campetitive artagonists can be quantitively compared on the basis of their
pA_values, au index of activity devised by Sehild (1947). It is usual to measure
the pAR value which is the negative logarithm of the molar concentration of the
antagonist which results in the dose of agonist having to be doubled in order to
produce the effect it had in the absence of the ax‘foagonist. The pAlO ard, more
rarely, other pA values may have to calculated and pﬁx can be gereraliy and
suceintly defined as the pegative logarithm of the molar comcentrstion of the
antagonist required to reduce the effect of a multiple dose (x) of the agonist to
that of a single dose. The more active an antagordst is the smaller will be the
dose required to reduce the effect of the agonist and the larger, therefors, its
pr vaiues. The pAX scale wag iubtroduced on purely empirical grouwnds as a
corverdent irdex of antagonistic activity but 1t fits very weil irto the Lrame-

work of medern receptor theory.

Competitive auntagonists, as has been geen, in effect reduce the.affinity

£

of an agonist for its receptor and it car be shown that the pﬂa value is

proporbtiongl to the al{finity of the antagonist for the common receptors.

1.3.8. Measurement of pi, values can be put to practical use in several wayg

(1) Dose=resporse curves obtained in the presence of different concertrations
of a competitive anbagonist are parallel with one another and with the curve

obtained in the absence of the artagoniet. pdy Values are, therefore, irdeperdernt
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of the concentration of agonist used in their caleulation. If, in a particular
instance, a PAX vaiue is found to increase with the dose of agonist, it must be

conciuded that the anmtagonism is non-competitive in type.

{(ii) The Ariens theory predicts that P, = PAyp Wwill be 0,85 for ary
competbitive arbagouist. This relationship can be used to establish whether a
particular agent is acting as a competitive antagounist. For a mumber of practical
and theoretical reasons, a consistently cloge agreemerd with the predicted
figure cannot be expected but if pA2 - pAlO is of the order of 0.5 or less, it
can be concluded that competitive artagordism is not being measured. Some
indubitably cumpetitive artagonists exert, in addition, a meagure of non-
compebitive block at high concertrations. For this reason, the amount of drug
which is required to brirg about a terfold reduction of the effect of the agonist

ig rather smaller than would be expected. Comsequently, pA . is larger and

10

PA, = pA ~ 1is smaller that reguired by theory. The inberverntion of non~competitive

Q 10
antagonuism irto the action of a competitive antagonist can be sugpected if its
pA? - pAlO Valnes though greater than 0.5, is appreciably less than 0.95. In this

event, tests for norn~compebitive anbagonism should be appiied with the anbtagonist

present in a high councentration.

(111) Au agomist may act on a wumber of different tissues, on each of which
it may be inhibited by the same cozxtpeti?‘;ive antagordst. The pAX value for the
artagonist shoulid be the same for all tissues bearing the same type of receptor.
An actual example will iliustrate this. The pAlO values for atropine i%aizxst
acetylcholire on a rumber of tissues were fourd to be 8.1 with guineafpig ileum,

7.6 with guinea/pig lung, 8.1 with rat intestine, 8.3 with frog atrium ard 4.2

th frog rectus (Arunlakshana & Schild, 1959), These results provide a clear

}s

W

indication that the recepbors in the frog rectus muscle differ from those in the
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Other tissues ard that the latter are ldentical one with anoth’er.‘ Irn this
particular instance, it was, of course, already lmown that this was so (the
receptors in the rectus muscle are ulcobindic in type whilie the other itissues
carry muscarinic receptors: bub measurement of pr values might well throw
light on the mature of receptors whogse identity has been less certainly

1

delineated than thoge of the acetylcholine system.

{iv) 4 pumber of substances may all evoke a resporse in a particular
preparation. In order to determine which of t'hese are operating through a common
receptor system, a compebitive antagonist active against all the agonists is
sought ard a pd, value agairet them all is calculated. This shoul@ be the same

for each agonist = antagonist combination which gffects the same receptor type.

The activities of noun~competitive artagonists are measured on the
p\D'X scale. The pD‘X valne is the negative logaritbm of the molar concentration”
of the antagonist which is regquired to reduce the maximum effect of the agonist
to 1/x of that which it exerts in the absence of the anbagonist. The pDg value
is amalogous to the pr value which is applied to agonists and which is defined
as the regative logarithm of the molar concentration of the agonist which
produces an effect equal to 1/x that of the maximum resporse. As in the case of
the pAX scale, theoretical ard practical considerations indicate that the pD'2 and
pDs valiues are the measures of choice. It will be recalled that the concenbration
of agonist required to produce half its maximum effect is inversely related %o
the drug affinity. From this relation it will be clear that the pD2 value is
directly proportional to the logaritbm of the affinity of an agonist and the
pDy valne is gimilarly related to the affinity of the nor~competitive antagonist

for its particular receptors. It is a logical measure of artagonistic activity
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because the Bore avidly the drug seeks its own receptors the greater will be its
action on the common effector system and the greater the hindrance offered to the

action of an agonist on that systenm.

iike the pr value, the pD'x value should be irdeperndeunt of the doze
of agonist used in its measuremeut, provided that the antagonist is acting ina
truely non=competitive way. If it is fourd in an iidividual case that pbh! faliis
as the dose of agonist increases, it must be couciuded that the awtagonigt is
behgving wholly or partly in a competitive way, the higher doge of agonist

partially reversing the irnhibition imposed by the anbagounist. The effect of

egonist concentration on PA, and pD! x valiues ig' summarized in Table 2.

The pD‘K values of now~competitive antagoﬁists can be put to the same
kind of practical use as are pd, values. Thus papaverine iz a non-competitive
arbagonist aud atropine a competitive artagonist of a rumber of agents which

-
cause contraction of the guineafpig ilsum. The Py and pD's values of atropine
ard papaverine respectively agairst three agonists (barium chloride, histamire
ard an acetylcholine analogue) are displayed in Table 3 ard Figure 10. The pD’z
values for papaverine are approximabely the same against all three ageuts bub
the pA, values differ. It cau be concluded that the receptors for barium
chloride, histamine and acetylcholime are disgimilar bubt that they all operate

-

through a Tinal comnon mechanism which is inhibited by papaverine. Results such
as these, incidernbally, illustrate how inaccurate it is to spesk of specific
antagonistst atropine has some action, albeit a small ore, on the histamine and

barium receptors as well as those which respond to acetyleholine.

1.3.10, Isolation of the receptors

The techriques imvolved in the isolation of receptors are somewhat



Table 2, The effect of increasing the dose of agonist on

pA_ and pD! valueso*
X X

89

]
pr 12 X
Competitive Antagonist No effect | Decreases
Nonecompetitive Antagonist increases | No effect

# {from Lewis, 1970).



Table 3, The effect of antagonists on the response of the
e

#
isolated guinea tig 1 loum.

Agonist
Barium Histamine Acstylcholine
Chloride Ana Jogue
pAz of atropine 3.2 8.5 8.1
pDé of papaverine 5,0 4.9 5.3

# (from Ariens, 1964),

70
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similar to those used for the ewzymes, a field of biochemistry in which so mary
extraordinary advances have been made. There are imporitant differences, however,
that make the isolation of recepiors considerab.iy more difficult. In gereral,

#‘h&{ the activity of an ensyme can be assayed in vitro at the different stages of

£

isolation and purification, since the engyme remains essewtially the same. In the
case Of the receptors, ag soon as the tisgue is homogenized for cell fractioration,
the integrity of the cell iz lost and with this, the pharmacological criterion of
responge is no longer available. In the study of receptors, binding with labelled
drugs is the most common procedure. Binding can be followed in various subeellnlar
fractions, particularly in membrare fragmerds and an affinity constant can be
obtained ard compared with the congtant found with traditional pharmacological
procedures on irtact tissue (Arunlakshara and Schild, 1959; Furchgott, 1967).

Bven 1f ar affinity constant is obbtaired in the in vitro interaction of the

ligard with a membrare or with an isolated protein molecule, we should not expect

it to coincide with the affinity constant for the intact tissue.

The following factors may change the affinity constart of a receptor
in vivo or in vitro: (a) Iu vivo, birding of the ligard to the receptor
mgeromolecule may be modified by the process of diffusion to and from the cell
membraue. This modification has beén theroughly discussed by Furchgott (1955,
1964) in his concept of the "biophase®. On the other haxd, in vivo, there may
be metabolizing eigymes ard sites of wuonspecific binding that may wnot be present
in vitro (i.e. in an isolated receptor macromolecule). This complicates
comparison with the isolated receptors. (b) aimother important difference may
result from the fact that, after isolatiorn, the receptor macromolecule may have
a different confomatién than when it was integrated ipn the membrane structure.
This may also affect the affinity constant for the ligard. (c) )some 1eUuro-

trarsmitiers may relsase other biologically active substances, which may affect
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the biological resporse. (d) According to the concepts of Stephenson (1956), the

pharmacological potency of an agonist does not necessarily reflect its chemical
affinity for the receptors; it may maiuly reflect its capacity to induce a

responge, the so-called stimulns.

Issentially, two basic techrdques are used to monitor the isolation of
receptor macromolecules. In one, reversible ligarnds are vsed on subceliular and
protein fractions obtained from the tissue conbaiming the receptor ard affinity
constants are measured; competition experiments are also carried out to determine
the degree of the specificity of the birding. This type of investigation has all

the shortcomings meutiored earlier. In the other, a covalent type of binding is

iabel the receptorfbefore isolating it from the

1.3.11. The theories of drug action

introduced so as to

tissue.

1.3.11.1. The occupation theory of drug action

Agonists are receptor activators, wheresas competitive antagouists only
occupy receptors without producing activation and corsequently are receptor
blocking agents.

.

It has been sbabted that the pharmscological resporse ig iu gereral a
function of the number of receptors occupied. In the so=callzd occupatbtion theory
it is assumed that receptor activation by an agouist occurs as long as the

receptor 1ls occupied by an agonist molscule.

Sinece the rate constawnt for associztion (k,) is probably very large for
most drugs, it is uplikely that the development of respomse as a function of time

can be due to rate of receptor occupatiow. Tt is more likely that the rate of
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Peretration of the drug into the biophase or receptor compartment is rate limitirg

R

(Furchgott, 1964). If the drug/receptor occupation ard dissociastion process is

fast with respect to diffusion in and out of the biophase, there is always

equilibrium at the receptor level aund kinetic studies camnot then provide

e

rformgtion on the validity of the occupation theory.

The situation may be different for very potert drugs {very low Ky value).
Since theoreticalliy kl values larger than 1?) 1/mole sec. are not possible, small
k2 valnes wil. recessarily be found. In some tisgues, thsvefore, the dissociation
rate consbaut k? might be smaller than the diffusion rate constanbs ard, therefore,
M ~ .
receptor occupation might be rate)limiting. Paton and Rarg (1965) have presentsd
evideuce that the kz of atropire is around 163/ sec. This would imply that

atropine would act in an irreversible maimer.

1.3.11.2. The rate theory of drug action

The response of g drug as furction of time is in some instances a

rapid coxtraction followed by some relaxation. This effect is mogt cobvious with

.

ricotine acting on antonomic gangiia (Pator and Perry, 1953), in the guirea/pig
intestine ard also with depolarizing curariform drugs such as decamethonium and
succinylcholire acting on the motor=erdplate (Katz and Thesleff, 1957). The
fading effect that can be observed in time-response curves is difficuld to

interpret using the occupation theory, assuming that the fade phenomenon is

o

indeed dus to drug-receptor interaction.

Follewing a gocd deal of original thinkirg and experimental
investigations, a new theory of drug receptor irnteraction has heen formmlated

aton . The basic idea is % he response of a drug is not a function
by Paton (1961). Tie b hat th 0O f a drug ot a funct



of the number of receptors occupied, but of the rate of drug recepbtor assoeclation

(Rang, 1966).

The rate of association of drugvA'uith the receptors depends on the
mumber of free receptors, the drug concertration ard the agsociation rate
cougtaub ki (Paton, 1961).

The rate theory has stimulated much thought and revived the interest
in bagic problems of dxuézgeceptor interactiorns (Furchgott, 1984; Paton and Rarng,
19683 3elileau, 1965). There are, however, no éxperiments yet {rom which it can be
conciuded that drug response is govarned by the rate of drug{;eceptor association.
4t the same time there/is no definite experimertal evidence that the rate theory
is not valid. The high degree of stercospscificity (e.g. for muscarire) in

contrast o symmetrical drugs such as tetramethylammonium represents an argument

against the rate theory (Belleau, 1965).

Cccoupation theory and rate theory are probably not exclugive albermabives
but the rate theory may be valid for certain types of receptors and the occupallon

theory for others (Furchgott, 1964).

1.3.11.3. The dissociation~rate theory

It is implicit in the rate theory of Paton that an agonist can achieve
a fast rate of association with the receptor only if the concentration of the
agonist moiecules and the dissociation rate constant are high. Paton and Rang
(1968) suggested the possibility that it might be that drug dissociates quickly

just because it is an agonist. This albterrative receptor theory is corelstent

with data of Giil (19685).

1.3.11.4. The flux=carrier hypothesis

¥ainly because curariform drugs such as decamethordum and suxamethonium
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first caugse depolarization ard iuitial contraction ard thereafter muscle paralysis
Mackay (1963) was 1ed to postulate the finx carrier hypothesis. Mackay assumes
that the drug is trarsported through fhe celil membrane by a carrier mechanism.
The iufiux of drug is initially large when the carrier is not yet saturated amd

G

then decreases gradually to a steady/state cordition.

This theory is closely amsliogous o the rate theory and may serve as

W—"

a councrete although restricted model of the druglfeceptor interaction.

1.3.11.5. The conformaticral perturbation theory

The drug parameiers, intrinsic activity and affinity do nobt in essence
provide information about the physico~chemical erntities responsible for the
mechanism of drug action. This lack of physical basis was ore of the reasons why
Be]jeéu put forward the conformatioral perturbation theory of drug action
(Bellean, 1964, 1965).

Bellsau {1964, 1965) has provided a large body of information on
physical entities allowing a thermodynamic amalysis of dru%Z;eceptor inberaction.
He has provided good evidence that nonpolar groups, alkyl chaivs etc. in the drug
molecule may bind to nou~polar parts of the receptor surface. An Important -
conclusion reached by Belleau is that rumber of bound water moleculs bindv with a
recepior.

Iy

1.3.11.5. The dynamic receptor hyvpobhesis

In their study of the mechardsm of action Qfoc-and./?-éwirenergic
substances Bloom ard Goidman (1966) postulated the dyremic receptor hypothesis.
+
They consider receptors as active sites of an eunzyme {such as Mg - ATPase)

ocecupied to a certain extent by endogenous substrate ATP. An agonist like Adr may
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react with this engyme=-substrate complex and so facilitate the rate of ergymic
hydrolysis of the substrate. Such a situation differs clearly from the occupation
theory and rate theory. ¥guilibrium camnot be reached, but at the best only a

steady state condition.

If there 1s excsss subctrate the situation is amalogous to the
equilibrium situation in the case of the occupation or rate theory (agonism,

partial agonism ard competitive anbtagonism).
——

It is obvious that when the substrate concentration is ratef limiting,
desensitisation occurs after the action of an agonist. The gsubstiralte concentration

decreases so that the mumber of 'receptors! for the agonist decreases also.

It can be demonstrated that decrease of substrate is anglogous to
decrease of regceptors by dibenamine or other irreversibly acting drugs. Spare
receptors may, in view of the dynamic receptor hypothesis, also signify spare

substrate.

1.3.12. Structure~activity relations

v’-
From stmcture%fxc‘bivity gtudies a number of important practical

conclusion car be drawn irrespective of the validity of awy drugf/receptor
theory. For instance; correlation between substituents and bioclogical activibty
as made by Hansch et al. (1965) may lead to predictioms of the structure of rew
drugs . However, if the aim is to study which moieties in the moleculs are
esseuntial for a specific biological action and affiunity, it Is necessary to kuow
with what cabegory of receptors the drug molecules interact ard to kuow the vsalue
of the disgcociation constart. A thermodyramic aralysis of drug action can only
be meardngful if the biological activity is expressed iu parameters such as the

dissociation constant ard irdrivsic activity constant instead of ED

=0 values of

equipotent doses (ariens, 1964).
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1.4. Species difference a:d pharmacological actbions of drugs 7 ¢

1.4.1. General consideraviors

i

There is a considerable speciss variation in regard to the pharmacological
actions of drugs. Intracerebro-venmticular {ICV) irjection of a drug which caused

hyperthermia in orne sveciles, may cause hypothermia in another aid, have no
o
action in the third. For examnle, ICV injection of N4 produces/decrease in
2
temperature b 1—2 C iz #d Ve 85) ard}s 17
¥ Y in eats (Feldberg and Myers, 1935) ardfiicrease in

temperature by 1"3 C in rabbits (Cooper et al., 1965; Fuchebusch et al., 1965).

' an

In rats there is !\1; crease in tempersture with small dose { <8 ug) of ¥4 amd &~
decrease in temperature with nigher dose ( D10 ug) of N4 (Feldberg ard iotti,

O

1967). On the other hard, / ose~-deperderd irnecrease in temperature was obtained by
O

ers and YL,I«:sb (1968) in rats. ICV injection of 5-HT producedjdecrease in

T /o
i

temperature by 0.4 C in rabbits (Cooper et zl., 1965; Jacob and Peiidaries, 1973};

iu rats there was l\d% eperdent increase (Crawshaw, 1972) or decrease in

9

temperature (Feldberg ard lotti, 1967; Myers and Yaksh, 1988) while ir cats ther

was a variable respowse (Feldberg ard Myers, 1984; Kulkarni, 1967). ICV

P

. S
injectiou of carbachol ipduces A increase in body emperature in cs;)(ﬁall, 1972)
and a decrease in rabbit Bligh ard Cottle, 1971) aud in vau (Ivlee’oer 1971).
e
Others foundl\dOSe-ae*ae idel t ircrease in temperature in ra ( C\"&Trxhiw, 1972).

-

The reactivity of the ghluen/:ng to the contraceptive combived treatment

o

is guite differert from thet of mouse axd rat. The guineafpig is very sersitive

._L}

P

o the anbifertility actior of the coubtracdeptive drugs bubt it is unresporsive

to their microsomal erzyme~inducing acbivity {Briatico et al., 1976},

The actiouns of prostaglanding (PG) are also fourd to be variable in
different species. Pgh,l potertistes Adr-induced coutrachbions of tre vas deferens

S—,
of rabbit (Herton et al., 1983; Mantegarza and Naimzada, 1985) and guineelpig



(I~'Eantegazaa. ard Naimazada, 1985) but inhibits these contractiors in rat (Clegg,

1966a). PGEl inhibits the inhibitory action of Adr on carbachol-induced spasm of
-

guix\ea{ypig tracheal chain preparation (Clegg, 1966b). PC-F%,C. raises the blood

pressure in dog, rat ard spinal chick (Horton and Main, 1967; Du Charne-ard Weeks,

1967) ., but lowers it in cat and rabbit (Anggard and Bergsterom, 1963). PC—El in

£s
dow%% 01-1.0 /}Ag/ml of perfugion fiuid has a marked and usually long=-Ilasting
inotropic and chronotropie effect on isolated glixleaz;c:ig heart)but hag neo effect
ou rabbit, cat or rat heart prepared according to Ia.ngend%g.‘f (Berti et al., 1965;
Vergroesen et al., 1967). In high doses PGEl_ has a negative inotropic effect on
the rabbit hea:c_’t (75 ug) ard a positive inotropiec effect on rat heart (10 ug; -
Berti et al., 1965). ;7

\?tfz‘}@’/ff\

]j;a pewiivnd J '
Variablel respopnses to drugs in/thedifferent! species may be due to

/
different metabolism of the drug. For example, pethidire is rapidly traz‘sported>i11
oA renam——— P
the dog and hence has 1little depressing action in this species. Phengplbutazone is

rapidly metaboliged in guinea”;ig, rabbit and dog and hence enormous doges are
required to induce aunti=-inflammatory effect for which it is utilized ii man
(Grollman, 1965). Morphire depresses man, dog and rat but it stimulates cat aud 3
probably nouse. The subcutansous fe{cal dose of morphine per unit body welight in %L
mouse is iy bimes that of dog, 2 to 3 times  that of rabbit, 8 to 15 times that
of cat ard about 100 times that of man (Ghosh, 1971). Folliowing the same dose of
hexobarbitone per urit body weight, the average sleeping time of rat is about 7
times that of mouse aid in dog its effect lasts for hours . Metabolic rate of
ethanol was fourd to be differernt in different speciess (in mg per kg of body
weight per hour) 90-180 in man, 100-230 in dog, 150-180 iu cat, 100~200 in

rabbit, 170=-540 iy rat ard 370~1500 in mouse 9 pr’g"; , 1963},

: e
é A~
D 0O

|18

.
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Guiuea@ig and man are 500 times more sensitive to histamire than rat
—
and mouse. Histamine powerfullyf contracts the uterus of guirea/plg while i%
relaxes that of rat. The rat heart is known to be very resistant to cardiac
glycosides. Adr produces inhibition of rat uterus whether pregrart or not but
it produces relaxation of the rnor~pregrant cat uterus ard a conbraction of the
cat uterus in early stages of pregrancy ard also of the rabbit uterus while in
pregeant and nocp~pregrant dog, boblh stimulation and inhibition may occur. Alloxaun
- /
produces diabetes in a rumber of species but nobt in guirea/pig. Dog cannot
acetylate sulphonamides effectively. Foliowing prolonged administration of
pronethalol, lymphoid tumours (thymemas) have beern produced in.mouse but 1ot in
o —
rat or guinea/iaig. Penicillix is 100 to 1000 times more toxic to guinea/pig than
<
- g‘ /yg - -y - - -
mougse. Rabbit generally shows shock symg¥dis following imsulin when blocd sugar
S:."qy‘?(

level 4s 45 mg per cent, while dog shows W ouly when the level is about

18 mg per cert {(Ghosh, 1971).

1.4.2. Drug metabolism ard species differerce

The knowledge of species difference in drug metabolism is very useful
to predict the pharmacolegical and toxicclogical properties of a given compound
1 man from experimental data odtaired in animals. Such studies also have yieléed,
valuable new biochemical information of guite fundamental rature. Examples of
this type concern acetyl COA» the rols of pyridine nuclectides in oxygen
incorporation, human genetics, phylogenic and o’ntoge%c erzyne developmenb,

e N
intracediular structure and membrane function)and biocsynthesis of vitamin C &=
(Brodie, 1962). Rat, rabbit ard mouse metabolize imipramire by N-demethylstion
but the rate of metgbolism of desmethylimipramine is much slower in rat, a
speclies in which Imipramire is more active. Species differences in the
metabolism of bengyl-¥=bermyl carbethoxyhydroxamine, an agert affecting lipid

metabolism, have also been observed (®delson et al., 1968). Au urusual metabolite,

)
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the O~berzylibergaldoxime is formed by man and the rat but nobt by monkey, cat or

)

(
guinesz-pig. Corgiderable species differernce in mammalian nitro reduction is

reported (Fouts ard Brodie , 1957), the erzyme being highly active in mouse,

gui'nea/;pig ard rabbit and lsss so in rat and dog. The lack of acetylation 7
e
capabilitise iu the dogj/ of /\loug-acting sulphonamide, sulphsomizoleﬂ ils observed kr

which is acetyliated in mar, rat and rabbit (Bridges ard Williams, 1963).

imilarly, species difference for the metabolism of severald groups of drugs such
as organic myrecurials, ilundoles, alkaloids, esbers, thio-compounds etcs. are
observed by various groups of workers. Some of the factors like exterral erwvirop-
ment, difference in binding of drugs either to tissues or to plasma compourds are
egsential to corgider for compariig the metabolism of drugs in different species
(Borga et al., 1968 ; Sturman and Smith, 1967). More obvicus ars two other factors,
the concentration and type of drug-metabolizing ersgymes in each species. Marked
svecles variations have heern shown in both X and V.. for the metabolism of
ethylmorphine (Castro ard Gillette, 1967) in liver microsomes of rat, mice,

-

guineaLpig , Tabbit and monkey (Africsn greem). Williams (1967) stated that
aromatic hydroxylation varies quantitatively ard qualitatively in haphazard
fashion among species aid it is not wise to get corclusion of drug toxicity {rom
metabolism in arnimals and utilization of it to human beirn f. Brodie ard Reid (1967)
algo gupport this view. Therefore, it is wise to study drug metaboligm in higher

rnon-human primates such as chimpanzee, orgar=utan and gorilla.
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