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Abstract

The investigations presented in this thesis attempt to clarify reports that
the development of tolerance to amphetamines is causally related to the metabolic
production of p-hydroxynorephedrine, 2 compound which fulfils the accepted
criteria for noradrenergic false transmitter functlion. Using 14G-1abelled
compounds, metabolic studies have been performed in man and other species
with amphetamine and two of its derivatives, p-hydroxyamphetamine and ephedrine.
Urinary metabolites have been identified and quantitated by chromatographic and
reverse isotope dilution procedures. In some cases metabolic data have been
obtained from human subjects and animals that were chronically dosed with amphet-
amine in order to determine whether alterations in drug metabolism with repeated
exposure to the drug could account for the observed development of tolerance.

Selected pharmacological effects of amphetamine have been monitored under
conditions of chronic dosage in two species, namely the rat and guinea pig. The
developmont of tolerance to norsdrenergically mediated effects of amphetamine has
been confirmed in the rat and could be related to the formation of p~-hydroxy-
norephedrine, In the guinea pig however, which, acoording to previous workers, does
not metabolise amphetamine to the false transmitter, tolerance also develops.

Further evidence against the false transmitter hypothesis was provided by a
series of experiments in which animals were pretreated with precursors of
p-hydroxynorephedrine and subsequently challenged with amphetamine. The effects
of amphetamine were attenuated in male but not female rats, despite the formation
of similar amounts of p~-hydroxynorephedrine in both sexes.

It 1 suggested on the basis of this work that tolerance to certain effects of

amphetamine is not causally related to the metabolic production of p-hydroxy-



norephedrine and the conclusion {5 reached that the frlse transmittor hypothesis
cannot adequately explain the acquisition of tolerance that develops to amphetamine

on repeated exposure to the drug.
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PREFACE_

"Wea now have statistical evidence that a very
high percentage of addicts are 'tgnited' during their post-
adolescent and young adult poriod of lifa, These are
periods of preparation for tha greatest 1ife challenges,
and our desperate desire to fight addictive Impulses
should have it3 major point of agsaault at this time. How
can we actually - if we are honest - have any success in
freaing anyone {rom drug dependency if we are not able
or not willing to eliminate the causes which have driven
him to this dependency? All too frequently, we hear
the unjust, supoarficial opinfon that youth must be moved
away from a particular drug to something else, Where
ia the positive response to the unfortunate conditioning
which has ereated the tandency to addiction in the first
place? The most immediate task must be to unravel
and lay bare the causes of the neuroses which have
created the problem, Not until we have done this can
wo expect to find the 'means and madieina’ to help
victims out of their dilemmza"

ERNEST HARMS (editor)
Drugs and Youth,
Pergamon Press, 1673,
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Aftor the initial discovery of the pressor cffects of suprarenal extracts
(Qliver & Bchaelor, 1886), the isolation of the active principle adrenaline
(Abel & Crawford, 1857) and its subsequent synthesis (Stolz, 1904; Dakin, 15085),
many structural variations on this compound were synthesised.

In the elogant study of Barger and Dale (1510), the structure activity
rolationships of many biologloally active amines were reported. These authors
introduced the texm 'sympathomimetic’ for those amines whose actions resembled
stimulation of the true sympathetic nervous system. Optimsl sympathomimetic
activity wag afforded by & structure consisting of a banzens ring with a two carbon
side chain and a torminal primary or secondary amino group. Activity was
incronsed by the substitution of hydroxyl groups in the 3' and 4* positions on the
sromatic ring, and by an alooholic hydroxyl group on the S~carbon of the atde chain.

Piness, Miller and Alles (15630) noted the sympathomimetic properties of
amphetamine, although this drug had been synthesised some four decadas previously
(Edeleano, 1887), and the drug was introduced therapeutically as a bronchodilator,
respiratory stimulant and analeptic (Alles, 1933). By 1835, the central stimulant
effect of amphetamice had led to the use of this drug in the treatment of depreasive
states, narcolepsy, obesity and fatigue (Bett, Howslls & Macdonald, 1¢55) and a
little later the problems of tolerance bocame apparent (Guttman, 1636).

The literature containa many references to studies on the metsbolism and
pharmacology of amphetamines, with a notable accentuation on the possible
meachanisms by which these drugs produce their pharmacologieal effects (vide infra).
In recent years the problems of drug abuse have stimulated research hto the

underlying mechanisms of tolerance and dependence. With respect to amphetamine,
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8 drug which, with repeated dosage in man, can produce a psychotic state clinically
indistinguishable from schizophrenia (Connell, 1¢68), an  opportumity exiats for

a study of the mechanisms by which this psychosis may develop. Interpretation

of the biochemical and pharmacological correlates of this atate may altimately

lead to a better understanding of the pathogenesis of achizophronia.

The studies on drugs of the amphetamine clasa which will be reviewed in this
introduction can be fatrly well catagorised. Earller work on drug biotransformation
ravealed the formation of metabolitea which have themasglves been shown to possess
pharmacological activity and which almost certainly comtribute to the action of
amphetamine (Freeman & Sulser, 1972; Taylor & Sulser, 1873) and possibly to
the tolerance that develops to this drug with repeated exposure (Brodie, Cho &
Gessa, 1970). Maoy such studies have been performed in laboratory animals and,
in view of the widespread species variations in drug mstaboliam (Willlams, 1864),
extrapolation of such data to the human situation muat be carafully considered.

Most pharmazoological investigations have been concerned with the mechanisms
by which amphetamine interacts with endogencus catecholamines (vide fnfra). I
is apparent, as will be reviewod later, that many of these studies have boen
poerformed in the rat, a species which metabolises amphatamine extensively by
ring bydroxylation to form active metaholites, thus the pharmacological profile
of amphetamine in the rat may be unreprosentative of other spocies inctuding man.
Nevertheloss, detallod ressarch upon the effects of both amphotamiue and its
metabolites on catecholamine disposition in this species hava' graatly contributed
to our understanding of the mechanism of action of this drug.

The delinestion of neuronal pathways within the braip and the develcpment of
steractactic techniques have also added to our understanding of the mode of action

of amphetamine.
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Following the discovery that some metabolites of amphetamine can not only
alter the storage of endogenous catecholamines but also be released on nerve
stimulation, the concept of the false neurotransmitter was proposed and has been
tmplicated in the development of tolerance to amphetamines (Brodie, Cho & Gessa,
1970).

The purpose of the work presented in this thesis was therefore to investigate
further this proposed relationship boetwaen the metabolic formation of false
neurotransmitters and the developmant of tolerance.

In the first half of the thesis, metabolic studies are presented in which possible
precursors of the false neurotransmitter, p~hydroxynorephedrine, namely
p-hydroxyamphetamine, amphetamine and ephedrine, have been administered to
severhl species including man, and the urinary excretion of metabolites determined,
The metabolic production of the false transmitter and its relationship to the
development of tolerance to these druga is discussaed.

In the latter part of the thesis the validity of the false transmitter hypothesis
has been tested by two series of experiments. In the first series, the development
of tolerance to amphetamine 1s compared and contrasted in two species, only one
of which produces the false transmitter metabolically. In the second study,
metabolic precursors of p-hydroxynorephedrine were administered to animals that
were subsequently challenged with amphetamine., If the false transmitter
hypothesis ia valid, then the previous incorporation of p-hydroxynorephedrine into
the noradrenaline-containing storage vesicles should protect animals against the
noradrenergic effects of a subsequent amphetamine challenge.

An attempt has also been made to interpret certain of the findings in the

tolerance experiments with the known features of amphetamine nbuse in man.



13

Reviow of Amphetamine Metaboliam

Metabolism 1s ome of the most fmportant f+ tors gov rning the pharmacologieal
nnd toxie proparties of 2 drug in the nntmal body. For many drugs in common usage
today, little information 1s avaflable on their metaboliam and indeed, where such
metnholic: data are provided, not only are studies frequently restricted to a single
animnl species, but only rarely are data avallable concerning the fate of the drug in
man. Interspecies variations in drug metsholiam are widespread, and for this
reason alone axtrapolation of data derived from experiments {n animals to man is
unreliable (Willfams, 1964).

When, howaver, the metaboliam of s series of related compound {3 compared
in a variety of specion it is often possible to correlate the chemical structure of the
compownd, ths species and the metabolic youte, Thus, prediotions can be made
regarding the fate of a new drug in certain species including man (Willlams, 1664).

Continuing interest in the motnbolism of amphetamine is stimulated by the
well ~eatablished similarity between the amphetamine psychoais ond certain forms
of schizophrenia (Randrup & Munkvad, 1970) and it could be suggested that studies
on the mode of aotion of amphetamine and ita metabolites may well fuorease our
knowvledge of the blochemioal basis for this crippling disoszse, In addition because
of the inoreasing world problems of drug abuse, tolerance and addiction, research on
the biochemtcal correlates of the tolerant state are required, particularly with
reference to amphetamine which is known to be metabolised in certain species to s
compound capable of acting as a false nearotransmitter, the formation of which has
been suggested to be causally related to the development of tolerance.

Sinee the important paper of Axelrod (1854), there have been several studlas
on the metabollsm of amphetamine nnd other f-phenyl isopropylamines. These have

been compiled and reviewed by Smith and Dring (1870) and Willlams, Caldwell and
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Dring (1974) and may bo summarised here,
The structures of those compounds, which are given in Fig. 1:1 suggest
sevaral routes of blotransiormation (Fig. 1:2) numely:-
Aromatic hydroxylation to the corresponding parabydroxy derivative which
may be excreted free or as a confugate with gluouronie acid or sulphuxic

anoid.

N-Deslkylation of s-phenyl-N-alkvlisopropylamines (e.g. ephedrine) to tho

primary amine,

Allphatic hydroxylation of the « and g carbon atoms to the carbinolamine and

corresponding ephedrine raspactively.

Oxidative deamination to the ketone which may be reduced to other compounds
or undergo oxidation to the carboxylic acid,

N-Onddation to form hydroxylamines or N-oxides.

Some g-phenyl isopropylamines are largely unmetabolised nd excreted free
in the urine, o.g. norephedrine fn man. Faecal axcretion {8 minimal, as would
be expoected, sloce few - of these compounds attain the molecular weight threshold
required for biliary excretion {Millburn, 1570).

The biotranaformation of amphetamine has been studied in greater detail than

most of its analogues, and {llustrates the metabolic routes outlined above (Fig. 1:2),

Aromatie Hydroxylation of Amphatomine

The exact nature of the engyme systom responsible for the ring hydroxylation
of amphetamine {s uncertain. Although in the isolated perfused lver the reaction

proceeds as in the whole animal, amphotamine does not appear to be metabolised by



Figure 1:1  Structures of Amphetamine and Related Drugs

Rg .

ol o
Rg RyRy
Compound Substityent
e | B B R Rs
Amphetamine H H H H H
Norephedrine H H CH H H
Ephedrine H H OH H CHq4
p-Hydroxyamphetamine OH H H H H
p-Hydroxynorephedrine  OH H OH H H
p-Mothoxyamphetamine CHgaOH H H H H
Fenfluramine B CFy H H CoHy,
Methamphetamine H H H H CHy
N~Ethylamphetamine H H H H CqHjy
Mephentermine H H H CH, CHj
Chlorphentermine Cl1 H B CH4 H
p-Chloroamphatamine C1 H H H H
N-3~-Chloropropyl-~ H H H H (CHg)3Cl

amphetamine



Figure 1:2 Metabolic Pathways of Amphetamine

CH, 'CHNHZ
CHg
argmatm ydroxylation Amphetamine deamination
HO CHZCIBHNHZ CH2C CHqg
CHgqg
p-Hydroxyamphetamine side chain hydroxylation Benzyl methyl ketone
side chain side chain clt:‘:avage 1eduction
hydroxylation g
! / \
(')H
aromatic
HO CH CH NH, Shydroxylation CH CH NH, COCH ' CHpCH-CHg
OH CHg CH CHg
p-Hydroxynorephedrine Norephedrine Benzoic acid Benzyl methyl carbinol

All compounds in the free or conjugated form have been detected as urinary metabolites of amphetamine in various species.

91
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the usual microsomal aryl bydroxylase onzyme system as shown by Daly et al.
{1967) and Dingell and Bass (1$6%) who failed to demonstrate any significant
bictranaformation in rat Hver microsomal preparations. Of intersst is the finding
of Creaven, Barboe and Roach (1970) who abowed that aithough SKF 525 A inhibited
the parahydroxylation 1eaction, this was not induced by efther phenobarbital or 34 -
beuzpyrene protreatment. It has also beer reported by Creaven and Barbee (1688)
that ethanol inbibits this transformatior: in vive. Other compounds which intorfere
with this route of metabolism are diacissed in s later section of this chapler.
Despite the lack of information concerning the snzyme system roesponsible
for aromatic hydroxylation, certaln characteristics of this reaction have been
detormined. Daly gt al. (1£67) democastrated that ia common with other aromatie
hydroxylation reactions, the hydroxylation of amphetamine involved the 'N. L H.
Shift' whereby, as a reasult of hydroxylation, there is an intramolecular migration of

the atom diaplaced by the new hydroxyl group to the adjacent position on the ring.

i HO —_—
: }Cﬁ,(’&ﬂ‘ﬂg et », cazcmm, R
i/ HY
CHg CHy
Hs L]
HO - .r:' CHoCHNH,
CHy
Aliphatic Hydroxylation

Whereas recent studies roport the hydroxylation of the o carbon atom of
amphetamive (vide infra), hydroxylation ocecurring at the /- carbon position bas been
the subjoct of considerable interest, since the matabolite formed by both aromatic
and g-hydroxylation (p-hydroxynorephedrine) has been suggested to be responsible
for the developmoent of tolerance to amphetamine.
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Dopamine-f-hydroxylass, the enzyme rasponsibla for th- convorsion of dopamine
to noradrenaline, has heen shown to lack substrate speciflicity (Levin £ Kaufman,
1261) and saveral authora have confirmed trat many phenylisopropylamines,
tneluding amphetamine, are substrates for this onzyme (Creveling ot al., 1562;
Goldstein & Contrera, 1962), which 15 specific for the (+)-1somers of these

optically active substrates. A fuller discussion of this pathway is given in

Chapter 3.
Oxidative Deamination

'The proposed pathways for deamination of amphetamine (Fig. 1:3) include
oxidative attaok at two gites, namely the a-carbon and nitrogen atoms. Howevaer,

the machanism by which compounds of the amphaetamine series undergo oxidative
deamination s the subject of much controversy. Because of the presence of the
methyl group on the carbon bearing nitrogen, these drugs are not substratos for
monoamine oxidase.

Axelrod (1865) found that amphetamine was oxidised to benzyl methyl ketone
by rabbit iver microsomes, and Erodie. Gllletfo and LaDu (1558) suggested that
the oxidative attack ocourred at the a-carbon-position to form an unstable
carbinolamine, which would then lose ammonta to give the ketone (Fig, 1:3).

Smith and Dring {1870) suggested an alternative mechanism in which amphetamine
was dehydrogenated to ita imino, which would then undergo hydrolysis to the ketone,

Hucker, Michniewicz and Rhodes (1871) and Parli, Wang and McMahon (15713)
found that the chief metabolite of amphetamine in rabbit liver microsomal
preparstions was benxyl methyl ketoxime which can hydrolyse to the ketone
{Caldwell, 1572).

Using the technique of 180 labelling, Parll, Wang and Moldabou (16712)



Figure 1:3 Proposed Pathways for Deamination of Amphetamine

I?THz 1'\IH2 a(r) H
Z N Ve
CH;,;-(I}—CH3 £ CHyCHCH4 Vi CHz?H—N 2 .
OH CHq
Amphetamine
1-Phenyl-2-aminopropan-2-ol 'N-Oxide'
.v’
H OH
e -C- CH,CH-N”
i CHgq
O

Benzyl methyl ketone 1-Phenyl-2-iminopropane 2-Methyl-1-phenyl ethyl

hydroxylamine
o NoH -
CH,CHCHj4 COCH CH,-C-CHg
Benzyl methyl carbinol Benzoic acid Benzyl methyl ketoxime

61
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concluded that oxidative deamination resulted from an initial hydroxylation on the
c-carbon atom giving thoe unstable carbinolamine which undergoes two fates,
dther dehydration to the imine or loss of ammonia to the ketone., ‘These authors
suggastad that the imine could be oxidised to tho oxime which was hydrolysed to
benzyl methyl ketone, In 2 subsequent publication (Pnrll, Wang & McMahon,
1871b) ovidence for this pathway was provided by the isolation of an engyme from
raé and rabbit livera capable of bydroxylating imines of this type. The
incorporation of 957% 180 fnto the oxdme and 305 181 into the ketone suggested
that most of the ketone was formed via the oxime (837) and that the romainder was
derived from tho unstable carbinolamine.

Backett and Al-8arrvaj (1072) proposed a furthor mechanizm for the microsomal
enzymatic attack on amphetamine, Thesoe suthors suggested that in addition to
a~carbon oxidation giving the ketono, oxidation occurrad on the pitrogen atom to
ziva the N-oxide which by proton transfer bocame the hydroxylamine., These
hydroxylamines, which in alkaline and acldic sohtion and some organie golvents,
notably athyl acetate, break down readily to oximes, are formed in quantities
dapendent upon the particular specles Invastigated, In rabbit liver microsomal
preparations, the N-oxidation route was found to be equivalent to the oC~ route,
in guinea plg proparations tic N- route was 10 times greater than the oC- route
and in rata thej%:- route was negligible and the N- routo only about 1/100 activity
of guines pigs.

The fate of the ketone produced by oxidattve deamination e the result of oithor
further oxidation to benzoie acid, or stereospacific reduction of (+)-igomers to

bengyl methyl carbiuol (El Magry, Smith & Willlama, 1956).
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Although many ring substituted amphet nines have been synthesised, such
as p~hydroxyamphetamine, p-methoxyamphetamine, 2', 5'-dimethoxy -4'-methyl-
ampbetamine and fenfluramine, detatled metabolic studies are few. The fate
of p-hydroxyamphetamine will be prasented in Chapter 3. In gemeral it may be
stoted that although substituent groups themsalves may be motsbolised, e.g.

by hydrolysis or oxidation, further metsbolic attack oo unsubstituted growps has

not been reported.

== -\

HyCO ) CHgcuNg, —SHdrolysls, 4o ) CHgCHNHy  (Dring, L.G.
! | /. |

/ / unpublished

iy CHjy ' CHgy data)

p- Methoxyxmphotamine p-Hydroxyamphetamin:

—-%95113 -——’\OC,H3

HC ) cn,lcamzwﬁ-e HOOC CHyCHNH,  (Hogtsl

HgCO CHy H3yCO CHy pily
1-(4, 5 Dimeth gxy-4~-maothyl- 1-(2, 5-Dimethony~4-casboxypbenyl) -
phanyl) -2-aminopropane 2-aminopropane

Nevertheloss, these compounds are subject to side chain degradation as
evidenced by, for exampls, the formation of m-triftuoromethylhippuric acid as the
major urinary metabolite of feafluramine in man (Bruce & Maypard, 1268).

A detailed dizcussion of the metaboliam of ephadrine is given in Chapter 5.
Many other N-alkylated amphetamines have been the subject of mestabolic studies,
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8.g. N-methylampbetamine (Axelrod, 1064; Caldwell, Dring & Willlams, 1872g),
N-othylamphotamine (Beckett, Brookes & Shenoy, 196¢) and N-3-chloropropyl-
amphetamine (Pondinil) (Long, 1£70), and all species investigated N-dealkylate
to varying extenis. It is apparent that Increasing the size of the alkyl group
increases the extent of further metabolism by oxidative deamination of the side
chain and aromatic hydroxylation,

In view of the importance and potential significance of interapecies varfations
in the blotransformation of the amphetimines, the patterns of metabolism of u
sumber of amphetamines in several gpecties will be reviewed briefly. The
axperiments to be presented in a later chapter wers designed on the hasls of
evidence that cortain species do not mstaholise amphetamins by aromatic
hydroxylation.
Metabollsm in the Rat

Tha rat metabolises amphetamines principally by aromatic hydroxylation
(Axelrod, 1654; Swmith & Dring, 1¢70; Dring, 3Smith & Willlams, 1¢70; Williams,
Caldwell & Dring, 1674) (Table 1:1). Where N-~substituent groups are present,
N-dealkylation occurs to a moderate extent but deamination is minimal (Caldwell,
Dring & Willlams, 1672a; Axelrod, 1£54). @-Hydroxylation of the side chain
{3 & minor metabolic route with amphetamine but with methampbetamine this
pathway is more significant {(Caldwell, Dring & Williams, 1072b). The more
polar compound, ephedrine, is axcreted to 2 considerable extent unchangod
(Bralet , Cohen & Valette, 1868), however, other compounds tnvestigated such
23 Pondinil and mephentermine are almost totully metabolised and the amounts

exsreted unchanged ip the urine are very amall (Willlams, Caldwell & Dring, 1¢74).

Matabolism in the Guinga Pig
The guinca pig contrasts strikingly with the rat in that the main metabolic



Tsble 1:1  Sammary of Metabolie Pathways of Amphetamines in Laboratory Animals
Values are % dose excreted In tho first 24 h after dose. For references see taxt.

Unchanged  As 1°amine Total Afomstic  Bassolcacld  g-Hydroxylation
N-dealkylation bydroxylation

Rat
Amphetamine 14 X X 48 2 0.8
Methamphetamine 11 3 28 53 4 18
Ephedrine 38 5 20 14 3 X
Pondinil 1 - - 58 - —
Mepbontermins 0 13 45 32 - -
Guinea
Amphetamine 22 X X 0 62 -
Methamphetamine 10 mg/kg 0.5 4 78 0 63 1
45 mg/kg 3 13 64 0 31 18
Ephodrine 2 3% 3¢ 1 > b4
Pondinil 3 - - 16 - -
Rabbit
Amphetamine 3 X X 6 25 -
Methamphatamive 2 - - - - -
Ephedrine 0.5 2 &3 12 62 X
Pondinil 18 - - 6 - -
Mephentermine 0 22 27 5 - -
Dog,
Arphetamine 30 X X 8 28 -
Methamphetamine 20 15 45 30 - -
Ephedrine 3 : 6 58 5% 2 -
Pondinil 17 - - 22 — -
Mephentermine 0 18 44 28 - -

4
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pathway in thiz specles {3 oxidative deamination of the side chain to bengolc acld
(Axelrod, 1954; Smith & Dring, 1970 Willlams, Caldwell & Dring, 1874). With
N-substituted amphetamines, N-dezlkylation occurs (Caldwell, Dring & Willlamns,
19723). Aromatic hydroxylation i3 2 minor pathway (with the exception of
Pondintl; Long, 1£70), and prob:bly does not sccur with amphetamine and
methamphetamine, and side chain hydroxylation on the g-carbon atom is also a
minor reaotion (Dring, 3mith & Williams, 1970). FEphedrine is largely metabolised
hy N-demethylotion to norephedrine (Axelrod, 1453) which by virtue of its polarity
is excreted without further biotransformation. In general, in thia specles,
motabollsm is extensive and with the exception of amphetamine only small smounts
are excreted in the uwrine unchanged.
Metabolism {n Rabbil

In the rabbit both sromatic hydroxylation and side chaln degradation ecocur
although the latter route 13 more significant. All compounds with the exception
of Pondipil are extensively metabolised wnd N-dealkylation occurs where
sppropriste (Dring, Smith & Willlams, 1570; Willlams, Caldwell & Dring, 1974).
In this species, in 2ddition to benzole acld, pracursors of the deamituted kotone
metabolites of hoth amphet:mine snd norephedrine are axcreted in the urine and
for amphetamine have heen tentatively {dentified na the enol sulphato of the ketone
(Dring, Smith & Williams, 1970).
Metaboliam in t'.e Dog

This auimal, ltke the rabbit, is copohle of hoth aromatic hydroxylation and
oxidative doamination (3Smitk & Dring, 1470 Willlams, C:ldwell & Dring, 1874),
the Iatter route being most evident with amphet>mine, whereas with methamphetamine
and Pondinil ring hydroxylation ts more dominant. A significant fraction of the

dose 1= axeroted unchangad and, as with other species examined, N-dealkylation
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of N-substituted amphoetamines occurs,

Metabolism In Mon

With the exception of meth:mphatamine (Caldwell, Dring & Willlams, 19723)
nd Pondint]l (Long, 1870) {the more lipid soluble drugs), sromcotic hydroxylation
i3 a minor route in man (Willlams, Caldwell & Dring, 1¢74) (Table 1:2). The
incressed polarity of the sphedrines, when compared with other smphetamines,
appears to be reflected in the high lovels of unchanged drug excreted in the urine
(Wilkinson & Beckett, 1668; Sinsheimer, Dring & Williama, 1¢73). Interestingly,
when ring hydroxylation is prevented by the presence of substituent groups (s. g.
fenfluramine) metabolism occurs chiefly via the side chain degradative pathway
{(Bruce & Maynord, 1£68).

It is evident thus, from the data presentad that, when pharmacological
ohservations are dorived from experiments porformed on laboratory animals,
account must be taken of the metaboliam of the drug under invoestigation in the
particular species examined. This must be of vital importance when the
biotransformation of the Irug producss pharmacologioally active motabolites, which
because of widespread Interspecles variations, may be formed in one species but
not in another,

Other Faotors influencing the Mataboliam of Amphetamine
In common with many other drugs both the metabolism and pharmacokinetics

of amphetamine may be influenced by a varfety of factora. There are variable
reports concerning the half Hfo of ampbhatamine in young and old rats and according
to Groppettl and Costa (196¢) the rato of decline of amphetamine tn young males

{s slower than In adults. However, the converse was found in females (Zeim et al.,
1570). A striking sex difference in tho plasma T} waa also reportod by Groppetti

and Coata (1668) and although this could result from ar Increased rite of metabolism



Table 1:2

Values are % dose excreted in the first 24 h after dose

_O.EM_._!M__.JR_G_
L.__e!mg!smm;m__._.m

Amphetamine
Methamphetamine
» - Ethylamphetamine
Pondinil
Norephadrine
Ephadrina
Fenfluramine

3¢
23
kg

1
80

60-80

(For references see text)

X

3

10-15

Ring

2
18
37

low
low

0
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Benzole

21

4

-

low
low

66-83
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fn the m-le rats (T - 76 mine,) ~omparad with fomalas (TA - 130 mina. ), othor
varishles, which nclude volume of distribution and renal elearance, could be
rasponaible for the ohaorved sex differance.

Th2 'gmficanee of urinary pH on the sxeretion of amphatamine {s more fully
Haonasod in 4 Inter chopter., At this fumeture, howsever, it should be noted that the
urinary excrotion of the weak base amphetamine is @ ceolerated under conditicos
of acid urine formation, wharena oxceretion {s votarded in alkaline urive becanse
of reahsorption of amphetaminz in the ronal tuiles by pH dependent nontonie
diffusion. Anggard gt al. (1473) showed that In nssociation with an increased
exeretion of unchwged amphetamine in neid urines in man, thare was 2 concomitant
diminution {n the axcretion of matnbolitas,

Fnvironmental factors eppasr to influence the disposition of amphetomine as
evidenead by the ineraased brain concentrations of tho drug and associnted
potentintion of nmphetamine offect2 in starved rats (Campbell & Fibigor, 1671).

The influence of condministered drugs on the disappearance rate and maetabolism
of amphet mine 18 reviewed by Tawander nnd Jonsaon (1472) who showed that many
tricyclic antidepressants, neuroleptics, sedatives, anticonvulsants, anorectic
agents and many other drugs interfored with amphotamine metabollasm. The
importance of theas ohservations wns npparent when subject: wove intorviewed for
participntion in tho metabollam study of amphetamine in man,  The polypharmacy
to which drug addista expose thamaelvos makes single drug anulyses difficult,

Many compounds, notably the harbiturates, are able to increase thelr rate of
motabolism with chronic axposurs by stimulation of the hepntic eytochrome+P 450~
dependent microzomal anzyme avatems. No snch chantes hava, howevar, baen
ohaoryod with amphotamine metaboliam on repented dosage (Ellizon gt 2l., 1¢71).
Certain minor changes do oceuy in the matahollam and disposition of smphatomine

in this situntion, and these will he discuszsed In Chapter 4 and Chapter 6.
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Strusture-Activity Relationships of Amphetamines

Many amphotamine analogues have been syntheaised and a great number possess
stimmlant and anorectic properties. Blel (1870) provides an excellent review of
the structure-activity relationships of this olass of compounds,

With the exception of N-methylamphetamino (Methoedrine), alkylation of the
alde chatn or amino group diminishes the CNS stimulant activity of amphatamine,
Ring hydroxylation abolishes the stimulant effect and markedly diminishes the
anorectic activity and side chain hydroxyistion (resulting in the ephedrine series)
also decreases both effects. Subatitution of methoxy groups in the ring, however,
gives the molecule hallucinogenic properties, the compmmds thus produced
resembling mescaline, a potent psychedelic agent. The structure-activity
relationships of hallucinogenic amphetamines are discussed by Shulgin, Sargent
and Naranjo (1568). A reduction of CNS stimulant action is offected also by
methylation of the side chaln carbon bearing the amino group (giving the phentermine
series) and by N-alkylation with large groups, o.g. benzyl. Such compounds retain
anorectic properties as do those with halogen substitution in the ring, such as
fenfluramine and chlorphentermine. The activity of most amphetamine congeners
rosts principally in their various effects on the catecholaminae containing perve
torminals in the poriphery and CNS, as will be discussed later. However, »
compound at present attracting much attention of p-chloroamphetamine, which is
a short aoting depletor of noradrenaline, but reduces brain SHT levels in the rat
for periods of up to 6 months, probably by inhibiting tryptophan hydroxylase {rraversibly

{Banders~Bush & Sulser, 1670).
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The Catecholaminos
Introduction

In view of the structural similarities between amphotamines and the
catecholamines and the wealth of evidence implicating catecholamine relesse in the
mediatior of many effects of amphetamine, it {5 ossential at this point to consider
surnmarily the biochemical and pharmacological disposition of catecholamines in
the peripheral and central nervous systems. The explosive intorest in this fleld
ia reflectad by the vast numbers of pyblications during the past 10 yeara, The
elegant investigations of many eminent scientists has lod to our current understanding
of the anatomy, physiology and biochemistry of the autonomic nervous gystem,
These studies will not, however, be detalled hare but outstanding contributions
were made by von Euler. This author concluded that the prineipal nourotransmitter
in the peripheral sympathetic nervous system was noradrenaline (von Euler, 185%).
The Localisation of Catacholamines in the Mammalian Body.

Although many studies have suggested that noradrenaline was distributed widely
throughout the peripheral sutonomic nervous system (e.g. von Euler, 1£46), these
investigations were greatly facilitatod by the davelopment of fluoreacence-
histochemiecal techniques (Falck gt al., 1862). The direct correlation between the
noradrenaline content of peripheral nerves and the shundance of sympathotic fibres
that they oarry is well established, the greatsst content belng found in the splenic
nerve. The same correlation exists in periphoral tissues that are well supplied
by adrenergic neurons, notably the vas deferena, ciliary body, salivary glands,
the walla of arteries and veins and the atris of the heart (Iversen, 1967).

It 13 now known that the central nervous system stores noradrenaline, dopamine
and serotonin, and avidenee haas acoumulated that these substances funotion as

peurotransmitters (Fuxe, 1¢65; Hillarp et al., 1666; Anden ot al.. 1866). The
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distribution of theas amines varies; noradrenasline concentrationa are greatest in tho
hypothalamus and medulla oblongata, with small amounts in tha striatum and
cershral corlex, Dopamine, on the other hand, i3 present in high coneceptrations
in the stristum and caudate nucleus with negligible amounts found elsewhers in the
brain (Iversen, 1867). In theze areas it {s probable thaf dopamine plays an
aasentinl role as n nourctransmitter substance (Carlsson, Faolek & Hillarp, 1668).
Dopaminergic neurons probably originate from nerve colls {n the cranial-ventral
part of the mesencephalon and can ba traced in the retrolenticular part of the
intornal capeule anding (n the neostriatam and Himbic forebrain, notably the
nueleus accumbens, tuberculum ¢lfactorfum and interstitial nuclous (Anden et al.,
15682,b; 1866; Hillarp, Fuxe & Dahlatrom, 1566).

The csll bodies of the noradrenaline~-containing neurons are found mainly in
tho pons and medulla (Anden et al., 1£66), the larges group being within the locus
coeruleus. Ascending noradrenorgic axona pass through tho doraal part of the
reticular formation and together with fibres from the ponps ascend in the medial
forchrain bundls to form noradrensrgle synapses in the hypothalamus, limbic
systoms and frontal cortex (Anden gt al., 1965h; Daohlatrom et al., 1864; Fuxe,
1663).
 Moatabolism of Catacholamines

Blozynthosis

The sequence of metabolic avents loading to the synthesis of noradronaline and
adrenaline was proposad by Blaschko (143%) (Fig. 1:4) and subsequently confirmed
by many investigators, With the avallsbility of radioactively-labelled precursors,
this pathway was originally demonstrated in adrenal medullary tissue (Domis,
Blaschko & Welch, 1056) and later In nymtheﬂo norves and ganglia (Goodall

1\

& Kirshner, 1688) and fu brain (Galdmin Musanahlo & Omtwru' 1962).



Figure 1:4 The Bios sis of Noradrer

| CHgCH-NHg
COOR
HO/ CHg-CH-NHy
CooH
HO ,
HO '/  Clig-CH-NHy
coon
HO
HO CHg-CHy-NHg
BO
HO ) CH-CHp-NHy
OH
HO
J H
BO/ " CH-CHg-N_
N | R S
p OH

31

d Adrena
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Phenylalanine
hydroxylase (liver)
Tyrosine
Tyroaine hydroxylase
(nerve)
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l-Aromatie amino acid
decarboxylase (nerve)
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(nerve)
Noradrenzline
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(adrensal medulla & brain)
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¥rom Goodman and Gillman, 1§70,
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The enzymes involved in the biosynthesis of catecholamines have been
demonstrated in the tissues monfioned above, Tyrosine hydroxylase, which
converts tyrosine to 3',4'-dihydroxyphenylalanine (DOPA), is associated with the
particulate or synaptosomal fraction (MocGeer, Bagchi & McGeer, 1965) and
partially purified preparations of this enzyme require tetrahydropteridine cofactors
and are stimulated by F92+. It {3 now known that this enzymatic step which is
specific for the 1-isomer of tyrosine is the rate limiting stage in the blosynthesis
of catecholamines (Nagatsu, Levitt & Udanfriend, 1964; Levitt ot al., 1965).

Aromatic 1-amino acid decarboxylase, which catalyses the decarboxylation
of DOPA to 3',4'-dihydroxyphenylethylamine (dopamine) is chiefly found in the
cytoplasm of cells, but may be loosely associated with intraneuronal storage
vesicles in peripheral sympathetic terminals (Stjarne, weé'i, and with
synaptosomal fractions in brain (McGeer, Bagchi & McGeer, 1565). This enzyme
has low substrate specificity and will decarboxylate many other aromatic 1-amino
acids (Hagen, 1962). It roquires pyridoxal phosphate as cofactor.

The final step in noradrenaline biogynthesis involves the copper containing
enzyme dopamine-f-hydroxylase (Kaufmen & Friedman, 1865), This enzyme is
exclusively present in noradrenaline containing granules (Stjarne & Lishajko, 1967)
and its distribution throughout the peripheral and central nervous system correlates
well with that of noradrenaline (Udenfriend & Creveling, 1858). Other phenylethyl
and phenylisopylamines are substrates for this enzyme (see Chapter 3.)

Degradation

The metabolic pathways for noradrenaline degradation are shown in Fig. 1:5.
It should be pointed out here and will be amphasised later that metabolism of nora-
drenaline is not the easential mechanism by which the released amine is inactivated,

The two enzymes responsible for the catabolism of norédrenallne are monoamine



Figure 1:5 Major Pathways of Noradrenaline Breakdown
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oxidase (MAO) and catechol-"-methyl transferase (COMT)., MAD converts many
biogenic amines, including noradronaline, adrenalino, dopamine and serotonin,
by oxidative deaminstion to the corresponding aldchydes which are then further
oxidised or reduced to the acid or glycol respectively (Blaschko, 14¢52). This
mitochondrial enzyme is ganerally believed to be respoosibl: for moetabolising
extragranular stores of noradremaline, but it appears that extransuronal aud
intragranular noradrenaling are protected from such nttack., Although many biogenic
amines are deaminated hy MAD, amincs with side chaln substituent groups suoh as
~f=bydronyl-or o~methyl are not subatrates for the enzymas (Blaschko, 1882).

Tha second enzyme {nvolved in rorndrenaline cataboliam is catechol-C-methyl
translerase. Uplike MA this apeyme is found in the cytozol and is widely
distributed throughout the body (Axelrod & Tomehick, 1982), in assoclation with the
mothyl donor S-adenczylmethionine. In the periphery the major zod product of
noradranaline metabolism appears to be 3-mathoxy-4-hydroxymandelic aeid,
whereas in brain 3-methoxy~4-hydroxy-phenylglyool s the main metabolite
(Schanberg et al., 1688).

This pathway for {-methylation of noradren-lipne {8 Inrgely rasponsible for the
biodegradation of exogenously adminiatered drug, 2nd is probably responsible for
ramoval of that fraction of endogenous noradrenaline released into the synaptic
claft which 15 not subsecuently removad by rcuptako into the nerve:terminals. The
ovarlap between thege two pathways and their relative ireportancs in vivo are
discassed by Iversen (1567).

Uptake of Noradrenaline

Thero 18 muoch evidence that exogenous noradrenaline iz taken up into

postganglionic sympathetic neurons agelost a conslderable concentration gradient

and stored (Iversen, 1571). Iversen demonstrated two typos of soturable uptake
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processes for noradronsline in the ieolated perfused heart and it was possible to
apply Michaelis-Menten kinatios to these active membrane transport carrier systems
which he tormed Uptakey and Uptakez. the former having a lower Km and Vyyax than
the latter,

Uptakay 18 probably confined to periphieral sympathetic neurons and
poradrenaline containing neurons within the central norvous system. (The dopamine
uptake system io brain differs from this by lacking steraochemical specificity
and furthermore it has a striking differonce In drug sensitivity (Iveraen, 1674).
Peripberally the uptake 15 specific in favour of tha naturally ocourring (~)'- isomer
of noradrenaline and prefers noradrenaline to adrenaline., R s inhibited by 5 wide
range of sympathomimetic amines which are atructurally related to noradrenaline
and which may or may not be taken up into the neurcns themselves by the same
transport mechanism, e.g. amphetnmine inhibits upiake without being transported
irto the neuron, whoreas p-hydroxyamphotamiaie both inhibits uptake and enters the
pruron,  T.bles from which the following data bave been extracted were presented
by iversen (1867) and illustrated the effects of various structural changes of the

alffinity of drugs for the roradronallne uptake process.

Drug Concent for ftion Relative affinity

of noradrenaline uptake for uptake site

moles (phenylethylamine = 100)

(+)-Amphatamine 1.8 x10~7 610
(+)-Amphetamine 4.6 x10°7 240
(~)-Ampheiamine 31 x107 30
(+)~p~Hydroxyamphetamine 1.8 21077 610
{+)-Norephedrine 20 x10"7 55
{(~)-Ephedrine 22 x1077 50

Phenylothylarmine 11 x10°7 100
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“iher druge which inhibit catecholamine uptake (Uptakej), bui which will not
he furthar discussed here include cocaipe, imlpramine, desipramine, the
adrensrgic blocking drugs and certain moncamine oxfdase inhibitors (Iversan, 1987).

The likely physiological roles for Uptakey are: 2) the removal of the
transmitter substance from the extracellular space, so thot it oo longer acts
on the postaynaptic recaptors, and b) the rouse of noradrenaline by the nerve
for further cycles of relenge nod uptaks,

Uptakog is a low affinity systam which has maximum rates of uptske much
groator than those assoclated with Uptakey. The former is not stersospocific
and has 3 higher affintty for adrenaline than noradrenaline. This membrane
transport syastom takes up exogenocus catacholamines into extrapeuronsl tlasucs
(Iversen, 1£71) and may bo inhibited by tho metanephrines, phenoxybenzamine,
amphetamine and certain sterolds (Iversen, 1471). The probable roles for Uptakeg
are o) the romoval of transmittar from the exiracollular space (less importart
ir this respoct than Uptakeq,.b} the temporary uptako of noradrenaline into the
cyto ;o of the posteynaptic cell, whore i could act directly on intracellular
procosses belore bolng motabolised, and c) the removal and Inactivation of
circulating catecholamineas.

Most of the noradrenaline taken up ioto the nexve terminala is not metabolisced,
but {3 retained within the storage vesicles where it is protected from attack by
MAC (Polter & Axelrod, 1963). This second process which transports
nuradrenadino into the storage vesleles is quite independent of Uptakey and may be
inhibited by reaorpine (Iversen, 1567).

or Nor. naline
Bliochemigal studies with sucrosa-donsity-gradient centrifugation of a

particulate fraction from thoe homogenates of yympathatic nervas have revealed a
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himodal distribution of noradronaline suggesting two types of storage vesicle

for this amine with different densities (Roth et al., 1668).  Ultrastructural

and histochemiosl studies bave suggested that thesc light and heavy vesicles
correspond to tho small and large demse cored vesiclos rospectively, the former

being found only in nerve terminals, whereas the latter are Jound both in pon-
torminal axons and sympathetic nexrve termioals (Bisby & Fillonz, 1871; Smith, 1673).
A third form of vestele has been tdentified (Tranzer st al., 1968) which {a
slectronlucent and has the ability to take up and store oxogenous amines.

Several othar componsnts of the large dense corsd vestcles have been
identified (see review by Smith, 1072), namely dppamino~-S-hydroxylasa, a
protein that croas-reacts with antisera to chromogranin A, ATV, adenosine
triphosphatase, Mg** and cytochroms bggy. It has beon proposed that ATP may
form high molecular--roight sggregates with noradrenaline. These have been
domonstrated in vitro when the molar ratio of noradrenaline/ATP is 3, 5:1
(Bernets, Platscher & Da Prada, 1970). In vivo, however, this molar ratio
has boen variously estimated to be between 4 and 12 (Helle, Lagercrantz & 3tjarne,
1871; De Potter, Smith & De Schaepdryver, 187T0).

Alternatively the vesicular membrane may be responsible for the binding of
norsdresaline. This membrane probably oontains the ATP-dependent active
uptake process that coumteracts the spontancous loss of noradrenaline (von Eular
& Lishajko, 1£63).

In addition to tha abova mentionod gronular storage compartments for
noradrenaline, subcellular fractionation studies hove Indicated the presanca of an

axtravegicular compartment contaiuing 'froe' noradrenaline (Hokfalt, 1£74).
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Releass of Noyadrenaline

Cell fractionatior and ultrastructural studies on adrenergic nerves have shown
that cateehalamires are prosent in granules and also that some may be free in
tbe cytosol. It i3 gemarally hold that only granular stores of noradrenaline
together with the protein constituents of the vesicle ara released by the process
of exocytosia (Bmith, 1672; De Potter, 1£74) and that noradrenalins free in the
cytosol cannot be released by nerve stimulation.

Geffen and Rush (1474) reported that noradrenaline releass was accompanied
by release of dopamine~g-hydroxylase (DBH) and chromogranin, in addition to
which, the finding that newly synthesised or recaptured transmitter is preferentially
released suggests that "the small, sasily releasable® pool of transmitter is
couiained in the young lavge DBH-rich vesioles, while the "large stable® pool is
stored mainly in old, amall, DBH-poor vesicles (Dahlstrom & Hoggoendal, 1674).
In addition, these authors state thot noradren:line release ocours by partisl
rather than complete exocytosts (1.e. only a fraction of vasicular contents are
released gt any one time).

The lack of absolute apecificity of the noradrenergic neuron with respect to
Uptakoy and the subsequent transport of noradrenaline into the vesicles enables
many phenylothylamine dertvatives to be similarly transported. Having enterd
the vesicle some of theze compounds can be 8-hydroxylated by DBH 2nd stored
prior to release a3 "falee neurotransmitters® (Kopin, 1¢68). This subject will

be dizcussed in relation to amphetamine motabolites In greater detafl in subsequent

chapters.
The Effect of Rosorpine op Storage

Apart from the praviously mentioned sffect of reserpine on fohibiting the

uptake of poradrenaline loto granular steres, this drug {s cupable of producing
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an almost complete depletion of ontecholamines in tissues such na heart and
spleen, following 2 dose of 0.1 mg/kg (Iversen, 1887). Maximal depletion
oocurs from 12-24 h after administering the drug and persists for several daya.
The mechaniam of this deplotion {5 not provern, but it {s apparently neither due
to ichibition of Uptakey nor to release of noradrenaline from the nerve terminals.
It 1s speculated that newly svntherised nmdmaallmﬁmmgd of being stored
within the grapules, lezks out of the partieles and s rapldly destroyed by
monoamine oxidnee.
The Sympathon-imetic Amines

A wido vartety of amines structurally related to noradrenaline «nd adrenaline
hava beon studied since Barger and Dale’s olsssie work (1¢18).  Fleckenstein
apd Stockle (1888) clasaified thews diugs Into three groups:-

1) Direct-acting amines, sk

2 actions were potentiated by denervation
and cocsine.

2)  Indlrect-scting aminsy, which wore less effective sfter denervation

and coentne.

3) Mixed-acting amines, which are not appreciably affectad by efther

procedure.

Burp sod Band (1838) proposad that the indirectly acting sympathomimetios
produced their effect by releasing noradvensaline from tiasue storage sites and
this group, together with the direot and mixad acting groups wsre subsequently olassifies
by Trevdelexburg /188%), The structure-activity relationships for amines of the
varions groups have heen noted by Iversen (1487) and whereas directly aoting
amines comprise the catecholamines and eertain metahydroxylated monophonolic
amine: which have a f-hydroxyl group, the tndirect-acting amines, which '

include amphetamine and certain analogues,are nonphenolic compounds or meno-



phenols without a B«-hydromyl group. The same author makes the point that
the overall zotton (direct or {ndirect) of sach amine may vary In different
tissues and on different receptors. This fict muy be of relevance in the goneral

discuzsion for the mechsniem of action of ceriain amphetamine motabolitas,

The amphetamine group of compounds possess a multiplioity of biological
effects and modification of the molecular structure in a variety of ways has been
popular in attempts to acosntuate one desired effect over the others. Some iden
of this will be gained from the brief owtline of structure-activity relationshipa
given earlier.

In common with othar indirect acting sympathomimetios, amphetamine has
peripharal o and # offects in addition to its powerful CNS stimulant action.

40

Alles (1£33) compared tho pressor effects of amphetamine and 'hydrmamphotamim

w ith those of adrenaline and found that although the potency of thiz respmse was
only 1/100 that of adrenaline, these effects of amphetamine and its hydroxylated
analogue, p-hydroxyamphetamine were of much longer duration. Large doses

may produce tachycardia and arrhythmias., Other smooth muscles respond to

these drugs as with all sympathomimetics, for sexample bronchial relaxation occura

and the urinary bladder sphinoter iz constricted. Amphstamine is 1 potent
anorectic and elevates plasma free fatty acids and body temperature ((Goodman
& llman, 1£70).

More important, howevap, i3 the powsrful CNS stimulant action, an action
not shad with p~bhydroxyampbetamine. Such stimulation affords these drugs

their high abuse potential. The psychic offects depend upon does and the mental
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state and personality of the individual. Fatigue is suppressed, mood and
confidence are slevated, and there is suphoria, Physical activity and some

simple mental performance tasks are enhanced but with large doses sterectyped
behavioural paiterns and a toxic paranoid psychosis may ocour (Van Rossum, 1972).
In laboratory anfmals, locomotor activity is onhanced and stereotyped movemonts
are ovident.

Cortain human subjects experience headsche, palpitation, vasometor
disturbanees, agitation, confusion and dysphoria (Goodman & Gilman, 1670), thus
axemplifying the wideapread interindividual variations in drug respense.

With chronic administrotion there appears to be attenuation of the ocuphoriant
effect in man. Howover, according to Xosman and Unba (1968) there is no such
attenuntion of {atigue suppression. Iepesisd lntravenous admipiatvation of
amphetamines {5 associated with an iniensely plsasurable sonsation immediately
after sach injection (which has beon likened Lo an orgasm), over-activity which
latexr becomas uncoordinated, and hoightened sexmal intorsat (Rylander, 1672).

Geerlings (1572) states that chrenie amphotamine use causes marked mental
changes fn the majority of ossea. Abowt onc third of Ma patlent: had experisnced
psychotic siates with paranold delusions, sterectyped behaviour, auditory and
visual hallucinations and occaslorally parasite delusions., In som2 cases
aggressive bshuvicur was noted,

Discontizmation of amphetamines tn a dependont subject without doubt produces
profound aymptoms of lethargy, depression and oocasionally suleidal tendencies
(Lioyd, 1573).

The desire to resume taking the drugs 1s thus motivated by . need to combat
these symptoms (Kramer, Flachmap & Littlefield, 1667). Management of patients

with scute psychoses requires sedation with, for example, holoparidel,
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promsthazine or large doses of bensodiazepinas, Rehydration is tmportant,

as fluid 1oss ocours as o result of kyperthermia. The studics of Anggard et al.
(1870) suggest that acidification of the urine in psychotic subjects may be beneficial.
Mode of Action

It hax provad very hard to pinpoint the precize locus of action of the amphetaminea,
and indioations are that the observed effects are dus to 2 number of contributing
mechanisms, Although many zctions of the amphetamines have been demonstrated,
it is diffioult to attrihute the drug': action to auy of these or aven te assume that
they are involved at all in the whole animal situntion (Iversen, Amelrod & Glowinski,
1966).

A variety of theories for the mechaniam of action of amphetamine have been
put forward and four are carrently regarded az of importance; (3) monsamino
oxidage inhibition, (b) relenso of catecholamines from neuronal binding sites,

(¢) inhibition of oatecholamine reuptake into 1ourons and (d) diveet action on the
noradrenergic receptor. Al of these appear to contribute towards the net effect
of amphotamine., Monoamine oxidase inhibition, although not correlated well with
the activity of amphetamines, is almost certatnly involved in the drug's action
(Ivarsen, Axelrod & Glowinski, 1668; Rutledge, 1:70).

The rolease of cnteche! imines appears to be the most important of the
listed actions. Evid-nce for this is provided by the stimulant action of amsil
doses of amphetamine which are without effect on catecholamine reupinke
(Qlowinskl, 1£70). Fuxe & Ungerstedt (1£70) from combined histochemieal and
Mochemical studies confirmed that amphetamine acted principally by relessing
amines from both central dopamine and noradrenaline containine neurons. These
authors provided evidence that this releass oocurred from extr.granular stores

of newly synthesised amines and in high doses of amphetamine it appeared that SHT
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was algo released. However, most authors oonsider that amphetamine releases
granular stores of catecholamines (Carlsson, 1670).

Functional studies hava concentrated on the relative importance of both
dopamine and noradremaline in the action of amphetamine (Chapter 8),

Reserpine, which s able to deplete 80-50% of neuronal noradrenaline, has
little effect on overall motor activity, however exploratory behaviour and central
excitation may be diminished In contrast to stereotyped behaviour which remains
unchanged (Fuxe & Ungerstedt, 1970).

Inhibition of the ongoing biosynthesis of catecholamines with a-methyl-p-
tyrosine abolishes these effects of amphetamine. After such inhibition both
effects can be restored by 1-DOPA. On this evidence, it has been sugpested that
some of the central actions of amphetamine, particularly stereotyped behaviour,
depend upon release of dopamine (Van Rossum, 1672). These conclusions are
further substantiated by Creese and Iversen (1973) who showed abolition of
storectypy by loeal injection of 6-hydroxydopamine into the nigrostriatal
dopamipergic pathway. Locomotor activity, on the other hand, may be more
related to noradrenaline reloase as, according to Randrup and Scheel-Kriiger (1566),
diethyldithiocarbamatae, which inhibits dopamine-g-hydroxylase, sedates antmals
with reduction in hypermotility, but no alteration of stereotypy.

Further fllustration of the role of central noradrensrgic neurons in the
amphetamine syndrome was provided by Fuxe and Ungerstedt (1670) who showed
that when clonidine (2 central and peripheral noradrenaline-receptor agonist) and
apomorphine (a central dopamine-receptor agonist) are given in combination,
stereotyped behaviour predominates with high doses of spomorphine and low doses
of clonidine, wheroas the revarse is true with high doses of clonidine, in which onse

marked exploratory behaviour (gross locomotor activity) 18 dominant. Perhaps the
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ratio . of dopamine to noradrenaline receptor aotivity after amphetamine
administration decides the resultant activity. High doses of amphetamine
producing mainly stareotyped behaviour suggests that the ratio of dopamine to
noradrenaline recoptor activity {s inoreased (see Chapter 8).

Amphetamine is also able to facilitate self-stimulation in rats implanted with
olectrodes In reward areas of the hypothalamus and mid-brain axeas (Steln, 1964).
This effect can also be blocked by dopamine-3-hydroxylase inhibitors, and is
reversed by intraventricular administration of norsdrenaline, but not dopamine
(Wise & Steln, 1968), suggesting that noradrenaline plays an important role tn
certaln aspects of amphetamine's central action,

The role of 5-hydroxytryptamine (8HT) in the mediation of amphetamine-
induced CNS stimulation is at present a matter for apeculation, As mentioned above,
evidence has been provided for the release of SHT in brain by large doses of
amphetamine. Sparber and Tilaon (1672) demonstrated that in rats the development
of tolerance to the effects of amphetamine upon operant behaviour was accompanied
by release of brain SHT, in contrast to the drug naive state in which noradrenaline
only was released,

Amphetamine has also been shown to inoxrease the output of acetyloholine from the
cerebral cortex in cata (Deffenu, Bartolini & Pepeu, 1670), however, the significance
of this observation in relation to the known effects of the drug is uncertain.

5¢. far, oply the acute effects of amphetamines and their relation to the
cbserved changes in catecholamine disposition have been discussed. After
prolonged treatment with this drug other effects are apparent; tolerance develops
to certain pharmacological effects, notably thoss mediated through noradrensline
rolease (see later chapters). Stereotyped behaviour in animals and psychoses
fn man may develop (Van Rossum, 1§72). Ib discussing the mechanisms through

which these changes develop, emphasis muat be placed upon the possible roles of the



45

amphetamine metabolites, p-hydroxyumphetamine and p-hydroxynorephedrine.
There I8 Uitle evidence that the acuie offects of ampbetamine are related
to the formation of p-hydroxynorephedrine since the time course of aceumulation
of this drug In tissues does uot correlate with the obaerved pharmacologieal
elfects of amphatamine, Also desmethylimipramine (DMI), which petentiates
amphetamine -induced hyperthermia and activity.blocks the formation of this
compound (Costa & Groppettl, 1£70). Of importancs, howaeveyr, is the suggestion
that the prolonged tissus deplotion of noradrenaline at loast in the rat 1 dependent
upon the production of p-hydroxynorepbedrine and possibly causally related to the
developmaent of toleranco., This subjoot will bo discuszed in greater detail. In
addition to the peripheoral cardiovazcular affects of p-hydroxysmphstamine
previously netad, this metabolite has been tmplicated tn the esntral action of
amphetamine. Acecording to Coata and Groppetti (1970), DMI which blocks the
hydroxylation of dopamine to form noradrenaline also stabilises the concentration
of p-bydroxyamphbetamine by proventing its conversion to p-hydroxynoraphedrine,
and. a3 stated above,the potantiation of amphetamine offoct by pretreatment with DMI
may be the result of ecnhanced levels of p~hydroxyamphotamine., Further support
for the concept that p-hydroxyamphetamine mediates the central effects of amphetamine
was provided by experiments in which reserpiniantion of rats potontiated the motor
stimulant activity following amphetamine, and (his potentiation was aszociated with
decrensed concentrations of braln amphetamine, In addition, a-methyl-p-
tyrosine which shollshes the CNB stimwlation produced by amphstarmine also
decreases brain lavels of p-hydroxyamphetamine, but ia thia situation the systhests
of both dopamine and noradrenaline {3 also interrupted.

It {3 proposed by Anggard et al. (1873) In the basis of matabolic studies in the
human amphetamine psychosts that the intenaity ~of this paychosis was positively
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carrelated with the renal excretion of ring hydroxylate! metabolites of amphatamine

but not to the amphetamine lovel in plasms, suggesting therefore that these
metabolites were of importance in the development of the paranold paychosis in
ohronic amphetamine abusers.

Taylor and Sulser (1973) imyplicate hoth p-hydroxyamphbetamine and
p-hydroxynorophedrine ln the pharmacological profile of anphotamine, on tho basis
of oxperiments in which these metabelites ware injected into the cerabral
ventricles. p-Hydroxyamphetamine clictted mainly locomotor stimulation,
whereas p-hydroxynorophedrine caused prodominantly an incresse in stereotypoed
babaviour. Although extrapolation of data dexived from such experiments to the
situation in which amphstamine itaslf is sdmintstered systemically iz speculstive,
coverthelsss the possibility that these metabolitea contribute to the overall CNS

stimulatior following amphetamine ndminfistration must be ontertainad.
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Materials and Methods

Compounds

(*)~2-Amino-1-(4'-hydroxyphenyl)propane (p-hydroxyarmphetamine)
hydrobromide (Pavedrine), m.p. 190-192°C, (+)-2-amino-1-phenylpropsne
(amphetamine) sulphate, m.p. 308°C and (+)-2~-amino~1-phenylpropan-1-ol
(norephedrine) hydrochloride, m.p. 160°C, wore the gifts of Smith, Kline and
French Laboratorfes, Philadelphia, Pennsylvania, U.8,A.; (+)-g~amino-1-
{4'-hydroxyphenyl)propan-1-ol, (p-hydroxynorephedrine) hydrochloride, m.p. 150-1£2°C
(Aldrich Chemical Company, Milwaukee, U.5.A.); (-)~2-methylamino-1-phenylpropan-
1-ol (ephedrine) hydrochloride, m.p. 213°C (Sigma Chomical Company, 8t. Louis,
Missouri, U.8.A.); (+)-2~-methylamino-1~-(4'-hydroxyphenyl)propan-1-ol (p-
hydroxyephedrine) hydrochloride, m.p. 188-18¢°C (R. N, Emanuel Ltd. , Wembley,
U.K.). Other known compounds were purchased and purified as appropriate,

(+)-11-14C}-Amphetamine sulphate of spscific radiocactivity 2, 62 :Cl/mg was
a gift of Smith, Kline and French Laboratories. (+)-(14C}-p-Hydroxyamphetamine
hydrochloride (specific activity 0. 80 ;Ci/mg) and (-)-[14C}-ephedrine bydrochloride
(specific activity 0,06 sCl/mg) were synthestsed by Dr. L.G. Dring, of this
Department. Those syntheses are outlined {n the Appendix to this thesis.

{)-1, 2-Dihydroxy-1-phenylpropane

Mothyl styrene was prepared by the dehydration of 1-phenylpropanol (100 g)
according to the method of Gauthfer (1833), (Yield 58 g).

The methyl styrene was mixed with dry chloroform (60 ml), cooled in an
joe bath, and a bromine solution (84 g in 50 ml obloroform) was added dropwise.
Excess chlioroform was avaporated and the golid residue recrystallized from aqueocus
ethanol to give 1, 2-dibromo-1-phenylpropans of m.p. 73-74°C (Yield 50 g). This
dibromo compound was subjected to mild hydrolysis (Zincke & Zahn, 1610) to give
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(#)=1, 2-dihydroxy-1-phenylpropane (m.p. $0-52°C, 7g) {Zincke & Zahn give 52-63°C).
Anjmals

Female Wistar albino rats, body weight, 220 + 20 g; male Wistar albino rats,
body welght 250 + 20 g3 and fomsle Dunkin-Hartley guinea pigs, body waight 260 +
20 g wore used.
Human Voluntsers

Efght informed humsn volunteers participated in the study, aged 25-45 yesrs,
body welght 55~75 kg. No subject gave a history of ranal or hepatic disease,
Admintstration of Compounds

Compounds were administared in aqueous asolution by gastric tube to rata,
by intraperitoneal tnjection to guinea pigs and orally to human subjects. In 8 single
study of a human volunteer, [(14C)-p-hydroxyampbetamine hydrochloride wae made
up in an isotonic aaline solution and storilisation was performed by ultra-
filtration (Millipore {ilter) prior to intravenons injection.
Collection of Excreta

Animals were housed singly in metabolism cages and thelr urine and fasces
were collected daily for 4 days. They were allowed free access to water, but food
was with-held for the first 24 hours to avold contamination of the urine.

Human voluntsers wore allowed a normal intale of flulds and food. Urine and
faeces were collocted datly for 4 days.
Storage of Excreta

All excrota were stored at -20°C, without pH adjustment, exocept during
analytical prodadures.
Spectrs

I.r. spectra were determined using s Pevkin~Elmer Infracord Spoctrophoto-

mater (Model 204).
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Radlochemical Te 5

140 in urine and faeces wero determined according to Bridges, 18?mith~am:l
willlams (1867) using Packard Tri-Carb liquid scintillation spectrometers (models
3520 and 3375). Radiochromatogram scanning of papsr and thin layor chromatograms
was performed with a Packard radiochromatogram scanner (model 7200), identification
of 14C peaks being made by comparison of Ry values with thoss of authentio
compounds (sea Table 2:1). The 14C contant of peaks was estimated by cutting
paper chromatograms into 1 om segments and counting these in the scintillation
ocountar. With thin layer plates, 0.5 om sections of the adeorbent were scraped
off and counted similarly.

Facces were homogenised with 2 volumes of water in a Warlng Blendor. The
homogsnate (20 ml) was made alkaline with 10M NaCH (2 ml) and an equal volume of
HaOg solution (100 vol. %) added with a few drops of {so-octanol to control foaming.
The mixture was allowed to stand at room temperature for 3 days until decolourised,
and aliquots then assayed for l4c by liquid scintillation spectrometry, I some
cases after homogenising 24 hour collections of facces, samples (6 ml) were {recze-
dried and combusted in a Packard Tri-Carb sample oxidiser (3Model 306). Products
of combustion wera collected in a 1:2 (v/v) solution of ethanolamine in 2-methoxy-~
aethanol. Carbon dloxide trapped in this solution was determined by counting
mensured samples (1 mi) of solvent in scintiilator lquid (16 ml) composed of 5.5 g/
litre of 2, 5~diphenyloxazole in tolucne:2-methoxyethanol (2:1, v/v) (Joffay & Alvaree,
1661).

Isotope Dilution Procedures

Amphetamine, p-hydroxyamphetamine, p-hydroxybenzole acid, hippuric acid

and benzole acld were assayed as deseribed by Dring, Smith and Willlams (1970).

Norephedrine and pshydroxynorephedrine were assayed according to the methoda of
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Caldwell, Dring and Willlams (16728). Approximately one~tenth of the datly urine
output wan ussed for each aassay.

Ephedring

The amine hydrochloride (1 g} waz dissolved {n urine (100 ml), which was
adjustad to pH 14 by the addition of 10M NaOH, saturated with solid NaCl and
oxtracted with ether (3 x 100 mi). The bulked extracts were dried over aphydrous
Nag80y4 and reduoced to a amall volume (5 ml) by evaporation under reduced pressure.
Dry HCl gas in ethanol (2. 49N) was then added until the solution became aoidic.
After evaporation to dryness in vacuo, ephedrine hydrochloride was reorystallised
from anhydrous ethanol to constant specific radioactivity (m.p. 213°C).

(+)~1, 8-Dihydroxy-1-phenylpropane

The diol (1 g) was diasolved in urine, which had been hydrolysed with a

sulphatase preparation (vids infrs). After extraoction with ether (3 x 100 ml) the
tulked extracta were dried over anbydrous NapS(y and reduced to dryness in vacuo,
The residue was treated with 10M NaCH (5 ml) and benzoyl chloride (6 ml). The
mixture was shaken vigorously for 10 minutes and loft to stand overnight. The
dibemzoyl derivative was washed with 10M NaCH (50/n) and water 60} and
recrystalliged from dilute ethanol according to the method of Zincke and Zahn (1610).
{(m.p. 100%C; Zincke & Zahn give 101°C).
Chromatography

Table 2:1 gives Rg values of roferonce compounds used in this study, using
the systoms balow, Descending paper chromatography was performed on either
Whatman No. 1 or 3MM paper in solvents A, B, Cand D. Ry values were
identical on both papers. Systems E $¢{’ ware used for thin layer chromatography
(t. L. c.) using glaas plates § x 20 cm, spread with Alumina G (Solvent E) or S{liea

4

[
Gel GFgsy (solvent F\) (Morck A, G,, Darmstacdi, Germany) 0,25 mm thick, which
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were heated at 120°C for 1 hour, beforo use,
System A. 2-methyl-hutan-2-ol / 1,1-dmethylpropanol / water / formic
acld (5:5:10:2 by volums). (Allova, 19863).

System B. p-butanol saturated with M HCL

System C. izo-Propanol / ammonia / water (16:2:2 by volume)

System D, p-butanol saturated with 1. 5M ammonia - ammonium carbooate

huffor (Fowster & Hall, 1¢51).

System E. Msthanol / chloroform (111 by volume) (Noirfalise, 1£66).

Syetem ¥. Chloroform / diethylamine / methanol (20:1:1) (Sinsheimer, Dring

& Willlams, 1973).
System G, Benzeno / methanol / acetic acld (10:2:1) after chloroform /
diethylamine / methanol (20:1:1) (Sinsheimer, Dring & Willlams, 1973

Paper chromatograms ware run for about 35 om from the origin and thin
layer chromsatogran:: shout 10 em.

The locations of the compounds on the chromatograms wore determinad by the
following methods:

Uliraviolot Yght, Most of the reference cornpounds were seen as dark quenching
apots when chromatograms were Inspected under u, v. light at 254 nm (Hanovia
Chromatolite).

Diazotized E—nnmigne. Chromatograms wero sprayed with diazotized
p-nitroaniline, as described by Wickstrom and Salvosen {1652). Phenols and amines
gavs colour reactions as shown In Trble 211,

Hippuric Acid Detoction  Hippurice acld was seen as an orangs spot after
spraying with p-dimethylamincbenzaldohyds in acstic anhydride, and heating at 120°C

for 2 mins. (El Masry, Smith & Willlamas, 1956).
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Benzole Acid Detection  Bomzole acld was detected with a spray of

bromophenol blue in ethanol, showing 25 a blue spot (Oplenska-Blauth, Saklawska-

Szymonowa & Kanskl, 1951),

Preparation of samples for ion exchange chromatography in p-hydroxy-
amphetamine studies, tnvolved preliminary hydrolysis of aliquots of urine (5~10 ml),
to which p-hydroxyamphetamine (50 pg) and p-bydroxynorsphedrine (50 g) were
added, ¢ith a sulphatase preparation (soe Hydrolyses of Urine). ‘These hydrolysates
weore reduced to a small volume (2 mi) by cvaporation inder reduoced pressure and
applied to the Dowex column (vide infra). In the case of urine samples (50 ml) from
amphetamine metabolism studies in bumans, after adjustment to pH 14 with 2M
NaOH and extraction with toluane/isoamyl alcobol (84:16 by volume, 250 ml) to
romove amphotamine and norephedrine, the aqucous phass was avaporated to dryness
under reducad pressurs, extracted with othanol (3 x 10 ml)to remove salts, and the
othanol extract evaporated and taken up in distilled water (2 ml). All samples were
than adjusted to pH 4. 5 with 23 HCl and put on strong cation exchange resin
columns (Dowox 50-W, mesh 200-400, Na @form, 0.4x 5 cm), The columns were
then washed with redistilled water (6 ml), 1M sodium acetate buffer (6 ml) pH 6.0
containing 0,17 EDTA and again with redistiliad water (10 ml)., The amines were
oluted with 1M HCl in 2 ml fractions., p-Hydroxynorephedrine and p-Hydroxy-
amphetamine were detsrmined hy measuring each fraction with an Aminco~Bowman
apectrophotoflucrimetor {excitation 283 nm; emisaion, 375 nm) aguinst standard
solutions (1~5 yg/ml M HCY) of the two aminas.  Portions of each sluate were taken
for the measuroment of radiosotivity hy scintillation counting. Iiscoveries of
p-hydroxynorephedrine and p~hydroxyamphetamine through this procedure varted

from 80-S0%.,
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Hydrolyses of Urlne

Urines were subjected to either engymic or acid hydrolysis prior to
chromntographic separation of metabolites and reverse isotope dilutlon procedures.

Adld Hydrolysls

Equal volumes of urine ard 10M HCl were refluxed togsther for 2 hours,
The rosultant mixture was cooled and neutralizsed before chromatography. X was
discovered, however, that when urine samples to which known amounts of
p-bydroxynorephodrine had been added were subjocted to this procedure, subsequent
papor chromatography revoaled that side chain cleavage had resulted in the formation
of variable quantities of p-hydroxybenzaldebyde (Sinsheimer, Dring & Willlams, 1873),
The following method was therefore used for all hydrolyses of originsl urines, and
for isotope dilution procedures for p-hydraxynorephedrine.

L sis

A suitable voluuie of urine was adjusted to pH 5 with 2M acetic acld and
incubated with either an oqual volume of S-glucuronidaze solution (Ketodase;
Warner~Chileott, Eastleigh, Hants., U.K.) or 0.2 vol, of an aryl-sulphatase
preparation (Type H~2, Sigma Chemical Company, 8t. Louis, Miss, U.S.A, ‘which
also contatns B-glucuronidase) and 0.5 vol. €.2M sodlum acotate/acotic acld buffer
pi 5 for 24 hours at 37°C.  Comtrol samples ware preparad .with engyme that
hind besn depatured by boiling, The hydrolysed soluticns were sither applied
divactly to chromatograms, or were avaporated to dryness under reduced pregsure
at 40°C, extracied with ethanol (3 x 10 ml), re-evaporated and taken up In a small
volume of mothanol which was then chromatographed. With large volumes of urine

from human experiments, samples wore inttially concentrated by {reeze-drying,



Table 2:1. BE Values and Colour Reactions of Amphetamins and Related Compounds

Compound

Amphetamine
p~Hydroxyamphetamine
Ephedrine
p-Hydroxyephedrive
Norepbedrine
p-Hydroxynorepbedrine

Benzolc acid

Hippwric acid

Benzoyl glucurenids
p-Hydroxybenzoie aeld
p-Bydroxyhippuric ncid

1, 2-Dibydroxy-1-phenylpropane
1~Hydroxy-2-oxo~1-phenylpropanc
1,2-Dioxo-1~phenylpropane

Ry valee in solvent:
Pager ~thinlayer

A B C D E ¥ G
aa “ - - 0- 87 - -~ -
0.32 0.50 0.83 0.78 - - -
0. 62 - - 0.85 0.52 - 0.73
0.23 - - 0.7% 0.15 - -
ﬁ. 39 - - o. w G. 30 - 0; 1@
0- 21 °. 36 Gv ?2 90 63 0. le - -
0. 87 - - 0.43 - 0. 30 6.6%
0.82 - - 0.25 - 0.13 0.43
0¢ 6& - - 9. lo - .‘" \F -
0.85 0. 86 - 0=0.1 - 0.10 -
0‘ ?3 - - - o. 00' -
0. 81 - - - 0. 10 o. 83 os 85

- - - - - c. 99 -

- - . - - 0. ﬂg -

mauve
none
none

none
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The Metabollom of p-Iydroxyamphetamins In Tint, Guinea Plg and Man

Introduotion

Comprehansive studies of drug blotronsforrintion were greatly facilitsted
by the introduction of radicchemical techniques some twenty years ago. The
disposition of a drug following its administration to laboratory animale can bo
determined with a high degrao of sensitivity by utilising radioactive isotopes,
the choloo of which 1s dependent upon the chemiocal structurs of the compound
and the positions within the molecule where substitution of a label allows detection
of the greatsst pumber of potential metabolites.

In general for metabolic studies 14C is preferable to 34 and ir this caso the
14C isotope was inserted in tha p-position of the side chain, adjacent to the ring,
thus onabling metabolism both in the aromatic ring and In the side chain to be

detected.

Idontification of Metabolites

Rat urine

Urine samples (0.1 ml) weroe chromatographed on paper in solvent A, and
chromatograms acanned for 14C. A major peak By 0.00) and a lesser peak
(R 0.32) worz found in urines from female animals (Fig. 3:1). However, when
samples from male animsl: were ehromatographad a single major peak cecurred
at Rp 0. 32 (Fig. 3:2), Hydrolysos of urines from tho female rats with g-
glucuronidase caused the peok of Ep 0. 00 to disappear with a corrasponding
inerease in the hoight of peak Ry 0.32. O some chromatograms, after hydrolysis

of urines [rom hath sexes a anoall ponk of Ep 0,85 was gcen,
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Fig, 3:1

Radiochromatograms of 0~24 h famale rat urines after [14C}-p-hydroxy-

amphetamine hydrochloride (15 mg/kg; 91Ci/kg) orally, in golvent A,

Upper chromatogram - prior to hydrolysis

Lower chromatogram -~ aflar hydrolysis

0 = Origin
SF = Solvent front
CONJ :  Metabolites conjugated with glucuronic acid

PHA p-Hydroxyamphetamine,

61



o o, O08 OB

Aloehroin

alogramu

JM’LT__%» -
1 s
] 13
ol | Bt
> .
-] 1
el |
] Lol L

0 o. o 08

.|

a&omauaa'

lo

NP L ¥
s of 0-24 h male rat urines after [ ™

+ T
o8 Or OB O0 OL OB OB

i

+

i ’£ qydm Kyl

oﬁuoiﬂeb

t

nphetamioe hydroebloride (o

o o, 08 o8

o« os OB L |

mﬂ
n

23

& -

sd overleal)




63

g, 3:2.
Radlochromatograms of 0-24 b male rat urines after (14C]-p-hydroxyamphetamine
hydrochloride (15 mg/kg: 9uCl/g) orally, in solvent A,
Upper chromatogram -  prior to hydrolysis
Lower chromatogram - after hydrolysis
G = Origin

SF = Solvent Front
PHA - p-bydroxyamphetamine
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After hydrolysia of male and ferale urines with an aryl sulphatase/
glucuronidase preparation and subsequent chromatography in solvent B, two peaks
were identified of Ry 0. 36 and 0. 60 corresponding to p-hydroxynorephedrine and
p-hydroxyamphetamine respectively (Fig, 3:3).

Separation of acidic and bastc metabolitea was psrformed by adjusting urine
samplas (10 ml) to pH 2 with 3.15‘1’ HCl and extracting with ather (3 x 30 ml). The
aqueous phase, containing amines, waas readjusted to pH 6 with 3‘_1}»__!__ NaOH and an
aliquot chromatographed in solvent A. Two peaks were again found, Ry 0, 00
and Rg 0.32. The peak at the origip in fomale urines was eluted with water,
hydrolysed with S-glucuronidase and chromatographed in solvent B to yleld
peaks of Ry 0. 38 and 0. 50, corresponding to p-hydroxynorephodrive and p-hydroxy-
amphetamine rospectively.

The sthareal phase, containing acldic metabolites, was extracted with 8%
NaHCOy, and the aqueous phase acidified to pH 2 with 2& HCl, saturated with
NaCl, and re-extracted with ether. This final ethereal extract was dried over
anhydrous sodlum sulphate, evapowated to dryness and redissolved in methanol
(1 ml), This solution was chromatographed in solvents A :nd B, and yielded
oue peak corresponding to authentic p-hydroxybenzofc ncld (Ry 0. 85 solvent A,
0. 86 solvent B).

The formation of p-hydroxynorsphedrine was conflrmod by for oxchange
chromatography, and by reverse isotope dflution procedures,

Cuinea Pig Urine

Urine samples ware subjected to paper chromatography esaontially as
described shove, in solvents A and B. In the former solvent a major peak
occurred at the origin (Ry 0.00) and 2 minor peak of Ry 0.32. Hydrolysis with
B-glucuronidase caused disappearance of the penk at the origin with a consequent

increase in the size of the peak at Ry 0.32, In solvent B, after hydrolyals of



Fig. 3:3. Histograms prepared from radiochromatograms of 0-24 h urines from

3 species after [14C]-R-hydroxyamphetarrﬁne hydrochloride, after hydrolysis, in

solvent B
Female rat (15 mg/kg; 9uCi/kg) orally. Female guinea pig (15 mg/kg; 9uCi/kg) i.p.
Man (0. 4 mg/kg; 0.07 pCi/kg) orally
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SF = Solvent front

PHN = p-Hydroxynorephedrine
PHA = p-Hydroxyamphetamine



Fig. 3:4, lon cschange chromatography of 0-24 h human uripe after

j4c) R hydroxyamphotamine hydrochloride (0.4 mg/kg; 0.07 pCl/kg) orally.

Unshaded - native floorescencs ( /338 nrt) 1n Muorescence unilts (f.u.)
radicactivily

Eydroxysarepliedrins

Hydroxyamphetamins

tube no.
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urine, three peaks were detected, a major peak Ry 0. 50 corresponding to
p-bydroxyamphetamins, and two minor pesks, Ry 0. 36 and 0. 86, corresponding
to p~-hydraxynorephedrine and p-hydroxybenzolc acld respectively (Fig. 3:3).

Human urine

Preliminary chromatograma of urine (0. 3-1 ml) in solvent A showed a major
peak at the origin and & minor peak of Ry 0.32. In solvent B again two peaks
were found, ons of Ry 0. 31 and a second minor peak Ry 0. 51.

Urine samples (10 ml) were hydrolysed with either sulphatasc or S-glucuronidase
preparations and after evaporation to dryness in vacuo, residues were extracted
with ethanel, the salts filterad out and the supernatant re-cvaporated. The
rosidue was taltem up in a small volume of othanol (ca. 1 ml) and chromatographed
in solvents Band C. I solvent B (Fig. 3:3) after hydrolysis with sulphatase,
but not glucuronidase, the major pesk (Ry 0.31) seen prior to hydrolysis had
disappeared to give ar increasc in the pesk (R 0.351) corresponding to p-hydroxy-
amphetamine. In addition, a small peak (Ry 0.38 in solvent B, Ry 0.72 in
solvent C) appeared corresponding to p~hydroxynorephedrine.

Confirmation and quantitation of p-hydroxynorephedrine and p~hydroxy-
ampbetamine was performed by ion exchange chromatography (Fig. 3:4) and
{sotope dilution analyses.

For the detection of acidic metaholitas, urine samples (100 ml) were adfusted
to pH 2 with 2M HCl and subjected to continuous ether extraction for a total period
of 72 hours. The organic phasc was further extracted with 5% NaHCOq and the
aqueous extract acldified to pH 2, saturated with NaCl and re-extracted with other.
After drying the final ethereal extract over anhydrous Nag804, 1 ml aliquots were

counted in the gcintillation spectrometer.
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Results

Rat

The excretion of 14C after the admintstration of (14C]-p-hydroxyamphetamine
orally to male and female rate iz shown in Table 3:1. The total recovery is
approximately $0% in both sexes, almost exclusively from the urine. Most of
the {14C}-p-hydroxyamphetamine 1s excreted unchanged (Table 3:3). In female
rats, two of the three animals studied excreted large amounts (40-45%) of the
glucuronide conjugate of this compound; however in one fomale and the three male
animals, most of the p~hydroxyamphetamine was excoreted free in the urine,

Two other minor metabolites weroe excreted in the arines of both sexes.

Side chain S-hydroxylation gave riss td p-hydroxynorephedrine (47 in females,
1% to males), and oxidative desmination occurred, resulting in p-hydroxybenzoic
acld (1% in females, 2% in mates).

Guinea Pig

Table 3:3 shows the excretion of 14C after the admintstration of [14C)-
p-hydroxyamphetamine by intraporitoneal injection to three guines pigs. The
total recovery la high (53%), largely confined to the first 24 h urine (80%). The
bulk of the radioactivity is excreted as the glucuronide conjugate of p-hydroxy-
amphetamine (84%), with a small amount imchanged (8%) (Table 3:4).

Minor metabolites rosulting from side chain g-hydroxylation giving rise to
p-hydroxynorephedrine (3%) and oxidative deamination giving rise of p-hydroxy-
benzolo acld (2%) were also identified.

Human subjects

Following oral administration of {“C]?-hymamphetanﬂna to men,

7% of the dose wag recovered in the urine within three days, S2% Inthe firat 24 1

aftar dose (Table 3:6). When the drug was administorsd by the intravenous rowte,
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Table 3:1 The Elimination of }4C by Mals and Female Rats after Admintstration

of [1401-2-Hydroxyamph¢tamine Hydrochloride

[“C‘}-g«-ﬁydroxyanmhatamma hydrochloride (18 mg/kg: 8 uCi/kg) was
administered to rats orally. Values given aze % of 140 dose in excreta exprassed
as the mean of $ anfmals, Individual figures are in parentheses.

% of 14C doge
Female Male
Urlne Day 1 87.7 (84.7, 100.0, 78.5) 84.0 (85.3, 81.0, 85.8)
2  1.5(8.0, 0.8, 0.8) 1.5 (1.6, 1.8, 2.8)
3  0.3(0.3, 0,1, 0.4) 0.3 (0.8, 0.3, 0.9
4 0.2(0.3, 0.1, 0.9
Total 89,7 (88.3, 101.0, 80.0) 86.2 (87.2, 82.6, 88.%)

Fascos Day 1 0.1¢0.0, 0.1, 0.3) -
2 0.2(0.2, 0.1, 0.3 -
3 0.1(0.2, 0.0, 0.0y -
4 0.0 (0.0, 0.9, 0,0) -

Tml 004 (0.4. 0.3. 0.4) -

Cago washings 0.2 (0.3, 0.0, 0.3 3.3 4.1, 3.0, 2.7

14
gﬁm: $1. 3 (8¢6.0, 101.4, 80.8) 89. 6 (91. 3, 85.6, 91.86)



Table 3:2 The Metsholitos of [}4C]-p-Hydroxyamphetamine in Rat Urine

Dose - see Table 311,

dose. Individual values are in parenthesss,

Motaholite

p-Hydroxyamphetamins

p~-Hydroxynorsephedrine
p-Hydroxybanzole aold

Total metabolites

Total 34C in urine

free
total

total

total

o of 14¢ dose

32 (35, 91, 30)
82 (80, 91, 74)

43,5 4

14,1, 1

87 (B4, £7, 79

88 (85, 100, 79)

Male

80 (80, 77, 82)
81 (81, 78, 82

11,1, 1)

23,2, 9

84 (85, 81, 86)

84 (85, 81, 86)

70

The urine analysed was that exoreted in the first 24 h
after dosing. Values given ars the moan of 3 animals, oxpressed as & % of the
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T-Hle 2:3 The Elimination of MC by Female Guinea Plgs after Administration

of [MC}-g—Hydraxyampbetamina Hydrochloride

[14c]-g-ﬂydrouyampbatamim hydrochloride (15 mg/kg; ¢ nCl/kg) was
administered to guloea piga i.p. Values given are % of 14¢ dose excreted In
urine expressed as tho moan of 3 animals, individual figures are in parentheses.

. of 14(’3 doso

Urina Day 1 8.5 (£1. ¢, 84.4, $2.3)
2 2.3(2.3, 2.4, 2.0)
3 1.1{1.0, 1.8, 0.3)

Total ¢ ¢2. ¢ (95. 2, 88,7, £4.7)



Table 3:4 The Motabolito: of {Mﬂl—gyﬁydroxyamphetamme in Guinea Pig Urine

Dose - see Table 3:3. The urine analysed was that excreted in the first
24 h after dosing. Values given are the mean of 3 animals, expressed as a %

of the dose, Individual values arc in parentheses.

Motabolite

p-Hydroxyamphetamine freo
total

p-Bydroxynorephedrine frse
total

p-Hydroxybensole acid frea
total

Total motabolites

Total 24C 1n urine

T of 146 dose

8 (7, 14, 4)
84 (88, 7¢, 86)

2(1,1,9
3@, 3,3

<1 {1, <1, <)
21,1, 3

8Y (61, 83, 51)

90 (02, 84, 62)



Table 3:5 The Elimination of 14C by Human Subjects after Administration of
(14C}-p-Hydroxyamphetamine Hydvochloride

Two male subjects recveived [“Ckg-hydrmamphmamma hydrochloride
(30 mg, 5 pCi) orally, and a singlo subject received 2 mg, 2 #Ci intravenously.
Values glven are the % of ¢ gose exeroted,

14

Sof C dose

Oral v,

Subject A B C
Urine Day 1 $1.6 3.1 63.8
2 i 2.6 5.6
3 1.4 1.6 3.1
4 - - 1- g
b - - 0.7
Total 98.7 6.7 75.0

Fasces Day 1 - - -
3 - - 0.4
3 - - o. 3

4 - - -

5 - -
Tm - - 0¢ 7

Total MC . 6.7 6.7 75.7
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Table 3:6 The Metabolites of (14C]-p-Hydroxyamphetamine in Human Urine

Dose - sse Table 3:5. The urine analysed was that exereted in the f{irst
24 b after dosing. Values glven are oxpressed as a @ of the dose,

Y of 1‘(’ doso

Metabolite Oral v
Subject. .. A B C
p-Hydroxyamphetamine free 10 13 23
total 86 84 56
p-Hydroxynorephedrine free 2 3 3
total é

p-Hydroxybenzoic acld total n.d. o.d, a.d.
Total Metabolites 8¢ 88 62

Total 14C in urine 62 ¢3 64
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although the total recovery of 14C from the urine was only 75%, the bulk of this
appeared in the 0~24 b urine, smalier amounts belug excretad on days 2-5. Little
fagoal oxoretion occurred after either route of administration.

Identifjoation and quantitation of meiabolites showed that after oral
admintstration this compound is exoreted largely as its sulphate conjugate (75%)
with 10% being excreted free (Table 3:6). Following intravenous injection
approximately half the [14C}-p-hydroxyamphetamine was conjugated (again with
sulphuric acid) and half eliminatad in tho urine unchanged.

p-Hydroxynorephedrine was identifled in both studies as a minor metabolite,
4% and 6% after oral and intravenous routes of administration respoctively. Ne
acidic maetabolites were idantiffed.

Discuasion

In contrast to the considerablo species variations in the metabolism of
amphetamine. (Dring, Smith & Willlams, 1870), p-hydroxyamphetamine was found
to undergo little blotransformation in the three species oxamined. A summary of
the metabolio pathways of this drug is given fn Fig. 3:£.. Amphotamine is open
to metabolie attnck on the aromatic ring and on the side-chain, and it is in the
relative extent of metabolism at these two aites that species differences axre moast
apparent, In the case of p-hydroxyamphotamine, however, the presence of the
hydroxyl group in the 4'-position of the benzene ring appoars to provent, with the
exception of conjugation, further biotransformation ocourring at this site, in
addition to which the OH moeity, by rendoring the compound more polar will tend
to promote rapld urinary exorstion of the drug. Urise radioactivity showed that
507 of the dose was yecovered within 12 h.

The guinea pig and female rat form glucuronic acid conjugates of p-hydroxy-

amphetamine, the former to a greater oxtent, which agrees with the {n vitro data
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of Dingell et al. (1674). Man, howover, conjugates the drug with sulphate, and
thia ocours to a greater extent after oral adminietration than after i.v. dosage,
which raises the question as to the sito of this conjugation reaction. From the
current data i 1s not possible to state whether sulphate oonjugation of p-hydroxy-

a mphetamine occours predominantly in the liver, as opposzed to the bowel wall where
sulphate conjugation may occur (Dollery, Davies & Conolly, 1671).

One remarkable foature of the present study was the spparent sex difference
in p-hydroxyamphetamine conjugation seen in rats. Female animals comjugated
the compound to a signiftcant extent with glucuronie actd, wherens in males little
confugation occurred. Dingell ot al. (1574) reported a sex difference In the ability
of liver microsomal proparations from Wistar rats to canjugate p-hydroxyamphetamine
with glucuronie acld, in that female animals conjugated the compound more
effectively than males. Thie is unusual, as when sex differences in glucuronide
formation ocour, males show highor actlvity than females (Dutton, 1071). Indeed
in general, where gex differences in metabolism oocur in the rat, the male
metabolises to a greater extent than the fernale (Duiton, 1671) which contrasts with
the obsarvations presented hore.

Side chain hydraxylation

All apecieg under investigation g-hydroxylated p-hydroxyamphetamine
resulting in the formation of p-hydroxynorephedrine, but only to a minor extont.
This reaction has been shown to ocour both in vitro and in vivo and involves
dopamine-f-hydroxylase, a copper-containing enzyme reaponsible for the formation
of noradrenaline from dopamine which 12 not normally involved in tha biotrans-
formation of drugs,

Levin and Kaufman (1661) demonstrated that dopamine-8-hydroxylase was

not gpecific for the convorston of dopamine to noradrensline, and ke these authors,
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both Goldstein and Contrera (1£62) and Croveliug ef al. (1662) confirmed that
many substituted phenylethyl and phanyllsepropy{ amines werae substrates for
this enzyme when tested in vitro.

Goldstein, McKereghan and Lauber (1564) shoved that enzymic f-hydroxyl-
ation was stereosgpecific, in that only the {+)-1somers of optically active
substrates were hydroxylated. The in vivo demonstration of the formation of
p-hydroxynorephedrine from p-hydroxyamphetsmine has been roported in rat
heart (Goldstein & Anagnoste, 1665) and brain (Lewander, 1571b). Further in
vivo studies conflirm that this reaction also occurs in mao (Sjoerdsma & von
Studnitz, 1£83; Cavanzugh, Griffith & Oates, 1970).

The subcellular locallsation of dopamine-g3-hydroxylase appears to be
rastricted to the catecholamine storage particles of the adrenal medulla and
sympathetic nerves (Kirshnor, 19$57; S‘tj&me, 1166) Immunofiuorescence
studies of Goldsteln st al. (16£74) confirm tho widespread distribution of dopamine-
f-hydroxylase in brain, the highest concentration being found ip the cell bodies
of the locus ceruleus.

The finding of this enzyme in plasma has bees confirmed and quantitated
by both chemical (Nagatsu & Udenfriend, 1£72) and radiolmmunoassay techniques
(Push & Geffen, 1£72) and should prove a useful measure of peripheral sympathetic
activity, since dopamine-g-hydroxylase is released from the neuronal vesicles
jnto the extraneurcn:al space together with noradrenalive. Preliminary reports
suggest that ib some diseasc states, for cxample essential hyportansion and
hypertsnsion secondary to phasochromocytoma, levels of dopamine~3-hydroxylase
in plasma are raisced, perbaps a refloction of increased sympathetic activity

(Schanborg st al. 1974).
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Evidence bas acoumulated that p-hydroxynorephedrine is formed from
p-bydroxyamphetamine within the noradrenergic storage granules. The former
corapound cnn be taken up by sympathetic nerve endings (Carlsson & Waldeck,

1564) and released on nerve stimulation,according to Thoenan ot al. (1£66),

who gave amphetamine to eats and demonstrated the reloase of p-hydroxynorephedrine
from the aploen on cleotrical stimulation of the sympathetic nerves to this organ.
This compound, therefore, fulfils the criteria proposed by Kopin (1568) for false
transmitter function, and the production of this metabolite from both amphetamine
(Dring, Smith & Willlams, 1970; Caldwell, Dring & Willlams, 1£72b) and
p-hydroxyamphetamine may ba related to tha tolorance seen with repeated exposure
to thase drogs (sae ot er chaptors).

The pharmacologieal affects of p-hydroxyamphetamine as a sympathomimetic
amine, with potential therapeutic value as a pressor agent, were reported by Abbott
and Henry, 19837; Altschule and Iglawer, 1¢40; Iglauer and Molle, 1£43; Korns
and Randall, 1938, and others. The pharmacologieal actions of the phenylethyl and
phenylizopropyl amines are dependent upon an aromatic nucleus separated by two
carbon atoms from an amino group. Hydroxylation of the ring in the 3 or 4 pesition
appears to colneide with loss of CNS stimulant action, but enhancement of the
periphoral sympathomimetic effects (Barger & Dale, 1510). It was presumably
for this reason that p-hydroxyamphotamine <was first investigated. However,

Thler and YWaokorlin (1£53), noting Wastl's observations ten years previously,
commented upon the possible therapeuiie action of this compound ag a hypotensive
agent, followlng their work on experimental renal hyportension in dogs, Gill, Maaon
and Bartter (1967) adminlstored p-hydroxyamphatamine over 2 prolenged period

to normotensive human subjects and observed lmpairment of aympathsetic nerve

function 2 evidenced by postural hypotension. Those authors implicated p-hydroxy-
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norephedrine as 2 cause of the sympathetic blockade. In support of this,
Fangno ot al. (1673) bave reported the antihypertensivo effect of p-hydroxy-
porephedrine in humanp subjocts.

It s postulated tharefore that p-hydroxynorephadrine could accumulate
in tissuea,as it 1s not a substrate for monoamine oxidase or catechol~C-methyl
transforase would be released on nerve stimulation and, since this compound is
a leas effective neurotranamittor than noradrenaline (Brodie, Cho & Gessa, 1670),
would impatr noradrenorgic function. Indecd these authors demonstrated that the
administration of amphetamine led to the formation of p-hydroxynorephedrine,
in tissues, in quantities that were stolchometrically related to the noradrenaline
deficit.

Although in the current studles presented here less than 5™ of the administered
prhydroxyamphetamine is recovered from urine ag p-hydroxyonorepbedrine in the
first 24 h after dosage, these values may not truly represent the tissue sftoation,
For tho reasons outlined above p-hydroxynorephedrine would only bo relessed
slowly from the noradrenergic granules into the extransuronal space as a
consequence of nerve stimulation, Lewandor (1971b) reported that the hall ltfe
(T}) of p-hydroxynorephedrine In brain following p-hydroxyamphetamine
administration was 22 hours. This obgervation taken in conjunction with those
of Rangno et al. (1873),who showed that the urlnary excretion of this compound
aftar oral adminlstration was biexponential, with first and second phase half Hves
of 13 aad 55 b respactively, suggost that tissue stores of p-hydroxynorephedrine may
be considerably greater than ono might Infor from the percentage excretion of this

metabolite in urine.



Dxidative deamination of sidechain

Very small quantitites of acid motabolites were identified in the urines of
rat and guinea pigs and in man none were detectad. A discussion of the current
controversy concerning the mechanism by which amphetamines are deaminated
is provided in Chapter 1, and there would appear to be little reason to doubt that
p-hydroxyamphatamine undergoes oxidative degradation of ths side chainto a

vory Umited extent by the same routes.
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CHAPTER FOUR

THE METABOLISM OF AMPHETAMIN: IN AMPHETAMINE

TOLERANT HUMAN SUBJECTS AND CHRONICALLY DOSED
GUINEA PIGS
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Chapter Four The Metabolism of Amphetamine in Amphetamine Toberant Human

A)

B)

Subjects and Chronically Dosed Guinea Pigs

The Metabolism of Amphetamine in Tolerant Human Subjects

Introduction
Identification of Metabolites
Results

Discussion

The Metabolism of Amphetamine in the Guinea Pig Chronically
Dosed with Amphetamine

Introduction
Identification of Metabolites
Results

Discussion

Page

888z

2
03
23
03



84

A) The Metabolism of Amphstamine in Tolorant Human Subjeots
Introduotion

The metabolism of amphetamine - in drug naive subjecta hes: been previcusly
reported (Dring, Smith & Willlams, 1570; Caldwell, Dring & Willlams, 1972b).
The purpose of the current study was to determine whether, on prolonged and
repoated dosage of amphetamines, there was any altaration in the biotransformation
of this drug as determined from the urinary excretton of fres drug and its metabolites,
Sfuce it appears that p-hydroxynorephedrine can act as a false neurotransmitior at
soradrenergic nerve endings in the peripheral sympathetic nervous system and
brain (Gill, Mason & Bartter, 1967; Cavanaugh, Griffith & Oates, 1970) and thus
may be implieated in the development of tolerance to certain effects of
amphetamine, it was of interest to determine the urinary output of norephodrines
in amphetamine dependent subjects.

It was thm@xt inftially. that obtaining volunteers for such a study would
present no grest problem, but contrary to expectations, considerable difficulty
was encountered, Firstly, drug abusers tend to be unrelinble subjects and their
full cooperation with investigators is frequently lacking. Secondly, the pattern
of drug sbuse in tha U, K. 13 changing, in all probability as a reault of the current
drive against the presoription of amphetamines by medieal practitioners, and few
drug dependenoy centres treat amphetamine ‘addicts'. Finally, the polypharmacy
to which drug sbusers subject themselves makes single drug studies more difficult.

The two subjects who volunteored for this study were housewives aged 46 and
51 years. They had been taking (+)-amphetamine regularly for at least 10 years

and for the year prior to this study had been taking between 76 and 100 mg of
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Dexedrine ((+)-amphetamine sulphate; Smith, Kline & French) dailly. Both subjects
denied abuse of any other drugs and an examination of their urine (Guy's Hospital
Poizon Centre) showed only amphetamine and no other drug to be present.

The patients were admitted to a hogpital ward for 48 hours during which time
they were under constant observation. A routine medical examination, hepatio
and renal funotion tests wers found to be within normal limits.

Each subject was given 2 mg of (+)-[*4C}]-amphotamine sulphate (8 1Cl) orally
in & samall volume of water together with their regular dafly dose (50 mg in divided
Ma) of unlshelled Dexedrine, which was edministored orally when requosted,

The 14C-1shel tn this study was sited on the S-carbon atom of the side chain
enabling {dentificetion of metabolites formed either by substitution in the aromatic
ring or by side chair degradation. Urine was collected for 48 hours,

iflcatton of olites

Radiochromatograms of the urine (1 ml) in solvent A showsd two major
peaks of Ry 0, 54 and 0. 82 which correspond to amphetamine and hippuric acid,
respectively, and two minor peaks of Ry, 0.21-0. 38 and 0. 39 which corresponded
in order to p-hydroxynorephedrine and p-hydroxyamphetamine (not resolved) and
norephedrine (Fig. 4:1). A small peak at the origin was seen on some chromato-
grams and was eonsidered to be conjugates of the phenolic metabolites, This very
small peak was not found after the urine had been incubated with the arylsulphatase
preparation, but persisted after treatment with g-glucuronidase (Ketodase),
suggosting that this peak contained sulphate eaters. The other paaks were not
affacted by these enzyme preparations. The identity of the major urinary metaholites
was copfirmed using solvent D, in which two penka of Ry 0, 24 and 0, 87 were found,
corresponding to hippuric acid and amphetamine respactively. The minor peaks
observed with solvent A were not apparent in golvent D,

Confirmation and quantitation of metabolites by reverse isotope dilution was
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Fig. 4:1
Histogram prepared from radiochromatogram of 0-24 h human urine after

(+)-[14C)-amphetamine sulphate (2 mg; 5 #Ch orally, in Solvent A,

3F = Solvent front
PHN = p-Hydroxynorephedrine
PHA p-Hydroxyamphatamine
NE = Norephedrine
AMP =~ Amphetamine
HIP - Hippuric acid
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performed for amphetaming, hippuric acld, norephedrine, p-hydroxyamphotamine
and p-hydroxynorephedrine,
Results

Quantitative data for the two tolerant subjects are shown in Table 411, The
urinary excretion of 14C, 85% of the dose in subject R.F. and 74% in E. L. In
two days, is stmilar to that found for the naive subjects C and D, .. 81 and 88%
( taken from Caldwell, Dring & Williams, 1872b). Regarding the metabolites, the
two tolerant subjects excreted in 24 houra rather more wnchanged amphatamine (30
and 28%) than the nalve subjects (18 and 20%) and corvespondingly loss hippuric
acid, that 15 16 and 13% compared with 26% and 27%. The norephodrine output
(4.1 and 2.9%) in the dependent subjects was slightly more than that of the natve
subjects (2, 2 and 2. 6%) and this appearod to be also the case with p-hydroxynorephedrine
(1.6 and 1,1% compared with 0.3 and 0.4%), The output of p-hydroxyamphetamine was
essentially the same in the tolerant subjects (1.1 and 2, 4%) as in the natve subjects
(2.4 and 4.4%).
Discussicn

In comparing the quantitative results for the dependent subjecta with the naive
gubjocts, it musat be bormne in mind that the former were recolving the (+)-isomer
of amphetamine at about five timea the dose level that the Intter were receiving
(H-amphetamine. Any difforences between the two types of subjecis could therefore
be due to differences in the doge level ard the isomer administered. The faot that
the dependent subjects were women and the najve subjects were men 15 assumed to be
of no significance, In general, it can be aatd that the gross pattern of metabolism
of amphetamine {s quantitatively and qualitatively similar in the tolerant and
nalve subjects,

The pH of the 0-24 h urines for the subjects under study is recorded in Table
4:1. Drug natve subjects wers producing urine of alightly greater acidity (pH 6.5



Tsble 4:1.  The Urinary Excretion of {14C]-Amphetamine JMetabolites

The dependent subjects R.F. and E. L. recoived orally 2 mg of {14C}-(+)-amphetamine (5 #Ci) together with the datly dose of 50 mg
of Dexedrine as described in the text. The metabolites were determined by radiechromatogram scanning and for Day 1 also by raverse
isotope ditetion. The values for nalve subjects C and D given 20 mg of [14C}-(+)~amphetamine orally are quoted from Caldwell, Dring
and Williame (1872h) for comparison.

% of dogse excreted as metabolites

Dependent subjects Naive subjects
R.F. E.L c 3
Day.. 1 2 Total 1 2 Total 1 2 Total 1 2 Total
Ampbetamine 20.6 14.1 43.7 28.3 11.6 3%.¢ 8.0 - - 200 - -
Norephodrine 41 1.8 6.¢ & 1.5 4.4 2.2 - - 2.6 =~ -
Hippuric acid 16.2 9.4 256 13.0 7.5 20.5 28,2 - - 2.1 - -
p-Hydroxyamphetamine (total) 1.1 ¥ 1 2.4 * 2.4 2.4 - - 1.4 - -
p-Hydroxynorephedrine (total) 1.6 * 16 .1 Y g 0.3 - - 0.4 - -
Benzyl methyl ketona - - - - - - 0.¢ - - 1.7 - -
Total of sbove metabolites 52.6 25.3 T1.% 471.7 20.6 68.3 520 - - 56.8 - -
14¢ in urine 60.5 24.8 86.3 511 22,7 73.8 56,1 24.5 81.4 63.6 21.1 84,7

¥ = pot detectable by radicchromatogram scanning.
The pH of the urine (Day 1) for the naive subjects C and D was 6. 5 and 8.7 respectively, and for the dependent subjects R. F. and E. L.

was 7.5 and 7.0 respectively.

- = not determined



and 6. 7) than the dependent subjocts (pH 7.5 and 7.06). The tmportance of
mintmising fluctuations in urine pH has baen stressed by Beckett and Rowland
(18685). These authors point out that under normal conditions, the ratio of
metabolite to unchanged drug in the urine varies grestly with the diurnal changes
in urine pH, and that under conditions of acidic urine production, greater
proportions of the free unmetabolised drug are excreted. Such varfations

are most evident when the excretion of N-substituted amphetamines {s compared
with thelir dealkylated metabolite, Howazver, Anggard et al, (1873) report that
{ollowing the administration of amphetamine to human subjecta, when the urine
is rendered acidiec by giving ammonium chloride orally, the exoreotion of
unchanged amphetamine increases, with a concomitant diminution in the exerction
of metabolites.

In the curront study there is a slight difference in the pH of the urine
excretad by the four subjects. However, since the dependent subjects are
exoreting more unchanged drug, and it is in these two pationts that the urines
ara more alkaline, it {s not possible to account for the alteration in the pattern of
excretion of amphetamine and metabolites on the basis of variations in urine pH.

Both types of subjects ara excreting small quantitios of norephedrines and
it would appear that the tolerant subjects are excrating in 24 hours more
norephedrine (3-4%) and p-hydroxynorephedrine (1-1.87) than the r~ive subjects
(2. 2~2.6 and 0, 3-0. 4% respectively). However, this could be axplained by the
fact that, according to Goldstein and Anagnoste (1865), only (+)-amphetamine is
8 substrate for dopamine-S-hydroxylase snd since the naive subjects were
glven (+)-amphetamine one might expect lass S-hydroxylation.

It has been stated that tolerance to amphetamines may ocour through the

replacoment of noradrenaline at sympathetic narve endings by p~hydroxy-

90
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norephedrine which could act as a falso reurotransmitter. With chronic
administration of amphetamine, p-hydroxynorephedrine formed metabolically
could be responsible for the porsistent noradrenaline depletion in both the

central and peripheral nervous systems (Brodie, Cho & Gessa, 1870;

Lewander, 15713). In Chapter 3 evidence was quoted for p-hydroxynorephedrine
being taken up by sympathoetic nerve endings (Carlsson & Waldeck, 1£64) and
veloased on nerve stimulation (Thoenen ot al., 1466) thus fulfilling the oriteria
for a falsa nourotransmitter.

In view of tho biological implicationa of false transmitters in tolerance, the
possibility that these compounds might be formed in increasod quantities in
amphetamine tolerant subjects was investigated. The rosults obtained here
appear to confirm the work of Gunne et al. , (1872) in that the excretion of
unchanged amphetamine {3 greater in tho toleront state in man, Mitchard et al.,
(1£71) have stated that the kinotic parametors of amphetamine in a tolerant man
were ossontially the same as those found in nalve subjocts and cur results for
total motabolism appear to support this.

The amounts of metabolites in the urine may not be truly roprosentative
of thelr tissue levels. Although p~hydroxynorephedrine has been found only in
gmall amounts (ahout 1% of the dose) in ths urire of both dependont and natve
subjects, the former, recoiving 100 mg/day of anphetamine, are excreting much
more of this metabolite in absolute terms than the latter who receivad one dose
of 20 mg. The i‘arm#tlm of greater amounts of p~hydroxynorephedrine in these
subjocts may thus pesult in itmaccumulation, leading to the production of tolerance

in the way outlined above.



B) Metabolism of Amphetamine in the Guinea Pig Chronically Dosed with

+)-A gtamine

According to Dring, Smith and Williams (1870) and Lewander (1871¢),

{(+)~ampheatamine 18 not metabolised by ring hydroxylation in the guinaa pig.

In this species tha major metabolic pathway 15 side chain degradation to

benzole acld, which is excroted in the urine both fros and as its glyoine and
glucuronic acid conjugates (total 62%). A lesser fraction of the doss is exereted
as unchanged drug (22%), The figures given ara those reported by Dring, Smith
and Williams (1$70) and were determined by radtochromatogram scanning. Thoy
ropresent tha fraction of a dose of [1403-(+)—ﬁmphatamlna sulphate (5 mg/kg)

as oach metabolite excreted in the urine {rom 0-24 h aftsr dosing.

With this {nformatior, mnd acting upon the premise that tolerance to
amphetamines 18 related to the production of p-hydroxyaorephadrine, it was
suggested that tolerance should not develop in the gutnea pig, if this specles was
chronfeally dosed with amphetamine., A full discussion of this work is presented
in Chapter 8, but it wag deemed nocesaary at the conclusion of the axperimant
to detormine whether or not any alteration in metabolism had cccurred with
repaatad dogsge, and more spaoifically, whether aromatic hydroxylation had
heen induced with the subsoquont formation of p-hydroxynorephedrine,

Identification of Motabolites

Urine samples (2 ml) were avaporated to drxyneas in vacuo at 40°C, oxiracted
with ethanol (3 x 10 ml) to remove s2lts, and the sthanol removed on the rotary
evaf)omtor. The reosidue was taken up {o a2 small volume of methanol (0. 5 mt)
and chromatographed in solvents A and D.  Additional samplas of urine (2 ml)
were ‘{rst subjected to enzymic bydrolysis with g-glucuronidase and then treated

in the momner deseribad above.,  On oall chromatograms b solvent A two mujor
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peaks (Ry 0.55 and 0. £3) were present, corresponding to amphstamine and bensoic
acid respectively. n some chromatograins the major peak rumning near the
solvent front comld be split into two components (Ry 0. 84, 0. ¢T) suggesting that
this peak represented both hippuric and benzole ucids (Fig. 4:2). Priorto
hydrolysis minor peaks (Ry 0. 41 and 0. 80) were identified, the former
corresponding to noraphedrine and the latter, which disappeared on hydrolysis, to
benzoyl glucuronide. In solvent D, three major pesks were present (Ry 0. 88,
0.42 and 0, 27) corresponding to amphetamine, benzole acid and hippuric actd
respectively. Smaller pezks Ry 0.80 and 0. 0-0. 2) were prescnt on some
chromatograms, and corresponded to norephedrine and benzoyl glucuronide
respectively. The latter peak was not identified when hydrolysed urine samples
were chromategraphed.

Reverse isotope dilution procedures were carried out for the hydroxylated
metabolites, norephedrine and p-hydroxynorephedrine.
Results

The excretion of 14C In the 0-24 h urine following dosage is shown for drug
‘tolerant' and naive animals in Table 4:2. The former group excretod slightly
less (58%) than the latter group (86%) during this period. Quantitative data
for the excretion of metabolites in the guinea pigs chronically dosed with the druyg
show no appreciable difference when compared with the saline pretreated
animals. The tolerunt and natve anlmals excrete amphetamine (26 and 304
reaspectively) and benzole acld (17 and 21% respectively). Both groups of antmals
excrete small amounts of norephsdrine (1-2%) and p-bydroxynorephedrine ( 1%).
Discussion

Comparison of the total urine radioactivity excreted by the animsls in the progent

study {55-66% with that reported by Dring, Smith and Willlams (1£70), who
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Upper chromatogram  + solvent A
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Tible 4:2 The Elimination of 14C and Mstabolites of (14C}(+)-Amphetamine
Sulphate in Guinea Pig Urine

[“CHﬂ-Amphetamino sulphate (20 mg/kg, 2 #Cl) was administored to guinea
pigs, t.p. Group A had rocelved unlabelled (+)-amphetamine sulphate (20 mg/kg
1. p. twice daily) for ¢ days prior to this study. Group C had received saline
(0.8 ml i.p. twice daily) for a2 similar pertiod.

Moann values given are % of 14C dose in 0-24 h urine and the % of dose

excroted as metabolites in this period. Individual values are givem in parentheses.

%.of *C dose
Growp & Group C
Amphetamitie 26 (16, 37, 35) 30 (23, 3%, 38)
Benzole acid (total) 17 (17, 19, 16) 21 (g6, 11, 27)
* Norephadrine 1.5 (1.1, 1.0, 2.4) 2.02.2, 1.7, 2.9
*p-Hydroxynorephedrine 0.5 (0.5, 0.5, 0.4) 0.7 (0.8, 0.3, 1.1)
total)
Total metabolites 45 (35, 48, 54) 54 (52, 52, 58)
Total 14C in urine 55 (46, 55, 63) 66 (70, 5¢, 87)
Urine pH §.0(9.2, 5.0, 8.9) £.0 (£.0, 8.1, £.0)

* Determined by reverse isctope dilution
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recovered 83% of 2 dose of § mg/kg 1.p. of 14C}-(+)-amphetamine sulphate
in the urine within 24 hours, shows a discrepancy which requires explanation,
Lewsnder (16719 recovered 467 of a dose of [14C}~(+)-amphetamine sulphate
(20 mg/kg 1. p.) from the urine of guinea pigs in 16 hours after dosing and these
resulis are in greater accord with those presented hers. There are two
possible explanations for the lower recoveries in the current experiment, namely
that either thebe result from an alteration in the exvoretion rate with change in dose,
or alternatively, as discussed previously, differences in urine pH between the groups
of animals may contribute to variations in the renal elimination rate of amphetamine
(Beckett & Rowland, 1965). In the study of Dring, Smith and Willlama, (1670)
the urine of a group of three animals had a pH of €, but by contrast, in Lewander's
stody, the urine pH varied from 7.8~-8.5, and fn the presest report, urine pH
varied from 8,6-6.2, It would appear, therefore, that under these concitions
of alkaline urine pH, the excretion of amphetamine and metabolites 1s diminished.
Aasuming this to be so, why should there be such variation in urine pH within a
species treated with the same drug? The more alkaline urine pH values are
recorded from animals receiving a higher dose (20 mg/kg) of amphetamine, and at
this dose considerable elavations in body tempersture ocour (ca. 2°C: compared
with ca, 1°C) at a dose of 5 mg/kg (See Chapter 8), At the higher dose (and
higher temperature) the stimulus to respiration is considerable, and it could be
suggested that such hyperventilation produces a reapiratory alkalosis. As a
result of this, a renal compensatory mechanism would tend to diminish the
tubular excretion of i+ ions with a concomitant increase in urine pH.

The formatien of the hydroxylated metabolites norephedrine and p-hydroxy-
norephedrine from (+)~amphetamine in the guinea pig has not previously been

reported. Aoccording to Dring, Smith and Willlams (1970) and Lewander (1671g)
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amphaetamine is metabolised fn this specles exclusively by side chain oxidative
deamination. Of the amphetamine analogues ouly Pondintl (N-3~chloropropyl
amphetamine) is metabolised by ring hydroxylation in the guinea pig (ses Willlams,
Coldwell & Dring, 19574). It should be noted however, that chromatographic
methods are not generally sufficiently sensitive to allow relizbls quantitation

of these metabolites, which represent o very small percentage of the dose,

#nd indeed such methods were used by the above authors, wheroans the currently
reported values for norephedrine and p-hydroxynorephedrine were determined

Ly revorse isotope dilution, a much more sensitive procedura.

‘The original premise upon which the current experimont was designed,
that s to compare and contrast the development of tolerance in two specles,
one of which produces the false transmitter metabolite of amphetamine and the
cther which does not, was to a certain extent nullified by the ldentification of
aromatic and side chain hydroxylated metabolites of amphetamine In the urino
of the guinea pig after hoth single and repesated doses.

Lewander's study (1671d) on the efiects of chronic amphetamine intoxication
on the tissuo concentration of noradrenaline shows that in rafs the reduction in
braip and heart noradrenaline by 40-707%, seemad to be dug partly Lo the presence
of amphetamine In the t1z3u0s and partly to the formation and incorporation of
p-hydroxynorephedrine into noradrenaline storage sites - the latter perhaps
accounting for the prolongad depletion (72-46 hours) obsexved in this specles.

In the guinea pig, however, the same author (1871¢) reported that although
the initial deplation of noradrenaline n tho tisaues (607) after similar doses
of amphetaming was of the samo order 28 in rats, noradrenaline lovels returned
almost to normal within 24 hours of the ast dose of amphetamine, and was related

in time to the disappearance of amphetamine from the tissues. It is inferred,
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therefore, thaot the preacnco of p-hydroxynorephedrine formed metabolieally
in the rat is respopsible for the prolonged depletion of norodrenaline in this
species (Costa & Groppettl, 1670).

In conclusion, it must be considered that eithor the identification of the
metabolite of amphetamine, p~hydroxynorephodrine, in the urine of both specles,
does not necessarily reflect the tissue situation, since Lewander (1071g,0)
identified this metabolite only In the brain of rats and not in guinea pigs, or that
the formation of the false transmitter metabolleslly s unrelated to the prolonged

tissue depletion of noradrenaline seen in rats,
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The Metaholism of (-)-Ephedrine in Man

Introduction

The metabolic fate of ephedrine hag baen determined in several species
{noluding rat (Axelrod, 1953; Bralet, Cohan & Valette, 1968; Nagnse, Baba &
Matsuda, 1967), rabbit (Axelrod, 19563; Matsude, Baba & Nagase, 1571), dog
and guinea pig (Axelrod, 1263) and pony (Nicholson, 1971). According to
Axelrod the biotransformation of (~)~ephedrine can occur via two metabolic
pathways, namely N-demethylation and ring hydroxylation. More recent studios
suggost that in certain species oxidative deamination of the side chain occours to
8 significant extent, as shown by the fdentification of 1, 2~-dihydroxy-1-phenyl-
propane as s urinary metabolite of both ephedrine in rabbit and pony (Matsuda,
Baba & Nagase, 1971; Nicholaon, 1$71) and norephedrine in the rabbit (S8insheimer,
Dring & Willlams, 1673). The axtent of metabolism of ephedrine by these pathways
shows considerable species varlation (Willlams, Caldwell & Dring, 1574). Thus
N-demethylation is the major pathway in the dog and guinea pig, but in the rat
ring hydroxylation is the main metabolic route (Table 1:1), which follows the same
species pattern seen in the metaboliam of other substituted 1-phenyl-2-amino-
propanes.

The presence of the §-hydroxyl group in the sphedrine molecule gives the
compound inoreased polarity, and this could account for the greater excretion of
unchanged drug when compared with its deoxy analogue, N-methylamphetamine,

Metabolism of ephedrine appears to be stereospecific, at least in the rat,
as reported by Nagase Baba and Matsuda (1867) who showed that only the (-)-
antipode underwent N-demethylation and ring hydroxylation. Bralet, Coben and
Valette (1968), however, who administered ephedrine as the racemate to rats

provided similar figures to those quoted by Nagase'"for ring bhydroxylation,
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Few reporta detafl the metabolism of ephedrine in man. Beckett and

Wilkingon (1965) using g. 1. ¢. showed that, in a single male volunteer, 76% of

" an oral dose of (-)}-ephedrine was excreted unchanged in the urine within 34 hours
and that 4% of the N-demethylated metabolite, norophodrine, was produced. These
authors in a latar communtcation (Wilkinson & Beckstt, 1568) demonstrated that the
urinary excretion of (-)-cphedrine was pH dependent and that the 24 hour urinary
axcretion of unchanged drug showed s two to five fold increase under conditions
of acld urino production when compared with alkaline urine formation, which again
emphasised the Important role that urinary pH plays in the kinetics of excretion
and motabolism of theaa basic compounds.

The current study was designed to investigate in furthar detatl the biotrans~
formation of a drug to which on repeated administration tolerance or tachyphylaxis
develops and which could be matabolised to the false transmitter metabolite,
p-hydroxynorephedrine. The drug was administered orally to three human volunteers.
No attempts were made to control the urinary pH throughout the experiment.
Idontification of uxinary metabolitas

Urine samples (50 ml) wera concentrated by freeze-drying to approximately
25% of thelr original volume and 1 ml was chromatographed in solvents A and D.

In both solvents a single major peak was found @Ry 0.4-0.5 and Rp 0, 85 respectively)
corrasponding to but failing to separats the amine metabolites ephedrine and
norephedrine (Fig. 5:1). In solvent A a small peak R 0. 75 suggested the

prasgence of acidic metabolites, howsver, positive {dentification in this solvent was
not poaaible,

For further chromatographic {dantifteation of metabolites, urine samplas
(10-50 ml) were sublected to extraction procedures under alkaline or acidle

conditions, Thus, urinzg (10 ml) was adjustod to pH 12 witk 2M NaH, saturated
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Fig, 5:1
Histogram prepared from radiochromatogram of human 0-24 h urine after
--f4cl-e ochloride (0. 35 1.6 uCi) or in solvent A.
op = Origin
sy =~  Solvent front
E = Ephedrine
NE =  Norephedrine

ACID = Acid metabolites
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with NaCl and extraoted with ether (3 x 15 ml). The ethereal phase was dried
over Na,50, and re-extracted with zg HC1 (2 ml). Tho agqueous phase was
avaporated to dryness in vacuo at 40°C and the restdue taken up in 0.5 ml

athanol, a fraction of which (0. 3 ml) wns chromatographed in solvent E (Flg. 5:2).
In this solvent two major peaks were {dentifled having Ry 0. 30 and 0. 52,
corresponding to norephedrine and ephedrine respectively. On some chromato-
grams o small peak (Rp 0. 70) was identified, which disappeared when the above
procedure was carried out following preliminary extraction of urine at acid pH,
and which sorresponded to the reference compound 1, 2-dihydroxy -1 -phenylpropane.

Samplea of urine (60 ml) were initially hydrolysed with an aryl sulphatase
preparation (containing 8- gluouronidase), adjusted to pH 2 with ﬁg HCL,
saturated with NaCl, and extracted with ethyl acetate (3 x 40 ml). After
evaporation of the organic phase to dryness in vacuo at 40°C, tho residde was taken
up in methanol (0.5 m!) and an alfquot (0. 1-0. 2 ml) chromatographed in solvents
F and G. In solvent systeam G, a peak (Rp 0. 85) corresponded to authentic
1,2-dibhydroxy-1-phenylpropane, and a second broader peak (Rp 0.47-0. 68)
propably reprosented both hippuric and benrolo aclds. (Fig. 5:3).

Roverse isotops dilution proceduras were carried out in certain cases for
ephedrine, norephedrine, bengole actd, hippurie acid, 1, 2-dihydroxy-1-phenyl-
propane and p-hydroxynorephadrine.

Rewults.

The exoretion of 14C following the adminstration of (-)~{1#C}-cphedrine
hydrochloride orally to 3 malo subjects is shown in Table §:1. Of the dose,
$6-98% was exorsted in the urine within 48 hours and most of this appeared in the
firct 24 hours (84-:1%). The bulk of the radioactivity consisted of unchanged
ephedrine (53-74%) and {ta N-demethylated metabolite, norephedrine (8-207)

(Table 6:2). Oxidative deamination of the side chain occurred to a varlable
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Table 8:1 The Elimination of 14C by Human Subjects after Administration of
4-4 irine hl

(<)-34C}-Ephedrine hydrochloride (0.35 mg/kg; 1.6 uCi per subject) was
dissolved in 2 amall volume of water and administered to human subjects orally.
Values given are % of 14C dose in urine expressed as the mean of 3 subjects,
Individual figures in parentheses,

% of 3¢ dose
Urine Day 1 8.0 (86.9, 83,8, 51.9)
Urine Day 2 8.7 (7.5, 12.3, 6.3)

Total 14C exoreted 96,7 (6.4, 96,1, §7.6)
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Dose see T:zble 5:1. ' The urine analysed was that axcreted in the first 24 hours
after doeing, Values given are expreased as a % of the dose end are the mesn of
3 subjeots, ‘with individual valussg in parentheses.

Motabolite

Ephedrine

Norephadrine

Ring hydroxylated metabolites
Rippuric acld

Benzolc acld
1,2-Dihydroxy-1-phenylpropane
Other acidic metabolites

Total metabolites
Total 14¢ fn urine

n.d. = not detacted,

% of 14, dose
61.3 (74. 2, 56.4, 53.3)
13.2 (7.7, 11.8, 20.1)
-~ {o.d., n.d., n.d.)
4.6 (2.8, 6.1, 4.8)
4.5)
8.8 (4.2 9.5 1.2)
7.0

L

83.4 (86,1, 77.2, 86.5)

88.0 (88,9, 83.8, 91.3)
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extent (4-13%) and excretory products identified were hippuric acid, benzoic
acid and 1;2-dihydroxy~1-phenylpropane. ther products of deamination,
including 1 -hydroxy-2-oxo-1-phenylpropane and 1, 2-dloxo-1-phenylpropane were
not detected. In addition, ring hydroxylated metabolites of ephedrine were not
detectad by chromstography and an isotope ditution procedure for p-hydroxy-
norephedrine in one subject confirmed the ahsence of this compound {n the urine,

The urine pH recorded for the 0-24 hour urine showad no variation between
the 3 subjects (pH 6. 5-6. 8).
Discussion

The definitive fate of ephedrine in man has not been previously reported.
The analytical method of Richter (1638) did not differentiste between ephedrine
and norephedrine, and in the study of Wilkingon and Beckett (1968) the only
metabolite determined was norephedrine., The extent of N-demsthylation quoted
by these authors appeared to be dependent upon urine pH, as in thelr study the
three subjects with alkaline arines (pH c¢. 8) excoreted 11-24% of the dose of (-)-
aphedrine as the metabolite norephodrine, which contrasted with the same subjeots, =
undor conditions of acid urine production (pH c; 8.0), in whom N-demethylation
only occurred to the extont of 3-10%. An cbservation not noted by the=e authors,
but based upon thelr figures was the twofold variation in the extent of N-demethyl-
ation, af the same urine pH, betwoon the different subjects. 'This obaservation {s
oconfirmed in the current study in which it 1s seen that at simtlar urine pH
values (6. 5-6, 8) for the three subjects, the extent of N~demethylation varies from
8 to 21‘% of tho dose. It should be pointad out that on 1o occasjon had any of the
volunteers in this study received ephedrine previously, eliminating therefore any
possibility of inereased drug metabolism resulting from repeated therapy. By
implication, these observations might account for interindividual variations in

the pharmacologlenl effects of ephedrine when this drug {s administered to man,
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ai}_)oe the N-demethylated metabolite, noraphedrine, has no contral stimulant
effeo;s (Goodman & Gllman, 1568).

“xddative deamination of the side chaln (4-13%) is greater than that found
with norephedrine (Sinsheimer, Dring & Willlams, 1573) and probably reflects
the increased lipid solubility of the ephedrine moleculs. The probable route of
this metabollc pathway is an extepsién of that suggested by Sinsheimer, Dring
and Willlams (1973) and is shown in Fig. 5:4, and the identification, in the present
stady, of the diol (1, 2-dihydroxy-1-phenylpropane) as a urinary metabolite of
aphedrine is in support of this proposal. However, other products of deamination,
namely the ketol (1-hydroxy-2-oxo-1-phenylpropane) and the dione (1, 2-dloxo-1-
phenylpropane), which, together with the diol, were found as mstabolites of
norephedrine in the rabbit (Sinsteimer, Dring & Willlams, 1573), were not
identified in this experiment.

The failure to {dentify phenolic metabolites by chromatographic methods and
more specificelly the fallure to identify p~-hydroxynorephedrine by reverse isotope
ditution procedures, 1s in striidog contrast to methamphetamine, the deromy analogue
of ephadrine which in man undergoes ring hydroxylation to the extent of 18% and ving
and side ohaln hydroxylation to form p-hydroxynorephedrine which Is excreted in
the urine (2% of dose) (Caldwell, Dring & Villlams, 1972a). It 18 probable that
gince methamphetamine is eighty times more lipid soluble than ephedrine the former
ie more susoceptible to t{ssue uptake and metaboliem (Willlams, Coldwell & Dring,
1674).

Ephedrine 18 2 mixed-acting sympathomimetic amine (Trendelenburg, 1963)
and exerts many of its effects by releasing noradrenaline from peripheral sympathetic
neurons, and, like amphetamine, it has a central stimulant action but less
pronounced (Goodman & Gliman, 1870).

In contrast to amphetamine, ephedrine has 2 direct stimulant effect st o and
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Fig. 5:4. Metabolism of (-)-Ephedrine
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B receptors and for this reason it is a useful therapeutio agent as a bronchodilator
and nasal decongestant (Goodmen & Gilman, 1670).

Acute tolerance or tachyphylaxis develops rapidly to the peripheral actions
of ephedrine oo repeated dosage, possibly as o result of the depletion of
noradrenaline storea (Goldstein, Aranow & Kalman, 1668). It seemed possible
that p-hydroxynorephedrine could be formed metabolically from ephedrine and
ba responsiblo not only for the deplstion of noradrenaline, but also for the
development of toleranca. The faflure to identify p-hydroxynorephodrine in
this study would suggost that this compound s not involved as a false transmitter
in the acquisition of tolerzuoe to ephedrine.
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JIntroduction
Drug Tolerance

The original term addiction has heen largely superceded Hy the terms
‘tolerance' and ependonce'. The Importance of these two phenomens has been
stressed in relstion to the biological effects of many psychoactive drugs, certain
of which may induce both toleranoe and dependence, whereas others apparently
induce tolerance alone.

It is woll established that regular drinkers are able to tolorite larger amounts
of «leohol on ropested exposure, or alternatively, that the hoavy drinker requires
progrezsively larger guantities of alcohol in order to produce the change in feelings
and behaviour which bag previously been experienced with a lower dose. Deapendence,
however, s the production of dramatic withdrawal signs and symptoria on cessation
of drinking.

It 13 generally held that alcohol, barbiturates and opiates Induce dependence,
but there 1s certatn conflict as to whether amphstamines can produecs this phenomenou,
although tolerance indlsputably develops to aome of their pharmaoological effects,

The differonty connotations of the term 'tolerance’ are defined by Kalant,

Lo Blanc and Gibbins, (1671).

Initial or innate tolerance ia reflected by that amount of drug which 2 subject
requires on first oxposurs to it, to produce a designated degree of offect, Thiy
reflectz a diversity of hereditary and anvironmental factors which contribute to the
marked interindividual variations in drug response that may depand upon sex, specles,
age and dietary habits,

Acguired tolerance within the same individual results from repeated exposure
to a drug wsuch that an increased amount of drug is required to producs the same
degree of effect. Thisz may vary from one affect of a glven drug to another,

Acquired toleranoe, t0 which the term tolerance used in this thesis refars,

may be further subdivided into:
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Dispositional tolerance which develops as s result of an alteration in the
absorption, distribution, metabolism or exoretion of a drug, and which leads to a

reduction In the Intonsity and duration of contact between the drug and the target
tissue.

1 tol ce . which refers to the posaible changes or
adaptation in the properties and functions of the target tissue which render it less
semaitive to the same degree of exposure to the drug.

Distinction {3 made in the litersture betwecn acute and ghronie tolerance.
Undoubtably ‘aculle’ tolerance oan develop within the duration of u singie exposure
o a drug (vide infra) and can be temporally separated from ‘cbronic’ tolerance which
gradually develops with prolonged and repeated exposure. Mechanistically such &
distinction may be misleading and will be reforred to later in this chapter.

The following discussion outlines selected psychoactive (and abused) drugs and
the various mechanisms that have been proposed to explain tolerance.
Dispositional Tolerance

Studies on the absorption, distribution and excretion of many paychoactive
compounds including alcohol, amphetamines, barbiturates and oplates bave falled
to show any gross alteration with chronic exposure. Inthe case of aleochol there
{s even a suggestion that a slight enhancement of absorption oocurs with repeated
dosage, and probably results from an altered gastrointestinal motility preventing
the normal delay in gastric emptyilng, but there is no overall siguificant difference
in distribution or excretion (Kalant, Le Blanc & Gibbins, 1$71),

However, many drugs, most notably the barbiturates, have the ability to increase
their own metabolism on chronic exposure. The raie of athanol metabolism has beesn
shown to increase with repeated administration, but the mechanism of thie bas been the

subject of much conjecture. Although bypertrophy of the smooth endoplasmic
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reticulum occurs, assoclated with an Increase in several microsomal enzyme
activities (Kato, 1466) and an increase in cytochrome P4gq levels, the evidence
that a microsomsl enzyme aystem participates in the metabolism of ethanol is
equivocal.

“thexr mechanisms, howevar, must be involved in the acquisition of tokrance
to ethenol, for even assuming that enzyme induction inoreases the metabolic rate
threefold 1t is probable that this could only account for a slight reduction In the
maximal pharmacologleal effect, although the duration of action of the drug would,
undoubtedly, be shortened (Kalant, Le Blanc & Gibbips, 1$71).

Virtually all the barbiturates are enzyme inducers and of thase phenobarbitone
is the archetype and the tncreased rate of metabollam seen on prolonged administration
is of importance in explaining tolerance to these drugs (Conney, 1667). However,
according to Remmer (146%), whercus tolerance to the shorter acting barbiturates
appears to be medlated almost exclusively by enzyme induction, as the length of
action of the barbiturate inoreases, the extent of CNS adaptetion becomes
progressively greater.

la this context it must be noted that the metabolisin of a wide range of
psychoactive agents, including other hypnotics, and sedativea, major and minor
tranquillisers and antihistamines, is substantislly lncressed by enzyme induction
(Kalant, Le Blanc & Gibbins, 1671).

Alterations in drug disposition do not appear to contribute sigaificantly to
opiate tolerance, nor to the tolorance that develops to ampbstamines. Ellison et al.
(1671) found that the half life of amphetamine is increased in tolerant cats, and in this
experiment the total excretion of 4 amphetamine and metabolites excreted over a
five day poriod were essentially the same in tolerant and non tolerant asimals. These

authors stated, bowever, that the axcretion of unchanged amphetamine was slightly
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increased in the tolerant animals. Tissue distribution studies showed that
although brain distribution of radiocactivity was siratlar in both groups, the rate of
decline in the level of free amphetamine in the cerebrum was five-fold greater
in the non tolerant cats in the four hour period after dosing, In other organs
differences were not significant. Studies in bumsns have revealed similarly that
the half-life of amphsetamine i3 increased in drag dependent individuals when
compared with naive controls (Gunne et al., 1572). Mitchard et al. (1671) found
that this drug's absorption and distribution kinetics in a single tolerant msn were
essentially the same as in drug nalve subjects. A detalled metabolic study In the
amphetamine tolerant state was therefore indicated, the results of which are '
prosentad in Chapter 4.
Functions| Tderanee

An alternative mechanism for the development of tolerance to many drugs has
already been suggested in relation to ethanol and the barbiturates. Further
evidonos that a process of CNS adaptation forms tho basis for tolorance that
develops to these drugs has resulted from aross tolerance experiments. Kalang,
Le Blanc and Gibbins (1971) and Khanna, Kalant and Lin (1872) concluded that
changes in barbiturate sleeping time of rats made tolerant to ethanol were the result
of alteration in the sensitivity of the CNS and not modification of drug disposttion.
Similar findings in animals and man with the general anaesthetios (Han, 1969;
Lee & Atkinaon, 1988) would appear to support this as their elimination is not
primarily the result of hepatic metabolism, Similarly the fatlure of phenobarbitone
pretreatment to change the metsbolism of etbenol (Khanna, Kalant & Lin, 1973)
suggests that the resistance of barbiturate addiots to ethanol 1s not due to Increased
oxidation,

The main indications which can be gained from the literature are (f) that
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aloohol tolerance is due principally to CNS adaptation, not metabolic alteration,

(1) that while tolerance to shorter aoting barbiturates can be explained by induction
of metabolising enzymes, as the length of action of the drug increases, CNS
adaptation becomes more important in tolerance, and (1i1) that cross tolerance
between aloohol and the barbiturates is principally due to alteration of CNS
sensaftivity.

The sxact nature of the CNS adaptation Involved in tolerance is, however,
uncertain, It does appesr that this {8 essentially the same for both groups of drugs.
Some aspects of this have been studied, most notably with respect to the rapid
appearance of the adaptation (the so-called acute toleranoce). This so~called
acute tolerance, which develops within ¢ single exposure to & drug may be shown
in two ways: either as (i) a difforence between the concentrations of the drug at the
appeasance and subsequent disappearance of symptoms of CNS depression, or (ii)
as a positive correlation between the plasma concentration of the drug at the
disappearance of aigns of intoxication and the size of the dose administered.

This phenomenon was first demonatrated by Mellanby (1619) with ethanol when
he showed that, for a given plasma concentration of ethanol, the degree of functional
impairmant was greater while the concentration was rising than when falling,
Similarly, Mirsky ot al. (1841) abolished ethanol metabolism in rabbits by
hepatectomy and found that when A constant plasma level of ethancol was maintained,
tolerance dsveloped to the depressant effects of the drug.

With the barbiturates, acute tolerance was first noted in man by Brodie et al.
(1651) who found that the plasma lavel of thiopentone after recovery from anaesthesia,
rather than being constant, was directly proportional to the dose. 1In a fuller study
of this phenomenon in dogs, Maynert and Klingman (1860) have shown that the curves

of plasma level on awakening verans aize of doge reach a plateau probebly indicating
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maximal tolerance. In this paper Maynert and Klingman have deseribed aoute
toleranoce to a range of CNS depressants, including trichloroethanol and paraldehyde
in addition to athanol and two barbiturates,

It would appear then, that as a wide range of chemically dissimilar drugs
give rise to actite tolorance, the tolerance is produced by the CNS depression
produced by the drug rathor than by the presence of the drug molecula, R does
appear (Maynort & Klingman, 1960) that the extent of acute tolerance is velated
to the depth of CNB depression, but not to its length, This suggestion would appear
to be supported by the finding of acute cross-tolarance betweon ethanol and hexo-
barbitone by Wahlstrdm and Widesldv (1871).

The development of tolerance to ethanol may be intensified by behavioural
loading. Thus, animals and humans made to oarry out tasks while intoxteated
become tolerant much more rapidly than if allowed to remain passive, Kalant
(1872) opines that this supports the concept thet tolerance is evoked by CNS depression
due to the drug, rather than by the drug itself, but this reasoning is hard to follow,
When behavioural loading is applied, the net depraession due to a given dose of drug
is leas, yet tolorance ia developed faster. It appears that, at the present, these
arguments cannot be reconciled,

The relstionship of acute tolerance to chronie tolerance 1s as yet mcertain,
There are indications that chronie tolerance may consist of the summation of a
series of acute tolerances, because in experiments involving chronic dosage with
othanol, as the treatment prooseded, the acute tolerance from sach dose became
more marked and appaared earlier (Kalant, 1672). Tolerancoe to CNS depressants
appears to be fixed as a long-lasting trace which facilitates quicker development of
tolerance on further exposure to the drug (Kalant, 1979).

This achema suggests an analogy with learning and memory, in which acute
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tolerance oan be equated with short term learning and chronic tolerance with long
term laying down of memory. Such an anslogy is strengthened by tho sbility of the
protetn synthesis inhibitor cycloheximido and bilateral froutal cortical ablations

to prevent the development of tolerance to ethanol (Kalant, 1972). These treatments
are also able to impair the processes of learning and memoxry very profoundly.

It 1s thus soen that the production of tolexance to CNS depressants may well
be dus to a basic collular adaptation to the offecta of the drug, rather than to the
drug itself,

The oplates, baing the archetypal drugs of dependence, have long been studied
with rezpect to the mechanisma giving rise to the development of tolerance, and many
hypotheses for its genesis have emerged.

Schmidt end Livingston (1933) suggested that morphine combines with
receptors in the brain and that tolerance is due to occupation and saturation of
those receptors, In this case more drug would be required to overcome the blockade
as dosage proceeded. This theory adequataly explains cross tolerance between
opiates and antagonism by related molecules such as nalorphine, but fails to account
either for the porsistence of toleruice long aftor the drug has left the body or for
withdrawal phenomena. However, the findings of Misra and Muld (1672) that a
metabolite of methadone 1s fomd firmly bound to brain proteolipids st very low
levels for up to 3 weoks after a single dosse may have significance and lead to a
re-ovaluation of the receptor occupation Lypothesis.

Axelrod (1956) formulated a theory for the development of tolorance to opiates
on the basis of the etriking decrease in N-demethylase activity in the liver microsomes
of rats made tolerant to morphine. He proposed that tba receptor sites fn the CN8
and in the liver enzyme aystems were aimilar, and that continuous interaction of

narcotics with receptors served to inaotivate them.
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According to Shuster (1961) these observations represented a possible drug
induced engyme repression which could explain the features of tolerance to, and
dependence upon, narcotics. This author presented the following schema to explatn

the aoquisition of tolerance to morphine.

Morpl}ine__

~
~.

Derepresaion - B A T~ _ Inhibition

s

< ~

L . ~
Enzyme forming =3 Neurohormone - Neurchormone==> CNS activity

system r 8yntheal;lng i
ensyme N
nﬂatura:w Inactive
opres Matabolite
Repression
Enzyme Destroying
forming — ?  enzyme
syatem
From Shuster (1881).

Morphine could act at site A by inbibiting tho action or gynthesis of a
neurchormone required for normal function of the CNS, (thua producing depression,
ahalgesia, ete.). With repeated dosage morphine could act at site B causing
derepression of the enzyme required for synthesis of the neurohormone, thereby
tending to overcome the blockade. Tolerance would develop because more morphine
would be required to depress the CNS, Alternstively, the same result could be
achieved by repreasion at site C.

Collier (1¢65) proposed that the development of tolerance to and dependence
upon drugs could be explained on the basis of the concept of recepior:, His
hypothosie required the following assumptions:
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1) that receptors were of two types - active and silent;

2) that the number of receptors of oithar type for a substance eam inorease or
decrease ot the same rate as tolerance or depondence develops;

3) that a drug causing dependance acts by increasing or decreasing the amount
of an endogenous substance available to receptors;

4) that when excess or deflclency of a chemical substance diatorts a living
system, the numbers of receptors of either type for that substanco change
in the direction lessening the distortion;

5) that the ease with which a substance excites a tissue depends upon the
number of accessible receptors for that substance,

This and other theories for the geneals of tolerance fmply that CNS neuro~
transmitters are involved., Many iavestigators have conocentrated upon the effects
of tolerance producing drugs on brain levels and turnover of neurotransmitter
gubstances. Colller, Francis and Schnelder (1672) tested the action of a number
of drugs on several aspects of the morphine withdrawal syndrome. p~Chlorophenyl-
alanine, atropine and indomethactn -all modified the withdrawal. ‘ﬂfy thorefore
implicated serotonin, acetyl cholino and prostaglandins in miorphine dependence.
However, although neurctransmitter changea nre of importance in understanding
the problems of drug tolerance, they do not themselves explain adaptation to the
drug.

Martin (1270) outlined the prineiplos of pharmacological redundancy and
postulated that the depression of certain functional pathways in tho CNS produced
by large doses of a neurchumoral antagoniat, c.g. morphine, could be surmomted
by inereasing the stimulus strength. This could lead to mhypertrophy’ of a
redundant pathway which resists the tnhibltory effect of morphine. Negative feed-

back pathways could be responstble for initiation of this pathway.
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negative feedback
morphine
morphine Effactor
sangitive Cell

From Martin (1670)

This theory is one of many 'homeostatic adjustment’ hypotheses that attempt
to explain tolerance and dependence., Seevers and Woods (1453proposed a 'dual
action' theory based on the fact that morphine and its congensrs are both CN3S
depressants and excitants snd would act at two differont sites on the same nsuron.
Drug receptor interaction on tho surface of the osll could be responaibls for the
depressant activity, and as more receptors were occupled, tolerance resulted.
Drug-receptor interaction within the cell on the other band could induce excitation
which was masked by the deprossant activity, but unmasked upon drug withdrawal.

It has often been suggested that the developmant of tolerance to morphine
and similar drugs ia in some way connected with protein synthesis and that csllular
adaptation to the drug is under genetic coutrol. Cohen et al. (1965) found that an
RNA polymeraass inhibitor, actinomycin D, prevented the developmant of tolerance
to morphine in rats and mice. In addition, Cox and Osman. (1£70) concluded that
the development of tolerance to the analgasic effect of narcotics, including morphine,
heroln and pethidine, in rats was dependent on DNA directed RHA synthesis leading
to the synthesis of new protein. Howaver, although protein synthosis inhibitors
pravent the development of tolerance to the analgesic effect of the narcotics,
cycloheximide has no effect on tolerance to the increasad locomotor activity seen
with morphine (Karbowski, 1973).

If indeed CNS protein synthosis s involved in the genesis of tolerancs and
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dspendence 1 is intoresting to spooculate on the nature of the "l;bleranca protein’
being produced. Cox and Ginaburg (1965) suggest that possible roles for this new
protein could be in the production of a drug uptake xeceptor, a neurotranamission
roceptor or a transmitiable tolerance factor. K is appropriate to note here the
work of Ungar and Cohan (1866) who found that the brain of morphine-tolorant
animals contains a substance which confers morphins tolerance to non-tolerant
animals when injocted into them. Thoy suggoested that this substance 18 a amall
molecule, possibly a hexapeptide. Othor workers (Cox & Ginsburg, 196¢) have
been unable to repeat this, although they do not rule out the possibility of such a
transmittable tolerance factor occurring. It may be that the protein synthesised
during tolerance development can be tranamitted from animal to animal and that the
findings of Cox and Osman (1670) and Ungar and Cohen (1666) arc linked in such a
way. This atill does not elucidate 2 mode of action for thizg 'tolerance protein’
lut hers it ia possgible to sea a striking analogy with work on loarning and memory,
The ability of aninpials to learn simple tasks may be impaired by the administration
of protein synthaests inhibitors, and it has bean demonstrated that extracts from the
brains of rats trafned to perform a riven task, when administered to untrained rats,
coovey the ability to perform this task (Ungar, Desiderio & Parr, 1£72; Brand
& Brand, 1£72). The similarity of these findings with the work described on
morphine tolerance would suggest that the bagic mechanism of tolerance development
ia simflar to that of memory; that the brrins of the animals in some way 'learn’
to ‘ignore’ the presence of the drug.

As an alternative to those nourochemical explanations, Cochin (1671) and
Eerkowitz and Spector (1172) huve suggested that the long persistence of tolerance,
its apparent transferability and the Involvement of protein syntheais indicate a

poaaiblo participation of the immune mechaniams of the body. Berkowitz and
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Spector (1972) have shovm that mice can ba actively tmmunized against morphine
with a conjugate of 3-carboxymethylmorphine with bovine serum albumin, Sera
from these mico showed a greatly increased (thirty fold) ability to bind dihydro-
morphine, and the plasma half-life of the drug In immunised mice is much prolonged.
These mice shovad tolerance to morphine, but not dependence, as nalorphine was
without effect. These findings do not, of course, cxplain tolorance to the oplates,
still loss dependence, but it must be considered that active or paasive lmmmuiy
may influenos tolerance. Protains able to bind heroin have been taolated from the
plaama of heroin depandent subjects (Ryan, Parker & Willlams, 107Z) indicating
the potontial involvoment of the immune mechanisms in man.

In concluaion then, it {3 seen that the answor to the problem of tolerance
and dependence remains very obscure. Most studies have comcentrated on opiate
tolorance and new approaches have yiclded fascinating poasiblities as it doos seem
that tolerance and dependence rather than heing a single discrete phenomenon,
represent the net result of several distinet mechanisms.
Tachyphylaxic

In the previous discussion of tolerance developing to barbiturates und ethanol,
rofersnee was made to the phenomenon of acute tolerance.  This torm i often
uscd synonymously, but perhaps Incorroctly, with tachyphylaxts, which, strictly
speaking, implies the rapid atteruation of n pharmacological response with
repoated dosage (Goldstein, Aronow & Kalman, 1968). Tachyphylaxiz bos boen
damonstrated with succeszsive adminfstrations of many sympathomimetic agents am
waz originally considerod to result from the occupancy or raturation of drug
receptors (Winder, Anderson & Purke, 1948). Howevor, certain cuhstituted
phonylathylamines, notably ephedrine and amphetarcine, producs tachyphylaxis

more roadily than others, o.g. tyramine (Day & Rand, 1963), and when it was
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established thot many of these drugs acted indirectly by liberating noradrenaline
and did not have a diract affect (see Chnptar 1), tho roceptor occupation theory
seemed loss UHkely. It was subsequently postulated that these indireotly-acting
aminsa released noradrenaline and that the developmont of tachyphylaxis was
nasociated with depletion of noradrenaline storas, such that farther challenge

with the drug would relsase increasingly small amounts of noradrenaline (Axolrod
et al., 1502). Howover, considerable amaunts of noradrenaline wore found within
the nerve terminals in the tachyphylactic state, and could he released normally

on nerve stimulation, with o normal pharmacological response (Potter, Axelrod

& Kopin, 1£62).

Later evidence showad that certain indirectly-acting amines inoluding
amphetamine would only lberate newly syntbesised noradronaline (Glowinski, 1970).
This ovidenco taken in conjunction with the hypothestis that certain metabolites of
thes. drugs replace (and relesse) noradrensline from storage sites, and are
thomaclves relaraed on subsequent drug challenge as false neurotransmitter,
could account for the diminishad noradrenaline ralasase with repeated drug challenge,
and therefors tnchyphylaxis,

The False Transmitier Hypothosis

At this stage in the discussion of drug tolerance and thoe posaible underlying
mechanismag, it {3 apparont that most theories of tolorance and dependonce have
concentrated upon alteratiéng in drug disposition or 'target organ' adaptation.
However, it has been stated by Kalant, Lo Blanc and Gibbins (1571) that tolerance
to amphetaminos may ocour by menns of a unique mechanism {nvolving the
replacoment of norndrenaline at sympathetic nerve endings by the matabolite,
p-hydroxynorephedrine, which could nct as n false nourctransmitter.

According to Kopin (1268} tho critarla for a false neurotransmitter are:
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1) that the compound must ba stored in the norve endings at the same site as the
normal physfological tranamitter, and 2) that it must be released on physiological
serve gtimulatton,  (There is no quﬂmmam?hcwcver?thnt the released substance
boe as active as the physlologlieal transmitter),
As will be approciated from the foregoing discussions of tho biosynthesis

of noradrenaline, the rolative ponspeotfeits of dopa decarboxylase and
dopamine-S-hydroxylase allows many phonylethylamine dertvatives (both ando-
genous and exogonous) to bo converted to thelr g-hydroxylated metabolites fn vivo,
for axample:

a-methyl dopa w3 o-mothylnoradrenaline

o-mothyl-m-tyramine -~ metaraminol

{Carlason and Lindqvist, 1562)

tyramine e OCOpamMine
{(Carlason and Waldeck, 1964; Fischer, Horst & Kopin, 1¢65), and other drugs
(see Kopin, 1868),

The formation of p~-hydroxynorephedrine from amphetamine by aromatic
and S-hydroxylation has been considered previously. This metabolite hag been
shown to be taken up and stored in sympathstic nsrve endings (Cublsson and
Waldeck, 1864) and released on nerve stimulation (Thoenen et al., 1¢66), thus
fulftiling the accepted criteris for false tranamitter function,

What effect then could the false neurotransmitter have upon the noradrenergic
neuron? Firstly the replacement of noradrenaline by false transmitter at the
release site, would be uxpected to Umit the araount of noradrenaline 1ibarated on
nerve stimulation and tndeed this was demonstrated by Muscholl and Maitre (1583).
Secondly, with release of false transmiitor (and some noradrenaline) the
pharmacological response would depend upon the agonist activity of the false
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transmitter {tsclf. For p-hydroxynorephedrine, its pressor activity is only
1/500 that of noradronaline (Brodie, Cho & Gessa, 1970), Thrdly, acoording
to Kopin, (1968), [alse transmitters may, by displactag granular noradrenaline,
Hberate free noradrenaling into the neuronal cytoplazm which would antagonise
further synthesis by feedback inhibition,

With repesated administration of amphetamine, it ts proposed that the folse
neurotransmitter, p-hydroxynorephedrine accumulates in the vesicular stores
and is responsible for tolzrance to those offects of amphetamine mediated by
noradrenaline (Brodie, Cho & Gessa, 1670; Davanaugh, Griffith & Cates, 1570;
Lewander, 1671d). In favour of this hypothesis fa that p-hydroxynorephedtine
depletas neuronal noradrenaline, has only wenk sympathomimatic activity and
is released preferentfally with respect to noradronaline by (+)-amphetamine
{Brodie, Cho & Gessa, 1870).

The aims of the present theslis therefore were to correlate on the basts of
metabolic investigations and studies of drug tolerance, the metabolic production
of p-bydroxynorephedrine and the development of tolerance to amphetamines,

In tho first paxt of the thesis, a number of potentisl precursors of p-hydraxy-
norephedrine ware studied to determine whether or not this compound was metabolically
produced. In addftion, human tolerant subjects were {nvestigated in order to
quantitate the formation of p-hydroxynorsphedrine in the tolerant state, In the
second part of the thesis, the falsg transmitter hypothesias was tested in two ways:-

1) by pretreating animals with precursors of the false transmitter and
subsequently challanging thom with amphstamine since the response would be
expacted to diminish with such pretreatment if the hypothesis were true,

2) if?-by comparing and contrasting the development of tolerance in two species,
ona of which 13 known to produce the false {ransmitier metabolically, and the other

which does not. Thooretically the latter spseies should not become tolerant to
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amphatamives,
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Materials and Mothods

Compounds

(+)-Amphetamine sulphate; (+)-norephadrine hydrochloride; (+)-p-
hydroxyamphetamine hydrobromide; (+)-p-hydroxynorephedrine hydrochloride
{see Chapter 2); (+)-amphetamine sulphate (Smith, Kline and French Laboratories).
o-Methyl-p-tyrosine methyl ester hydrochlortde (Sigma Chemical Company, St.
Loulz, Missouri, U,.S5.A.), 6-hydroxydopamine hydrobromide (Aldvich Chemical
Company, Inc., Milwaukeo, U.5.A.), desmethylimipramine (Geigy Pharmaceuticals,
Macclesfield, Cheshirs), p-chloroamphetamine (Dr. R.E, McMahon, EIl Lilly
Research Laboratorfes, Indianapolis, Inc., U.5.A.), tetrasthylammonium bromide
(Hopkin and Willtams, Chadwell Heath, Essex).
Animals

Female Wistar albino rats, body weight 320+ 20 g, male Wistar albino rats,
body welght 220 + 20 g, fomals and male Sprague-Dawley rats, body weight 320 +
20 g and female Dunkin-Hartley guinea pigs, body welght 2350 + 26 g, were used.

Houaing and Food.

Animals were housed In groups of 5 or 8 in plastic cages (45 x 32 x 15 cm) at
constant amblent temporature (20°C +1% and with free acceas to food (rats -
Omoid No., 41h pelleta; gulnea pigs - Oxold No. SG1 pellets with fresh cabbage)
and water. Both animals and food were weighed daily during repeated dosage
experiments,

Drug Administration

All compounda with the exception of §-hydroxydopamine wero dissolved
in distilled water or normal saline and administered by Intraperitoneal injection,
6-Hydroxydopamine was dissolved in distilled water containing 10 mg/ml ascorbic
acid and {njected into the tail velp of rats.

In the chronfc dosage experiments amphetamine golutions (2.5 mg/ml and



136

10 mg/ml in normal zaling) wore sterilised by ultra-fiitration (Millipora),
Temperaturs racordings

Colonic temperatures were taken with a Yallow Spricgs lstruments Modoel
46 Thermistor Thermometor using a No. 402 probe insorted into the colon, 5 om
from the anus, ©Conirol and test groups were compared stmultaneously at the
same times each day, to minimise diurnal variations {n toemperature.
Animal Activity Monitoring

Moter activity (gross locomotor and stercotypad activity) wan measured on
a two lgjrel electronic activity moter (Stoelting No. 30416, Stoelting Instrument Co.,
Chlcagoi, | The meter was adjusted In order to distinguish botween total motoxr
activity (high sensitivity channel) and gross motor movements (low sensitivity
chacnel), Stereotyped behaviour (fine movements) was caleulated a3 the difference
batween the counts roegisterad on each channol.  Motor activity was recorded for
animals housed singly in plastic cages (45 x 22 x 15 ocm).  Bohavioural effects
of amphetamine in some tolerance experiments in the rt were scored with a seale
modified from that of Quinton and Halliwell (1263) which was expanded to score
grosa locomotor activity in nddition to stercotyped movemont. (Table 7:1).

After drug admintatration a period of acclimation (90 minutes) was allowed
following which anfmals were monitorad.  Whonevar possible netivity was

manaured at the same tine cach day.
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Table 7:1 Visual Fating Seales for Animal Activit

Animinls observed for 30 secs. and scored every 10 mins, for the period 30-60

ming, after ampaetamine administration.

Gross Logomotor Activity

Seore

0 No movement

1 Short bursts of activity, running lesa than § the length of the cags

2 Bursts of activity, running 3-1 length of the eage

3 Activity, running’> 1 length of the ecape
storeatyped behavicur*

Score

0 Asloop

1 Alert but not moving

2 Groas movement (running)

3 Sniffing and licking paws

4 Porsistent sniffing and licking bars of cage

5 Mock biting of bars of cage

6 Grawing bars of cage

*  Modified from Guinton and Halliwell (1463)
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CHAPTER EIGHT

THE EFFECTS ON RATS AND GUINEA PIGS OF CHRONIC

ADMINISTRATION OF AMPHETAMINE
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In Chapter 6 one possible mechaniam for the development of tolerance to

amphetamine was discusszed. In order to test this false transmitter hypothesis, the
soeries of experiments described here was designed making the assumption that
animal spocies which formed the false tranamitter, p-hydroxynorephedrine from
amphetamine. should develop tolerance on repeated exposure to the drug, whereas
in spectes that were metabolically incapable of producing p-hydroxynorephedrine
tolerance should not develop.

The rat and guinea pig were chosen to compare and contrast the development
of tolerance, for, according to Dring, Smith and Williams (1570), who datermined
the urinary metabolites of amphetamine in these species, only the former produced
the falae transmitter, Corroboratory data from Costa and Groppetti (1670) and
Lewander (18712) in the rat, and Lewander (1671¢) in the guinea pig show that after
(+)-amphetamine, p-hydroxynorephedrine can only be identified in the brain and |
peripheral tissues of the rat and that (vide supra) this metabolite is responsible
for the prolonged tissue depletion of noradrenalins observed in this spectes.

Some pharmacologional effeots of amphetamine are shown in Table 8:1 and of
these, four were chosen for monitoring in the present study. It is seen that effects
representative of each of the three main groups have been taken, namaly peripheral
and contral effects mediated through release of noradranaline and a central effect
reputedly modiated through dopamine releass, Although it {s at present not possible
to state with certainty that these effects are mediated through a spacific neurchormone,
a brief summary of the avaflsble ovidence will be given.

The mechanism of the hyperthermic response to amphstamine is currently
the subjeot of much cootroversy and will be discussed in greater detail in the
following chapter. Hill and Horita (1871), in the rabbit, and Matsumoto and Griffin
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Toble 8:1.  Pharmacologjenl Uffects of Amphetamine and the Despective

Neourotranamitiers through which thegs Tifeoets are thourht to be Mediated

Maodiator Pariphoral Coatral
Hyporthormisz®
Cardiovascular effects Anoroxia®
Noradrenaline Plasma FFA (Locomotor activity)
Urinary noradrenaline
{Ryperthermis)
Dopamine Stereotypy*

Locomotor activity*

S-Hydroxytryptamine (Anoraxia)

*  Effects monitorad in currant study.
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(1971), in the rat, have provided evidence for a role of central dopamine release
in producing the rise in temperature following amphetamine dosage. In these
experiments hyperthermia was inhibited by pimozide, a 'selective' dopamine
receptor blocking agent (Anden et :_a_l. » 1970). However, Sulser (1974) demonstrated
that pimozide was not a selective dopamine receptor antagonist because it also
antagonised the cyclic-AMP response to noradrenaline in the imbic forebrain of rats,
thus the case for dopamine involvement in the hyperthermic response to amphetamine
is more equivocal. Nevertheless, Costa and Groppetti (1970) have also implicated
dopamine in the hyperthermia by demonstrating that in rats, low doses of amphetamine,
w hich alter the turnover of dopamine but not noradrenaline in brain, produce a rise
in temperature. Much of the work, however, in rats suggests that the hyperthermia
in this species is related to the peripheral release of noradrenaline. Gessa, Clay
and Brodie (1969) concluded that the temperature elevation was a calorigenic effect
resulting from the peripheral mobilisation of fat and that noradrenaline was
involved in this mechanism. On the other hand, Matsumoto and Shaw (1871) were
able to differentiate between hyperthermia and free fatty actd (FFA) release by
showing that desmethylimipramine, which blocks the elevation in plasma FFA,
potentiates the rise in body temperature after amphetamine.

Experiments with 6-hydroxydopamine (6~-CHDA) administered by intravenous
injection in doses known to deplete peripheral but not central noradrenaline
(Smookler & Clarke, 1972) showed that this treatment almost completely abolished
the hyperthermic response to amphetamine, which suggesta that the essential
mechanism is mediated through the release of noradrenaline from peripheral
sympathetic neurons (see Chapter 9).

Tolerance to this hyperthermia develops on repeated administration of

amphetamine in rats (Harrison, Ambrus & Ambrus, 1852; Brodie et al., 1969;
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Lewander, 1871d) and the last two authors implicated p-hydroxynorephedrine in the
development of this phenomenon.

That the administration of amphetamine causes loss in body weight was first
reported by Nathanson (1937), and Harris, Ivy and Searle (1947) produced evidence
that the weight loss was largely due to an anorectic effect. A predominant role
of catecholamines, particularly noradrenaline, as mediators of this anorexia has been
suggested by Goldman, Lehr and Friedman (1971); Letbowitz (1970); Berger, Wise
& Stein, (1971) and Lewander (1971d). Frey and Schultz (1973)_‘who showed that
both c-methyl-p-tyrosine and disulfiram antagonise the anorexia, again point to
an essential role for noradrenaline in this effect. These authors also implicate
5-hydroxytryptamine since the anorexigenic response was antagonised by p-chloro-
phenylalanine and also by cyproheptadine in a low dose at which only tryptamine_rgic
receptors are blocked.

Tolerance to the anorexic effect on repeated dosage with amphetamine has been
shown to develop within three to five days in rats (Tormey & Lasagna, 1960;
Lewander, 1971d) but although this effect may be mediated through noradrenaline
release, the latter author concluded that p-hydroxynorephedrine was not involved
in the subsequent attenuation of the response with chronic administration.

Ehrich and Krumbhaar (1937) reported that Benzedrine (dextroamphetamine)
(5-20 mg/kg) caused behavioural changes in rats characterised by excessive
locomotor activity and 'gnawlng at the iron wires of their cages'. This latter effect
is probably the first record of a form of stereotyped behaviour subsequently
described and characterised by many authors including Randrup and Munkvad (1970).
Stereotyped activity consists of a continuous repetition of one or a few items of
behaviour which in the rat takes the form of repetitive sniffing at the bottom of the
oage, accompanied by movements of the head and forelegs. Sniffing may also be

art
associated with licking or biting of the wires of the cage. There ig little data on
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activity recordings in the guinea plg, but at doses in oxcoss of 15 mg/kg of
amphetamine locomotor activity is increased, and repetitive purposeless small
movements oocur.,

The invdvement of central dopamine and noradranaline release in the mechanism
of the hyperactivity produced by amphetamine has been more fully discussed in the
preceding chapterl. At this polut it is sufficient to summartse the ovidence as
follows, In the rat, reserpine (7.5 mg/kg 3. ¢.) administered 18 hours prior to
amphetamine challange increases the behavioural stimulant effect of this drug, but
a~-methyl-p-tyrosine, which inhibits tho ongoing biosynthosia of both dopamine and
noradronaline abolishes this. I the reserpinised animal it hag heen shown that
amphatamine still interacts with dopamine release and metaboliam as shown by an
increase in the levels of methoxytyramine, the C-mathylated metabolite, while
the influence of noradrenaline metaboliam was strongly reduced (School-Kriiger, 1872).

In a provious paper, (Randrup & Scheel-Kriiger, 1666), it was demonstrated
that diethyldithiocarbamate, which blocks the cooversion of dopamine to noradrenaline,
markedly reduced the gross locomotor activity produced by amphetamine, but
stereotyped behaviour was unaffected. In conjunction with the evidence that DOPA
reverses the effect of a-methyl-p-tyrosine (vide supra) thoese awthors conclude that
dopamine rather than noradrensline ie associnted with stercotypy, while the gross
motility may be more related to noradrenaline release, Further evidence supporting
this is provided by Janssen et al. (1868) who showed that plmozide inhibits stereotyped
hehaviour, thereby implicating dopamine in this phonomenon. Croase and Iversen
(1573) found that amphetamine Induocsd steractypy and locomotor activity were
reduced in adult rats that had received 6-hydroxydopamine (6-0HDA) by cerebral
intraveniricular injection in the neonatal period. These rats responded normally to

apomorphine, a dopamine receptor stimulant, indicating that this effact of 6-"HDA was
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presynaptlo in origin, which corrolated well with the ohaerved dopletion of
striatal tyrosine hydroxylsse, which showed that at least 4875 of the dopamirasrgic
terminals were non-functional. Intraveniriculay injections of 6-CTHDA In adult
ratg, however, did not block the locomotor response to amphetamine and when
6-CHDA was injected into the substantia nigra the locomotor response was normal
but stercotypy inhibited. Whethor, thersfore, un alternative dopaminergie
pathway or a noradrenargic mechaniam or indead both are responsible for mediating
the gross locomotor stimulation remains to be clarified.

Information regarding the development of tolerance to locomotor stimulation
and storeotyped behaviour shows certaln discrepancies. After datly s. ¢,
Injoction: (20-30 mg/kg) of amphetamine for 1-2 weeks to rats, locomotor stimulation
gppeared to diminish (Ehrich & Krumbhaar, 1937), although no evidence for the
development of such tolerance was reported by later workers (Tormey & Lasagna,
1859; Koaman & Unna, 1088; Lu, Ho & Mclsaae, 14672).  There are isolated
reports that hyperactivity inoreases with repasted administration of amphetamine
(Schuster & Zimmerman, 1661; Zleve, 1837), but it must be stressed that in none
of the above studies were attempts 1 wde to disoriminate by activity monitoring gross
locomotor activity from stereolyped movements (yide infra) in addition to wh:oh/nn
information {5 available on long term administration to the guinea pig.

Experimental Procedurs

A total of fifty rats and sixty guines pigs wore nsed in these experimonts,
Apimals were housed in plastic cages (see Chapter 7) in groups of three-five
at constani ambient temperature, and exposad to light from 0700 to 1900 hours each
day. Food and water were provided ad libitum, and in sone experiments the amounts

were monitorad,
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Drugs and administration
(+)~Amphetamine sulphate was administered to rats and guinea pigs twice

daily (morning and cvening) by the intraperitoneal route for periods varying batween
5 and 15 days. In the rat a 5 mg/kg dose producad significant changes in body
temperature, activity and foed intake, However, the guinea pig roquired 2 large
dose (20 mg/kg) in order to produce comparable hyportharmia and locomotor
stimulation and In this specios, therefors, monitoring was performed at two

dose levels (5 mg/kg and 20 mg/kg). Control apimals of each specles recelived

an equivalont volume of saline twice datly f.p.

Chronie dosage in tho rat

Rats were weighed datly at ¢ a. m. and the total amomt of food consumed
ovor the previous 24 hour period was rocordad for groups of 3 anfmals, Colonie
temporatures wers recorded immeodiately prior to and at 1, 1, 2 and 4 hours after
the first of the two daily injoctions of amphetamine, Animal nctivity waz monitored
at two lovels (diseriminating between gross locomotor stimulation and stereotyped
fine movoments) on animals housed singly, for the period -1} hours following
amphotamine admiplatrations, This was performed at approximatoly the same time
oach morning, in an attenpt to minimise any diurnal variation in behaviour,

onic dosaze in the on

Ani:nals wore weighed at ¢ a.m., but it proved difficult to obtain measurements
of food conzumption in view of the pellet forr: in which guinea pig food is propared,
in addition to which the asting habits of this gpecios mads such measurements
virtually impossible, Colonie temperaturos were recorded as for rats, and animal
activity was monitored at two levels for the poriod 3-2 houra after amphetamine
adminiatration on anfmals housed singly. Animals wera tested at about the same

tirme each morning,
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Stat ses

Comparison of results wes performed with the Student ¢ test for unpaired
data, Date were processcd with a Varian Data 620/1 computer which was
programmed for the above test and for the determination of regression lines by
the least squares method by Mr, J.R. Idle of this department.

Resulla -~ Rag

Body temporature

Reprosentative temperature curves following the administration of amphetamine
ou days 1, 4, 7 and $ are shown In Fig. 8:1. It can be ssen that throughout this
period thers I3 a progrosafve attenuation in the hWyperthermic rasponse. By day
g, it 1s apparent that the shapes of the curves are similar to those produced after
admintstration of saline, and show no significant difference when compared
statistically.

The maxiraum rise in temperature for cach: animal was determined over the
4 hour teat pertfod and the mean value obtained for each day of the experiment is
shown in Fig. 8:2. The maximum rigo in temperature docreazed progrossively
over the treatment pertod from 2.4°C on day 1 to 0. 2°C on day &, which also suggests
that tolorance develops to thia effect of amphetamine. Saline treated control
animals showed small variations in temperature (- 0. 5°C) throughout the tost period.
Body weight

Data are prasented in Fig, 8:3. Dafly tnorements in body weight wore
rocorded for cach animal. When the raw data were graphically represented,
plotting the mean values for welght change sach day against time, it appoarsd that
the amphetamine treated animals showed little variation in woight for the first
five days, but theroafier thelr Increase in woight paralleled that of the saline

ireated group.
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Fig, 8:1
Representative temperature curves (+8.E.) following the administration of

(+) -amphetamine twice daily to rats and guinea pigs.

For Rats:

n = 8 (amphetamine treated)
n 6 (saline treated)

Comparing Days 1, 4 and 7, amphetamine treated with respective saline
controls, P<0.01

Comparing Day 9 amphetamine treated with saline control, P is not significant.

For Guinea g_ign:

n = § (amphetamine treated)
n = 5 (saline treated)

Comparing Days 1, 2 and 4, amphetamine treated with saline controls,
P <0.01

Comparing Day 8 amphetamine treated with saline control, P is not significant.



Fig, 8:2. Mean maximum temperature rise following administration of (+)~amphetamine twice daily to rats and guinea pigs.
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Fig, 8:2

Mean maximum temperature rise (+ S, E.) following administration of

(+)-amphetamine twice daily to rats and guinea pigs. Dose - see Fig. 8:1.

For Rats:

n = 4-8 (amphetamine treated)
n = 3-6 (saline treated)

Comparing values for days 1~-7 amphetamine treated with respective saline
controls, P < 0.05

Comparing values for day 9 amphetamine treated with saline controls,
P is not significant.

For Guinea Pigs:

n
n

5 (amphetamine treated)
5 (saline treated)

ton

Comparing values for days 1-6 amphetamine treated with saline controls
PL0.01

Comparing values for day 8 amphetamine treated with saline control,
P is not significant.
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5 ce d ed with 8 treated controls,

For Rats:

n = 12 (amphetamine treated)
n = 12 (saline treated)

Comparing the slopes of regression lines conatructed from data derived
from amphetamine traated rats with saline controls
Day 0-5 P < 0.00056

Day 6-14 P is not significant.

For Guinea Pigs:

n = 15 (amphetamine treated)
n = 15 (saline treated)

Comparing the stopes of the regression lines

Day 0-2 (amphetamine versus saline) P<0,0005
Day 3-7 (amphetamine versus saline) P iz not significant,

153
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Regression lines were therefors caleulated for the two groups over the time
poriods 0-% days and 6-13 days. During tho first period there was a sigoificant
differen: 3 betwoon the two groups but during the latter period 6-13 days, the weight
Increase was very similar for both amphetaming and aaline treated animals.

Food intoke

Data are preosented {n Table 8:3. The mean dajly food intaks by rats dosed
with saline shows little variation during the course of the expeximent (55 g per
2 rats, range 45-61 g), and thero is no significant difference betweeon the food
intake from days 1-5 and days 6-13,

Amphetamine troated rats consumeo considerably loss {ood during the
first 5 days of treatmont (mean 3¢ g per 2 rats) although there is a gradual increass
in daily food intake throughout this period, During the asecond period (days 6-14),
despite doily variations, food intake romalns fairly steady (48 g, rangs 41-54).
When theso two treatment periods are compared there is a bighly significant

differance botween food consumption during days 1-5 and days 6-14,

The experimental dats presented suggest.:, therefose, that tolerance dovelops
to the anoroectic effect of amphetamine {f the parameters of weight gain and food
intake can be taken as true measurements of anorexia,

Animal gotivity

In a preliminary study a amall group of three rats were monitored on
alternate days for 16 days (Fig. 8:4), Despite considersble inter-individual
variations in the behavioural response to amphetamine there waa a trend for groas
locomotor activity to decline during the sarly siages of the treatment pertod, which
did not, however, achleve statistical significance.

Repeated fhvestigations were therefore undertaken with a group of twelve rats

which wore treated ns previously described and monitored datly for 4 days after an



155

Table 8:2. 3Moan Doily Food Intake by Four Groups of Thres Rats Chronically

:/ker or Saline Twies D ily

‘The values quoted were obtained after pooling data from days 1 to 5 and from days
6 to 14 inclusive, + S, E.

Days 1-5 Days 6-14
Treatment Meoan Food Intake por Mean Food Intake pox
smmg_gzgg) 3rmmg_ax ]Q
Amphetamine 3L.2+ 1.2 47.8 + 1.3
Jaline 54. 7 21L& 56.2 T L1

Comparing days 1-5 with days 6-14 for amphetamine treated animals, P <0, 001

Comparing days 1-3 with days €-14 for zaline treatod animais, I is not significant.
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Fig. 8:4

Electronic animal activity monitoring {n a preliminary study of 3 rats recelving
5 mg/kg (+)-amphotsmine twice daily, Activity counts (4 .8.E.) are glven for

total, grosa and sterectypsd movements. For details see text,

Stattstically signtficant changes were not achieved.



158

initial (day 0) period of acclimatisation to the test environmont following a saline
challenge (0.5 ml f.p.). For further confirmation of behavioural effects animals
ware scored with a seale modified from that of Quinton and Halliwell (1563), In these
studies (Fig. 8:5) it was apparent that whon activity was separated into the fwo
componants, over the treatmaent period, measurements of groas locomotor activity
showed a progressive {:il with repeated dosajge. Significant diminution in activity
was achiaved when days 2, 3 and 4 were comparad with day 1. Surprisingly,
stereotyped monitored activity showed a gradual but significant Incroass with dosage
such that total activity counts were unchanged over the 4 day period, There was
excellent correlation between visual and monitored activity for gross movements,
bowaver, the visual scores for stereotypy did not show the same upwards trend
as did the monitored data,
Rogults - G a Pi

Body temporature

Representative temperature curves following the administration of amphotamine
on days 1, 2, 4 and 8 are shown in Fig. 8:1, As in the comparable experiment with
rats, thers iz o progressive attenuation in the hyperthormia, and again by day 8 thare
is no significant difference in the temperaturs durve following the administration
of amphotawine when compared with that from saline treated anfmala.  The mean
maximun rise in temperature ovaer the 4 hour tast period on each day g shown In
Fig. 8:2. nday 1 the maximum rise produced by amphetamine was 1, 8°C and this
progrogsively diminighed to 1. 0°C on day 4 and 0, 5°C on doy 8. These rosults
ghow, therefore, that tolerance devalops to the byperthermic effect of amphetamine

in this speclos and indeed resemblos closoly the toloranee = :on in tho rat.

Body woight

At & dose of 20 mg/kg (+)-aipi: mmxmanim‘ﬂ logt welght rapidly over the
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. 8:5

Electronic activity monitoring in rats and guinen pigs receiving (+)-amphetamine

twico dat

Activity counts + 8. E. are given for total, gross and stersotypad movements.
For details see toxt,

n = 12
The total counts recorded for maline treated controls (n = 12) were 160 + 60
* P 0.01 whon compared with day 1

*+ P < 0,08 »0. 01 whon compared with day 1

For Guinena plgs:
R
The total counts recorded for saline controls (o = 5) wore 230 + 40
When day 5 values were compared with day 1, P was not significant.

{Statistical analysis was not applied to valuc:s obtained on day 7, see text).
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first 2 days, and thereafter continued to lose weight, albeit more slowly. VWhen
animals wore dosed with 5 mg/kg (+)-amphetamine twice daily, body welght rematned
stablo for the first 2 days but thercafter rapidly inoreased and resembled the pattarn
abserved in saline troated animals. Data are shown in Fig. 8:3.

In view of the similarity of these results to those obtained in the rut experiment,
the data were prooesso: in the sane way, pegression lines being derived from body
weight values for days 0-2, and days 3-7. During the first 8 days the amphatamine
treated animals gained significantly less weight them the saline treated controls,
howaver, during the 1-7 day period, the welght gain per day for the two groupa did
not differ significantly, suggesting that toleramce had developed to this effect of
amphatamine.

Antmal activity

Data are shown in Fig. 8:5. It was apparent that during the first S days of
treatment, no change ocourred in either gross locomotor activity or stereotyped
behaviour. (n day 7, the final day of treatment, total counts for the measurement
wore diminished at both levels, but & eloser examination of the 10 minute counts
showed that there was a progressive fsll in counts during the 1-2 hour period, which
correlated with an observed deterioration in tho general condition of these animala.
Followling the test period on this day three of the flve guinea pigs died and the
experinent wis therefors terminated,

Disoussion

The results prasented here show that in both apecles tolerance develops to
aots affects of amphotamice but not to others, For the rat, the rapld acquisition
of tolerance to the hyperthermia and anorexia confirn:s slmilar reports in the
lterature (Harrisor, Ambrus & Ambrus, 1¢52; Tormey & Lasagns, 1960; Lewnnder,

16719). The data on grosa locomotor activity suggest that tolerance develops to this
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effact in rats with repeated dosage of amphetamine, contrasting with stereotyped
behaviour, which increases on chronic tyeatment. The results of these activity
atudies are at variansce with other workers who raport that tolerance does not
develop to the locomotor stimulant effect of amphsatamine (see fntroduction). Tne
possible explanation for this finding i3 that, ir the present study, eareful attempts
have been made to discriminate between gross locomotor (exploratery) movements
and stereatyped activity, snd the increase in the latter fully compensated for the
decrease ip gross activity.

It will be appreciated that some experiments undertaken In guinea pigs were
performed at higher dose levels in order to obtain satisfactory pharmacologieal
and bebaviairal responses. In this species the disposition of amphetamine following
administration by the intraperitoneal(and presumably oral) route differs from that
found in the rat. According to Lewander (1471c) amphotamine is successively
absorbed from the peritoneal cavity during the first two hours reaching 2 posk plasma
lovel at 2 hours after injection which contrasts with a peak plasma level at 15 mins,
in rats. In addition, the disappearance curves for plasma in guinea plg show a
t4 of 2. 5-3.1 hours compared with 40 ming. in the rat.

Thus, in guioea pigs it was found necesasry after certain preliminary
experimonts {0 measure animal activity and body temperature followlng s dose
of 20 mg/kg (+)-ampbetam:ine, whereas for anorexia a dose of 5 mg/kg twive
daily was suificient to demonstrate the acute effect. In this species tolersnce
developad rapidly to both hyperthermia and anorexia, howsver, data on both gross
locomotor activity and stereotypy showed little change with repeated dosage.

How, then, can these rosults be reconciled with the false transmitter
hypothesis ? The results presented are in accord with the proposal that tolexrance

might be expected to develop to thosc affects of ampbetamine mediated via
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noradrensrgic neurons in hoth periphery sand brain. Tha only axception in the
aurrent study was the faflure of guinea pigs to become tolerant to gross locomotor
activity, and since dopamine has been suggestod as the neurotransmitter reaponsible
for stereotypy, it was not surprising that tolerance did not develop to this affect.

The implication that the false neurotransmitter, p-hydroxynorephedrine is
involved ir the persistent noradrenaline depletion and the developmont of tolarance
to noradrenergic sffects of amphetamine on chronic dosage iz difficult to believe in
the light of the results in the guinea plg, since the formation of p-hydroxynorsphedrine
s not a signifionnt metabolic route in this species. Most authora (see Chapter 4)
have failed to identify p-hydroxynorephedrine as a metabolite of amphetamine tn
guinea pigs, and although small amounts were found in the urine in experimente
presentad in this thesis, Lewander (1671¢) was unsble to identify this matsbolite in
oither brain or heart aftor administration of :mphetamire. Thus, although chronio
doaage of amphotamine in both species causes a marked depletion of tissue
eatecholamines, noradrenaline and dopamine {(which appears to be a preraquisite
for the development of tolerance) in the guinea pig the false transmitter, p~hydroxy-~
norephedrine, oammot b implicated and alternative mechaniams must be tnvolved.
Since the tomporal development of tolerance ts very similar in both species, it may
be that even in the rat false transmitters are not eesential for this phenomenon,

A less likely suggestion is that in the guinea ptg, the B-hydroxylated metaholite,
norephedrine, could play the role of the false transmitter. Such a function for this
compmmd was suggested hy Iversen (1687), however, although Thoenan et al. (1886)
found this metabolite of amphetamine in cat spleen, it was not {dentified in the
perfusate on nerve stimulation, These authors, however, pointed out that the quantity
of norephedrine present In the spleen was very small, and the amount possibly Ubarated
may havo escuped detection. Nevertheleas, the criteris laid down by Kopin for false

neurotransmitter function cannot at present be olaimed for this metabolite.
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The extrapolation of information dertved from animal experiments to the
human situation 1s of course hazardous, A major difficulty encountered proviously,
has been the apparent lack of correlation between the tolerance acquired in man to
the cuphoriant effects of amphatamine and the fallure to demamstrate tolerance to the
central offects of this drug in anlmals, However, the results on motor activity
in the rat may shed a little light on thia problom. If the euphoriant effect of
amphetamine in man s mediated through noradrenaline rolease (a not unreasonable
guggostion when the contrasting paticrn of behaviour, depression, may be associated
with impairaed noradrenergic mechanisms; Bunney & Davis, 1£85) and the psychotio
hebavioural patterns assooclated with stereotypy mediated through dopamine release,
the animal correlatos of these two effects would appear to be groes exploratory
locomotor activity (noradrenergic) and stereotypy (dopaminergic), with tolerance
developing only to the former. A fuller discussion on the possible importance of
the finding of an inorease in dopamine mediated effect with repeated dosage s given

in the final chapters.
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CHAPTER NINE

PRETREATMENT STUDIES
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a) The Mochanism of Ampbstamine Hyperthormia

Introduction
In the latter part of this chapter a serfes of experiments will be described

in which precursors of the false noradrenergic neurotransmitter, p-bydroxy-
norephedrine, have been given to rata, which wore then challenged with amphbetamine,
It p-hydroxynorephedrine is incorporated into the noradrenergic granules with
roplacemsnt of noradrenaline, and is released by a subsequent dose of amphetamine,
the resultant pharmacological effect will be less marked than that produced by
amphetamins alone, provided the pharmacologicsl response monitored is indesd
medated through the release of norsdrenaline.

In tho rat, a dose dependent hypertharmia of some 3-4 hours duration follows
the administration of amphetamine, and although much evidence supports the
hypothesis thet this is due to the ralease of noradrenaline, controversy exists as
to whather other peurctransmittars such as dopamine and 5-HT may be involved,
or indesd whether this offect of amphetamine, if noradrenergic, is central or
peripborsl in origin. Previcus work on the moachaniam of tho hyperthermia is
discugsed in Chapter 8.

In order to elucidate this mechanism further, rats were subjacted to a range
of pretreatment schedules designed to modify individual neurotranamitters in both
central and periphernl nervous systems and subssquently challenged with
amphetamine,

Experimental Progedure

A total of 180 male and female Wistar albino rats wore used, Housing, food,
control of environmental temperature and recording of colonic temperature have
already been desoribed (Chapter 8). Table 851 gives details of the various
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pretroatment schedules, and the animals were subsoquently challenged with
(+)-amphetamine sulphate (5 mg/kg 1.p.) or an equivalent volume of salins,
Body temperature was recorded immediately prior to, and at 1 hour afier the
challenging injection. The results are expressed as the mean temperature rise
after amphetamine, and statistical analyafs was by the Student t-test for unpaired
data,
Reaulte

The reuults are given in Table 8:1. o -Methyl-p-tyrosine, which inhibits
the ongoing biosynthesis of both dopamine and noradrenaline in the doss administored
[Buethin et al., 1872), totally abolished the hyperthermia produced by amphetamine,
Peripheral sympathectomy, which was achieved by a single 1. v. injoction of
8~OHDA, similarly attenuated the rise in temperature on subsequent amphetamine
challenge, whereas whon desmeathylimipramine was administered prior to 6-CHDA,
a drug combination which selectively deplotes peripheral dopamine (Breaese, Coopor
& Smith, 1974), the combination had no effect on the amphetamine induced
hyperthermia, Ganglionic blockade with tetrasthylammonium bromide was
Inoffective in proventing the rise in toemperature suggesting that this effoct of
amphatamine is postganglionie, and finally, the deplstion of central serctonin with
p-chloroamphetamine (Miller st al., 1970) failed to modify the hyperthermin,
indicating that serotonin is not involved in this effect of amphetamines,

Noue of the above pretreatmont schedules altered haseline temperatures,
and when the challenging ngent was saline, the maximum rise in temperature
raocorded after any of the pretreatment regimes was 0.4°C.
Discugsion

On the bagls of tho regults prosented, it would appear that intact peripheral
noradrepargic neurons are a prerequisite for the hyperthermic action of amphatamine

in the rat. The mechaniam by which this hyperthermia 1s produced may differ tn



Table S:1.

Influence of Various Protreatments Designe

Values are mean maximum temperature rise aiter challenge in each group, + S.E. M. nis given in parentheses

Bean maximum temperature riso {n:

Effect of Female challenged with Male challosged with
Pretreatment protreatment A tamine Salina Amphetamine Saling
a~Methyl-p-tyrosine methyl ester (150 mg/kg i.p. inhibits 0.1 +0.1 (& 0.1 +0.1(5 0.1 +0.1 (5" 0.1 +0.2 {5)
2 x dally for 3 daya; last dose 12 b prior to challenge) catecholomine

: biosynthesis
Saline as above 2.0 +0.3(6) - 2.1 +0.1(10) -
6-Hydroxydopamine (100 mg/kg i.v. 48 b prior to deplates 0.8 0.3 ot 0.2 +0.1(6) 0.520.2 5+ o.0 20.0(5
challenge) peripheral
catocholamines

Saline za shove 2.2 +0.210) - 2.0 30.3(7 -
Desmethylinipramine (15mg/kg 1. p.) followed 20 min, depletes 1.8 0.2 (5)"’ 0.4 +0.2 (5 2.4 +0.7 (4)+ 6.4 +0.1 (9
lager by 8-hvdroxydopamine (100 mg/kg i.v.); challenge peripboral
given 48 h later. dopamine

Saline as above

2.4 0.3 (10)

2.1 0.2 (8)

e

p-Chleroamphetamine (3 mg/kg i.p.) 72 b prior to depletes central 2.4 :0.3(5)%  0.3+0.2(% 2.140.2(5)7 0.310.1(6)
challenge sarotonin

Saline as ahove 2.3+0.1 (6 - 2.0 +0.1(8) -
Tetracthylammoniam bromide (30 mg/kg i.p.) 30 min  ganglion 2.7:0.1(6)% 0.6 +0.1(3) 2.4 +0.5(6)" 0.4 +0.1 (5)
prior to challenga blocker

Saline as above

2.4 +0.2 (6)

2.1 +0.1 (9)

* P 0.01 eomparad with saline pretreated amphetamine challenge control. * PL 0. 01 compared with simflarly pretreated saline challenge ;

coatrol pys



170

other species for in the mouse peripheral sympathectomy with 6-CE DA does not
influence the amphetamine hyperthermia (Wolf & Bunce, 1873). Evidence that
central dopamina release is required for amphetaming to evoke this effect in

the rabbit 1s provided by Hill and Horita (1971) (see Chapter §), and although a
similayr conclusion has been reached by Matsumoto and Griffin (1571) in the rat, the
latter suthors give neitber an indication of the numbers of animals tested nor
statistioal analysis of their results, Whether the rise in body temperature after

amphetamine results from both central dopamine and peripheral noradrenaline

releaae i3 therefore uncertain.

b) ‘The Effects of the ¥alse Transmitter, p-Hydroxynorophedrine and its Precursors

g-ﬂydrmnmpbemmme and Norephedrine, on Amphetamine Hyperthermia

Introduction
It has been reported previously that p~-hydroxyamphetamine s able to confer

a degree of protection on rats against cortain effects of amphetamine (Lewander, 1871d)
and this has been attributed to the accumulation of the matabolite of p-hydroxy-
amphetamine, namely p-hydroxynorephedrine which can act as a {ales transmittor

(ses Chapter 3). In the course of a further investigation of this protective offect,

the two precursors of p-hydroxynorephadrine, p-bydroxyamphetamine and norephedrine
(see Table :3), and p~hydroxynorephedrine itsell were administered to rats prior

to amphetamine challenge. The observed sex difference in the ability of these druga
to protect rats against the hyperthermic effect of amphetamine {8 discussed in

relation to possible sex differonces in drug metabolism, I addition, female

guinoa plgs were also pretreatod with cither p-hydroxyamphetamine or p-hydroxy-
norephedrine and the hypertbermic response to subsequent amphetamine adminiatration

deteymined.
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Table $:2. The Metabolic ormation of p-Hydroxynorephedrine from Amphetamine

and its Derivatives in bale and Fomale Rﬂ%

p-Hydroxyamphetamine

& uC dose:
a8 p-hydroxy-
Sox in0-24 huripe  norephedring Sourcs
M - - (ﬂrm. Smith &
F 79 0.3 Willlams, 1870)
4 62 2 (Chapter 3, this
F 84 3 thosis)
M 84 a7 (J. Caldwell,
unpublished data)
F 98 28 (Sinsheimer, Dring

& Willlama, 1673).
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Tho significance of the findings in these experiments in relation to the false
transmitter hypothesis (s outlined.
Experimental Procadure

A total of 105 female and male rats and 40 female guinea pigs were used.

The experimental procedure was similar to that already described for pretroatment
studies. Drugs were given by the L. p. route 20 hours prior to challenge with
amphotamine. This time interval was chosen specifically with respect to
p-hydroxyamphetamine, since Lewander (1871b) demonstratad in the rat that

20 hours following the injection of p-hydroxyamphetamine the only metabolite
identifisble in the brajn and peripberal tissues was p-hydroxynorephedrine. This
author concluded, therefors, that only p-hydroxynorephedrine could be responsible

for the observed attenuation in the hyporthermic response to subsequently administered
amphotamine,

Results.

The results are summariaed in Table 6:3, Fige. $:1 and $:2, which show that
while the temperature rise after amphetamine is considerably reduced in male rats,
pretroated with p~hydroxyamphetamine, this is not the case In the females. In both
the Wistar albino and Sprague-Dawley strains there 18 a statistically significant
difference betweon the temperature rise in male rats pretreated with saltve and
those protreated with p-hydroxyamphetamine. However, there is no significant
differsnce between the two values obtainod in zimilarly pretreated female rats.

In addition, the temperature rise after amphetamine in p-hydroxyamphetamine
pretraated male rats {s significantly less than in similarly pretreated fomales.

Although a strain difference may be apparent in that male Wistar albino
rats show 2 small temperature rise whon amphotamine is given after p-hydromy-
amphetamine compared with male Sprague-Dawley rats in which the hyperthermia

1s totally abolished by pretreatment, the sex difference is extremely clear cut.
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Fig: 9:1

The effect of p-hydroxyamphetamine pretreatment on amphetamine hyperthermia

in the rat

Rats were pretreated with p-hydroxyamphetamine (PHA) (40 mg/kg, i.p.)
or saline (0.8 ml i.p.) 20 h prior to challenge with (+)-amphetamine (20 mg/kg i.p.)

Columns represent the mean rise in colonic temperature (+S.E.)in1h
after amphetamine. n = 5 or & for each group.

*  Compared with saline pretreated male P < 0.001
Compared with PHA pretreated female P < 0.001

Control animals of both sexes and strains were injected with saline after
either saline or PHA pretreatment as desecribed in the text showed a temperature
change in 1 h after the challenge of + 0.3°C.



Fig. 6.3 0o effect of norephedrine and p-hypdraxynovephedrine pretreatment o
Saphetanies MRerthorale 10 ¢ rat
'mts wore protrested with novepbedrine (NE) (15 mg/kg {, p.), p-hydroxgynorephedrine

(PEN) (0 mg/ g L.p.) or saline (0.5 =i 1.p.) 30 b prior to challonge with
(*)-amphetamine (6 mg/Ng i.p.) (0 = 10-13 for each grouwp)
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When control animals of both sexes and strains wore injocted with s:line after either
saline or p-hydroxyamphetamine pretreatment, as described, the temperature rise
after the challenge was 0, 3°, which was not a sigoificant change io any case
examinad.

Although no rats died during the 1 hour mes murament period, in many of the
oxporiments where the anfmals were chal’enged with amphatamine, deaths occurred
1-4 hours after dosing (see Tabls 9:3). It 13 apparent that while p~hydroxyamphstamine
pretreatment protected male rats againat the lethal effocts of this dose of
amphotamine, similarly pretreatad female rata died, as did control animala. No
deaths ocourred in rats of eithor sex or strain challang>d with aaline after efthor
of the pretreatments.

The results for oxperimontz in which sither norephedrine or p-hydroxynoreph-
edrine were adminiatered prior to amphetamine are similar to those already
described for p-hydroxyamphetamine (Fig. 9:2). Again, male animals are
partlally protected by pretreatment, wheroas famales are not, For male rats
the hyperthermia {s significantly attenuated compared with saline pretreated
controls (for both p-hydroxynorephedrir.o and norephedrine), but In famsles there
is no statistically significant difference in the temperature rice produced by
amphetaming after cither pretreatment drug.  In female guinea pigs ne; thor
p-hydroxyamphetamine nor p-hydroxynorephedrine afforded any protection against
the hyperthermia produced by amphetamine (Fig. 9:3). The temperature rise of
ca, 2°C in this species following 2 dose of 20 mg/kg (+) -amphetamine was not
modiftedby either protreatment.

Discuaajon
| The hypothasts that the accumulation of p-hiydroxynorephedrine, 2 metaholits
of amphetamine, might be fovolved in the tolerapee to amphetaming ae a fales

transmitier in peripheral and central noradrenergio peurons, was tested by
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Table ©:3, Mortality in p~Hydroxyamphetamine Pretreated Rats Challengod with

Amphetamine
Doses as for Figure #:1,
treatme:
Saline p-Bydroxyamphetamine
Wistar alblno Male 3/5 0/5
Female 6/6 3/6
Sprague~Dawley Male 5/6 0/6

Female 2/5 4/5



iz, 0:3

PROTECTION AGAINST AMPHETAMINE HYPERTHERMIA BY

p-HYDROXYNOR EPHEDRINE PRECURSORS - FEMALE GUINEA PIG

Temperature Rise °C

2.5

2.0 -
PHA

15—
B e

1.0

SALINE
0.5 —

(Continued overleed)
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Fig. 2:3. Protection against amphetamine hyperthermia by g—hydtmynoreplmdrine
precursors - female guinea pig

Guines plgs were pretreated with p-hydroxyamphetamine (PHA) (40 mg/kg 1.p.),
p-hydraxynorephedrine (PHN) (5 mg/kg i.p.) or saline (0.5 mi 1.p.) 20 h prior
to challenge with (+)~-amphstamine (20 mg/kg §.p.}

n = 5 f{or e oh group

Columna represent mean maximal temperature rise occurring up to 4h after
amphetaming (+ 5.E,)

No significant differsnces wero recorded for either pretreatment group when
compared with saline pretrented animals.

Control guinen pigs recetved s saline challenge after pretreatment with saline,
PHN or PHA and the temperature from 0. 4 h after injection was + 0. 5°C.
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protreating rats and guilnoa pigs with not only precursors of tho falso transmitter,
but also p-hydroxynorephedrine itself, and subscquently challenging these animals
with amphetamine.

The inveatigations prosented here revealed a sox difference in the protective
offect of p-bydroxyamphetamine, p-hydroxynorephedrine amd norephedrine in rats.
That this difference could result from a sex difference in amphstamine responss can
be excluded by reforence to Figs. 9:1 and 912, which show that the axtent of
hyperthermia in rats treated with amphetaming alone is similar in both soxes,
Alternatively, as an explanation for the observed sex differsnce, the metabolic fate
of eithay amphotamine or the pretreatment drugs in the two sexes could differ. The
former possibility 1s negated by the study of Lowander and Jonasson (1972) who showed
no significant differences fn the pattexn of distribution of urinary metaholites of
amphetamine between the sexes. A sex difference in the pharmacokinetics of
amphetamine has, however, heen noted (Groppetti & Costa, 1:6¢), the T} for
amphetamine in males belng approximately half that found in famales.

With respect to p-hydroxyamphotamine, Dingell ot al, (1874) have repoited
the aex differcuce in the ability of lHiver microsomal preparations from Wistar rats
to conjugate p-hydroxyamphetamine with glucuronic acld apd this sex difference has
been subsequently confirmed in Sprague-Dawley strafns. An examinatio of the
p-hydroxyamphetamine conjugations {n vivo (see Chapter 3) provides further
evidence that sex difforonces in p-hydroxyamphotamine conjugation may be causally
velatad {0 the ohservod sox difference In the protective effects of p-hydroxyamphatamine
against amphetawine hyperthermia. Xt may bo that female rats conjugate injectad
p~hydroxyamphetamine so rapidly that no free drug i avaflsble to protect agalnat
amphetamine, whereas in the males, conjugation proceeds more slowly, allowlng

some freo p-hydroxyamphetamine to oxcrt its protective actlon, However,
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p-hydroxynorsphedrine 1s thought to be the molecular species responsible for this
protection, and from Table 9:2, it will be noted that daspite variations in
p-hydroxyamphetamine confugation, both saxes produce small amounts of
B-hydroxynorepliedrine, tho metabolite claimed to be responsible for the protective
effect. The dain preasnted argue, then, that this effect may not be related to
falae transmittor production, but to some ‘sther mochantsm involving p~hydroxy-
amphetamino iteelf and not its metabnlite, p~hydroxynorephedrina.

The ability of p-hydroxyamphetamine to protect malo rats against amphetamine
hyperthermia may not be relatad to the mechaniam of tolaerance to amphetamine in
rats. Ag in the male rats oxamined by Lowander (1871d), female rats have been
found to bacome tolorant to the hyparthermie offect of amphetamine (Chaptexr 8). Thus
the faflure of p-hydroxyamphetamine to protect famales against amphetamine
hyperthermia is apparently not relatad to a deficienoy in the mechanism giving rise
to tolerance. This argument appliss also to the guinea pig, since in females of this
species, nelther p-hydroxyamphetamine nor p~-hydroxynorsphedrine protected the
animals against a subsequent amphetamine challenge.

At presont the exact nature of the ohaerved sex difference in the rat is
equivoeal, It is possible that variations in drug handling botween the sexes is
involved or that there 1s no Involvement & moradrecergic false transmitters in
tolerance to amphetamina induced hyperthermia in the rat,

From Tablo 8:3, it s noted that p-hydroxyamphetamine protected male but not
fomale rats against the lathal effects of amphatamine and this reflects the protection
seen againat the hyparthermic action. R could be sugpested on that evidence that
hyperthormia and lethality are causnlly related.

Although no ata i3 'avaflablo on tho metabolism of p-hydroxynorepbsdrine in

minle and femaloe rats, whon the fate of norephedrine ts considered in the two sexas,
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little dlf_fereme fe seon in the amounts of p-hydroxynorephedrine excreted in
urine (277 malo, 287 femalo) and the extent of conjugation of this metabolite with
glucuronic acid is stmilar (12% male, 17% famale). The sources of this data
are shown in Table $:3,

In view of the similar sex differences in tho ppotective effect against
amphetamine hyperthermia afforded by these two drugs and p-hydroxyamphetamine,
it is suggested that metabolic difforerces betwoen the two sexes are ndt of major
significance, and that the data presentad bhore militate against the false transmitter
hypothesis {or amphetamine tolerance.

¢) The Effect dg—ﬂyﬂrwmnphatanﬂne Pretreatment on Loeomotor Activity

Introduotion
As discussoed previously {Chapter 8), evidence has been presented for the

role of both dopamine and noradrenaline in tho medistion of the inoreased locomotor
activity that ocours after the administration of amphetamine. Following attempts

to modify tha hyperthermic effect of amphetamine by pretreatment with p-hydroxy~
amphetamine, oxperiments were designed to determinc whether such pretrestoont
affected snimal notivity on subsequent amphetamine challonge, despite the ovidence to

the contrary presented by Lewander (1971d) who pretreated male rats with a single
dose of p-hydroxyamphetamine (40 mg/kg) 20 hours prior to (t)-amphetamine
(20 mg/kg).

A totsl of 35 Wistar rats (male and female) were housed as previously
described. p-Hydroxyamphetamine was administered efther as a single dose
(40 mg/kg i.p.) 20 hours prior to (+)~amphetamine (5 mg/kg 1.p.) or In a total of
4 doses (40 mg/kg 1.p. 2 times daily for 2 days), the last dose 20 hours prior to
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ampbetamine (5 mg/kg 1.p.). Control anfmals were pretreated with equivalent
volumes of saline,
The motor activity of individual rats (gross locomaotor activity and sterectypy)
was recorded on the animal activity monitor for 10 minute ' intervals for the period
of -1} hours after amphetamine Injection, the 0~} hour period belng used for
acclimatisation (Chaptor 7).
The results are expressed as the mean activity (gross locomotor or stereotyped)
per 10 minuic poriod per ~nimal,
Rosults
The data ave given tn Table $:4. For both male and female rats there appears
to be a successive diminution in the gross locomotor activity, with increasing doses
of p-hydroxyamphetamine pretroatment, whereas tho figures for stereotyped activity
are equivocal. Statistical interpretation of datn derived from behavioural
experimonts {s difficult in view of the wide interindividual variations in drug response
and the difficulty in obtaining rigidly controlled environmental factors, thus standard
errors are large., However, when comparing saline pretreated rats with thoge
animals that had received 4 doses of p-hydroxyamphetamine, the fall in gross
locomotor counts achieved statistical significance but no statistically sigmifioant
-change oacured with sterectyped bohaviour,
Discussion
The results presented are In contrast to the study of Lewander (1571d) who
fafled to show axy change in activity o ion rats were challenged with (*)-amphetamine
(20 mg/kg), after a single dose (40 mg/kg) of p-hydroxyamphstamine, In the
current experiment with 4 doses of p-hydroxyamphetamine and a smallor dose of
amphetamine thero appeared to be a depression in gross locomotor stimulation in

both sexcs, In the absence of the previously reported data on the effocts of
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Table v:4, The illects nfg:fiydrmamphetamlm Protroatment ai Amphetamine

Data are presented as mean activity counts + 8. K.

ayx
a Vi

54l ine/Amphetaming

p-Hydroxyamphetamine
(40 mg/kg)/amphetamine

p-Hydroxyamphetamine
(4 x 40 mg/kg)/amphotamine

Female Wistar

Saline/Amphetamine

(40 mg/kg)/amphetamine

p-Hydroxyamphetamine
{4 1 40 mg/kg)/amphetamine

Activity

Actlvity
130% + 182
1025 + 225

672 + 187*

1155 + 85

962 + 243

320 + 5

Stemgw
Behaviour

468 + 180

1236 *+ 178

1086 + 60

1413 + 103

1187 + 113

560 + 118*

* P <0.06 compared with sallns pretreatod controls; all other values ars

nol significant,

n=5

n="7

B=3
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p-bydroxyamphetaraine on amphotamine hyperthernia, ope might interpret these
findings 28 evidence for the accumulation of p-hydrexynorophedrine in central
noradrenergic neurons resuliing In an attenuation of the locomotor activity
following subsequontly administered amphetamine. The apparent lack of

effect of such pretroatment on stereotyped behaviour 1s in accordence with the
view that this action of amphetamine s mediated through dopamine releass,

It fs of Interest that this duta correlates well with the observations presented
in the previcus chgpter, which showed that tolerance developed to rcss locomotor
activity, In the rat, with repesied administration of amphetamine, whereas no such
change in stereotypy occurred.

These rosults, while in accordance with the false transmitter hypothests,
are difficult to reconcile with the apparent lnability of p-hydroxyamphetamine to
protect female animals against amphetamine hyperthermia, which militate against
a role of p-hydroxynorephedrine in amphetamine tolerance (Chaptor 8).
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CHAPTER TEN

DISCUSSION AND CONCLUSIONS
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Most studies reported in the literature oo the possible mechanisms by which
amphetamine produces its pharmacological and hiochemical sifects have concentrated
upon the interrelationship between the parent drug amphetamine and the disposition
of the catecholamines, Many of these studies have been performed in the rat, a
species which metabolises amphetamine largely by aromatic hydroxylation rather
than oxidative deamination of the side chain, a pathway cccurring to a greater extent
in most othor species including the gulnea plg and :nan. However, sinoe the
hydroxylated metabolites of amphetamine possess intrinaic pharmacologioal
activity, it ia important to consider thefr role in the overall reaponse of animals or
man to administered amphetamine.

Although amphetamine itself is not stored in sympathetio nsurons, the introduction
of the aromatic hydroxyl function permits selective concentration of p-hydroxy-
amphetamine in peripheral tissues and brain (Iversen, 1567) and is reflected by the
fncreased half-1tfe of this motabolite in brain after intraventriculsar injection (13 78
min. ) as compared with the parent amine (t3 15 min.) (Taylor & Sulser, 1573;. With
substitution of a hydroxyl group in the g-positicn of the side chaln, the resultant
metabolite, p-hydroxynorephedrine, has a considerably prolouged tissue half-life,
in excoss of 2 bours (Taylor & Sulser, 1673; Lewandor, 1971k; Costa & Groppettt,
19€¢) and probably results from intrancuronal binding in granules similar to those
which store noradrenaline (soe Chapter 1).

Certaln peripheral pharmacological effects of p-hydroxyamphetamine have
already been considered (seo Chapter 3), and it is Interesting to speculate upon the
role thiz metabolite and/or its S-hydroxylated derivative could play in the CN8

stinwulant offects of amphetamine. Such a role has been alludad to by Costa and
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Groppett! (1470) and Gunne, Jonsson and Anggzard, (1672) and is further suggested
by Taylor and Sulsor (1973) who administered p-hydroxyamphetamine and p~hydroxy-
noraphedrine into the carebral veniricles of rats. The former compound produced
intensa grosa locomotor stimulation and the latter mainly stercotyped behaviour,
Similar CNS stinmulation was observed hy Fog (1£70) when p-hydroxyamphetamine
was Injected into the corpus striatum of reogerpinised rats, and by Clymer
and Seifter (1647) who injocted p-hydroxynmphetamine systomically to young chickens
in whic®: the blood brain barrier i3 not fully dovolopad. In both those studies,
sterootypy was the major response.  Whethsr p-hydroxyamphetamins ip this
situation acts dirsctly or whether it has to be convorted to p-hydroxynorephedrine
1s uncortain, but the former is more likely since l-p~hydroxyamphetamine was found
to be almost as potent as the d-fsomer (Taylor & Sulser, 1973) and the l-antipods 18
not a substrate for dopamine-g-hydroxylase (Coldstein, MoKerveghan & Lauber, 1064).

Freeman and Sulsor (1872) reported that protreatment of rats with iprindole,
an inhibitor of aromatic hydroxylation of amphotamine, actually echanced the central
effects of amphetamine, A closer examination of thess observations, however, shows
that the effect of such pretreatment was only to prolong, rather than to enhanoco,
the central stimul:tion. Novertheless, it appears that p-hydroxyamphetamine is
not esaentfal for the acute CNI stimulant effects of amphetamine.

Thore is evidence that with ropeated dosage of amphetamine, the degree of
central stimulation 1s unrolated to bratn lovels of amphotamine (Magour, Copor
& Fahndrich, 1674) and the Inferonce must be drawn that metabolites may be involved.
It is intaresting to speculate thorefore upan the posatble significance of those studies
in relation to the human amphetamine paychosizs. This phenomenon is discussed
by Connell (1858} and recently studiod by Criffith et al. (1870). In this study,
cumulative doses of d~amphotamine (120-200 mg) weroe administored to amphetamine
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addiots over a period of 15 days. Inftisl euphoria and hyperactivity followed

2 10 mg L. v, doge. With contioued oral adminiastration after 50 mg total, all
subjects became depressed snd hypochondriseal, refusing to answer questions,
confining themselves to their rooms, anorectic, wnatable and fault finding, This
was followed with increasing dosage by a prepaychotio phase lastieg several hours
when patiants became paranoid and tacitarn. The onaet of psychosts was abrupt
with loquacious discuasion of their parancid ideas., Agitation was present in only
one of six patients and all others exhibited blusted aifeot. Orgmnised delusions
were apparent and ideas of reforence were common. Orientation remained and
states of consciousnoss were unalterad, Visual and suditory hallucinations did not
oocur in this study but were noted in 10 of 12 patients sxamined by Jonsson and
Gunne, (1970). In addition to theso features, stereotyped, repetitive aciivities
have been described during the psychotic eplsode such as continuous chewing or
teoth grinding movements, repeotitive polishing of nails and dismantling and
reaasombling clocks or motors (Randrup & Munkvad, 1670),

‘These authore considered that noradrenaline releass might cause a hyper-
stimulation of intornal arousal mechanisms but noted that many of their subjects
did not appear hyperstimulated with larger doses. At this later stage, perhaps
depletion of catecholamines by amphetamine itself or a metaholits occurs, resulting
in deprecsion,

The following proposal outlines posatble pharmacological events leading to a
gtate of neurchormone imbalance which it is suggestaed may be associated with the
dsvelopment of the psychosis., Following repeated administration of large doases
of amphotamine, with short time intervals between doses, it may be construed that
the initial pharmacologieal offects of amphetamine, resulting from the liberation

of the catecholamines noradrenaling and dopamine woald be modified by the presence
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within the central netrons of tho metabolites p~hydroxyamphetamine and p-hydroxy-
norephedrine, Although p-hydroxynorephedrine has an agonist activity on
peripheral noradrenergic receptors canly 1/500th that of noradrenaline (Brodie,

Cho & Gesaa, 1570), the provicusly mentioned study of Taylor and Sulser (1973)
suggests that its direct effoct centrally may bo more significant,

Alternstively, it is possible that the CNS normally functions in a state of
homeoe@iis dependent upon a balance of neurchormonss, and that the relationship
betwesn dopamine and noradrenaline is oritical. With repoated doses of
amphetamine the persistont depletion of noradrenaline (vide fnfra) would upset the
balance in favour of dopamines. Furthermore, this imbalance would be potentiated
by uhibition of dopamine-g-hydroxylase, Creveling et al. (1562) showed that both
amphetamine and p-hydroxyamphetamine ware competitive inhibitors of this enzymse,
in addition to which, the formation of p~-hydroxynorsphedrins within the adrenergic
granules could be oxpectod to suppress the activity of dopamine~g-hydroxylase by
end product iohibition. Thus the ongoing blosynthesis of noradrenaline 1s prevented
and dopamine accumulatas.

A final and highly speculative factor 1s to attribute a role for p-hydroxy-
amphaetamine as a dopamine receptor agoniast perhaps ultimatoly rosponsible for
the state of hyperdopaminism characterizsad by stersotypy and psychotic behaviour.
Evidence for this iz provided by the obsarvations on storectyped behaviour which

increase when rats are chronically dosed with amphetamive (Chapter 8),
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Hypothesls
Stages leading to amphetamine paychosia.

Stage 1. Amphetamins > DA releass
Acute affect " » NA reloase
2. Na 'functionally antagonised’ * pA*?
as rosult of: /(/L
..mi -
a) displacement by PHN
inoreasing
dosage of
amphstamine b) provention of DA uptrke
into granules TD A’
+ e
¢) inhibition of DFH by PHA,
A, snd PHN
NA
3. Direct effect of PHA or
? PHN on DA recoptors peychosls ,f.PHA
+ /’f’ i DA
/b
/
s 3/ -
DA = dopamine; NA -~ noradrenaline; A = amphetamine; NA

PHA = p-hydroxyamphetamine; PHN = p-hydroxynorephedrine;

DH = dopamine-g-hydroxylase.

Since the neuroleptic drugs which have antipsychotio effects both in patients
with schizophrenia (Goodman & Gilman, 1970) and with the amphetamine psychosis,
(Geerlings, 1572), probably exert their offects by dopamine receptor antagonism
(Matthysaa, 1673) the oase for o state of dopamine proponderance in theae conditions
is therefore strengthened.

Undoubtedly further studies will explora thavdlidity of the propossd animal

modol for the human psychosis, but it must be emphasised that the rat is not the ideal
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spocles for such studles, in view of the major i {ferences in metabolism of

amphetamine in this species when compayad with man (see Chapter 1).

Several studies have shown that (+)-amphatamine lowers the brain and heart
cancentration of noradrenaline (Costa & Groppetti, 1570). In view of the prolonged
depletion of noradrenaline found in rat heart and brain, which contrasts with the rapid
disappearance of amphetamine from these tissues, it has been postulatod that &
motabolite of amphetaminre {5 responsible for this dopletion (Coata & Groppetti, 1670;
Brodie, Cho & (Gessa,1870). Both p-hydra

when administerad to rats canse a mors pronounced fall in heart noradrensline than
ecuimolar amounts of amphetamine (Costa & Groppetti, 1670), and after (+)~
amphetamine, p-hydroxynorephodrine has also been identified in both brain and
poripheral tissues in amounts relatod to the noradrenaline defleit (Costa & Groppetti,
1670; Brodle, Cho & Gessa, 1970). Studies with (<)-~amphetamine which is not
metabolised to p-hydroxynorephedrine (Goldstein & Anagnoste, 1666) roveal & more
short lived noradrenaline depletion (Brodie, Cho & Gessa, 1£70).

Following inhibition of aromatic hydroxylation of amphatamine with fprindole
(Fresman & Sulser, 1972), peripheral and central noradrenaline luvals still decline
but return to normal values withic 24 hours, in contrast to a peraistent decline of up
to 48 hours whilst amphetamine s given alone., The studies of these anthors taken
in confunction with those of Costa and Groppetti (1670), who found that in guinea pigs,
which do not metabolise amphetamine sigotficantly by ring hydroxylation, the
noradrenaline depletion has 3 similar time course réla:ung only to the presence of
armphetamine in the tissues, suggest that prolonged noradronalines depletion requires
the presence of the metabolite, p-hydroxynorephedrine, Costa and Groppetti (1870)
conclude that the delayed effects of amphotamine, including psychoses and tolerance,
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21¢ in part dependent upos the storage of p~hydroxynorephedrine in brain where it
would be roleased not coly Ly successive doses of amphetamine but algo by nerve
activity.

It is intaresting to point out here that Uke the other false transmitiers invest~
igated by Kopin, Wete and Sedvall (1965), p-hydroxynorephodrive diminishes the
turnover rate of carebral noradrensline in ocontrast to the parent amine amphetamine
which increases the furnover (vide infra). Thus, with acoumulation of falsse
transmiiter, both displacement of noradrenaline and diminished synthesis could ooccur
and, parhaps, relatse causally to the known CNS effect of amphetamine on repeated
dosage,

Studies on tyrosine hyidroxylase activity suggest that the actlvity of this enzyme
is fnoreased by a negative feodback mechanism, resulting from synthesis of new
engyme, which can be blocked by profein syntheals Inhibition (Mandell & Morgan, 1670).
Although tyroaine hydroxylase has been considered to be the rats Hmiting engyme for
noradrenaline blosynthesis (Levitt et al. , 1565), attention bas recently bean diverted to
dopamine~g-bydrozylase, which may have more Immaediate control over noradrenaline
formation (Molinoff & Orcutt, 1674). Studles on this ensyme in states of amphetamine
tolerance have not however been performed, but from previously menticned studies,
inhibition of this enzyme by amphetamine, p-hydraxysmphetamine or p-hydroxy=
norephadrine, would prevent any Incroase in the blosynthesis of noradrenaline to
compensato for the depletion and account for the low turnover rates ohserved fa the
tolerant state, Those findings suggest that the disposition of dopamine would differ
from that of noradrenaline, but perusal of the literature provides conflicting evidence.
Lewsnder (1671¢), in rats made tolerant to amphetamine, domonstrated that dopamine
levels were diminished bt turnover unchangod, however, Costa and Groppett! (1970)
showad that turnover of dopamine was fncreased by repeated small doses of
amphetamine. The converse was however reported by Glowinaki ¢t gl. (1974) who
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obaerved a decrease in turmover of dopamine with larger doses. The case,
therafore, is unresolved.

Irvespectivoe of dopamine, 1t may boe construed that the changes occurring
within the nexrve terminale would favour a diminished blosyntbesis of noradrenaline
atuch that repeated doaage of amphetamdnes would rolease leas noradrenaline from
the nerve ending. It s not essential ai thia point to involve p-hydroxynorephedrine
as a false hourolransmitter,

Table 10:1 summariges the available data on the effects of acute and ohroafe
amphetamine trestment upon the disposition of noradrenaline, Although certain
vital data aras lacking, it oan be scen that the only consistent finding in tolerant
animals {3 the enhanced depletion of noradrenaline with ochronie dosage (Lewander,
1468; 15710), neotther the prolonged depletion of noradrenaline, nor the formation

of p-hydroxynorephedrine hoing a preroguisite for tolerance,

There is liitle doubt that within the sympathetic nervous aystem control
mechanisms exert thelir influence at varicus levels in order to maintain a state of
homasostasis. Although overall control of sympathstic activity 1s from the CNS, the
reurons themselves may regulnte the release of noradrenaline from tha nerve
terminals (sec Smith, 1972). With chronio admintstration of amphetamine and
bhocanse of the diverse effects of this drug on the neuror; it {5 probable that control
moechanisms for noradrenaline synthests, uptake, storage and release are deranged.

In the precseding paragraphs, the effects of amphetamine and its metabolites
upon certain prosynaptic mechaniams, which govern the biosynthesis and storage
of noradronaline, have been oconsldered. The following discussion will outline the
possible role of false neurotransmitters in relation to the noradrenergic neuron snd
will be concluded by 8 summary of the evidence for and against the false transmitter

hypothasis for amphetamine tolorance.
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Tab :
d-Amphetamine I-Amphetamine d-Amphotamine d-Amphetamine
{rat) {rat) + iprindole (rat) (guinea pig)
Initial depletion + 4 + .
of noradrenaline
Prolonged depletion + - - -
of noradrenaline
Enhanced depletion + ? ? +
of noradrenaline on
chronic dosage
p-Hydroxynorephodrine + - - -

formation in tissues

Tolerance + 4+ ? +
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An agsessmont of the structurs and function of 'false transmitters'
The atructuro activity relationships for false transmittera woere reviewod by

Kopin in 1668,
As referred to proviously in this thesis, many phenylethyl~ and phonylizo-
propyl- amines may be canverted to thely g-hydroxylated derivatives by dopamine-

B-hydroxylese (in vive), o.8.

Ho . CHgCHaNH, HO /) CHCH,NH,
T S
Tyramine p-Cctopamine

HO' . CHyCHNE, - HO. ., CHCHMNE,

CH, OH CH,
p-Hydroxyamphetamine p-Hydroxynorephedrine
AN N
7 ) CHyCHgNH, " %) CHCHpNH
HO - HO s ol
m-Tyramine m~Cetopamine
. CH,CHNH, ', CH CH NH,
HO © om, HO  OHCH,
o~Mathyl m~tyramine Metarzminol
,.’.;’)‘A"m“:"\\ _‘H?M":'-‘J\‘
HO . 7 CHyCHNH, HO " ) CHCHNH,

a~Msthyl dopamine o-Methylnoradrenaline
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If p-hydroxylation of these amines is prevented by the administration of
disulfiram, which inhibits this reaction; . but does not interfere with noradrenaline
binding, these amines are not retained by the noradrenergic vesicles (Musacchio,
Snyder & Kopin, 1964; Musacchio, Fiecher & Kopin, 1966). These authors
conclude therefore that storage of these compounds within the sympathetic
neuronal granules is at least dependent upon the presence of the S~hydroxyl group.

Comparison of the retention of various g-hydroxylated amines by particulate
fractions of sympathetic neurons reveals that, apart from the g-hydroxyl group, the
disposition of the aromatic hydroxyl groups is important, catechol groups being
retained to a greater extent than monophenolic groups. However, a-methyl
substitution did not alter the binding since retention by a-methyltyramine and
tyramine was similar (Kopin, 1968).

With respect to false transmitter release from sympathetic neurons there
are several reports suggesting that the false transmitter 18 selectively released in
favour of endogenous noradrenaline (Crout & Shore, 1965)(by nerve stimulation and by
indirect acting sympathomimetics) and, according to Poch & Kopin (1966), might
explain tachyphylaxis to indirectly acting sympathomimetics. The effects of these
false transmitters on catecholamine synthesis may depend upon whether the
compounds formed during the false transmitter synthesis compete with the enzymes
in the noradrenaline biosynthetic pathway, e.g. a-methyldopa. With non catechols,
which are metabolised to false transmitters, the resultant displacement of
noradrenaline from storage sifes and rise in free noradrenaline would tend to
inhibit noradrenaline synthesis by feedback inhibition, while with catechols, the
reduction in noradrenaline synthesis may occur as a resulf of competition for
the enygymes involved in the noradrenaline biogynthetic pathway.

The total effects of the false transmitter and its precursors on noradrenaline
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disposition are further complicated by the fact that some of these compounds
may competis for noradrenaline reuptake into the nerve terminals (Uptakey;
see Chaptier 1).

Finzally, the resultant pharmacological effects will depend upon the agonist
activity of the particunlar falde transmitter, and although many of these compounds
are several orders of magnitude less potent than norodrenaline, particularly
with reapect to peripheral offects, Day et al. (1973) suggestad that, on central
noradrenergic nsurons, o-methylnoradrenaline may be almost as potent as
noradrenaline,

Lewandor's observation, that p-hydroxyamphetamine protects againat only
peripheral effects of amphetame (presumsbly following its conversion to p-hydroxy-
norephedrine), could be explained by the faot that the effect of p-hydroxynorephedrine
on central noradrenergic receptors 13 almost sa potent aa that of the endogenous
tranamitter noradreaaline.

Could n edrine function as a 9 _transmitter ?

The evidence for norephedrine funciioning as a false transmitter has been
consldered previously (Chapter 8). This compound is undoubtedly formed
metabolically from amphetamine in several species Including rat, gulnea pig and
cat (Caldwell, Dring & Willlams, 187%; Lewander, 1571s; Thoanen et al., 1966;
Chapter 4 of this thesis). Thoenen et al. (1566) have idontified this motabolite
in homogenates of cat spleen following administration of amphetamine and since
norephedrine is produced by S-hydroxylation of amphetamine, this reaction
prosumably takes place within the catecholamine storage granules, However,
retention within the granules appears to be depandent alszo upon the prosence of
phenolic or catechol groups and the fallure to detect norephedring on splenie
nerve atimulation following amphetamine administration (Thoonen et al., 1566)

suggests that norephedrine is unlikely to function 28 2 false transmitter.
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Thers have beon few constderations of the posatbility of fnlse dopaminergic
neurolransmittors. Howaver, Shore and Dorrts (1874) commented that a-methyl--
m~tyramine mgy occupy such 2 function at dopamine receptors. In relation to
noradrensling, it has been discussed that S-hydroxylation (s a requiremont for
storage, bhut in dopaminsrgic nourons, the storage characteristics must be
unralated to the A-hydroxyl group, and if one accepts that p-hydroxynorephedrine is
a false trassmitter in noradrenalin2 containing neurons, why not p-hydroxy-
amphetamine in dopamine containing nourons ?

The vesultant effect would again be dapendent upon the agoniat activity of

p-hydroxyamphetamine,

Summary of the evidence for p-hydroxynorephedrine as a false transmitter

There is no dispute that in many species p-hydroxynorephedrine is formed
metsbolically from its precursor p~-hydroxyamphetamine by the action of dopamine-
A-hydroxylase, an snzyme occurring mainly wmun the noradrenaline storage

granules (Goldstein & Anagnosts, 1665; Cavanaugh, Griffith & Oates, 1£70;
Brodio, Cho & Gensa, 1870). Unsquivocal evidenco has also bson provided by
Thoenen ot al. (1968) and Fischer, Horst and Hopin (1865) for the liberation of
p-hydroxynorephedrine from perfused cat spleen preparations on sympathetic
nerve stimulstion. Finally, Brodie, Cho and Gesea (1870) confirm the observation
of Trendelenburg et al. (1962) that p-hydroxynorpphedrine possesses only woeak
intrinsic sympathomimetic activity (1/500 that of noradrenaline). Thus the
avidence for p-hydroxynorephedrine as a falge transmitter would appear to be
unagsailable, nevertheless to assign a rolo for p-hydroxynorsphedrine in the

development of amphetamine tolerance is mors difftoult,
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Thia may be summarised as followa:

1. Tolerance develops in rats to some offects of amphetamine but not to othors,
namely hyperthermin, anorexia, cardiovascular effects and the increase in grinaxy
noradronaline exoretion (Lowonder, 1£71d) and most of tho avallable evidence
suggests that these effocts ‘are mediated through noradrenaline reloase.
2.  Enhanosd noradrenaline depletion in peripheral tlasues and brain i
associated with the davelopment of tolerance (Lewnnder, 1988).
3.  p-Hydroxynorepbedrine is present in thess tissues in amounts that relate to
the noradranaline defiolt {Brodie, Cho & Gessa, 1970).
4.  p-Hydroxynorsphedrine 13 releassd preferontially by amphetamine in respeot
to noradrenaline (Brodie, Cho & Gessa, 1870).
5. p-Hydroxyamphetamine and p-hydroxynorephedrine pretreatment attenuates
the peripheral effects of roradrenaline, possibly by incorporation of p-hydroxy-
norephedrine into the noradrensrgic granules with displacement and depletion of
noradrenaline (but this is true for male rats oply).

Much of this evidence is olrcumstantial and lezves the followingz questions
unanswered:
1.  Why are certain central effects of amphoetamine allegedly mediated via
noradrenalipe and to which tolerance develops, not attenuated by the presence
of p-hydroxynorephedrine in central nearoens ?
2.  Does p-hydroxynorepbodrine accumulate in sufficlent amounts to block the
actions of amphetamine, sinco Brodie, Cho and Gessa (1870) falled to show any
aceumulation of p-hydroxynorephedrine in heart after seven repeated doses of
amphotamins ? These authors suggestod that each pew doso of amphetarine

reloased most of the p-hydroxynorephedrine accumulated in storage granules,
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Evidepce against the involvement of g«hydrmorephadrine in amphetamine tolerance

From the work presented in this thesis, it 1s possible to argue againat the
false transmitter hypothasts for amphetamine tolerance, on the followling grounds:
1. A species which does not motabolise amphetamine to any sigmiffcant extent
by aromatic hydroxylation (the gulnea pig) and in which p-hydroxynorephedrine
cannot he fdentified at tlasue sites, rapidly develops tolerance with repeated
ndministration of amphetamine and shows little difforence from the rat, a species
which matabolfses amphotamine to p-hydroxynorephedrine.
2.  Although both maloe and female rats bacomo tolorant to amphetamine and indeed
convert both norephedrine and p-hydroxyamphetamine to the false transmitter,
p-hydroxynorephedrine, pretroatment of animals with elther precursor or
p-hydroxynorephadrine itself only protects male animals sgainst a subsequont
amphetamine challenge; females being una{fected by such protreatment. Thus the
motabolic production of p-hydroxynorephedrine from amphetamine appears unrelated
to tolerance, since the sex difference in protoction is not paralleled by a deficliency
in the tolerance mechantsm.,
3. Ephadrina, a drug to which tolerance rapidly develops with repeated
administration, 13 not metabolised to the falpe transmitter in man (zee Chapter §).
4. Tther amphotamine anatogues such as phenmetrazine, which do not form
p-hydroxynorophedrine metabolieally (Fracklin, 1{74) give riss to tolerance on
ropestod cxposurs (Kalpnt, Le Blanc & Gibbing, 1971),
5.  Tolerance dovolops to the hyporthormic rosponse in rats chrenieally dosed
with l-amphetamine, which 18 not metabolised to p-hydroxyporophedrine (Lowander,
1674).

In summary, thersfore, it appears that despite much circumstantial evidenoe

elaiming a causal relationship between the formation of the falso transmitter,
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p-hydroxynorephedrine, and the develiopment of tolerance to amphetamines, many
questions have been unresolved, and from the evidence presented in this thosis, the
false transmitter hypothesis 1a no longer tenable, and alternative mechanisma must
be sought to explain amphetamine tolerance.

Litile attention has been focussed on post-synaptic or receptor initiated
regulatory mechanisms for noradrenaline release, which may be involved in the
tolerance mechanism, and in the light of recent studies, these will be discussed
briefly.

Postaynaptic events

Hedqvist (1970a) has proposed that prostaglandins (PG) of the E group notably
PGE2, may play a specific role In the regulation of the 'sympathetic neuro-effector
system' by 'inhibition of the release of noradrenaline from sympathetic neurons’.
Many subsequent investigators have produced evidence supporting .this hypothesis
(see Smith, 1$72) and studies with prostaglandin synthesis inhibitors show that
noradrenaline release from nerve terminals is enhanced by protreatment with the
specific inhibitor of PG synthetase (elcosa 5,8,11,14-tetraynoic acid). The postulated
feedback loop involving proataglandins is shown in Fig. 10.1.

Early studles with exogenous PGEZ2 failed to influence the amount of
noradrenaline released by the indirectly-acting sympathomimetic tyramine as
opposed to nerve stimulation (Hedqvist, 1970). However, tyramine may not be
truly representative of the indirectly-acting sympathomimetics, and thus 1t would
be of interost to determine whether the effects of amphatamine were modified by
interruption of PG mediated feedback loop.

The results of such a study carried out subsequent to the preparation of this

thesis are published elsewhere (Sever & Trelinski, 1974). In this investigation,
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Fig. 10:1. Possible Mechanisms in the feedback control of Release of Noradrenaline

by Prostaglandins
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the posafbility that noradrenergle offects of amphetamine could be potentiated

by pretreatment of rats with the prostaglandin inhibitor, indomethacin was
explored. Female Wister rats were dosoed with elther (+)~amphetamine sulphate
(6 mg/kgz i.p.) alope, or after pretrostment with indemethactin (5 mg/kg)
adminiaterad by gastric tube 2 b prior to amphetamine challonge, Colonie
tomperature was rocorded as desoribed in Chapter 7, §, 1 and 2 hours after
amphetamino injoction. The results are shown in Fig. 10:2. The mean
maximum temperature tise evoked by amphatamine after indomethacin protreatmant
iz significantly greater (P< 0. 0520, 01) than that produced by amphetamine alone,
Control experiments confirmed that indomethacin had no effect on baaeline
temperaturss,

Enbancement of the nogative fesdback mechanism controlling noradrenaline
releaze could b involved in the development of tolerance that is seen with chroale
doange of amphotamines. This was Investigated by dosing rats with iddomethacin
(5 mg/kg twice daily) and amphetamine (5 mg/kg twive dafly) for B days. Colonic
tomperature was recorded aftor the first dese of amphetamine on each day.,
Resgults are shown in Fig. 10:3.

From the data recorded it 1s apparent that the tolorance producad to the
hyperthermioc effect of amphetamine with repeated oxposure 1a partially pmvented
by indomsthacin, a potent inhibitor of prostaglandin syntheails (Fexreira, Moncada
& Vane, 1671). The studies reported in Chapter 8 with repsated administration
of amphetamine alove, show that a marksd attenuation of the hyperthermic
rosponse occurs within 24-36 hours, and, although indomethacin prevents this
early acquisition of tolorance, on the fourth day of treatment with the combination
of drugs, tolerance develops.

It could be suggostad that indomethaeln was producing its offect by inhibiting
amphetamine metabolism, To eliminate this posaibility, (14C}-(+)-amphetamine



Fig. 10:2 The effect of indomethacin on the time course of amphetamine

induced hgp_grthermla

Rats were pretreated with indomethacin (5 mg/kg crally) or normal saline (0.5 ml
orally) 2 h prior to injection of (+)-amphetamine (5 mg/kg f.p.) or saline.
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EKats were treated twice dally with indomethacin (5 mg/kg orally) or normal saline (0.5 ml) 2 h bsefore injection of
(+)-amphatamine (5 mg/kg 1.p.) or normal salins (0,5 mi)

Each bar represents the mean maximal temperature elevation produced from 0-2h after the first dose of amphetamine
or saline on days 1-5.

7  Indomethacin and amphetan:ine (n = 8-25) [] Ssline and amphetamine (n = 5-8)

| Indomethacin and saline (n = 4-%) i Sallne and Saline {a = 6)

Vertical bars pepresent 3, E.
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sulphate (6 mg/kg 1.p.; 1 «Ci per animal) was administered to rats 2 hours after
pretreatment with sithor Indomsethacin (5 mg/kg orally) or an equivalont sBlume
of saline orally, The total unchanged smphetamine and mstabolites axereted in the
firat 24 hour urine after dosing was determined by solvent oxtraction and paper
¢ hromatography essontially a2 described tn Chapter 2.  The percentage of dose
axcroted ns amphotamine in 2 indomethacin pretreated rats was 13 and 18% compared
with 18 and 147 in the 2 saline protreated antmals.  No quantitative difference in
the urinary oxcretion of amphetamine metabolites was found when the two pafra
of rate were compared. The rocovery of 14¢ 45 the 0-24 hour urine from the 4
rats varied from 70-80%. Thus it would appear that indomethacin does not have
an {nhibitory offect upon the motaboliam of amphetamine.

These rasults fmply that prostaglanding synthests may be roquired for the
initial development of toleranee to the hyperthermic effect of amphotamine, however,
the finding that telaranca subsequently develops (by day 4 in {3 experiment) suggests

that alternative mochanisma have to be invokad for the lator development,
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Conclusion,

The metsbolic studies presented in the first part of this thesis confirm that
p-hydroxynorephedrine (the putative false transmitter metabolite of amphetamine)
is excreted as a urinary metabolite of p-hydroxyamphetamine in all species
fnvestigated, aod of amphetamine in tolerant human subjects. It is not found
following the administration of ephedrine, a drug to which, like paradrine and
amphetamine, tolerance develops rapidly in man.

It is roalived that the fdentification and quantitation of drug metabolites in
the urine may be unreprosentative of their tissue disposition, and the argument
proposed fox the posaible significance of the excretion of p-hydroxynorephedrine
in buman subjects tolerant to amphetamine exemplifies this point. Conversely,
the ldentification of p-hydroxynorephedrine in guinea pig urine was perhaps
misleading, since this metabolite of amphetamine has not been identified in the
tissuos of this species when chronleslly dosed with amphetamine, and therefore
cannot be implicated in the development of tolerance.

Nevertholess, tolerant human subjects in whom experimentsl studles are
nsturslly iimited, provided no oonvinoing evidence that alterations in drug disposition
contributed to the development of tolerance and more specifically no evidence for
an eohanoed production of the false nourotransmitter, p~hydroxynorephedrine was
found, Those changes ocourring with prolonged exposure to amphetamine wore
in opposition to that which might be anticipated, 1.e. lesg metaboliem with repeated
dosage rather than enhanoced biotransformation.

The object of the latter part of this thesis was to explore the proposed
relationship between the metabolic formation of false transmitter metaholites of
amphstamine and the development of tolerance to thee drugs. Many studies on
drug toleranoe have ¢oncentrated upon the tofluence that repeated dosage with
amphetamine has upon the disposition of the catecholamines. Whilst the importance
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of such studies eannot be denfed, It remains conjectural as to whother changes

in nsurotransmitter disposition can provide the solution to the elusive problem

of amphetamine tolerance. However, iu view of the intimate relationship betwoen
the amphetamines and the catecholamines, such investigations have been reviewed
where appropriste.

The multitude of references to false transmitters in relation to amphatamine
tolerance warranted an investigation into the validity of this hypothests.

Consideration of the offects of chronic amphetamine challenge upon the
noradrenergio neuron suggests that deplation of noradrenaline may occur with or
without the formation of p-hydroxynorephedrine,

That toleranoe is related to the metabolic production of the false transmitter
oan be discounted from the observations presentod in this thesis that:

1.  Animals failing to produce the false transmitter from amphstamine develop
tolerance,

2.  Precursors of the false tranamitter (other than amphetamine) fail to protect
againat a subsequant amphetamine challenge in fomale animals known to possess
the ability to become tolerant to amphetamines.,

Furthermore, a recent study by Lowander (1674) reveals that toleranos
develops in the rat to (~)-amphetamine which (see Chapter 1) is not metabolised
to p-hydroxynorephedrine.

Little attention has boen fooussed upon receptor ndaptation and post synaptic
regulatory mechaniams and preliminary studies with prostagiandin synthesis
inhibitors suggest that the post synaptic regulatory negative feedbaok mechanism
controlling noradrenaline release may be, in part, traportant in the initial
development of tolerance, However, In view of the subsequent development of this
phenomenon, even when proataglandir .synthesfs ia prevented, other mechanisms
must be invoked,
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That diminished receptor sensitivity could play a part in amphetamine
dependence has been largely ignored. The studies presented in this thesis were
not designed to explore this possibility, however, the biological phenomenon of
tolerance is unlikely to be unique for any one class of foreign compounds, and
since receptor adaptation has been postulated in the development of tolerance to
other psychoactive drugs, it would seem reasonable to implicate such a mechanism
in the state of amphetamine tolerance.

Future studies should be designed to evaluate the effects of chronic amphetamine
administration on the short and long term regulatory mechanisms for neurohormone
synthesis and release. In addition, with the recent developments of refined
histochemical techniques and the mapping of noradrenergic and dopaminergic pathways
in the animal brain, it should be possible with the aid of sophisticated stereotactic
techndques to stimulate or lesion selected pathways, such that a more complete
understanding of the mechanism of action of the psychotropic drugs of the amphetamine
group is acquired. This naturally has widespread implications in that a more
refined evaluation of the biochemical and pharmacological abnormalities occurring
after high doses of amphetamines may provide insight into the underlying mechanisms
in the paranoid psychoses, particularly since the drug amphetamine is capable of
producing a mental disorder indistinguishable from schizophrenia, the aetiology of

which has defied investigators for decades.
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APPENDIX

SYNTHESES OF (;)*[14C1-E~HYDROXYAMPHETAMINE AND

(-y-14C1-EPHEDRINE
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The syntheses of (+)~[*4C}-p-hydroxyampbetamine hydrochloride snd
(-)-{14C}-ephedrine hydrochloride were carried out by Dr. L.G. Dring of this

Department, At the prosent time neither of thase syntheses has. been published
in the literature, and therefors they will be included in this appendix,

Synthesia of g-mnmpmmma
[Carboxyl-14C)-Antsic actd (1. 35 g, m.p. 178°C) was prepared from Baldco,

(2.41 g, 6 mCi; Radiochemical Centre, Amersham, Bucks., U.K.) according to
the rothod of Reid and Jonos (1048). This was converted to [carbonyl-14C)-
anisaldehyde (0. 22 g) using the method described by the same anthors. To the
radionctively labelled aldehyde was added inactive antsaldehyde (1. 80 g) together
with nitroethane (1. 80 ml), n-butylamine (0.10 ml), piperidine (0.15 ml) and
benzene (12.5 ml). This reaction mixture was refluxed for 13 hours and the water
f ormed in the condensation was romoved with a Dean and Stark trap. On cooling,
the mixture was washed with 2 x 5 ml 2M HCl and 3 x 10 ml water aod the benzene
aolution dried over N2,804. Evaporation of the solvonts under reduced pressure
yielded impure 1-(4'~methoxyphenyl) -2-aitro-{1-14C)-prop-1-ane (1.4 g) as a light
brown oryetalline sclid. This nitro compound (1.1 @) was dissolved in dry ethor
{20 ml) and added over a period of 30 ming. to a stirred solution of Hthiwm alaminium
hydride (0.98 g) in dry ether (50 ml) and the mixture was refluxed for 2.5 hours
to complete the reaction. Excess reagent was destroyed by the addition of water

(10 ml) and, after addition of 2M NaCH (10 ml) the ether layer waa separated.
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Further base was extracted from the aqueous solution with ether (2 x 10 ml).
The bulked ethereal solutions of the amine were extracted with 2M HCl (2 x 20 ml)
and the acidic solution washed with ether and made alkaline with 10M NaOH (15 ml).
The liberated base was extracted with ether (3 x 10 ml) and dried over NagSO4. On
addition of an excess of an ethereal solution of dry HCI gas the base hydrochloride
precipitated as an ofl which on standing gave white crystals of (+)-1-(4'-methoxy-
phenyl)—[1—14C]~2—aminopropane hydrochloride (0. 58 g, m.p. 204°C and a specific
activity of 0. 76 uCi/mg; Hoover & Hass (1947) give 207°C). The radiochemical
purity of the compound was determined by paper chromatography and by reverse
isotope dilution analysis with authentic (+)-1-(4'-methoxyphenyl)-2-aminopropane
hydrochloride (Smith, Kline and French Laboratories, Welwyn Garden City, Herts,
U.K.) and in both cases the purity was greater than 88:%.
[14C}-p-Hydroxyamphetamine was prepared from the above methoxy compound
(0. 25 g) by heating it in a sealed tube together with 10M HCl (10 ml) for 2.5 hours
at 140°C. The resulting straw coloured liquid was taken to dryness under reduced
pressure, the residue dissolved in water (10 ml) and again evaporated to dryness,
this procedure being repeated three times to remove HCl. The solid obtained was
triturated with acetone and on filtration gave white crystals of (+)-1~(4'~hydroxy-
phenyl) -2-aminopropane hydrochloride (0,117 g, m.p. 167-169°C, specific activity
0.80 pCi/mg; Alles (1932) gives m.p. 171-172°C). The radiochemical purity
of the compound was determined by paper chromatography and reverse isotope
dilution analysis with the authentic compound (Paredrine; Smith, Kline and French
Laboratories) as the N, O-dibenzoyl derivative (Dring, Smith & Williams, 1970) and

in both cases the purity was greater than 98%.
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Racemio ephedrine was synthesised using a modification of the route outlined
by Nagnse et al. (1961).

l-mo-ldphmyl-{l-“m-prmne ([“C]-proplophenme; 57 mg, 3 aCl/mg,

Sinsheimer, Dring & Willlams, 1973) and innotive propiophenone {840 mg) were
dissolved in 10 mi of benzene which was then heated to 70°C. PBromine (1.12 g),
dissolved in 5 m! of benzone, was added dropwizae, allowing the ysllow colour to
diapel betwoon each addition, Finally tho mixture was refluxoed for ono hour. On
cooling, the benzeno wae removed In vacuo, the resulting ofl rinsed with benzene
and taken to drynsss onge more to remove any bromine snd hydrogen bromide
aod finally taken {oto 10 ml of benzene. This solution of 2-bromo-1-oxt-1~phenyl-
(1-14C)-propane was cooled in jce and 5 solution of mathylamine in sthanol (1. 032 g,
8 ml) was added dropwise cior 15 min., The mixture was left to stand for a day
at room temporature, evaporated to drynoss {n vacuo, redissoived in 10 ml of
benzenc and extincted with 3M HC1 (3 x 15 ml).  After cooling in ice the bulked acld
oxtract was treated carefully with 10M NaOH (10 ml). The liberated hase was
axtracted with ather (3 x 20 ml) dried over Nag8(,, evaporated in vacuo to 5 ml
and treated carefully with a solution of HCL in ethanol (7, 50) until z slight oxcess
of acid wno present. Crystallisation of the resulting oll was induced by evaporating
the mixture almost to dryness in vagno and the addition of 3 ml of acstone. Tho ofl
dissolved and crystals of (+)-2-methylamino-1-oxo-1-phenyl-[1-14C}~propane
hydrochloride (348 mg, m.p. 176-178°C with a rad melt characteristic of amino-
kotones, Ht. m.p. 1768-177°, Hyde Browning & Adams, (1928)) soon appesred,

The above aminokatona hydrochloride was dissolved in 20 ml of absolute
ethanol in which was suspended 350 mg of 57 palladium on charcoal and reduced

with hydrogen at a progsure of 210 KN/m# (30 1b¢/in9 for three hours. The



218

catalyst was filtered off (Whatman No. 44 paper), the solvent ovaporated to

a small volume and acetoue added. White crystals of (+)-~2~-methylamino-1-
phenyl-[14C]-propan-1-ol hydrochloride ((+)~[*4C]-ephedrine hydrochloride)

soon erystallised out from the mixture (264 mg, m.p. 185-187°C, lit. 188-1007C,
Hyde, Browning & Adams (1828); specific radioactivity 0.22 xCl/mg). Tho amino
aloohol was further obharacterised by its . r. spectrum.

Resolution of the (_j)-»[“ﬂ»epbedrlw hydrochloride was: performed in a manner
outlined by Nagase et al. (1567 after the method of Manske and Johnson (1629).
(*)-Ephedrins hydrochloride (0. 264 g of radioactive compound + 0. 348 g of non~
radioactive compound) was dissolved in 2 ml of water and treated with 10M NaCH
(1.0 ml). The liberated ephodrine base was extracted with diethyl other (3 x 10 ml)
and dried over anhydroua NagSO,. The solvent was removed under -reduced pressure
and the base diasolved in 2 ml of othanol. (~)~Mandelic acid was added to the
mixture with stirring and on standing at 5°C for sovaral hours the (-)-ophedrine-
(<)-mandelato cryatalllsed., Thiz was fllterad and recrystallised {rom ethanol to
give 0,307 g of thig salt (m.p. 166°C; Manske & Johnson give 167-165°C).

Treatment of the salt, altor suspension in 2 ml of water, with excose 10M NaOH
lthorated ephedrine base which was extracted with sther (3 x 10 ml) and the extract
washed with water (3 x 2 ml) and dried over anhydrous NagS8QO4. A slight excesa

of an ethereal solution of HCI gns was added, Evaporation of the other to 5 ml caused
the oryatallisation of (-)-[14C]-ephedrine hydroohloride (0,180 g), m.p. 210°C

(Nagat & Kanao (1926) give 2168-217°C for tho non-radicactive compound). The
radiochemical purity as determined by paper chromatography was 8%, and the
optical purity by roverse isotopo dilution (Evans ot al,, 1863) with authentic (~)-
ephedrine was 9§%. The optical rotation in water of a sample of (~)-ephedrine

hydrochloride prepared from non-radioactive (+)-ephedrine in the same way as the
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radioactive material was {n]%o = =33. 7%, C ~ 3,85, Nagai and Kanao (1839)

glve {a}%ﬁ = =34, 5%, © = §.0 for the natural product.
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