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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 2-hydroxynorephedrine, a compound which fulfils the accepted 

criteria for noradrenergic false transmitter function. Using 14C-labelled 

compounds, metabolic studies have been performed in man and other species 

with amphetamine and two of its derivatives, 2-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 

development of tolerance to noraidrenergically mediated effects of amphetamine has 

been confirmed in the rat and could be related to the formation of 2-hydroxy-

norephedrine. In the guinea pig however, which, according 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 

g-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 2-hydroxynorephedrine in both sexes. 

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

amphetamine is not causally related to the metabolic production of rhydroxy- 
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norephedrine and the conclusion is reached that the false transmitter hypothesis 

cam* adequately explain the acquisition of tolerance that develops to amphetamine 

on repeated exposure to the drug. 
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PREFACE  

"We now have statistical evidence that a very 
high percentage of addicts are 'ignited' during their post-
adolescent and young adult period of life. These are 
periods of preparation for the greatest life challenges, 
and our desperate desire to fight addictive impulses 
should have its major point of assault at this time. How 
can we actually - if we are honest - have auy success in 
freeing anyone from 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, superficial opinion that youth must be moved 
away from a particular drug to something else. Where 
is the positive response to the unfortunate conditioning 
which has created the tendency 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 
we expect to find the 'means and medicine' to help 
victims out of their dilemma". 

ERNEST HARMS (editor) 
Drugs and Youth, 
Pergamon Press, 11i73. 
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INTE ODUCTION  
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B4steicsi Perspectives and Scoye of the Present Studs 

After the initial discovery at the pressor effects of suprarenal extracts 

(Giver & Schaefer, 1895), the isolation of the active principle adrenaline 

(Abel & Crawford, 1897) and its subsequent synthesis (Stolz, 1904; Dakin, 1805), 

many structural variations on this compound were synthesised. 

In the elegant study of Barger and Dale (1910), the structure activity 

relationships of many biologically active amines were reported. These authors 

introduced the term 'sympathomimetie,  for those amines whose ac tiOns resembled 

stimulation of the true sympathetic nervous system. Optimal syrapathomimetic 

activity was afforded by a structure consisting of a benzene ring with a two carbon 

aide chain and a terminal primary or secondary amino group. Activity was 

increased by the substitution of hydroxyl groups in the 3' and 4' positions on the 

aromatic ring, and by an alcoholic hydroxyl group on the $-oarbcn of the side chain. 

Illness, Miller and Alias 41930) noted the sympathomimetic properties of 

amphetamine, although this drug had been synthesised some four decades previously 

(Edeleano, 1887), and the drug was introduced therapeutically as a bronchodilator, 

respiratory stimulant and analeptic (Mies, 1933). By 1E35, the central stimulant 

effect of amphetamine had Led to the use of this drug in the treatment of depressive 

states, narcolepsy, obesity and fatigue (Belt, Howells & Macdonald, 1955) and a 

little later the problems of tolerance became apparent (Guttman, 1939). 

The literature contains many references to studies on the metabolism and 

pharmacology of amphetamines, with a notable accentuation on the possible 

mechanisms by which these drugs produce their pharmacological effects ode 

In recent years the problems of drug abuse have stimulated research late the 

underlying mechanisms of tolerance and dependence. With respect to amphetamine, 
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a drag which, with repeated dosage in man, can produce a psychotic state clinically 

indistinguishable from schizophrenia (Connell, 1968), an opportunity exists for 

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

of the biochemical and pharmacological correlates of this state may ultimately 

Lead to a better understanding of the pathogenesis of schizophrenia. 

The studies on drugs of the amphetamine class which will be reviewed in this 

introduction can be fairly well categorimal. Earlier work on drug biotransformation 

revealed the formation of metabolites which have themselves been shown to possess 

pharmacological activity and which almost certainly contribute to the action of 

amphetamine (Freeman & &doer, 19721 Taylor & Sulser, 1973) and possibly to 

the tolerance that develops to this drug with repeated exposure (Brodie, Cho & 

Glasse, 1970). Many such studies have been performed in laboratory animals and, 

in view of the widespread species variations in drug metabolism (Williams, 1964), 

extrapolation of such data to the human situation must be carefully considered. 

Most pharmacological investigations have been concerned with the mechanisms 

by which amphetamine interacts with endogenous catecholamines vUti.otfk...11). It 

is apparent, as will be reviewed later, that many of these studies have boon 

performed in the rat, a species which metabolises amphetamine extensively by 

ring hydroxylation to form active metabolites, thus the pharmacological profile 

of amphetamine in the rat may be unrepresentative of other species including man. 

Nevertheless, detailed research upon the effects of both amphetamine and its 

metabolites on catecholamine disposition in this species have greatly contributed 

to our understanding of the mechanism of action of this drug. 

The delineation of neuronal pathways within the brain and the development of 

stereatactio techniques have also added to our understanding of he 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 

implicated 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 between the metabolic formation of false 

neurotransmitters and the development of tolerance. 

In the first half of the thesis, metabolic studies are presented in which possible 

precursors of the false neurotransmitter, E-hydraxynorephedrine, namely 

2-hydroxyaraphetamine, amphetamine and ephedrine, have been administered to 

severkl 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 drugs is discussed. 

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 is compared and contrasted in two species, only one 

of which produces the false transmitter metabolically. In the second study, 

metabolic precursors of k-hydrovnorephedrine were administered to animals that 

were subsequently challenged with amphetamine. If the false transmitter 

hypothesis is valid, then the previous incorporation of 2-hydrcecynorephedrine 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 abuse in man. 
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Review of Amphetamine Metabolism 

Metabolism one of the moat important torn goarning the pharmacologjeal 

nnd toxic properties of a drug in the animal body. For many drugs in common usage 

today, little information in available on their metabolism and indeed, where such 

meteholic data are provided, not only are studies frequently restricted to a single 

animal species, but only rarely are data available concerning the fate of the drug in 

man. keerspecies variations in dreg 'metabolism are widespread, and for this 

reason alone extrapolation of data derived from experiments in animals to man is 

unreliable (Williams, 1964). 

When, however, the metabolism of a series of related compound is compared 

in a variety of species it is often possible to correlate the chemical structure of the 

compound, the species and the metabolic route. Thus, predictions can be made 

regarding the fate of a new drug in certain species including man (Williams, 1964). 

Continuing interest in the metabolism of amphetamine is stimulated by the 

well-established similarity between the amphetamine psychosis and certain forms 

of schizophrenia (Randrup & Murdered, 1970) and it could be suggested that studies 

on the mode of notion of amphetamine and its metabolites may well increase our 

knowledge of the biochemical basis for this crippling disease. In addition because 

of the increasing world problems of drug abuse, tolerance and addiction, research on 

the biochemical correlates of the tolerant state are required, particularly with 

reference to amphetamine ',Web is known to be metabolised in certain species to a 

compound capable of acting as a false neurotransmitter, the formation of which has 

been suggested to be causally related to the develcernient of tolerance. 

Since the important paper of Axelrod (196,4), there have been several studlea 

on the metabolism of amphetamine ;Ind other 0-phenyl isopropyiamines. These have 

been compiled and reviewed by Smith and Dring (1970) and Williams, Caldwell and 
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:ring (1074) aed mpy be summarised here. 

The structures of those compounds, which tre given in Fig. 1:1 suggest 

several routes of biotransformation (Fig. 1:2) 13,me 

Aromatic hydrcosylation to the corresponding parahydroxy derivative which 

may be excreted free or as a conjugate with gluouronic acid or sulphuric 

acid. 

N-Deallsylation of e-phenyl-N-alkylisopropylamines (e.g. ephedrine) to the 

primary amine. 

Aliphatic hydroxylation of the a and p carbon atoms to the carbinolamine and 

corresponding ephedrine respectively. 

Oxidative deamineticp  to the ketone which may be reduced to other compotmds 

or linden* oxidation to the carboxylic acid. 

N-Oxidation  to form hydroxylamines or N-oxides. 

Some e-phenyi isopropylamines are largely unmetabolised Ind excreted free 

in the urine, e.g. norsphedrine In man. Faecal excretion is minimal, as would 

be expected, since few of these compounds attain the molecular weight threshold 

required for biliary excretion (Millburn, 1970). 

The blotransformation of amphetamine has beers studied in greater detail than 

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

firoela ion of  mhetEz.I fife 

The exact nature ei the enzyme system responsible fir the ring hydroxylation 

of ampbetaudne is uncertain. Although In the isolated perfused liver the reaction 

proceeds as in the whole animal., amphetamine does not appear to be metabolised by 
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Figure 1:1 Structures of Amphetamine and Related Drugs  
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RI 22 R3 R4 R5 

Amphetamine H H H H H 
Norephedrine H H OH H H 
Ephedrine H H au H CH3  
2-Hydroxyamphatamine OH H H H H 
g-Hydroxynorephedrine OH H OH H H 
2-Methrecyamphetamine CH3OH H H H H 
Pentium:dna H CF3 H H C2H5 

BletharnPhatamlne H H H H CH3  
N-Ethybunphetarnine H H H H C2H5 
Mephentermine H H H CH3  CH3 
Chlorphentermine Cl H H CH3 H 
E-Chloroamphatamine Cl H H H H 
N-3-Chloropropyl- 

amphetamine 
H H H H (C112)3C1 
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p-Hydroxyamphetamine side chain /hydroxylation 
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it 
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1 

CH2CH-CH3 

Figure 1:2 Metabolic Pathways of Amphetamine  
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aromatic 	ydroxylation 	Amphetamine 
	 deamination 

side chain 
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CH CH NH2  
I 	I 
OH CH3 

aromatic 
' hydroxylation HO CH CH NH2  

1 	1 
OH CH3 

2.-Hydroxyn.orephedrine 
	 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. 
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the uaaal microsomal aryl hydroxylase enzyme system as shown by Daly g. 
(1147) and Dingell and Bass 000 who failed to demonstrate any significaM 

biotransformation in rat liver miorosomal preparations. Of interest is the finding 

of Cream), Barbee and Roach (1V70) who showed that although SKr 525 A inhibited 

the parshydroxylation xeaction, this was not induced by either ph,  nabarbital or 3,4- - 

henapyrene pretreatment. It has also beet. reported by Creaven and Barbee (le n) 

that ethanol inhibits this transform,atio. 1,a ,o. Other compounds which interfere 

with this route of metabolism are diecuesed in a later section of this chapter. 

Despite the lack of information concerning the enzyme system responsible 

for aromatic hydroxylation, certain characteristics of this reaction have been 

determined. Daly 21 	(1167) demonstrated that In common with other aromatic 

hydroxylation reactions, the hydroxylation of amphetamine in etelved the 'N.I.H. 

Shift' whereby, as a result of hydroxylation, there to an intramolecular migration of 

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

Ho 
x mono% 	 CH2CHNH2 

If/ 	 H3' CH3 	 CH3 

/13  

HO - 	CH2CHNH3 
CH3 

Aliphatic lirdrialvtaticr  

Whereas reelect studies report the hydroxylation at the a carbon atom of 

amphetamine (A..a infra), hydroxylation occurring at tt. :Deleon poeition has been 

the subject of considerable interest, since the metabolite formed by both aromatic 

and s-hydroxylatioe mehydroxinorephedrine) his been suggested to be responsible 

for the development of tolerance to amphetamine. 
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opamiee-p-hydroxylrise, the enzyme responsible for thy- conversion of dopamine 

to noradrenaline, has been shown to lack substrate specificity (Levin & Kaufman, 

11301) and several authors have confirmed that many phenylisopropylaraines, 

including amphetamine, are substrates for this enzyme (Crevtsling e  al. , 1 62; 

Goldstein & Contrera, 1.962), which is specific for the (+)-isomc :7s of these 

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

Chapter 3. 

Oxidative Domination  

The proposed pathways for *lamination of amphetamine (Fig. 1:3) include 

oxidative attack at two sites, namely the a-carbon and nitrogen atoms. However, 

the mechanism by which compounds of the amphetamine series undergo oxidative 

deamination is the subject of much controversy. Because of the presence of the 

methyl group on the carbon bearing nitrogen, these drugs are not substrates for 

monoamine oxides*. 

Axelrod (HU) found that amphetamine was oxidised to bawl methyl ketone 

by rabbit liver microsornes, and Brodie Gillette said LaDU (1958) suggested that 

the oxidative attack occurred at the a-carbon-position to form an unstable 

carbinolamine, which would then lose ammonia to give the ketone (Fig. 1:3). 

Smith and Ming (MO) suggested an alternative mechanism in which amphetamine 

was dehydrogenated to its 'mine, which would then undergo hydrolysis to the ketone. 

Rucker, Micimiewice and Rhodes (1$71) and Parli, Wang and McMahon avng 

found that the chief metabolite of amphetamine in rabbit liver microsomal 

preparations was bawl methyl ketcasinee which can hydrolyse to the ketone 

(Caldwell, 1142). 

Using the technique of 180 labelling, Peril, Wang and Ida ou (11,111.9 
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OH 
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0
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0 
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Figure 1:3 Proposed Pathways for Deamination of Amphetamine 
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concluded that oxidative deaminatic:e resulted from an initial hydroxylation on the 

cit-carbon atom giving the unstable oarbinolamine which undergoes two fates, 

dther dehydration to the irnine or loss of ammonia to the ketone. These authors 

suggested that the 'mire could be oxidised to the oximo which was hydrolysed to 

benzyl methyl ketone. In a subsequent publication (Peril, Wang & McMahon. 

1137112) evidence for this pathway was provided by the isolation of an enzyme from 

rat and rabbit livers capable of bydroxylatIng itrdnes of this type. The 

Incorporation of 05% 180 into the oxime and 30% 18r) into the ketone suggested 

that most of the ketone was formed via the oxime (er) and that the remainder was 

derived from the unstable carbinolarnine. 

Beckett and Al-Berra) (1172) proposed a further mechaniem for the microsomal 

enzymatic attack on amphetamine. These authors suggested that in addition to 

ce-carbon oxidation giving the ketone, oxidation occurred on the nitrogen atom to 

give the N-oxide which by proton transfer became the hydroxylamine. These 

hydroxyleminee, which in alkaline and acidic solution and more organic solvents, 

notably ethyl acetate, bleak down readily to oximes, are formed in quantities 

dependent upon the particular species investigated. In rabbit liver microsomal 

preparations, the N-oxidation route was found to be equivalent to the 0C- route, 

In guinea pig preparations tbe N- route was 10 times greater than the tee- route 

and in rats thele- route wan negligible and the N- route only about 1/100 activity 

of guinea pigs. 

The fate of the ketone produced by oxlegetive deaminAtion is tiv result of either 

further oxidation to benzoic acid, or stereospecific reduction of (+)-Isomers to 

benzyl methyl earbinol (El MaarY. 'rnith 	 1e5(3). 
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Substituttleta nos 

Ring substitAktod araphltaminets  

Although many ring substituted a 	st 	e been bynthesised such 

s rhydroxyarephetamine, rmethoxyamphstamtne, 2'. -dimethoxy -4' -methyl- 

amphetamine and feafittramine, detailed metabolic studies stirs ft, 	The tab 

of rhydrugarepbotanaine will be presented in Chsptor a. In geaeral it may be 

stated that although subatituont groups themselves may be metabolised, e.g. 

by hydrolysis or oxidation, further metabolic attack on unsubstituted groups has 

not been reported. 

2 	(Dying, L. G. 
unpublished 
data) 

Methoxyampbetamine 	 mine 

1-12  5 DONA any-4-methyl- 	 5-Dimetheag1.4.osabotypben 
pbanyl)-2-aminc9ropome 	 2-amintoesgwas 

Nevertheless, these oompounds are subject to side chain degradation as 

evidenced by, for example, the formation of m-trifluorornethylhippuric said as the 

major urinary metabolite of fenthtramine in man (Bruce ,ft Maynard, nem. 

Italthits_magegftg.  

A detailed discussion of the maibbattaai of ephedrine is given in 

other N-aliglated amphetamines have been the subject of metabolic studies, 

113 	 `C)C.-1-13 
\), cs2cHNBI 	2  arattiga4 HOOC 	CR2714112 

CO 	CH3 	 B CO 	C113  
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e.g. Nemethylamphetamine (Axelrod, 1ii54; Caldwell, Dries e Williams, IV72). 

Neethylamphetamine (Beckett, Brookes &Showy, lea) and N-3-chloropropyl-

amphetamine (Pondinil) (Long, 11170), and all species investigated N-dealkylate 

to varying extents. It is Apparent that incre.aeing the size of the alkyl group 

increases the extent of further metaboliem by oxidative deaminatlon of the side 

chain and aromatic hydroxylation. 

In view of the importance and potential significance of interspecies variations 

in the biotransformaticm of the ampbetemines, the patterns of metabolism of 

number of amphetamines in several species will be reviewed briefly. The 

experiments to be presented in a later chapter were designed ou the oasis of 

evidence that certain species do not metabolise amphetamine by aromatic 

hydroxylation. 

Metabolism in the Bat  

The rat metabolises amphetamines principally by aromatic hydroxyhtion 

(Axelrod, 11i54; Smith & Dring, 1‘70; Dring, :Smith & Williams, 100; w illiams, 

Caldwell & Dr lag, 1914) (Table 1:1). Where NelubstAtuent groups are present .  

N-dealkylation occurs to a moderate extent but deamination is minimal (Caldwell. 

Dring & Wlitla ms, 117; Axelrod, 1154). 3-Hydroxylation of the side chain 

is a minor metabolic route with an phet =Inc but with methanwhetamine this 

pathway is more significant (Caldwell, Dring fc Williams, IV7212). The more 

polar compound, ephedrine, is excreted to a considerable extent unchanged 

(Bralet , Cohen & Valette, 1t68), however, other compounds investigated such 

as Poodinil and mephentermleo are almost totally metabolised anti the amounts 

excreted unch4nged in the urine are very small (Williame, Caldwell & wring, 1i74). 

Metabolism in the Guinea Pig  

The guinea pig contrasts strildngly with the rat in that the main metabolic 



Table 1:1 Summary of Metabolic Pathways of Araohetamines in Laboratory Animals 
Values are % dose excreted In the Brat 24 It after don. For references see text. 

Rat 

Unchanged As 1' amine Total 
N-dealkylation 

Aromatic Bensoic acid ft-HydroxYlstion 
WEErl...ation 

Amphetarnim 14 X X 48 2 0.6 
Methamphetamine 11 3 28 53 4 16 
Ephedrine 36 5 20 14 3 X 
Pondinil 1 - - 58 - 
MeOuntermine 0 13 45 32 •■■■ 

Guinea Pig 
Amphetamine 22 X X 0 62 
Methamphetamine 10 mg/kg 0,5 4 79 0 83 1 

45 mg/kg 3  13 64 0 31 19 
Ephedrine 2 39 39 1 ;.• X 
Pondinil 3 - - 15  

Rabbit 
Amphetamine 3 X X 6 25 IND 

Methamphetamine 2 - - - - 
Ephedrine 0.5 2 93 12 62 X 
Pondinil 18 - 6 
Mephentermine 0 22 27 5 

Amphetamine 30 X X 6 28 
Methamphetamine 20 15 45 30 
Ephedrine 6 58 59 2 - X 
Pondinil 	 17 

	 22 
Idephentermine 	 16 

	
44 	 28 	 112 
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pathway in this species is oxidative deaminatior of the side chain to benzoic acid 

(Axelrod, 1t54; Smith & Drina, 1970e Williams, Caldwell & Thing, 1974). With 

N-substitutcd amphetamine 3 , N-delkylati occurs (C.Aderell. Debe & Wilite,m 3 , 

1 V7110 Aromatic hydroxylation ie rh minor pathway (with the exception of 

Pondinil; Long, 1:10), and probAtly does not occur with amphetamine and 

methamphetamine, ;And side chain hydroxylation on the 11 carbon atom is also a 

ndoor likaction (Dring, Smith & Williams, 1970). Ephedrine is largely metabolised 

by N-dernethylation to norephedrine (Axelrod, 1953) which by virtue of its polarity 

is excreted without further biotransformation. In general, in this species, 

metabolism is extensive and with the exception of ernphetembae only small amounts  

are excreted in the urine unchanged. 

Metabolism in the Rebbit  

In the rabbit both aromatic hydroxylatieare and side chain &vedettes occur 

although the later route is more significant. Alt compounds with the exception 

of Ponclinil are extensively metabolised and N--dealkytati 	urs where 

Ippropri,te (Dring, Smith & Williams, 1970; Williams, Caldwell & Dring, 1974). 

In this species, in :addition to benzoic acid, precursors of the deamivated ketone 

metabolites of both amphet,enine end narephodrine are excreted in the urine and 

for amphetamine have been tentatively identified the enol sulphate of Ow ketone 

(Dring, Smith & Williams, 1970). 

Metabolism 	 e Doi 

This animal, like the rabbit, is cipable of both aroxrs tic hydroxylation and 

oxidative deaminstion (Smith & Dring, 1,t701 	illi.ams, C idwell & Dring, 1974), 

the latter route being most evident with amphete mine, whereas with methanaphstamine 

and Pondinil ring hydroxyl hoses is more dominant. A significant fraction of the 

dose i excreted unchanged and, as with ether species examined, N-dealkylation 
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of N-substituted ampheternbase oeeurs. 

Metabolism in Men  

With the exception of methamphetamine (Caldwell, Dring & 	1e72a) 

end Pondinil (Lang. 1070) (the more lipid soluble drugs), eromstic hydroxyletion 

14 a minor route in man (Williams, Caldwell & Dring, 1:14) (Table 112). The 

increased polarity of the ephecirines, when compared with other amphetamines,  

appears to b reflected in the high levels of unchanged drug excreted in the urine 

(WIUdnson & Beckett, 1068; Sinshelmor, Dring & Williams, 1073). Interestingly, 

when ring hydroxylation is prevented by the presence of substituent groups (e. g. 

fenflurarnine) metabolism occurs chiefly via the side chain degradattie pathway 

(Bruce & Maynird, 10€8). 

It is evident thus, from the data presented that, when pharmacological 

observations are derived from experiments performed on laboratory animals, 

account must be taken of the metabolism of the drug under investigation in the 

particular species examined. This must be of vital importance when the 

biotransformation of the !rug produces pharmacologically active metabolites. which 

because of widespread interspecies variations, may be formed in one species but 

not in another. 

;'her Factors influencing the Metabolism of Amphetamine  

in common with many other drugs both the metabolism and ph-rmacoitinetics 

of amphetamine may be influenced by a variety of factors. There are variable 

reports concerning the half life of amphetamine in young and old rats and according 

to Groppetti and Costa (196E) the rats of decline of amphetamine in young males 

13 slower than in adults. However, the converse was found in females (Zeim et al. , 

1070). A striking sex difference in the plasma Ti was also reported by Groppetti 

and Costa (1080) and although this could result from an increased rate of metabolism 
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Table 1 a 	 of Metabolic Fit 	 bias 

Values are % dome 

°impound 

excreted in t1 

Unchanged 

first 24 h after 

1' amine 

dose 

Rio 
hydroxylati 

1311asoic 
(N-dealkylation) 

Amphetamine 34 X 2 21 

Methamphetamine 23 18 4 

Etbylanwhetamine 17 7 

Fondinil 1 37 

Norephedrine 90 X low low 

Ephedrine 60-80 10-15 low low 

Fenfluraralne 7 3 0 66-93 

(For references see text) 
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in the rn-le rats (11,  - 7/3 'Ant%) ,7-omparce with females (T -110 mine.), other 

vari.nble Which include Volume of di ,trlhvtIon and renal elearance, could be 

'r.sponsibla. for the ohlf_.,..rved sex difference. 

The slirificance of urinary pfl on the excretion of 1mphetrnine is more fully 

discussed tr, 71 later chapter. At this juncture, however, it 8hotild be noted that the 

urinary excretion of the weak base amphetamine is z':ccelerated under conditions 

of acid urine formation, whereas excretion ir5 retarded in alkaline urine because 

of reabsorption of amphetamine In the r47.tnal tubules by pH. dependent nonionic 

diffusion. Ang.garci et el. (1i473) showed that In associatim with an increased 

excretion of unchanged amphetamine in acid urines In man, there was a concomitant 

diminution in the excretion of metabolites. 

Fnvironmental factors rppear to influence the disposition of amphetr_mlno as 

evidenced by the increased brain concentratione of the drug and associated 

potentiation of amphr.b,trimine effects in starved rats (Campbell Xr, Fibigor, 1t11). 

The influence of coadrninistered drugs on the disnpmarance rate and metabolism 

of amphetamine is reviewed by towander end Jorsmon (1f12)who showed that many 

tricyclic antidepressants, neuroleptics, sedatives, nnticonvulsants, anorectic 

agents are many other drugs Interfered with amphetamine metabolism. The 

impertence of these observations wins apparent when aubjectl 	interviewed for 

participation in the metabolls otufly of Amphetamine In man. The polypharmacy 

to which drug addicts expose themselves makes single drug analyses difficult. 

Many compounds, notably the barbiturates, are able to Increase their rate of 

metabolism. with chronic etipoGsure y ,Itimulation of the hepatic cytochrome4P 480- 

dependent rein osotal enzyme system,.. tto such chanTes have, however, been 

observed viith amphetamine metabolism on repented dosage (Flittlon et 	, 

Certain minor chantres do occur it the metabolilm and disposition of amphetamine 

in tills situation, and these wilt be discussed In Chapter 4 and Chapter 6. 
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Structure-Activity Relationships of Amphetamines 

Many amphetamine analogues have been synthesised and a great number possess 

stimulant and anorectic properties. Biel (1970) provides an excellent review of 

the structure-activity relationships of this class of compounds. 

With the exception of N-methylamphetamine (Methecirine), alkylation of the 

aide chain or amino group diminishes the CNS stimulant activity of amphetamine. 

Ring hydroxylation abolishes the stimulant effect and markedly diminishes the 

anorectic activity and side chain hydroxylation (resulting in the ephedrine series) 

also decreases both effects. Substitution of methoxy groups in the ring, hammer, 

gives the molecule hallucinogenic properties, the compounds thus produced 

resembling mescaline, a potent psychedelic agent. The structure-activity 

relationships of hallucinogenic amphetamines are discussed by Shulgin, Sargent 

and Naranjo (1969). A reduction of CNS stimulant action is effected also by 

methylation of the side chain carbon bearing the amino group (giving the phentermine 

series) and by N-alkylstion with large groups, e.g. benzyl. Such compounds retain 

anorectic properties as do those with halogen substitution in the ring, such as 

fenfluramine and chlorphentermine. The activity of moat amphetamine congeners 

rests principally in their various effects on the catecholamine containing nerve 

terminals in the periphery and CNS, as will be discussed later. However, a 

compound at present attracting much attention of rchloroarnphetanaine, which is 

a short acting depictor of noradrenaline, but reduces brain 5BT levels in the rat 

for periods of up to 6 months, probably by inhibiting tryptophan hydroxylase irreversibly 

(Sanders-Bush & Sulser, 1970). 
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The Catecholamines  

Introduction  

In view of the structural similarities between amphetamines and the 

catocholamines and the wealth of evidence implicating catecholamine release In the 

mediatice ,of many effects of amphetamine, it is essential at this point to consider 

summarily the biochemical and pharmacological disposition of catecholaminea in 

the peripheral and central nervous systems. The explosive Interest in this field 

is reflected by the vast numbers of publications during the past 10 years. The 

elegant investigations of may eminent scientists has led to our current understanding 

of the anatomy, physiology and biochemistry of the autonomic nervous system. 

These studies will net, however, be detailed here but outstanding contributions 

were made by von Euler. This author concluded that the principal neurotransmitter 

in the peripheral sympathetic nervous system was noradrenaline (von Euler, 1E5E). 

The Localisation of Catechokuntnes_in the Mammalian Body. 

Although many studies have suggested that noradrenaline was distributed widely 

throughout the peripheral autonomic nervous system (e.g. von Euler, 1E46), these 

investigations were greatly facilitated by the development of fluorescence-

histochemical techniques (Faick et al. , 1E62). The direct correlation between the 

noredrenaline content of peripheral nerves and the abundance of sympathetic fibres 

that they carry is well established, the greatest content hole found in the spienic 

nerve. The same correlation exists in peripheral tissues that are well supplied 

by adrenergie neurons, notably the vas deferens ciliary bate, salivary glands, 

the walls of arteries and veins and the atria of the heart (Iversen, 1E67). 

It is now known that the central nervous system stores noradrenaline, dopamine 

and serotonin, and evidence has accumulated that these substances function as 

neurotransmitters (Ante, 1E65 Hillarp et al. , 1t66; Auden et al.. 1E66). The 
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distribution of these amines varies; noradrenaline concentrations are greatest in the 

hypothalamus and medulla oblongata, with small amounts in the striatum and 

cerebral cortex. Dopamine, on the other hand, to present in high concentrations 

in the striatum and caudate nucleus with negligible amounts found elsewhere in the 

brain (firemen, 1967). In these areas it is probable that doparnhae plays an 

essential role as n murotransmitter substance (Carlsson, Feick & 	1962). 

Dopamineegic neurons probably originate from nerve cells in the cranial-ventral 

part of the mesencephalon and can be traced in the retrolenticular part of the 

internal capsule ending in the neostriatum and limbic forebrain, notably the 

nucleus accumbeins, tnborculum olfactcsrium and interstitial nucleus (Anden et al. , 

1065a,b; 1966; Hillarp, Fuxe & Dahlstrom, 1966). 

The cell bodies of the noradrenaline-containing neurons are found mainly in 

the pone and medulla (Anden et al. , 1966), the largest group being within the locus 

coeruleus. Ascending noradrenergic axons pass through the dorsal part of the 

reticular formation and together with fibres from the pans ascend in the medial 

forebrain bundle to form noradrenorgic synapses in the hypothalamus, limbic 

systems and frontal cortex (Anden et al. , 1965b; Dahlstrom et al. , 1864; Fuxe, 

1965). 

Metabolism of Catecholamines 

Biosynthesis  

The sequence of metabolic events leading to the synthesis of noradrenaline and 

adrenaline was proposed by Blaschke (Mi.) (Fig. 1:4) and subsequently confirmed 

by many inveatigators. With the availability of eadioactively-labelled precursors, 

this pathway was originally demonstrated to adrenal medullary tissue (Demis. 

Blaschke, & Welch, 1955) end later in sympathetic nerves and ganglia (Goodall 

& Kirshner, 1956) and is brain (Goldstein, Muamehle & Centrertr, 1962). 
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Figure 14 The Biosynthesis of Noradrandine sad Adrenaline  
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From Goodman and G1flrnn, 1$7O. 
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The enzymes involved in the biosynthesis of catecholamines have been 

demonstrated in the tissues mentioned above. Tyrosine hydroxylase, which 

converts tyrosine to 3',4'-dibydroxyphenylalanine (DOPA), is associated with the 

particulate or synaptosomal fraction (McGeer, Bagchi & McGeer, 1965) and 

partially purified preparations of this enzyme require tetrabydropteridine cofactors 

and are stimulated by Fe2+. it is now known that this enzymatic step which is 

specific for the 1-isomer of tyrosine is the rate limiting stage in the biosynthesis 

of catecholamines (Nagatsu, Levitt & Udenfriend, 1964; Levitt et al. , 1965). 

Aromatic 1-amino acid decarboxylase, which catalyses the decarboxylatiem 

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, 1966), and with 

synaptosomal fractions in brain (McGeer, Bagchi & McGeer , 1965). This enzyme 

has low substrate specificity and will decarboxylate many other aromatic 1-amino 

acids (Hagen, 1962). it roquires pyrtdoxal phosphate as cofactor. 

The final step in noradrenaline biosynthesis involves the copper containing 

enzyme dopamine-p-hydroxylase (Kaufman & Friedman, 1965). 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 (1.1denfriend & Creveling, 1959). Other phenylethyl 

and phenylisopylandnes are substrates for this enzyme (see Chapter 3.) 

Degradation  

The metabolic pathways for noradrenalino degradation are shown in Fig. 1;5. 

It should be pointed out here and will be Eunphasised later that metabolism of nora-

dreraline is not the essential mechanism by which the released amino is inactivated. 

The two enzymes responsible for the catabolism of noredrenaline are monoamine 
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oxidaso (MAO) and catechol-methyl traneferase (OMIT). MAO converts many 

biogenie amines, including noradrenaline, adrenaline, dopamine and serotonin, 

by ddative deamination to the corresponding aldehydes which are then further 

oxidised or reduced to the acid or glycol respectively (BI 	o, 1952). This 

rzdtoohondrial enzyme is generally believed to be rayon:Able for zx itabolisting 

extragrantdar Aimee of noradrenaline, but it appears that extraneuronal and 

betragranular noradrenalino are protected from such attack. Although many biogemio 

amines are deaminated by MAO, amines with side chain substituent groups such as 

cemethyl are not substrates for the enzyme (Btaechko, 1952). 

The second enzyme involved In norndrenaline catabolism is catechol-O-methyl 

transferaee, Unlike MA'?_, this enzyme is found in the cytosol and is widely 

distributed throughout the betty (Axelrod te Torachick, 19611), in association with the 

methyl donor 5-adencsyltnethionine. In the periphery the major end product of 

noradrenaline metabolism appears to be 3-rnethoxy-4-hydroxyrnandelic acid, 

whereas in brain 3-methoxy-4-hriroxy-phertylglyeol is the main metabolite 

(Sehatiberg et al. , 1988)• 

This pathway for 0-methylati of noradrenelino is largely responsible for the 

biodegradation of exogerously administered drug, and Is probably responsible for 

removal of that fraction of endogenous noredrenaline released into the synaptic 

cleft which is not subsequently removed by reuoteke into the nerve :terminals. The 

overlap between these two pathways and their relative importance in vivo are 

discussed by Iversen (n67). 

Uptake of Noradronalino  

There Is much evidence that exogienous r.oractrenaline is taken up into 

poatgangltonlc sympathetic neurons against a considerable concentration gradient 

and stored (Iversen, 1)71). Iversee dentoestrated two types of eaturablo uptake 
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proce - s for noradrenaline in the isolated perfused heart and it was possible to 

apply Michaelis-Menten kinetics to these active membrane transport carrier systems 

which he termed Uptake1 and Uptaire, the former having a lower Km and ;flax  than 

the latter. 

Uptake' is probably confined to peripheral sympathetic neurone and 

noradrenaline containing neurons within the central nervous system. (The dopamine 

uptake system in brain differs from this by lacking atereochemical specificity 

and furthermore it has a striking difference In drug sensitivity (Iversen, 1674). 

Peripherally the uptake is specific in favour of the naturally occurring (-)`- isomer 

of noradrenaline and prefers noradrenaline to adrenaline. It is inhibited by a wide 

range of eympathomimatic amines which are structurally related to noradrenaline 

and which may or may not be taken up into the neurons themaelvea by the same 

transport mechanism, e. g. amphetamine inhibits uptake without being transported 

into the neuron, wherees 2,-hydroxyamphotaraLea both inhibits uptake and enters the 

waren. T,thlee from which the following data have been extracted were presented 

by Iversen (147) and illustrated the affects of various structural changes of the 

affinity of drugs for the noradronaline uptake proceee.. 

atti 	 Concentration for 50% inhibition Relative amity  

at...., for =tale? site 
ate (phenylethylamine 	100) 

(4)-Amphetamine 1.6 x 10-7  610 
(±)-Amphetamine 4.6 x 104  240 
(-)-Amplieksmine 37 	x 10-7  30 
(±)-g-Ilydroxyamphattueine 1.8 x 10-7  610 
(j:)-Norephedrine 20 	a 10-7  55 
(-)-Ephedrine 22 	x 10-7  60 
Phenylothylamine 11 	x 104  100 



36 

other drugs which inhibit catecholamine uptake (Uptake1), but which will not 

be further discussed here include cocaine, imipramine, desipramine, the 

edrenerglo blocking drugs and certain monoamine oxidase inhibitors (Iversen, 1967). 

The likely physiological roles for Uptake].  are: a) the removal al the 

transmitter substance from du. extracollular space, so that it no longer acts 

on the postsynaptic receptcce, and b) the rouse of noradrenaline by the nerve 

for further cycle of release and uptake. 

Uptakeg is a low affinity system which bas maximum rates of uptake much 

greater than those associated with Uptake1. The former is not stereospecific 

and has a higher affinity for adrenaline than noradrenaline. This membrane 

transport system takes up exogenous catacholamines into oxtraneuronal Ussues 

(Iversen, 1171) and may be inhibited by the metanephrines, phenoxybensamine, 

amphetamine and certain steroids (Iversen, 1171). The probable roles for Uptake2 

are a) the removal of transmitter from the exLrytoollular space (less importart 

le this respect than Uptakei, b) the temporary uptake of noradrenaline into the 

cyto ;el of the poatsynaptic cell, where it could act directly on Intracellular 

processes before being motaboilaed, and c) the removal awl inactivation of 

circulating catecholamines. 

Most of the noradrenaline taken up into the nerve terminals is not metabolised, 

but is retained within the storage vesicles where it is protected from attack by 

time (Potter & Axelrod, 11163). This second process which transports 

ma are :die) into the storage veeiclea is quite independent of Uptake1 and may be 

inhibited by reserpine (Iversen, 1f067). 

Storage of Noradrenaline  

Biochemical etudioe with sucrose-density-gradient centrifugation of a 

particulate fraction from the homcgenateaofsympathetic nerves have revealed a 
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bimodal distribution of no:redrew:Mae suggesting two types at storage vesicle 

for this amine with different densities (Roth et II. 1V88). 	Ultrastructural 

and histochemloal stenos bays soagesied t thew light and heavy vesicles 

correspond to the small and large 411811110 cored vesicles reepeetively, the former 

being found only in nerve terminals, whereas the latter :Ire found both in non-

terminal axons and sympathetic nerve terminals (Bixby A Fillenz, 1971; fhnith, 1672). 

A third form of vesicle has been identified (Tranzer et al. , 1889) which is 

electronluoent and has the ability to take up and store exogenous amines. 

Several other components of the large dense cored vesicles have been 

identified (see review by Smith, 1072), namely dppamine-P-hydroxylase, a 

protein that cross-reacts with antisera to chromogranin A, ATI', micros ine 

triphosphatase, Mg++ and cytochrome bran. It has bean proposed that ATP may 

form high molectular-reight ngreipates with roradrenaline. These have been 

demonstrated in vitro when the molar ratio of noradrenaline/ATP is 3.8:1 

(Barrels, Pletscher & Da Prada, ISM). In vivo, however, this molar ratio 

has been variously estimated to be between 4 and 12 (Belle, Lagercrants & Stjarne, 

19.71; De Potter, Smith & 1)e Scheepdryver, MO). 

Alternatively the vesicular membrane may be reponsible for the binding of 

neradnealine. This membrane probably ocetains the ATP-dependme active 

"plaice process that counteracts the spontaneous lose et noradrsnaline (von Euler 

& Lishajko, 1t83). 

In addition to the above mentionc,d granular storage rompartments for 

noradrenaline, adacellular fractionation atudies hive Indicated the presence of an 

extraveelcular compartment containing 'free' noradrenaline alokfelt, 
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,4.0as* of tioradreenstine  

Cell fractionation and ultrastructural studies on adrenergic nerves have shown 

tied cebeehdamines are present in granules and also that some may be free in 

ties eytosal It is generally held that only granular stores of noradranaline 

together with the protein constituents of the vesicle are released by the process 

of exoeytosis (Smith, 1872; t Potter, 1174) and that noradrenaline tree in the 

cytosot cannot be released try nerve stimulation. 

Geffen and Rush (1E74) reported that noradrenatine release was accompanied 

by release of dopamine-P-hydroxylese (D121) and chromogranin, in addition to 

which, the finding that newly synthesised or recaptured transmitter is preferentially 

released suggests that "the small, easily releasable" pool of transmitter is 

eiatiaload In tise yaw largo DBH-rich vesicle's, 'Atte the "large stable" pool is 

stored mainly in old, small, DBH-poor vesicles (Dahlstrom b Hoggendal, 1974). 

in addition, these authors state that noradreiraine release occurs by partial 

rather than complete exocrytoeis (1.e. only a fraction of vesicular contents are 

released at any one time). 

The lack of absolute specificity of the noradrenergie neuron with respect to 

Uptake1  and the subsequent transport of noradrenatine into the vesicles enables 

many pbenylothylamine derivatives to be similarly transported. Having enter; 

the vesicle some of these compounds can be a.hydroxylated by DBH end stored 

prior to release as "false neurotransmitters" (Kopin, 1V68). This abject will 

be dieeuesed in relation to Timphetarntrie metabolites in greater detail in subsequent 

chapters. 

Tea Iffeot of Ileiscupine aQ %grafi.  

Apart from the previously mentioned effect of roserpine on inhibiting the 

uptake of noradrenatine into granular stores, this drug is capable of producing 
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an .alrrnoat complete depletive Of cate olamines in tissues such a heart and 

spleen, following a dose of 0,1 rag/kg (Iverson, 1147). l'iiaximel depletion 

occurs from 12-24 h after adrableterfng the drug and persists for several 

The mechanism of this depiction Is not prc vera, but it is apparently neither due 

to inhibition of Uptakei nor to release or noradrenaline from, the nerve terminals. 

It is speculated that newly 3yrtheptised noradrevaline4nstead at being gored 

within the granules, leaks out of the particles and Is rapidly destroyed by 

sax e oxidase. 

The Synerthemitnetic Amines 

A wide vIriety of amines structurally related to rscsrc drea, lire ,sa4 dren it 

h-ve been studied since Bargor sad Dale's oloodo work it V10). Fleckcsate  

and &odds (1155) classified them trug.3 into three groups' - 

1) Direct-acting amines, eitutt actions were potentiated by *marvel:1as 

and cocaine. 

2) Indirect-acting amine's, which wars leas effective after &nervation 

and cocaine. 

3) Mixed-acting amines, which are not appreciably affect b 

procedure. 

Burn and Band (1E,1513) proposed that the indirectly acting ay 	mi efts 

produced their effect by releasing noradransline from tissue storage altos sad 

this group, together with the direct and mixed acting groups were subsageently dandled 

by Tron&lemburg (ID63). The structure-activity relationships for amines of the 

various groups have been noted by bersen (1E67) and whereas directly acting 

MIMS comprise the catecholanniass and aerials metahydroxylated monapbonollo 

airline.' which have a hydroxyl grow, the indirect-acting amines, whidt 

include amphetatnine and certain analagussosro aanphenolic compounds or mono- 
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phenols without a hydroxyl group, The same author makes the point that 

the overall action (direct or indirect) af each amine may vary in different 

tissues and on different receptors. This f , et mAy be of relevance In the general 

.11scussion for the mechanism of action of certain amphetamine tabolites. 

The amphetamine group of compounds possess a multiplicity of biological 

effects and modification at the molecular structure in a variety of ways has been 

popular in attempts to accentuate one desired effect over the others. Some idea 

of this will be gained from the brief outline of structure-activity relationships 

given earlier. 

01111211611k Ilia Other Indirect acting sympathesnimetios, amelhataumine tech 

peripheral et and # offsets in addition to its powerful CNS stimuli/at action. 

Allis (1933) compared the pressor effects of amphetamine and hydroxyamphetamine 

w ith those of adrenaline and found that although the potency of this response was 

only 1/100 that of adresaline, these effects of amphetamine and its hydratylated 

analogue, rhydroxyamphetamine were of much longer duration. Large doses 

may produce tachycardia and arrhythrnias. tither smooth muscles respond to 

these drugs as with all sympathomimetics, for example bronchial relaxation occurs 

and the urinary bladder sphincter is constricted. Amphetamine is a potent 

anorectic and elevates plasma free fatty acids and body temperature tOoodman 

& Oilman, 1e10). 

More important, however, is the powerful CNS stimulant action, an action 

not almai with g-hydroxya.mphetamine. Such 'Mauled' vi affords these drugs 

their high abuse potential. The psychic effects doped upon does and the mental 
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state and personality of the individual. Fatigue is suppressed, mood and 

eottridencss are elevated, and there is euphoria. Physical activity and some 

simple mental performance tasks are enhanced but with large doses stereotyped 

behavioural patterns and a tootle paranoid psychosis may occur (Van Rosman, 1972). 

In laboratory animals, 10cm:water activity is enhanced and stereotyped movements 

are evident. 

Certain human subjects experience headache, palpitation, vasomotor 

disambiguate, agitation, confusion and dysphoria (Goodman 4 Gilman, 11?O), thus 

exereptifyhtg the widespread interindividsi variations in drug response. 

With chronic administration there appears to be attenuation of the euphoriant 

effect in men. However, according to Korman and Unna (1148) there is no such 

attenuation of fatigue suppre Act. L.epeetd intravenous administr:tion of 

amphetamines is associated with an intensely pleasurable sensation immediately 

after each Injection (which has been likened to an orgasm), over-activity which 

later becomes =coordinated, and heightened mod interest (Illander, 1112). 

Geerlings (11)72) M.s that demote amphetamine use causes marked mental 

changes in the majority of oases. Abe* one third et his patients had experienced 

psychotic states with paranoid delusions, stereotyped behaviour, auditory and 

visual hallucinations and =veal* ally parasite delusions. In some oases 

aggressive beh. /four was noted. 

Discontinuation of amphetamines in a dependent subject without doubt produces 

profound symptoms of letharig, depression and oriel 3ionelly suicidal tmdenciez 

(Uoyd, 1973). 

The desire to resume taking the drugs Is thus motivated by wed to combat 

these symptoms (Kramer, Fischman & Littlefield, 1967). Management of patients 

with acute psychoses requires sedation with, for •example Ialoperidol, 
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promethaeine or large doses of bemoan:4We". Rehydration Ia Important, 

as fluid 10ee occurs as n result et loperthermaia. Ilse duffles of Ai rd et *I. 

(HIM euggeet that toidificetion of the urine In psychotic subjects mgr be beneficial. 

349tk, of Action  

It ham proved very hard to pinpoint the prat's. tome of action of the amphetamines, 

and indications are that the observed effects are due to a number contributing 

mechanisms. Although m my actions of the engibatetelues have bees demonstrated, 

It is diffioult to attribute the drug' ,! action to eey at thaws or even to assume that 

they are Involved at all In the whole animal situation aravees. Axelrod & Glowineld, 

A variety of theories for the mechanism of action of moinottustine have bees 

gait forward and four are currently regarded am of importance; (a) annomilse 

oxides. Inhibition, (b) releene of catechclamines from neuronal Miami sites, 

(c) inhibition of catecholamine reeptalto into a eurons and (d) direct action on the 

noredrenergie receptor. All of thee, appear to contribute towards the net effect 

of e.tnphetamine. Monoamine addles Inhibition, although not correlated well with 

the activity of amphetamines, la almost certainly involved in the drug'a action 

(Iversen, Axelrod & Glowinski, MSC Rutledge, lt10). 

The release of eatechel 'mines appease to be the most important of the 

listed actions. rvid -ace for Ma is provided by the ettmulant action of small 

doges ot amphetamine which are without effect on ontecholamine 1r/uptake 

1P70). nun & tiogerstedt (1170),from combined histoehemical and 

biochemical studies weft:need that amphetandne acted principally by releasing 

aretnes from both centre! dopaynine end noredrenaline containing neurons. These 

authors provided evidence that this release oocurred from extr,granular stares 

of newly synthesised amines and in high dome of amphetamine It appeared that 5HT 
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was also released. However, most authors consider that amphetamine releases 

granular stores of catecholamines (Carlsson, 1970). 

Functional studies have concentrated on the relative importance of both 

dopamine and noradrenaline in the action of amphetamine (Chapter 8). 

Reserpine, which is able to deplete 80-90tt of neuronal noradrenallne, has 

little effect on overall motor activity, however exploratory behaviour and central 

excitation may be diminished In contrast to stereotyped behaviour which remains 

unchanged (Fuse & Ungerstedt, 1970). 

Inhibition of the ongoing biosynthesis of catecholatnines with a-methyl-2- 

tyrosine abolishes these effects of amphetamine. After such inhibition both 

effects can be restored by 1-DOPA. On this evidence, it has been suggested that 

some of the central actions of amphetamine, particularly stereotyped behaviour, 

depend upon release of dopamine (Van Roasum, 1972). These conclusions are 

Anther substantiated by Creese and Iversen (1973) who showed abolition of 

stereotypy by local injection of 6-hydroxydopamine into the nigrostriatal 

dops.minergic pathway. Locomotor activity, on the other hind, may be more 

related to noradrenallne release as, according to Randrup and Scheel-M.6pr (1966), 

diethyldfthiocarbamate, which inhibits dopamine-P-hydroxylase, sedates animals 

with reduction in hyperractility, but no alteration of stereotypy. 

Further illustration of the role of central noradrenergic neurons in the 

amphetamine syndrome was provided by Rum and Ungeratodt (1970) who showed 

that when clonidine (a central and peripheral noradrenallne-receptor agonist) and 

apomorphine (a central dopamine-receptor agonist) are given in combination, 

stereotyped behaviour predominates with high doses of eporaorphine and low doses 

of elonidine, whereas the reverse is true with high doses of clonidine, in which case 

marked exploratory behaviour (gross locomotor activity) is dominant. Perhaps the 
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ratio of dopandue to noradrenaline receptor activity after amphetamine 

administration decides the resultant activity. High doses of amphetamine 

producing mainly stereotyped behaviour suggests that the ratio of dopamine to 

noradrenaline receptor activity is increased (see Chapter 8). 

Amphetamine is also able to facilitate self-atimidation in rata implanted with 

electrodes in reward areas of the hypothalamus and mid-brain areas (Stein, 1984). 

This effect can also be blocked by do 	-bydroqlaas inhibitors, and is 

reversed by intraventricular administration of noradrenalhie, but not dopamine 

(Wise & Stein, 1989), suggesting that noradrenaline plays an important rola in 

certain aspects re amphetamine's central action. 

The role of 5-4droxytryptamine (MT) in the mediation ci amphetamine- 

induced CRS stimulation is at present a matter for speculation. As mentioned above, 

evidence has been provided for the release of 6HT in brain by large doses of 

amphetamine. Sperber and niece (1l72) demonstrated that in rats the development 

of tolerance to the effects of amphetamine upon operant behaviour was accompanied 

by release of brain 6RT, in contrast to the drug, naive state in which noradrenaline 

only was released. 

Amphetamine has also been shown to increase the output of acetylcholine from the 

cerebral cortex in cats (Deffenu, Bartolini & Pepeu, 1970), however, the significance 

of this observation in relation to the )(warn effects of the drug is uncertain. 

Sc:.:far, only the acute affects of amphetamines and their relation to the 

observed changes ins eateeheitunine disposition have been discussed. After 

prolonged treatment with this drug other effects are apparent; tolerance develops 

to certain pharmacological effects, notably those mediated through noradrenaline 

release (see later chapters). Stereotyped behaviour in animals and psychoses 

in man may develop (Van Rossum, 1972). In discussing the mechanisms through 

which these changes develop, emphasis must be placed upon the possible roles of the 
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arephotamine metabolites, R-hydroxyal 

There is little evidence that the acme effecte of Amphetamine are re 

to the formation of rhydronnorephedrine since the ttmc course of aoeumutation 

of this dreg In tissues does not correlate with the observed pharmaccdogical 

effects of amphetamine. Also desmethylimipramine (DIA),whiehpetentiaLes 

ineeinduced hyperthormia and activity.blocks the formation of this 

compowad (Coats & Groppetti, it70). :"1 importance, hcavever is tba suggestioa 

that the prolonged tissue (lepton(*) of nuradrenalino,at least la tb. rat /is depadeat 

woe the production of 2-hydroxynorephedrine and possibly causally related to the 

development ©f toter3nee. This aubjeet will her clisous.ied lu grater detail. In 

ddition to the peripheral cardiovascular effecte of 2-hydrmamplosiantine 

previously noted, this metebolite ha been triplicated in the .marsh action of 

amphetamine. According to Costa tad Groppetti 	DM:IN/hit& blocks the 

hydroxylation of dopamine to form noradrenaline, also stabiliaes the coneentratiev 

of -hydroxyarephotamins by preventing its covveraion to 2.-hydroxynorephodrinee  

and ae stated above,tho potentiation of amphetamine effect by pretreatment with DUI 

may be the result of enhanced levels of rhydroxyamphotamine. Further support 

for the concept that 2.-hydrosystephstsmias mediates the costral effects of amphetamine 

e as provided by experiments in which reserpinisation et rats potentiated the motor 

stimulant activity following amphetamine, and this potentiation TM associated with 

decreased concentrations of brain amphetamine. In addittoe, a-methyl-ja 

tyrosine which abolishes the CNB stip:Adel:too produced by amphetamine also 

decreases brain levels of E-bydrovrampbettrotne, but in this situation the synthesis 

of both dopamine end noradrenaline t also interrupted. 

It is proposed by Anggard et al. (Till) in the basis of metabolic sees I 

human a 	amtse psychosis that the inteneltl, Of this psychosis was positively 
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correlated with the renal excretion of ring hydroxylatc! metabolites at amphetamine 

but not to the amphetamine level in plasme, ttggesting therefore that these 

metabolites ware of importance in the development of the paranoid psychosis in 

chronic amphetamine abusers. 

Taylor and Sutler (11173) implicate both k-hydroxyamphetamine and 

rhydroxynorephedrine in the pharmacological profile of amphetamine, on the basis 

of experiments in which these inetabelltes ware injected into the cerebral 

ventricles. rilydroxyarnphetamine elicited mainly locos otor stimulation, 

whereas rhydroxynorephedrine caused predominantly an increase ta stereotyped 

behaviour. Although extrapolation of data derived from euch experiments to the 

sitnattoe in which amphetamine Welt is administered cystemically is speculative, 

nevertheles1 the possibility that these metabolites contribtge to the overall CNS 

stimulation following amphetamine administration must be entertained. 
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CHAPTER TWO 

MATETIIALS AND METI IDS  
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Materials and Methods 

Compounds  

( )-2-Araino-1-(4'-hydroxypheatyl)propano (2-hydroxyaraphetaraine) 

hydrobromide (Paredrine), m. p. 190-19VC, (+)-2-andue-1-PhenYIProinule 

(amphetamine) sulphate, m.p. 308•C and (,)-g-amino-l-phenylpropan-l-ol 

(norephedrine) hydrochloride, nx. p. 190°C, were the gifts of Smith, Kline and 

French Laboratories, Philadelphia, Pennsylvania, U.S.A. t tt)-2-amino-1- 

(41-hydroxyphenyl)propan-1-ol, (—hydraxynorephedrine) hydrochloride, m.p. 190-182•C 

(Aldrich Chemical Company, Milwaukee, U.S.A.); (-)-2-methylandno-l-phenylpropan-

1-ol (ephedrine) hydrochloride, m.p. 213°C (SigmatItemical Company, St. Louis, 

Missouri, U.S.A.); (±)-2-raethylamino-1-(4'-hydroxyphetwl)propan-1-ol (g-

hydroxyephedrhte) hydrochloride, m.p. 188-189V (R. N. Emanuel Ltd. , Wembley, 

U.K.). Other known compotmds were purchased and purifted as appropriate. 

(+)-11-14C)-Amphetamine sulphate of specific radioactivity 2.82 ftel/Mg was 

a gift of Smith, Kline and French Laboratories. (±)-(14C)-E-Hydroxyamphetamine 

hydrochloride (specific activity 0.80 ;4 C g) and (-)-(14C)-ephedrine hydrochloride 

(specific activity 0.06 pCi/mg) were synthesised by Dr. L. G. Dring, of this 

Department. These syntheses are outlined in the Appendix to this thesis. 

(t)-11 2-Dihydroxy-1-phenylpropane 

Methyl styrene was prepared by the dehydration of 1-phenylpropanol (100 g) 

according to the method at Gauthier (1933), (Yield 58 g). 

The methyl styrene was mixed with dry chloroform (50 ml), cooled In an 

ice bath, and a bromine solution (84 g in 50 ml chloroform) was added drawls°. 

Excess chloroform was evaporated and the solid residue reorystalfteed from aqueous 

ethanol to give 1,2-dibromo-1-phenylpropane of ra, p. 73-74°C (Yield 50 g). This 

dibromo compound was subjected to mild hydrolysis (Zinake & Zahn, 1E10) to give 
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(9-1,2-dikvdroxy-1-phenylpropane (m.p. 90-82°C, 7g 1Zincite & Zahn give 92-93%). 

Animals, 

Female Wistar albino rats, body weight, 220 + 20 g; nude Wis#ar albino rate, 

body weight 250 + 20 g; and female Dtmkin-Hartley guinea pigs, body weight 260 + 

20 g were used. 

Human Voltmceers  

Eight informed human volunteers participated in the study, aged 25-45 years, 

body weight 557`5 kg. No subject gave a history of mud or hepatic disease. 

A4Mloistra4ion of Compounde 

Compounds were administered in aqueous solution by gastric tube to rats, 

by intraperitoneal Injection to guinea pigs and orally to human subjects. In a single 

study of a human volunteer, [14Cjirhydroxyamphetamtne hydrochloride was made 

up in an isotonic saline solution and sterilisation was performed by ultra- 

filtration (Millipore filter) prior to intravenous Injection. 

Collection of Excreta  

Animals were housed Miley in metabolism cages and their urine and faeces 

were collected daily for 4 days. They were allowed free access to water, but food 

was with4eld for the first 24 hours to avoid contamination of the urine. 

Human volunteers were allowed a normal intake of fluids and food. Urine and 

faeces were collected daily for 4 days. 

Storage of Excreta  

AU excreta were stored at -20•C, without p11 adjustment, except during 

analytical prodadures. 

&aka. 

I. r. spectra were determined using a Perkin-Eimer Infracord Spectrophoto-

meter (Model 204). 
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Radiochemical Technidues  

14C in urine and faeces were determined according to Bridges, areltb-end 

Williams (1067) using Packard Tri-Carb liquid scintillation spectrometers (models 

3320 and 3375). Radiochromatogram scanning of paper and thin layer chromatograms 

was performed with a Packard radlochromatogram scanner (model 7200), identification 

of 14C peaks being made by comparison of lip values with those of authentic 

compounds (see Table 2:1). The 14C content of peaks was estimated by cutting 

paper chromatograms into 1 cm segments and counting these in the scintillation 

counter. With thin layer plates, 0.5 cm sections of the adsorbent were scraped 

off and counted similarly. 

Faeces were homogenised with 2 volumes of water in a Waring Blendor. The 

homogenate (20 ml) was made alkaline with 10M NaOH (2 ml) and an equal volume of 

11202 solution (100 vol. %) added with a few drops ce ke-octanol to control foaming. 

The mixture was allowed to stand at room temperature for 3 days until decotourised, 

and aliquots then assayed for 14C by liquid scintillation spectrometry. In some 

cases after homogenising 24 hour collections of faeces, samples (5 ml) were freeze-

dried and combusted in a Packard Tri-Garb sample oxidiser (Model 306). Products 

of combustion were collected in a 1:2 (v/v) solution of ethanniamine in 2-meth -

ethanol. Carbon dioxide trapped in this solution was determined by counting 

measured samples (1 ml) of solvent in scintiltator liquid (16 ml) composed at 5.5 g/ 

litre of 2,5-diphenyloxazole in tolueneia-methoxyethanol (2:1, v/v) (Jeffay & Alvarez, 

1961). 

Isotope Dilution Procedures  

Amphetamine, E-hydroxyarephotamine, E-hydroxybenzoio acid, hlppuric acid 

and benzoic acid were assayed as described by Ming, Smith and Williams (1970). 

Norephedrine and rhydrcotynorephedrine ware assayed according to the methods of 
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Caldwell, Bring and Williams (1S724). Approximately one-tenth of the daily urine 

output was used for each assay. 

Ephedrine 

The amine hydrochloride (1 g) was dissolved in urine (100 	which was 

adjusted to pH 14 by the addition of 1014 NaOH, saturated with solid NaC1 and 

extracted with ether (3 x 100 mi). The bulked extracts were dried over anhydrous 

Na2004 and reduced to a small volume (5 ml) by evaporation under reduced pressure. 

Dry HCl gas in ethanol (2.49N) was then added until the solution became acidic. 

After evaporation to dryness in yam*, ephedrine hydrochloride was rearystallised 

from anhydrous ethanol to constant specific radioactivity (tn. p. 213•C). 

2-Dihydroxy-1-phanylprcpme 

The dial (1 g) was dissolved in urine, which had been hydrolysed with a 

sulphatase preparationv(i_de mEa.). After extraction with ether (3 x 100 ml) the 

bulked extracts were dried over anhydrous Na2SQ4 and reduced to dryness in vacuo. 

The residue was treated with 10M Neat (5 ml) and benzoyl chloride (5 ml). The 

mixture was shaken vigorously for 10 minutes and left to stand overnight. The 

dibenzoyl derivative was washed with 10M NaOH (6ain1) and water (6 °nil) and 

rear3rstallised from dilute ethanol according to the method of Zinoke and Zahn (1V10). 

(m. p. 100°C; Zinoke & Zahn give 101•C). 

Chromatssirgft  

Table 2:1 gives BF  values of reference compounds used in this study, using 

the systems below. Descending paper chromatography was performed on either 

Whatman No. 1 or 3MM paper in solvents A, 13, C and D. BF  values were 

identical on both papers. Systems E,P4q were used for thin layer chromatography 

(t.1. a.) using glass plates 5 x 20 cm, spread with Alumina G (Solvent E) or Silica 
1 4 q 

Gel OF254 (solvent (Merck A, 0, , Darmstadt, Germany) 0.25 nine thick, which 
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were heated at 120'C for 1 hour, before use. 

System A. 2-methyl-butan-2-ol / 1,1-dimethylpropanol / water / formic 

acid (5:5:10t2 by volume). (Alleys, 1983). 

System B. n-butanol saturated with M HC1 

System C. la.-Propanol / ammonia / water (16:222 by volume) 

System D. n-butanol saturated with 1.5M ammonia ammonium carbonate 

buffer (Fewster & Hall, 1951). 

System E. Methanol / chloroform (1:1 by volume) (Noirfalise, 106). 

System P. Chloroform / diethylamine / methanol (20:1:1) (Sinsheirrter, Dring 

8: Williams, 1573). 

4stem G. Benzene / methanol / acetic acid (10:2:1) after chloroform / 

diethylamine methanol (20:1:1) (Sinsheiraer, Dring & Williams, 1973' 

Paper chromatograms were run for about 35 cm from the origin and thin 

layer chromatogram - • ibout 10 cm. 

The locations of the compounds on the chromatograms were determined by the 

following methods: 

Ultraviolet light. Most of the reference compounds were seen as dark quenching 

:vats when chromatograms were inspected under u. v. light at 254 am (Hanovia 

ChronaatoUte). 

Diasotiz,ed p-nitromitine.  Chromatograms ire re sprayed with diazotizod 

p-nitroaniline, as described by Wickstreim sind Salvesen (1952). Phenols and amines 

gave colour reactions as shown in Tnble 2:1. 

HIPParic Acid Detection Maxilla acid was seen as an orange spot after 

spraying with p-direethytamincbenzaldehple in acetic anhydride, and heating at 120V 

for 2 mins. (El Many, Smith & 	1956). 
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enscic Acid Detection Benzoic acid was detected with a spray of 

bromophenol blue in ethanol, showing as a blue spat (Opietaska-Blauth, Saklawska-

Szyreonowa linnski, 1951). 

Ion Xxcliatige Chromatography 

Preparation at samples for ice exthange chromatography in rhydroxy-

amphetamine studies, involved preliminary hydrolysis of aliquots of urine (5-10 ml), 

to which rhydrovamphetamine (50 fig) and 2-hydroxynorephedrine (50 ;gig) were 

added, alth a sulphates° preparation (see Hydrolyses of Urine). These hydrolysates 

were reduced to a small volume (2 ml) by evaporation under reduced pressure and 

applied to the Dowex column (vide infra). In the case of urine samples (50 nil) from 

amphetamine metabolism studies in humans, after adjustment to pH 14 with 211 

Neal and extraction with toluene/isoamyl alcohol (84:18 by volume, 250 ml) to 

remove amphetamine and norephedrine, the aquecns phase was evaporated to dryness 

under reduced pressure, extracted with ethanol (3 x 10 ral)to remove salts, and the 

ethanol extract evaporated and taken up in distilled water (2 mi). AU samples were 

than adjusted to pH 4.5 with 23i HC1 and put on strong cation exchange resin 

columns (Downx 50-W, mesh 200-400, Na form, 0.4 x 5 cm). The columns were 

then washed with redistilled water (5 ml), 111 sodium acetate buffer (5 ml) pH 6.0 

containing 0.17: EDTA and again with redistilbd water (10 ml). The amines were 

eluted with 1B1 am in 2 ml fractions. 2-Hydroxynorephedrine and E-Hydroxy-

amphetamine were determined by measuring each fraction with an Aminco-Bowman 

epectrophotofluerimeter (excitation 285 ran; emission, 375 ma) against standard 

solutions (1-5 gag/ml 1 net) of the two amines. Portions of each oblate were taken 

for the measurement of radioactivity by scintill ion counting. Lecoveries of 

2--hydroxya0rephodrine and p-hydroxyamplietamine through this procedure varied 

from 804017. 
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ltdrolyses of Urine  

Urines were subjected to either (=Arnie or acid hydrolysis prior to 

chromitographic separation of metabolites and reverse isotope dilution procedures. 

Acid Asia 

Equal, volumes of urine and 10111 LIC1 were refluxed together for 2 hours. 

The resultant mixture was cooled and neutralized before chromatography. It was 

discovered, however, that when urine samples to which known animas of 

R-hydroxynorephodrine had been added were subjected to this procedure, subsequent 

paper chromatography revealed that aide chain cleavage had resulted in the formation 

of variable quantities of R-hydroxybenzaidehyde (Sinsheimer, Dring & Williams, 1973). 

The following method was therefore used for all hydrolyses of original urinea, and 

for isotope dilution procedures for 2-hydrox,ynorephedrine. 

Enziyml2 livdrelysia  

A suitable volunie of urine was adjusted to pit 5 with 211 acetic acid and 

incubated with either an equal volume of P-glucuroniclase solution (Kota:law 

Warr-Chilcott, Eastleigh, Rants. , U.S.) or 0.2 vol. of an aryl-sulphataae 

preparation (Typo 11-2, Sigma Chemical Company, St. Louis, Miss. U.S.A. which 

also contains p-glucaranidase) and 0.5 vol. 0.2M aodiure acetate/acetic acid buffer 

plI 5 for 24 hours at 37°C. Control sampled were prepared 1th enzyme that 

had been denatured by boiling. The hydrolysed solutions wore either applied 

directly to chromatogran, or were evaporated to drynese under reduced pressure 

at 40°C, extracted with ethanol (3 x 10 ml), re-evaporated and taken up in a small 

volume of methanol which was then chromatographed. With large volumes of urine 

from hum= experimeets, samples wore initially concentrated by freeze-drying. 



Table 2:1. B K  V ues and Colon r Be 	Amphetamine and Belated Compounds 

Compound 
Paper 

F value in solvent: 

'Ma Lang' Colour with diazotized 
A r-nitroaniline ■■•■■■•■■••••=1. 

Amphetamine 0.34 .. .. 0.87 - - Pink 
2-11ydroxyampbetamine 0.32 O. 50 0.83 0.78 - - Punic 
ilphedrine 0.52 - .. 0.85 0.52 - 0.73 Pink 
E-Bydroxyephodrfixt 0.23 - 0.75 0.15 - .. pink 
Norephedrine 0.35 - - 0.80 0.30 - 0.70 Pink 
E-Hydrozynorephedrine 0.21 0.36 0.72 0.63 0.10 - mauve 

Benzoic acid 0.57 - - 0.43 - 0.30 0.65 none 
Ilipporic acid 0.82 - - 0.25 - 0.13 0.43 none 
Benzoyi glucurenkie 0.60 - - 0.10 - 1 - none 
R-Bydrozybenzoics acid 0.85 0.86 - 0:-.0. 1 - 0. 10 - mauve 
R-Bydroxyhippuric acid O.73 - - - - 0,00 - none 
1,2-Dihydroxy-l-phanylpropane 0.81 - .. - 0.70 0.63 0.85 none 
1-tlydracy-2-oso-1-phenylpropenc - - .. .. - 0.9 .. none 
1,2-Dioxo-1-plienylpropane - - - - 0.O9 - no 
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The ":"'bollern of k-liylecayaranhot.!neine In "'tat, Cuincl. Pig .7knd 

introduction  

Comprehensive studies of drug biotransforrention were greatly facilitated 

by the introduction of radiochemical techniques some twenty years ago. The 

disposition of a drug following its administration to laboratory animals can be 

determined with a high degree of sensitivity by utilising radioactive isotopes, 

the choice of which is dependent upon the ohemical structure of the compotmd 

and the positions within the molecule where substitution of a label allows detection 

of the greatest number of potential metabolites. 

In general for metabolic studies 14C is preferable to 3H and in this case the 

14C isotope was inserted in the p-positton cif the side chain, adjacent to the ring, 

thus enabling metabolism both in the aromatic ring and in the aide chain to be 

detected. 

* • \ HO / 	:.• Citistelt.-14112 

Iclentificalion of Matabolitea  

Rat urine 

Urine eamplos (0.1 nal) were chromatographed on paper in solvent A, and 

chromatograme 3canned for 14C. A major peak (EF 0.00) and a lesser peak 

(11F 0.32) were found In urineo from femele animate (Fig. 3:1). however, when 

sample from mate animal . were chromatographed a single major peak occurred 

,3t RE. 0.32 (Flg. 3:2). Hydrolysee of urinee from the female rats with p-

glucuroakinge caused the peak of 11F 0.00 to disappear with a corresponding 

increase in the height of peak BF 0.32. 	some chromatograms, after hydrolyeis 

of mines frort both eezee a 	po A of 1,1, 0.85 was seen. 



Fig. 3:1. Radiochromatograms of 0-24 h female rat urines after [14C]-p-hydroxyamphetamine hydrochloride (continued overleaf) 



Fig. 3:1  

Radiochromatograms of 0-24 h female rat urines after [14Cj-k-hydroxy- 

a betaminedrocht  ide 	; Opel 	orals 	 A. 

Upper chromatogram - prior to hydrolysis 

Lower chromatogram - after hydrolysis 

0 	Origin 
SF 	Solvent front 
CAW - Metabolites conjugated with glueuronic acid 
PRA 2-11ydroxyamphetamine. 
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Hg. 3:2. 

Radiochromatograms cat 0-24 h male rat urines after 114CI-E- 	amphetamine 
hydrochloride its rogikcii 9pC1/1111 orally/.  in solvent  

Upper chromatogram 	prior to hydrolysis 

Lower chromatogram - after hydrolysis 

0 	- Origin 
SF 	:= Solvent Front 

2-bydrovamphettunine 
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After hydrolysis of male and female urines with n aryl sulphatasei 

glucttronidase preparation and nubs sent chromatography In solvent B, two peaks 

were identified of RF 0.36 and 0.50 oorrespatding to 2-hydroxynorephedrine and 

2-bydroxyamphetamine respectively (Fig. 3:3). 

Separation of acidic and basic metabolites was performed by adjusting urine 

samples (10 ml) to pH 2 with 21,1 HCI and extracting with ether (3 x 30 m1). The 

aqueous phase, containing amines, was readjusted to pH 6 with 211 Nara and an 

aliquot chrornatographed in solvent A. Two peaks were again found, Ag 0.00 

and BF 0.32. The peak at the origin in female urines was elated %ill, water, 

hydrolysed with fi-gtucuratidame and chromatographed in solvent .R to yield 

peaks at RF 0.36 and 0.50, corresponding to rhydroxynorephAtine and 2-hydroxy-

amphetamine respectively. 

The ethereal phase, containing acidic metabolites, was extracted with $'% 

NaHCO3, and the aqueous phase acidified to pH 2 with 214 HCI, saturated with 

NaC1, and re-extracted with ether. This final ethereal extract was dried over 

anhydrous sodium sulphate, wraporaled to dryness and redisaolved in metbasei 

11 ml). This science was chrontatographed in solvents A and B, and yielded 

one peak corresponding to authentic 2-hydroxybenzoic acid (BF 0.85 solvent A, 

0.86 solvent B). 

The formation of ja-hydroxynorsphodrine was confirmed by ton exchange 

chromatography, and by reverse isotope dilution procedures. 

Chid ca Pig Urine  

Urine samples ware subjected to paper chromatography essentially as 

described above, in solvents A and B. In the tamer solvent a major peak 

occurred at the origin (Pp 0.00) and a minor peak of BF 0.32. Hydrolysis with 

p-glucuronidase caused disappearance of the peak at the origin with a consequent 

Inerease in the 81210 of the peak at Ry 0.32. In solvent B. after hydrolysis of 



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

3 species after [1-4C]-p-hydroxyamphetamine hydrochloride, after hydrolysis,in 

solvent B 

Female rat (15 mg/kg; 9/Xi/kg) orally. Female guinea pig (15 mg/kg; 9/Xi/kg) i. p. 

Man (0.4 mg/kg; 0.07 pCi/kg) orally 

X102 
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urine, three peaks were detected, a major peak RF 0.50 corresponding to 

2-hydroxyamphetamine, and two minor peaks. Rg 0.96 and 0.86, corresponding 

to 2-hydroxynorephedrine and 2-hydro ybessole acid respectively (Fig. 3:3). 

Human urine 

Preliminary chromatograms of urine (0.3-1 ml) in solvent A showed a major 

peak at the oright and a minor peak of RF 0.32. In solvent B again two peaks 

were found, one at RF 0.31 and a second minor peak RF 0.51. 

Urine samples (10 ml) were hydrolysed with either sulphatase or 13-glucuronidase 

preparations and after evaporation to dryness in vacuo, residues were extracted 

with ethanol, the salts filtered out and the supernatant re-evaporated. The 

residue was takes up in a small volume of ethanol (ea. 1 ml) and chrometograph 

in solvents B and C. b solvent B (Fig. 3:3) after hydrolysis with salphatase, 

but not ghuntronklase, the major peak (RF  0.31) seen prior to hydrolysii had 

disappeared to give an llama ,e in the peak (B F 0.51) corresponding to g-hydroxy- 

amphetamine. In oddities, a small peak (RF 0.36 in solvent B, RF 0.72 in 

solvent C) appeared corresponding to 2-hydroxynorephedrias. 

Confirmation and quantitation 1 2-bydroxinorephedrine and rhydroxy 

amphetamine was performed by ion exchange chromatography (Fig. 3:4) and 

isotope dilution analyses. 

For the detection of acidic metabolites, urine samples (100 ml) were adjusted 

to pH 2 with 2M HCI and subjected to continuous ether extraction for a total period 

of 72 hours. The organic phase was further extracted with 5% NalIC03 and the 

aqueous extract acidified to pH 2, saturated with NaCI and re-extracted with ether. 

After drying the final ethereal extract over anhydrous Na2804, 1 ml aliquots were 

counted in the scintillation spectrometer. 
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Results 

Rat 

The excretion of 14C after the administration of (14C1-rhydroxyamphetamine 

orally to male and female rate is shown in Table 3:1. The total recovery is 

aporcalmately 00% in both sexes, almost exclusively from the urine. Most of 

the (14C1-2-hydravamphetamine is excreted unchanged (Table 3:2). In female 

rats, two of the three animals studied excreted large amounts (40-45%) of the 

aucatemkie emote of this compound' however in one female and the three male 

animals, most of the 2-hydroxyamphetandee was excreted free in the urine. 

Two other minor metabolites were excreted in the urines of both sexes. 

Side chain p-bydroxylation gave rise to rhydroxynorephedrine (4% in females,  

1% in males), and oxidative deaminatilm occurred, resulting in 2-hydroxybenzoic 

acid (1% in females, 2% in males). 

Guinea Pia  

Table 3:3 shows the excretion of 14C after the adminb3tration of 114C)- 

rhydroxyamphetairdne by intraperitoneal injection to three guinea pigs. The 

total recovery is high (93%), largely confined to the first 24 h urine (00%). The 

bulk of the radioactivity is excreted as the glucurcnide conjugate of 2-hydroxy-

amPbetamlne (84%), with a small amount unchanged (8) (Table 34). 

Minor metabolites resulting from side chain p-hydroxylation giving rise to 

ja-hydroxyriorephedrhie (3%) and oxidative deaminatlon giving rise of 2-hydroxy-

benzoic acid (2%) were also identified. 

Human subleots  

Following oral administration of 1 C1-2-hydroxyamphetamine to men, 

7% of the dose was recovered in the urine within three days, 921, in the first 24 h 

after dose (Table 3:5). When the drug was administered by the intravenous route, 
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Table 3t1 The Elimination of 14C by Male and Female Rats after Administratice 

of 114C1-2-Hyciroxyamphotamine Hydrochloride 

t14CF-E-Hydroayampbetamine hydrochloride (15 mg/kg; 9 Pa/kg) was 
administered to rata orally. Values given are % of 14C dose in excreta expressed 
as the mean of 3 animals. Individual figures are in parentheses. 

14c dose  

Male Female 

Urine 	Day 1 87.7 (84.7, 100.0, 78.5) 84.0 (85.3, 81.0, 85.8) 
2 1.5 (3.0, 0.8, O. 8) 1.9 (1.6, 1.3, 2.8) 
3 0.3 (0.3, 0.1. 0.4) 0.3 (0.3, 0.3, 0.3) 
4 0.2 (0.3, 0.1, 0.3) 

Total 89.7 (88.3, 101.0, 80. 0) 86.2 (87.2, 82.6, 88. E) 

Faeces Day 1 0.1 (0.0, 0.1, 0.2) 00 

2 0.2 (0.2, 0.1. 0.2) 
3 0.1 (0.2, 0.0, 0.0) 
4 0.0 (0.0, 0.0, 0.0) 

Total 0.4 (0.4, 0.2, 0.4) IND 

Cage washings 0.2 (0.3, 0.0, 0.2) 3.3 (4.1, 3.0, 2.7) 

Totai 1.4C 
Excreted 91.3 (89.0, 101.4, 60.6) 89.5 (91.3, 85.6, 91.6) 
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s_ Table 3:2 The M abol 	/14ci_ ites of 	Ilytiroxyamphetarnine tn Bat Urine 

Dose - see Table 3:1. The urine analysed was that excreted in the first 24 h 

after dosing. Values given are the moan 01 :3 animals, expressed as a of the 

dose. 	Individual values 

Metabolite 

are in parentheses. 

of 14C dose 

?late Fernale 
ONMANIMMI/Mla...10 

2-11ydroxyamphetamine free 52 (35, VI, 30) 80 (80, 77, 82) 

e-Hydragynorephedrine 

total 

total 

82 

4 

(80, 91, 74) 

(3, 5, 4) 

81 

1 

(81, 78, 

(1, 1, 1) 

82) 

R-ilydroxybensolo acid total 1 (1, 1, 1) 2 (3, 2, 2) 

Total metaboftte,s 87 (84, t.,7 84 (85, 81, 86) 

Total 14C in urine 88 (85, 100, 79) 84 (85, 81, 88) 
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T:':tle 3:3 The Elimination of 14C by Female Guinn. Fps after Administration  

of (14C1-R-I droxyamphotamine Ilydroehloride 

114C1-2-11ydroxyampbetamine hydrochloride (15 mg/itg; 9 pC1 Acg) was 
administered to guinea pip i. p. Values given are % of 14C dose excreted in 
urine expressed as tha moan of 3 animals, individual Figures are In parentbesem. 

7. ; of 14C dose  

	

Urine Day I 
	 8V. 5 0:1.V, 84.4, V2.1) 

	

2 
	 2.3 (2.5, 2.4, 2.1) 

	

3 
	

1.1 (1.0, 1.9, 0.3) 

Total 	 !. Q 5.2, 88. 7, t4. 
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Table 3:4 The MetaboI1L' of f14C1-2-Itydroxyamphetamtne 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 or 3 animals, expressed as a % 
of the do3e. Individual values are in parentheses. 

Metabolite 	 14 - of (.; dose 

	

g-Hydroxyampbetandne free 	 8 (7, 14, 4) 

	

total 	 84 (88, 7t, 86) 

	

g-Hydroxynorepbedrine free 	 2 (1, 1, 3) 

	

total 
	 3 (2, 3, 3) 

	

2-HydruybensOlc mold free 	 41 (41, 41, d) 

	

total 
	

2 (1, 1, 2) 

Total metabolites 	 8V (tl, 83, P1) 

14 Total C In urine DO (92, 84, 92) 
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I 4Cj-9-Hydronnunphetamlne Hydrochloride 

Two male subjects received (14C1-2-hydrovtunphetamine hydrochloride 
(30 mg, 5 pCi) orally. and a single subject received 2 mg, 2 JACi intravenously. 
Values given are the 7,  of 14C dose excreted. 

Subject 

of 14C 

v. 

Urine 	Day 1 L1.6 iJ 3. 1 63.8 
2 2.6 6.6 
3 1.4 1.0 3.1 
4 1.9 
6 0.7 

Total 96.7 b6.7 75.0 

Faeces Day 1 - - - 
a - - 0. 4 
3 - - 0.3 
4 - - . 
5 - - - 

Total 0.7 

otal 14C 96.7 &6.7 75.7 
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Table 3:6 Tore Metabolites of (14C1--liydromampbetamine in Human Urine 

Dose - see Table 3:5. The urine analysed was that excreted in the first 
24 h after dosing. Values given am expressed as a % of the dose. 

q; of  14C dose 

Metabolfte 
A 

Oral i. v. 
Subject... 

2-11ydroxyampbetarnine free 10 13 23 
total 85 84 50 

2-11ydrvaynorephedrh)e free 2 3 3 
total 4 4 6 

2-Hydroxybenzoic acid total n. d. n. d. n. d. 

Total Metatxtibm: 89 88 62 

Total 14C in urine 112 S 3 64 
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although the total recovery of "C from the urine was only 75%, the bulk of this 

appeared in the 0-24 h urine, smaller amounts being excreted on days 2-5. Little 

faecal excretion occurred after either route at administration. 

Identification and quantitation of uketabolites showed that after oral 

administration this compound is excreted largely as its sulphate conjugate (75%) 

with 10% being excreted free (Table 3:0). Following intravenous injection 

appradmately half the 114C1-2-bydroxyaraphetamine was conjugated (again with 

sulphuric acid) and half eliminated in the urine unchanged. 

2-llydroxynorephedrine was identified in both studies as a minor metabolite, 

4% and 6% after oral and intravenous routes of administration respectively. Ne 

acidic metabolites were identified. 

Discussion  

In contrast to the considerable species variations In the metabolism of 

amphetamine ,(Dring, Smith & Williams,MO), 2-hydroxyamphetamine was found 

to undergo little bictransformation in the three species examined. A summary of 

the metabolic pathways of this drug is given in Fig. ME:. Amphetamine is open 

to metabolic attack on the aromatic ring and on the side-chain, and it is in the 

relative extent of metabolism at these two sites that species differences are most 

apparent. In the case of 2-hydroxyamphetamine, however, the presence of the 

hydroxyl group in the 4°-position of the benzene ring appears to prevent, with the 

exception of conjugation, further biotransformation occurring at this site, in 

addition to which the 013 moony, by rendering the compound more polar will tend 

to promote rapid urinary excretion of the drug. Urine radioactivity showed that 

50 , of the dose was recovered within 12 h. 

The guinea pig and female rat form glacuronic acid conjugates of 2-hydroxy-

amphetamine, the former to a greater extent, which agrees with the in vitro data 
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of Dingell et al. (1074). Man, however, conjugates the drug with sulphate, and 

this MOWS to a greater extent after oral administration than after i. v. dosage, 

which raises the question as to the site of this conjugation reaction. From the 

current data it is not possible to state whether sulphate conjugation of rhydroxy-

a mphetamine occurs predominantly in the liver, as opposed to the bowel wall where 

sulphate conjugation may occur (Dollery, Davies & Cone 	1071). 

remarkeble feature of the present study was the apparent sex difference 

in ja-hydroxyamphetamine conjugation seen in rats. Female animals conjugated 

the compound to a significant extent with glucuronic acid, whereas in males little 

conjugation occurred. Dingell at al. (1074) reported a sex difference in the ability 

of liver microsomal preparations from Vaster rats to conjugate rhydroxyamphetamine 

with glucuronic acid, in that female animals conjugated the compound more 

effectively than males. This is unusual, as when sex differences in glucuronide 

formation occur, melee show higher activity than females (Dutton, 1071). Indeed 

in general, where sex differences 113 metabolism occur in the rat, the male 

metabolises to a greater extent than the female (Dutton, 1071) which contrasts with 

the observations presented here. 

Side chain hydroxylation  

All species under investigation p-bydroxylated 2-hydroxyamphetamine 

resulting in the formation at E-hydroxynorephedrine, but only to a minor extent. 

This reaction has boon shown to occur both in vitro and in vivo and involves 

dopamine-P-hydroxylase copper-containing enzyme responsible for the formation 

of noradrenaline from dopsmine which 13 not normally involved in the biotrans 

formation of drugs. 

Levin and Kaufman (1081) deraemetrated that dopamine-p-hydroxylase was 

not specific for the conversion of dopamine to noradrenaline, and like these authors, 
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both Goldstein and Contrera (102) and Creveling et al. (1162) confirmed that 

many substituted pbenylethyl and pheaylisopropyi amines were substrates for 

this enzyme when tested in vitro. 

Goldstein, McKeregban and Lauber (1V64) showed that enzymic P-hydroxyl-

ation was stereospecifte, in that only the (+)-isomers of optically active 

substrates were hydroxylated. The in vivo demonstration of the formation of 

2-hydroxynorephedrine from k-hydroxyamphetanaine has been reported in rat 

heart (Goldstein & Anagnoste, 1:/65) and brain (Lcwander, 11,71k). Further in 

vivo studies confirm that this reaction also occurs in man (Sjoordsina & von 

Studnitz, 1183; Cavanaugh, Griffith & Oates, 170). 

The subcellular localisation of dopamine-p-hydroxylase appears to be 

restricted to the catecholamine storage particles of the adrenal medulla aid 

sympathetic nerves (Kirshner, 1$157; %Arne, 	Immunofluorescence 

studies of Goldstein et al. (11741) confirm the widespread distribution of dopamine-

p-hydroxylase in brain, the highest concentration being found in the cell bodies 

of the locus cerulous. 

The finding of this enzyme in plasma has been confirmed and quantitated 

by both chemical (Nagatsu & Udonfriend, 102) and radioimmunoassay techniques 

(Rush & Geffen, 1V72) and should prove a useful measure of peripheral sympathetic 

activity, since dopamine-P-hydroxylase is released from the neuronal vesicles 

into the extraneuronal space together with noradrenalive. Preliminary reports 

suggest that in some disease states, for example essential hypertension and 

hypertension secondary to phaeochromocytoma, levels of dopamine-0-hydraxylase 

in plasma are raised, perhaps a reflection of increased sympathetic activity 

(Schonberg et al. 1e74). 
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Evidence has accumulated that 2-hydroxynorephedrb30 is formed from 

2-hydroxyamphetamine within the noradrenergic storage granules. The former 

compound can be taken up by sympathetic nerve endings (Carlsson tz Waldeck, 

1i,64) and released on nerve stimulatian,according to Thoenen et 1. (1968), 

who gave amphetamine to cats and demonstrated the release of g-hydr oxy n or ephedrine 

from the spleen on electrical stimulation of the sympathetic nerves to this organ. 

This compound, therefore, fulfils the criteria proposed by Kopin (1968) for false 

transmitter ftmction, and the production of this metabolite from both amphetamine 

(Dring, Smith & 'Williams, 1970; Caldwell, Dring 	 1f .72b) and 

g-hydr oxy amphot mina may be related to the tolerance seen with repeated exposure 

to these drugs (see let er chapters). 

The pharmacological effects of 2-hydroxyarnphetatninc as a sympathomimetic 

amino, with potential therapeutic value as a pressor agent, were reported by Abbott 

and Henry, 1937; Altschule and %latter, 11:40; Iglauer and Alone, 1943; Korns 

and Randall, 1938, and others. The pharmacological actions of the phenylethyl and 

phanylisopropyl 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 position 

appears to coincide with loss of CNS 3tlmulant action, but enhancement of the 

peripheral syrapathominsetic effects (Barger Sz Dale, MO). It was presumably 

for this reason that 2-hydroxyamphetamine was first investigated. However, 

r:hler and Wakorlin (lt 53), noting Wastl's ob6ervations ten years previously, 

commented upon the possible therapeutic action of this compound as a hypotensive 

agent, following their work on experimental renal hypertension in dogs. Gill, Mason 

and Bartter (1 1,67) administered 2-hydroxy r petamino over a prolonged period 

to normotensivo human s-ubjoet 3 and observed impairment of sympathetic nerve 

function n evidenced by postural hypotension. Those authors implicated 2-hydrev- 



80 

norephedrine as a cause of the sympathetic blockade. In support of this, 

Longues et al. (1573) have reported the antihypertensive effect of 2,-hydroxy 

norephedrine in human subjects. 

It is postulated therefore that kshydroxynorephadrine could accumulate 

in tissuea,as it is not a substrate for monoamino oxidise or catechol-O-methyl 

transferase,would be released an nerve stimulation and, since this compound is 

a less effective neurotransmitter than noradrenaline (Brodie, Cho & Gessa, 1670), 

would impair noradrenergic function. Indeed these authors demonstrated that the 

administration of amphetamine led to the formation of kshydroxynorephedrbie, 

in tissues, in quantities that Pere stoichoraetrically related to the noradrenaline 

deficit. 

Although in the current studios presented here less than 	of the administered 

rkydroxyamphetamine is recovered from urine as 2.-hydrox-ynorephodrine in the 

first 24 h after dosage, these values may not truly represent the tissue situation. 

For the reasons outlined above pshydroxynorephedrine would only be released 

slowly from the noradrenergic granules into the extraneuronal space as a 

consequence of nerve stimulation. Lewandor (167112) reported that the half life 

(Ti) of Eshydroxynorephedrine in brain following k-hydroxyampbetaraine 

administration was 22 hours. This observation taken in conjunction with those 

of Rangno et al. (1573),who showed that the urinary excretion of this compound 

after oral administration was biexpecential, with first and second phase half lives 

of 13 and 55 b respectively, suggest that tissue storee of 2-hydroxynarephedrine may 

be considerably greater than one might infer from the percentage excretion of this 

metabolite in urine. 
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`)xidative deamination or sidechain  

Voxy smat1 quantitites a acid metabolites were identified in the urines of 

rat and guinea pigs and in man none were detected. A discussion or the current 

controversy concerning the mechanism by which amphetamines are deanilnated 

is provided in Chapter 1, and there would appear to be little reason to doubt that 

-hydroxyamphotamino undergoes oxidative degradation of the side chain to a 

very limited extent by the same routes. 
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CHAPTER FOUR  

THE METABOLISM OF AMP • ETAMIN -; IN AMPHETAMINE 

TOLERANT HUMAN SUBJECTS AND CHRONICALLY DOSED  
GUINEA PIGS  
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of A 	in A 	tamine Tolerant II 	 and 

Chronically Dosed guinea Pigs  

A) The Metabolism of Araphetamin, jn Tolerant Human Subjects  

Introduptiog  

The metabolism ci amphetamine - in drug naive subjects he s a been previously 

reported (Xing, Smith Is Williams, 1970; Caldwell, Ming & 	197212). 

The purpose of the current study was to determine whether, on prolonged and 

repeated dosage of amphetamines, there was any alteration in the biotransformation 

of this drug as determined from the urinary excretion of free drug and its metabolites. 

Blum U appears that 2-hydroxynorephedrine can act an a false neurotransmitter at 

noradrenergio nerve endings in the peripheral sympathetic nervous system and 

brain Mill, Mason & Berner, 1967; Cavanaugh, Griffith & Oates, 1970) and thus 

may be implicated in the development of tolerance to certain effects of 

amphetamine, it was el interest to determine the urinary output of norephedrinea 

in amphetamine dependent subjects. 

It was thought initially, that obtaining volunteers for such a study would 

present no great problem, but contrary to expectations, considerable difficulty 

was encountered. Firstly, drug abusers tend to be unreliable subjects and their 

full cooperation with investigators Is frequently lacking. Secondly, the pattern 

of drug abuse in the U.K. is changing, in all probability as a remdt of the current 

drive against the prescription of amphetamines by medical practitioners, and few 

drug dependency centres treat amphetamine 'addicts'. Finally, the polypharmacy 

to which drug abusers subject themselves makes single drug studies more difficult. 

The two subjects who volunteered for this study were housewives aged 46 and 

51 years. They had been taking (+)-amphetaudee regularly for at least 10 years 

and for the year prior to this study had been taking between 75 and 100 mg of 
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Dexedrine ((+)-amphetamine sulphate; Smith, Kline & French) daily. Both subjects 

denied abuse of any other drugs and an examination of their urine (Guy's Hospital 

Poison Centre) showed only amphetamine and no other drug to be present. 

The patients were admitted to a hoppital ward for 48 hours daring which time 

they were under constant observation. A routine medical examination, hepatic 

and renal function tests were found to be within normal limits. 

Bach subject was given 2 mg of (+)-114C1-amphetamine sulphate (5 pCI) orally 

In a small volume of water together with their regular daily does (90 mg in divided 

doses) of unlabelled Dexedrine, which was administered orally when requested. 

The 140-label in this study was sited =the p-carban atom of the side chain 

enabling identification of metabolites formed either by substitution in the aromatic 

ring or by side chain degradation. Urine was collected for 48 hours. 

lelentificatieti of Meftabolites  

Radlochromatograms of the urine (1 ml) in solvent A showed two major 

peaks of Rg 0.54 and 0.82 which correspond to amphetamine and hippuric acid, 

respectively, and two minor peaks of It 0.21-0.38 and 0.39 which corresponded 

in order to rhydroxynorephedrine and E-hydrmaramplietandne (not resolved) and 

norephedrine (Fig. 4i1). A small peak at the origin was seen on some chromato-

grams and was considered to be conjugates of the phenolic metabolites. This very 

small peak was not found after the urine had been incubated with the arylaulphatase 

preparation, but persisted after treatment with p-glueurantdase (Ketodase), 

suggesting that this peak contained sulphate esters. The other peaks were not 

affected by these enzyme preparations. The identity of the major urinary metabolites 

was confirmed using solvent D, In which two peaks of Rip 0.24 and 0.87 were found, 

corresponding to hippuric acid and amphetamine respectively. The minor peaks 

observed with solvent A were not apparent in solvent D. 

Confirmation and quantitation of metabolites by reverse isotope dilution was 
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Fig. 4.1  

Iiistoicram prepared from radiochromategram of 0-24 h human urine after  

(+)-114C1-amphetamine sulphate (2 mg; SyCl) orally, in Solvent A.  

Origin 
SF 	Solvent front 
PHN- 2-Eydroxynorephedrine 
PRA 2-Hydroxyamphetamine 
NE 	Norephedrine 
AMP - Amphetamine 
HIP 	Hippurie acid 
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performed for amphetamine, hippurio acid, norephedrino, rhydroxyampbetamine 

and rhydroarynorephedrine. 

Regalits  

Quantitative data for the two tolerant subjects are shown in Table 4:1. The 

urinary excretion of 14C, 85% of the dose in subject It. F. and 74% in E. L. in 

two days, is similar to that found for the naive subjects C and D, i.e. 81 and 55% 

( taken from Caldwell, Dring & 	19723h. Regarding the metabolites, the 

two tolerant subjects excreted in 24 hours rather more unchanged amphetamine (30 

and 28%) than the naive subjects (18 and 20%) and correspeedingly less hippurio 

acid, that is 16 and 13% compared with 28% and 27%. The aarePhadrthe output 

(4.1 and 2.91) in the dependent subjects was slightly more than that of the naive 

subjects (2.2 and 2.6%) and this appeared to be also the case with rhydroxynorepbsdrine 

(1.6 and 1.1% compared with 0.3 and 0.4%). The mittput of 2-hydroxyamphetarnine was 

essentially the same in the tolerant subjects (1.1 and 2.4%) as in the naive subjects 

(2.4 and 4.4%). 

Discussion  

In comparing the quantitative results for the dependent subjects with the naive 

subjects, it must be borne in mind that the former were receiving the (+)-isomer 

of amphetamine at about five times the dose level that the latter were receiving 

(.1)-amphetamine. Any differences between the two types of subjects could therefore 

be due to differences in the dose level and the isomer administered. The fact that 

the dependent subjects were women and the naive subjects were men is assumed to be 

of no eignilleanee, in general, it can be said that the gross pattern of metabolism 

of amphetamine is quantitatively and qualitatively similar in the tolerant and 

naive subjects. 

The pH  of the 0-24 h urines for the subjects under study is recorded in Table 

4:1. Drug naive subjects were producing urine of slightly greater acid* (pH 6.5 



Table 4:1. The Urinary Excretion of 114C1-Ansphetamine Metabolites  

The dependent subjects R. F. and E. L. received orally 2 mg of I14c1-(4.)-amphetamine (5 !Xi) togetlwr with the daily dose of DO mg 
of Dexedrine as described in the text. The metabolites were determined by radlochromatogram scanning and for Day 1 also by reverse 
isotope dilation. The valises for naive subjects C snd D given 20 tug of [14C)-(±)-sinpbetamine orally are quoted from Caldwell, Dring 
and Williams (197219 for comparison. 

Amphetamine 
Norepbedrino 
Hippurie acid 
2-Hydroxyamphetamine (total) 
rilydroxynorepbedrinc (total) 
Bensyl methyl ketone 

Total of above metabolites 
14C in urine  

Day...1 

Depauden,t 

of dose excreted as metabolites 

Naive miblects 
D 
2 Total 

so/sleets 

Tottll 1 
C 
2 

R. F. E. L. 
Total 	1 	2 Total 	1 2 

2$.1.6 
4.1 

16.2 

1.1 
1.6 
- 

52.6 
6u. 5 

14.1 
1.8 
U.4 
* 

* 
- 

25.3 
24.8 

43.7 
S. f., 

26.6 
1.1 
1.6 
- 

77.1- 
86.3 

28.3 
2. E 

13.0 
2.4 
1.1 
- 

47.7 
51.1 

11.6 
1.5 
7.5 

* 

+ 
- 

20.8 
22.7 

n. fJ 

4.4 
20.5 
2.4 
1.1 
- 

68.3 
73.8 

18.0 
2.2 

28.2 
2.4 
0.3 
0. t 

52.0 
56. 

- 
- 
- 
- 
- 

- 
24.5 

- 

.. 

.. 

- 

81.4 

20.0 
2.6 

27.1 
4.4 
0.4 

1.7 

56. it 
63.6 

••■ 

VON 

•■■• 

21.1 

=O. 

'OM 

41110. 

84.7 

* = not detectable by radiochromatograre scanning. 	- not determined 

The pH of the urine (Day 1) for the naive subjects C and D was 6.5 and 6.7 respectively, and for the dependent subjects R. F. and E. L. 
was 7.5 and 7.0 respectively. 
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and 8.7) than the dependent subjects (pH 7.5 and 7.0). The importance of 

minimising fluctuations in urine pH has been stressed by Beckett and Rowland 

(1965). These authors point out that under normal conditions, the ratio of 

metabolite to unchanged drug in the urine varies greatly with the diurnal changes 

in urine pH, and that under conditions of acidic urine production, greater 

proportions of the free =metabolised drug are excreted. Such variations 

are most evident when the excretion of N-substituted amphetamines is compared 

with their dealkylated metabolite. However, Anggard et al. (1973) report that 

following the administration of amphetamine to human subjects, when the urine 

is rendered acidic by giving ammonium chloride orally, the excretion of 

unchanged amphetamine increases, with a concomitant diminution in the excretion 

of metabolites. 

In the current study there is a dig* difference in the pH of the urine 

excreted by the four subjects. However, since the dependent subjects are 

excreting more unchanged dreg, and it is in these two patients that the urines 

are more alkaline, it is not possible to account for the alteration in the pattern of 

excretion of amphetamine and metaboUtes on the baste of variations in urine pH. 

Both types of subjects are excreting small quantities of norephedrines and 

it would appear that the tolerant subjects are excreting in 24 hours more 

norephedrine (3-4c11) and Irhydroxynorephedrine (1-1.6T) than the reive subjects 

(2.2-2.6 and 0.3-0.4% respectively). However, this could be explained by the 

fact that, according to Goldstein and Anagnoete (1965), only (+)-amphetamine is 

a substrate for doptenine-p-hydroxylase and oboe the naive subjects were 

given (11-amphetamine one might expect less fiebydroxylation. 

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

replacement of norndronaline at sympathetic nerve endings by RehydroxY- 
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norepbedrine which could act as a false neurotransmitter. With chronic 

administration of amphetamine, g-hydroxynorephedrine formed metabolically 

could be responsible for the persistent noradrenaline depletion in both the 

central and peripheral nervous systems (Brodie, Cho f Gegen, 1e70; 

Lewander, 1e7IV. In Chapter 3 evidence was quoted for g-hydroxynorephedrine 

being taken up by sympathetic nerve endings (CarIssoa & Waldeck, 1964) and 

released en nerve stimulation (Thoenen et al. , 1166) thus Zifilling the criteria 

for a false neurotransmitter. 

In view of the biological implications of false transmitters in tolerance, the 

possibility that these compounds might be formed in increased quantities in 

amphetamine tolerant subjects was investigated. The results obtained here 

appear to confirm the work of Guano et al. , (1C72) in that the excretion of 

unchanged amphetamine is greater in the tolerant state in man. Mitchard et al. , 

(1t71) have stated that the kinetic parameters of amphetamine in a tolerant man 

were essentially the same as those found in naive subjects and our results for 

total metaboilem appear to support this. 

The amounts of metabolites in the urine may not be truly representative 

of their tissue levels. Although g-hydroxynorephedrine has been found only in 

small amounts (about 1% of the dose) in the urine of both dependent and naive 

subjects, the former, receiving 100 mg/day of amphetamine, are excreting much 

more of thie metabolite in absolute terms than the latter who received one dose 

of 20 rag. The formation of greater amounts of g-hydroxynorephedrine in these 

subjects may thus result in itmaccumulation, leading to the production of tolerance 

in the way outlined above. 
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B) Metabolism of Amphetamine in the Guinea Pig Chronically Dosed with  

(+)Amphetamine, 

According to Dying, Smith and Williams (1970) and Lewander (19712), 

(+)-amphetamine Is not metabolised by ring hydroxylation in the guinea pig. 

In this species the major metabolic pathway I:; side chain degradation to 

benzoic acid, which is excreted in the urine both free and as its glycine and 

gluouronio acid conjugates (total 62%). A lesser fraction of the dose Is excreted 

as unchanged drug (22%). The figures given are those reported by Dring, Smith 

and Williams (14/70) and were determined by radiochromatogram .5caoning. They 

represent the fraction of a dose of 114C j-(+)-amphetamine sulphate (5 mg/ kg) 

as each metabolite excreted in the urine from 0-24 h after dosing. 

With this informatior, end acting upon the premise that tolerance to 

amphetamines is related to the production of 2-hydromynorephedrine, it was 

suggested thet tolerance should not develop in the guinea pig. if this species was 

chronically dosed with amphetamine. A full discussion of this work is presented 

In Chapter 8, but it was deemed necessary at the conclusion of the experiment 

to determine whether or not any alteration in metabolism had occurred with 

repeated doses, and more specifically, whether aromatic hydroxylation had 

been induced with the subsequent formation of 2-hydroxynorephedrine. 

Identification of Metabolites  

Urine samples (2 ml) were evaporated to dryness in vacua at 40QC, extracted 

with ethanol (3 x 10 ml) to remove slits, and the ethanol removed on the rotary 

evaporator. The residue was taken up in a Small volume of methanol (0.5 mt) 

and chromatooTaphed in solvents A and D. Additiorel samples of mine (2 ml) 

were :test subjected to enzymic hydrolysis with p-glucuronidase and then treated 

in the manner described above. en . all chromatogrilMO is solvent A two major 
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peaks (B F  0.55 and 0. f.3) were present, corresponding to amphetamine and benzoic 

acid respectively. Cal some chromatograms the major peak running near the 

solvent frost eseld be split Into two components (11F 0.84, 0. i 7) suggesting that 

this peak repreeented both hippurie and benzoic :aids (Fig. 4: 2 ). Prior to 

hydrolysis minor peaks (RF  0.41 and 0.60) were identified, the former 

corresponding to norephedrine and the latter, which disappeared on hydrolysis, to 

beezoyl glucuronide. In solvent D, three major esteika were present (RF 0.89, 

0.43 and 0.27) corresponding to amphetamine, benzoic acid and hippuric acid 

respectively. Smaller peaks (RF 0.80 and 0.0-0.2) were present on some 

chromatograms, and corresponded to norephedrine and benzoyl glueuronide 

respectively. The latter peak was not identified when hydrolysed urine samples 

were chromatogrephed. 

Reverse isotope dilution procedures were carried out for the hydroxylated 

metabolites, norepkedrine and 2-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 excreted slightly 

less (56%) than the latter group (66%) during this period. Quantitative data 

for the excretion of metabolites in the guinea pigs chronically dosed with the drug 

show no appreciable difference when compared with the saline pretreated 

animals. The tolerant and naive animals excrete amphetamine (28 and 30f/ 

respectively) and benzoic acid (17 and 21% respectively). Both groups of animals 

excrete small amounts of norephedrine (1-2 ) and 2-hydroxynorephedrine ( 1%). 

Discussion 

Corup trifiOn of the total urine radioactivity excreted by the animals in the present 

study (55-68 with that reported by Ming, Smith and Williams (1 7O), who 
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T, Me 4:2 The Elimination of 14C and )detabolites of !14C1-(+)-AmphetarnIne  

Amphetamine sulphate (20 nurnr,g, vet) was administered to guinea 

pigs, 1.p. Group A bad received unlabelled (+)-amphetamine sulphate (20 mg/hg 

1. p. twice daily) for L days prior to this study. Group C had received saline 

(0.5 ml 1. p. twice daily) for a similar period. 

Mean values given are of 14C dose In 0-24 h urine and the % of dose 

excreted as metabolites in this period. Individual values are given in parentheses. 

Orme 4, 

or 14c  di.:03. 

l 

A mphetamit 26 (16, 27, 35) 30 (23, 39, 28) 

Benzoic acid natal) 17 (17, 19, 18) 21 (28, 11, 27) 

*Norephedrine 

op-ilytiroxynaropitedrine 
(total) 

1.5 (1.1, 

0.5 (0.5, 

1.0, 

0.5, 

2.4) 

0.4) 

2.0 (2.2, 

0.7 (0.8, 

1.7, 

0.3, 

2.2) 

1.1) 

Total metabolites 45 (55, 48, 54) 54 (52, 52, 58) 

Total 14C in twine 55 (46, 55, 83) 66 (70, 51$, 87) 

Urine pH t.. 0 (V. 2, 	v. 0, 8.8) 9.0 (1.0, 9.1, 9.0) 

* Determined by reverse isotope &bath* 
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recovered 83% of a dose of 5 mg/kg i. p. cit (14C1-4+)-amphetamine sulphate 

in the urine within 24 hours, shows a discrepancy which requires explanation. 

'Amender (1971g recovered 48', of a dose of [14C)-(4)-amphstandite sulphate 

(20 mg/kg i. p.) from the urine of guinea pigs in 18 hours after dedell end these 

results are in greater accord with those presented here. There are two 

possible explanattans for the lower recoveries in the current experiment, namely 

that either theft* result from an alteration in the excretion rate with change in dome, 

or alternativeiy, as discussed previously, differences in urine pH between the groups 

of animals may contribute to variations in the renal elimination rata of amphetamine 

(Beckett & Rowland, 1085). In the study of Bring, Smith and Williaina, (1070) 

the urine of a group of three animals had a pH of 8, but by contrast, in Lerwander's 

study, the urine p11 varied from 7.8-8.5, and th the proem* repat, urine pH 

varied from 8. G-0.2. It would appear, therefore, that under time conditions 

of alkaline urine pH, the excretion at amphetamine and metabolites is diminished. 

Assuming 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 valuate are 

recorded from animals receiving a higher dose (20 rogiitg) of amphetamine, and at 

this dose considerable elevations in body temperature occur (ca. lei compared 

with ca. 1T) at a dose of 5 mg/kg (See Chapter it). At the higher dose (and 

higher temperature) the stimulus to respiration is oakaiderobto, and it could be 

suggested that such hyperventilation produces a respiratory alkalosis. As a 

result of this, a renal compensatory mechanism would tend to diminish the 

tubular excretion of II+ tons with a concomitant increase in urine pH. 

The formation of the hydroxytated metabolites norelihedrine and rhYdroxy-

norephedrin. from (+)-tunphetamine in the guinea pig has not previously been 

reported. According to Dying. Smith and Williams (1970) and Lewander (isng 
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amphetamine is metabolised in this species exclusively by side chain oxidative 

deaminatien. Of the amphetamine analogues only Pendinil (I1-3-chloropropyi 

sr:whet:maize) is metabolised by ring hydrceerlatien in the guinea pig (see Williams, 

Caldwell Dring, 1574). it should be noted however, that chromatographic) 

methods are not generally sufficiently sensitive to allow reliable quantitation 

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

end indeed such methods were used by the above authors, whereas the currently 

reported values for norephedrine and jrhydroxynorephecirine were determined 

by reverse isotope dilution, a much more sensitive procedure. 

The original premise upon which the current experiment was designed, 

that is to compare and contrast the development of tolerance in two species, 

one of which produces the false transmitter metabolite of amphetamine and the 

other which does not, was to a certain extent nullified by the identification of 

aromatic and side chain hydrexylated metabolites of amphetamine in the urine 

of the guinea pig after both single and repeated doses. 

Lewander's study (1071D on the effects of chronic amphetamine Intoxication 

on the tissue concentration of noradrenalinc shows that in rats the reduction in 

brain and heart noradrenaline by 40-701, seemed to be due partly 0 tie: presence 

of amphetamine in the tiesu©a and partly to the formation and incorporation of 

E-hydroxpeorephedrine into noradrenaline storage sites - the latter perhaps 

accounting for the prolonged depletion (72-e6 hours) observed in this species. 

In the guinea pig, however, the same author (1012) reported that although 

the initial depletion of noradrenaline in the tissues (6O) after similar doses 

of amphetamine was of the same order as in rats, noracironaline levels returned 

almost to normal within 24 hours of the last dose of amphetamine, and wee related 

in time to the disappearance of amphetamine from the tissues. It is inferred, 
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therefore, that the presence of 244drovnorephedrine formed metabolically 

in the rat is responsible for the prolonged depletion of norc_drenaline in this 

species (Costa & Groppetti, 1970). 

In conclusion, It must be considered that either the identification dt the 

metabolite of amphetamine, 2-hydroxynorephodrine, in the urine of both species, 

dogs not necessarily reflect the tissue situation, since Lewander (1071a,t 

identified this metabolite only in the brain of rats and not in guinea pig, or that 

the formation of the false transmitter metabolically is unrelated to the prolonged 

tissue depletion of noradrenalthe seen in rats. 
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THE METABOLISM OF PHEDRINE IN MAN 
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The Metabolism 	 Ephedrine in _L 	Man 

Introduction  

The metabolic fate of ephedrine has been determined in several species 

including rat (Axelrod, 1953; Bralet, Cohen & Valette, 1968; Nagase, Baba & 

Matsuda, 1967), rabbit (Axelrod, 1953; Matsuda, Baba & Nagase, 1671), dog 

and guinea pig (Axelrod, 1953) 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 studies 

suggest that in certain species oxidative deandnation of the aide chain occurs to 

a significant extent, as shown by the identification of 1, 2-dihydroxy-1-phenyl-

propane as a urinary metabolite of both ephedrine in rabbit and pony (Matsuda, 

Baba & Nagase, 1971; Nicholson, 1971) and norephedrine in the rabbit (Sinsheimer, 

Dring & Williams, 1973). The extent of metabolism of ephedrine by these pathways 

shows considerable species variation (Williams, Caldwell & Dring, 1974). 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 111), which follows the same 

species pattern seen in the metabolism of other substituted 1-pheny1-2-amino-

propanes. 

The presence of the k-hydraxyl group in the ephedrine molecule gives the 

compound increased 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 (1987) who showed that only the (-)-

antipode underwent N-demethylation and ring hydroxylation. Brstiet, Cohen and 

Valetta (1968), however, who administered ephedrine as the racemate to rats 

provided similar figures to those quoted by Nagase for ring hydroxylation. 
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Few reports detail the ractabotisen of ephedrine in man. Beckett and 

Wilkinson (1965) using g. L c. showed that, in a single male volunteer, n% of 

an oral dose of (-)-ophealrine was excreted =changed In the urine within 24 hours 

and that 4% of the N-demethylated metabolite, norophedrine, was produced. These 

authors in a later communication (Wilkinson & Beckett, 1968) demonstrated that the 

urinary excretion of (-)-ephedrine was pH dependent and that the 24 hour urinary 

excretion of unchanged drug showed a two to five fold increase under conditions 

of add urine production when compared with alkaline urine formation, which again 

emphasised the important role that urinary pH plays in the kinetics of excretion 

and metabolism of these basic compounds. 

The current stuck was designed to investigate in further detail the biotrans-

formation of a drug to which on repeated administration tolerance or tachyphylaxis 

develops and which could be metabolised to the false transmitter metabolite, 

2-hydroxynorepbedrine. The drug was administered orally to three human volunteers. 

No attempts were made to control the urinary pH throughout the experiment. 

Identification of urinary metabolites_  

Urine samples (50 ml) were concentrated by freeze-drying to approximately 

2570  of their original volume and 1 ml was chromatographed in solvents A and D. 

In both solvents a single major peak was found (11F 0.4-0. 5 and RF 0.85 respectively) 

corresponding to but failing to separate the amine metabolites ephedrine and 

norephedrine (Fig. 5:1). In advent A a small peak AF  0.73 suggested the 

presence of acidic metabolites, however, positive identification in this solvent was 

not possible. 

For further chromatographic identification of tnbolites, urine samples 

(10 ,50 ml) wore subjected to extraction procedures under alkaline or acidic 

conditions. Thus, min (10 ml) was adjusted to pH 12 with 21YINe".,H, saturated 
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Fig. 5:1  

Iiistokram prepared from radloohromatisram of human 0-24 h urine after  

(441/41-ephedrine 10roohloride O. 35 mega 1.6 pci) 	in solvent A.  

OP 	Origin sr 	- Solvent front 
Ephedrine 

NE - Norephedrixte 
ACID 	Acid metabolites 
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with NaC1 and extracted with ether (3 x 15 m1). The ethereal phase was dried 

over Na2SO4 and re-extracted with 2M FIG1 (2 ml). The aqueous phase was 

evaporated to dryness In vaeuo at 40°C and the residue taken up in 0.5 ml 

ethanol, a fraction of which (0.3 ml) was chromatographed in solvent E ('Fig. 5:2). 

In this solvent two major peaks were identiftedhaving Br  0.30 and 0.52, 

corresponding to norephedrine and ephedrine respectively. On some chromato-

grams a small peak (Rip 0.70) was identified, which disappeared vhen the above 

procedure was carried out following preliminary extraction of urine at acid pH, 

and which correspooded to the reference compound 102-dlitydroxy-1-pheeylpropane. 

Samples of urine (50 ml) were initially hydrolysed with an aryl sulphatase 

preparation (containing plilyourceddase), adjusted to pH 2 with 2M Ha, 

saturated with NaCI, and extracted with ethyl acetate (3 x 40 rap. After 

evaporation of the organic phase to dryness In vacuo at 40'C, the resides was taken 

up in methanol (0.5 ml) and an aliquot (0.1-0.2 ml) ehromatographed in solvents 

F and G. In solvent system 0, a peak (11F 0.85) corresponded to authentic 

1,2-dthydroxy-1-phenylpropane and a sewed broader peak (Rr 0.47-0.68) 

probably represented both hippuric and benzoic acids. (Fig. 5:3). 

Reverse isotope dilution procedures were carried out in certain cases for 

ephedrine, norephedrine, benzoic arid, hippario acid, 1,2-dihydroxy-1-phenyl-

propane and R-hydroxynorephedrine. 

Results 

The excretion of 14C following the administration of (-)-(14C)-ephedrine 

hydrochloride orally to 3 male subjects is shown in Table 5:1. a the dose, 

96-98% was excreted In the urine within 48 his and most of this appeared In the 

first 24 hours (84-11%). The bulk of the radioactivity consisted of unchanged 

ephedrine (53-74( and its N-demethylated metabolite, norephedrine (6-20r4 

(Table 5:2). addative deamination of the side chain occurred to a variable 
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Table 8:1 .  at 14C b 	Sub acts after 

  

(..Le.310 

( ) [14C)-Ephedrine hydrochloride (0.35 mg/kg; 1.6 pCi per subject) was 
dissolved in a small volume ce water and administered to human subjects orally. 
Values given are % a1 14C dose in urine expressed as the mean of 3 subjects. 
Individual figures in parentheses. 

% of 14c dale  

Urine Day 1 88.0 (88.9, 83,8, 91.3) 
Urine Day 2 8.7 (7.5, 12.3, 6.3) 

Total 14C excreted 96.7 (66.4, 96.1, 97.6) 
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Tgbitt  

Dose see Table 5a. The urine analysed was that excreted In the first 24 hours 
after dosing. Value* given are sepreseed as a % of the does and are the mean of 
3 subjects, with individual values in parentheses. 

bletabolitf  

Ephedrine 
NorephedrIne 
Ring hydroxylated metabolites 
Hippuric acid 
Benzoic acid 
1, 2 -Dihydroxy -1 -phenylprcpane 
Other acidic metabolites 

Total metabolites 

Total 14C in wine 

cif 14C  dose  

61.3 
13.2 

(74.2, 56.4, 63.3) 
(7.7, 11.8, 20.1) 
(n. d. 	d. 	d. ) 

4.6 (2.8, 6.1, 4.8) 
4.9) 

8.8 (4.2 0.5 1.2) 
7.0) 

83.4 (86. 1, 77. 2, 86. 5) 

88.0 (88.0, 83.8, 01.3) 

n. d, not detected. 
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extent (4-13%) and excretory products identified were hippuric acid, benzoic 

add and L2-dihydroxy-1-phenylpropane. r3hor products of deamination, 

including 1-hydroxy-2-exo-1-phenylpropane and 1,2-dioxo-1-phenylpropane were 

not detected. In addition, ring hydroxylated metabolites of ephedrine were not 

detected by chromatography and an isotope dilution procedure for p-hydroxy-

norephedrine in one subject confirmed the absence of this compound in the urine. 

The urine pH recorded for the 0-24 hour urine showed no variation between 

the 3 subjects (pH 8.5-8.8). 

Discussion  

The definitive fate of ephedrine in man has not been previously reported. 

The analytical method of Richter (11138) did not differentiate between ephedrine 

and norephedrine, and in the stud► of Wilkinson and Beckett (1808) the only 

metabolite determined was norephedrine. The extent of N-dereethylation quoted 

by these authors appeared to be dependent upon urine pH, as in their study the 

three subjects with alkaline urines (pH c. 8) excreted 11-24% of the dose of ()-

ephedrine as the metabolite norephedrine, which contrasted with the same subjec 

under conditions of acid urine production (pH o,, 5.0), in whom N-dernethylation 

only occurred to the extent of 3-10%. An observation not noted by these authors, 

but based upon their figures was the twofold variation in the extent of l*T-demethyl-

ation, at the same urine pH, between the different subjects. This observation is 

confirmed in the current study in which it is seen that at similar urine pH 

values (8.54.8) for the three subjects, the extent of N-demethylation varies from 

8 to 21% of the dose. It should be pointed out that on no occasion had any of the 

volunteers in this study received ephedrine previously, eliminating therefore any 

possibility of increased drug metabolism resulting from repeated therapy. By 

implication, these observations might account for interindividual variations in 

the pharmacological effects of ephedrine when this drug is administered to man. 
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since the N-demethylated metabolite, norephedrine, has no central stimulant 

effects (Goodman & Gilman, 1966). 

r)xidative deamination of the aide chain (4-13%) is greater than that found 

with norephedrine (Sinsheimer, Dring & Williams, 1973) and probably reflects 

the increased lipid solubility of the ephedrine molecule. The probable route of 

this metabolic pathway is an extension of that suggested by Sinsheimer, Dring 

and Williams (1973) and is shown in Fig. 514, and the identification, in the present 

study, of the dial (1,2-dihydroxy-1-phenylpropane) as a urinary metabolite of 

ephedrine is in support of this proposal. However, other products of deandnation, 

namely the ketal (1-hydroxy-2-oxo-1-phenylpropane) and the done (1,2-dioxe-1- 

phenylpropene), which, together with the dial, were found as metabolites of 

norephedrine in the rabbit (Sinsheimer, Ming & Williams, 1973), were not 

identified in this experiment. 

The failure to identify phenolic metabolites by chromidographic methods and 

more specifically the failure to identify rhydroxynorephedrine by reverse isotope 

dilution procedures, is in striking contrast to metinunphotamine, the de7hony analogue 

of ephedrine which in man undergoes ring hydroxylation to the extent of 18% and ring 

and side chain hydroxylation to form 2-h3rdrosynorepherhine which is excreted in 

the urine (2% of dose) (Caldwell, Dring & Williams, 1)722). It is probable that 

since methamphetamine is eighty times more lipid soluble than ephedrine the former 

is more susceptible to tissue uptake and metabolism (Williams, Caldwell & Dring, 

1974). 

Ephedrine is a mixed-acting sympathomimetio amine (Trendelenburg, 1963) 

and exerts many of its effects by releasing noradreeatine from peripheral sympathetic 

neurons, and, like amphetamine, it has a central stimulant action but less 

pronounced (Goodman & Gilman, 1070). 

In contrast to amphetamine, ephedrine has a direct stimulant effect ate and 
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receptors and for this reason it is a useful therapeutic agent as a branchodilator 

and nasal decongestant (Goodman & 	MO). 

Acute tolerance or taohyphylazie develops rapidly to the peripheral actions 

of ephedrine on repeated dosage, possibly as a result of the depletion of 

noradrenalthe stores (Goldstein, Aranow & Kalman, 1968). It seemed possible 

that 2-hydroxynorephedrine could be formed metabolically from ephedrine and 

be responsible not only for the depletion of noradrenaUne, but also for the 

development of tolerance. The failure to identify irhydrolkynorephodrine in 

this study would suggest that this compound is not involved as a false transmitter 

in the aocndsition of tolerance to ephedrine. 
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Introductton 

Drug Tolerance  

The ca sal term addiction has been largely euperoeded )y-  the terms 

'tolerance' and tispendence'. The importance of these two phenomena has been 

stressed in relation to the biological effects of many psychoactive drugs, certain 

of which may induce both tolerance and dependence, whereas others appersidly 

induce tolerance alone. 

It is well established 01'1 reTalar drinkers sr able to tole la larger amounts 

of :alcohol ors /Iv! tied expo irr ■.! , or Ilternitively, that the holNy drinker requirl- s, 

progresiively larger quantitiey of alcohol in order to produce the change in feelings 

and behaviour which has previously been experienced with a lower dose. Dependence, 

however, t n the production of dramatic withdrawal signs and symptoms on ceasation 

of drinking. 

It is generally held that alcohol, barbiturates and opiates induce dependence, 

but there is certain conflict as to whether araphetamines can produco thi ,"; phenomenon, 

although tolerance indisputably develops to some of their pharmaoological effects. 

The differenbconnotaticos of the term 'tolerance' are defined by Kalant, 

Le Blanc and Gibbins, (1E71). 

Initial or innate tolerance Uzi reflected by that amount of drug which a subject 

rcoldres on first exposure to it, to produce a designated degree of effect. This 

reflects a diversity of hereditary and environmental factors which contribute to the 

marked interindividual variations in drug response that may depend upon sex, species, 

age and dietary habits. 

Acquired tolerance,  within the same individual moults from repeated exposure 

to a drug such that an increased amount of drug is required to produce the same 

degree of effect. This may vary from one effect of a given drug to another. 

Acquired tolerance, to which the term tolerance used in thin thesis refers, 

may be further subdivided into: 
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Diepositional tolerance  which develops as a result of an alteration in the 

absorption, distribution, metabolism or excretion of a drug, and which leads to a 

reduction in the intensity and duration of contact betwetni the drug and the target 

tissue. 

coal tole ace or 'isms tolerance which refers to the possible changes or 

adaptation in the properties and functions of the target tissue which render it less 

sensitive to the same degree of exposure to the drug. 

Distinction is made in the literstinre between me and chreale tolerance. 

Undoubted* 	tolerance can develop within the duration of a single exposure 

to a drug („_vide tire) and can be temporally separated from 'chronic' tolerance which 

gradually develops with prolonged and repeated exposure. blecbanisticalbr suede a 

distinction may be misleading and will be referred to later in this Wispier. 

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 /army psychoactive 

compounds including alcohol, amphetamines, barbiturates and opiates have felled 

to show any gross alteration with chronic exposure. In the case of alcohol there 

is even a suggestion that a slight enhancement of absorption occurs with repeated 

dosage, and probably results from an altered gastrointestinal motility preventing 

the normal delay in gastric emptying, but there is no overall significant difference 

in distribution or excretion (Natant, Le Blanc & Gibbins, 1$071). 

However, many drugs, most notably the barbiturates, have the ability to inmatee 

their own metabolism on chronic exposure. The react of ethanol metabolism has been 

shown to Increase with repeated administration, but the mechanism of this has been the 

subject of much conjecture. Although hypertrophy of the amootb endoplasmic 
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reticulurn occurs, assooiated with an increase in several microsomal enzyme 

activities (Kato, lti66) and an increase in cytochrome P460 levels, the evidence 

that a microso=1 enzyme system participates in the metabolism of ethanol is 

equivocal. 

'-ther mechanisms, however, must be involved in the acquisition of tokrano* 

to ethsnol, for even assuming that enzyme induction increases the metabolic rate 

threefold it is prciaabie that this could only account fora slight reduction in the 

maximal pharmacological effect, although the duration of action of the drug 'would, 

undoubtedly, be shortened (Kataut, Le Blanc & Gibbins, IS71). 

Virtually all the barbiturates are enzyme inducers and of these phenobarbitone 

is the archetype and the increased rats of metabolism seen on prolonged administration 

is of importance in explaining tolerance to those drugs (Cooney, 1S61). However, 

according to Reaunsr (1b69), whereas tolerance to the shorter acting barbiturates 

appears to be mediated almost exclusively by enzyme induction, as the length of 

action of the barbiturate increases, the extent of CNS adaptdion becomes 

progressively greater. 

hi this context it must be noted that the naetabolism of a wide range tat 

psychoactive agents, including other hypnotic's, and eedativea, major and minor 

tranquillisers and antihistamines, is substantially Increased by enzyme Induction 

(Kalant, Le Blanc & Cabins. la71). 

Alterations in drug disposition do not appear to contribute significantly to 

opiate tolerance, nor to the tolerance that develops to amphetamines. Ellison st al. 

(1t11) found that the half life of amphetamine is increased in tolerant cats, and in this 

experiment the total excretion of 3H amphetamine and metabolites excreted over a 

five day period were essentially the same in tolerant and non tolerant animals. Those 

authors stated, however, that the excretion of unchanged amphetamine was slightly 
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increased in the tolerant animals. Tissue distribution studies showed that 

although brain distribution of radioactivity was similar 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. b other organs 

differences were not significant. Studies in humans have revealed similarly that 

the half-life of amphetamine is increased in drug dependent individuals when 

compared with naive controts (Guano It M. *  1972). Mitchard A. (1971) found 

that this drug's absorption and distribution kinetics in a single tolerant men were 

essentially the same as in drug naive subjects. A detailed metabolic study in the 

amphetamine tolerant state was therefore indicated, the results of which are , J 

presented in Chapter 4. 

Functiolial Venn,. 

An alternative mechanism for the development of tolerance to many drugs has 

already been suggested in relation to ethanol and the barbiturates. Further 

evidence that a process at CNS adaptation forms the basis for tolerance that 

develops to these drugs has resulted from cross tolerance experiments. Kalan4, 

Le Blanc and Gibbins (1871) and Khanna, Natant and Lin (1972) 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 disposition. 

Similar findings in animals and man with the general anaesthetics (Han, 1969; 

Lee & Atkinson, 1888) would appear to support this as their elimination is not 

primarily the result of hepatic metabolism. Similarly the failure of phenobarbitone 

pretreatment to change the metabolism of ethanol (Khanna, Kabuli & Lin, 1972) 

suggests that the resistance of barbiturate addicts to ethanol is not due to increased 

oxidation. 

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

(II) that white tolerance to shorter acting barbiturates can be explained by induction 

metaboUslag enzymes, as the length of action of the drug increases, CNS 

adaptation becomes more important in tolerance, and (ill) that cross tolerance 

between alcohol and the barbiturates is principally due to alteration of CNS 

sensitivity. 

The exact nature cif the CNS adaptation involved in tolerance is, however, 

uncertain. it does appear that this is essentially the same for both groups of drags. 

some aspects of this have been studied, most notably with respect to the rapid 

appearance of the adaptation (the so-called acute tolerance). This so' called 

acute tolerance, which develops within a single exposure to a drug may be shown 

in two ways: either as (1) a difference between the concentrations of the drug at the 

appearance and subsequent disappearance of symptoms of CNS depression, or (U) 

as a positive correlation between the plasma concentration of the drug at the 

disappearance of signs of intoxication and the size of the dose administered. 

This phenomenon was first demonstrated by Meilanby (1919) with ethanol when 

he showed that for a given plasma concentration of ethanol, the degree of functional 

impairment was greater while the concentration was rising than when falling. 

Similarly, Mink),  et at. (1941) abolished ethanol metabolism in rabbits by 

hepatectomy and found that when a constant plasma level of ethanol was maintained, 

tolerance developed to the depressant effects of the drug.  

With the barbiturates, acute tolerance was first noted in man by Brodie et al. 

(1951) who found that the plasma level of thiopentooe after recovery from anaesthesia, 

rather than being constant, was directly proportional to the dose. In a fuller study 

of this phenomenon in dogs, Maynert and Klingmau (1960) have shown that the curves 

of plasma level on awakening versus size of dose reach a plateau probably indicating 
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maximal tolerance. In this paper Maynert and Klingman have described acute 

tolerance to a range of CNS depressants, including trichloroethanol and paraldehyde 

in addition to ethanol and two barbiturates. 

It would appear then, that as a wide range at chemically dissimilar drugs 

give rise to act** tolerance, the tolerance is produced by the CNS depression 

produced by the drug rather than by the presence of the drug molecule. It does 

appear (Maynert 4 ]Bagman, 1960) that the extent of acute tolerance is related 

to the depth of CRS depression, but not to its length. This suggestion would appear 

to be supported by the finding of acute cross-tolerance between ethanol and hexo-

barbitone by Wahlatr&n and Widerigv (1971). 

The development of tolerance to ethanol may be intensified by behavioural 

loading. Thus, animals and humans made to carry out tasks while intoxicated 

become tolerad much more rapidly than if allowed to remain passive. Kalant 

(1972) opines that this supports the concept that 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 depression due to a given dose of drug 

is less, yet tolerance is developed teeter. It appears that, at the present, these 

arguments cannot be reconciled. 

The relationship of acute tolerance to chronic tolerance is as yet uncertain. 

There are indications that arcade tolerance may consist of the summation of a 

series of acute tolerances, because in experiments involving chronic dosage with 

ethanol, as the treatment proceeded, the acute tolerance from each dose became 

more marked and appeared earlier (Kalant, 1972). Tolerance to CNS depressants 

appears to be fixed as a long-lavting trace which facilitates quicker development of 

tolerance on further exposure to the drug (Kalant, 1972). 

This schema suggests an analogy with learning and memory, in which acute 
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tolerance can be equated with short term learning and chronic tolerance with long 

term laying down of memory. Such an analogy is strengthened by the ability of the 

protein synthesis inhibitor cyclohmdmide and bilateral frontal cortical ablations 

to prevent the development of tolerance to ethanol (Kalant, 1972). These treatments 

are also able to impair the processes of learning and memory very profoundly. 

It is thus seen that the production of tolerance to CRS depressants may well 

be due to a basic cellular adaptation to the effects of the drug, rather than to the 

drug itself. 

The opiates, being the archetypal drugs of dependence, have long been studied 

with respect to the mechanisms giving rise to the development of tolerance, and many 

hypotheses for its genesis have emerged. 

Schmidt and Livingston (1933) suggested that morphine combines with 

receptors in the brain and that tolerance is due to occupation and saturation of 

these receptors. In this case more drug would be required to overcome the blockade 

as dosage proceeded. This theory adequately explains cross tolerance between 

opiates and antagonism by related molecules such as nalorphine, but fails to account 

either for the persistence of tolerance long after the drug has left the boxy or for 

withdrawal phenomena. However, the findings of Ilisra and Mai (1972) that a 

metabolite of methadone is faux, firmly bound to brain proteolipids at very low 

levels for up to 3 weeks after a single dose may have significance and lead to a 

re-evaluation of the receptor occupation hypothesis. 

Axelrod (1956) formulated a theory for the development of tolerance to opiates 

on the basis of the striking decrease in N-demethylase activity in the liver microsomes 

of rats made tolerant to morphine. He proposed that the receptor sites in the CN8 

and in the liver enzyme systems were similar, and that continuous interaction of 

narcotics with receptors served to inactivate them. 
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According to Shuster (l)61) these observations represented a possible drug 

induced enzyme repression which could explain the features of tolerance to, and 

dependence upon, narcotics. This author presented the following schema to explain 

the acquisition of tolerance to morphine. 

Morphine 

Derepression /13 	 Inhibition 

L 
Enzyme forming 	Neurohormone -4 Neurohormone) CM activity 

system 	T 	synthesiiing 
enzyme 

Natural 	 Inactive Repressor 	 Metabolite Repression 

Enzyme 	 Destroying 
forming  em..........~sorirwassarr4 enzyme  
system 

From Shuster (1.981). 

Morphine could act at site A by inhibiting the action or synthesis of a 

neurohormone required for normal function of the CNS, (thus producing depression, 

ai3algesia, etc.). With repeated dosage morphine could act at site B causing 

&repression 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. Alternatively, the same result could be 

achieved by repression at site C. 

Collier (1165) proposed that the development of tolerance to and dependence 

upon drugs could be explained on the basis of the concept of receptor:. His 

hypothesis 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 either type for a aulastance can increase or 

decrease at the same rate as tolerance or dependence develops; 

3) that a drug causing dependence acts b  increasing or decreasing the amount 

of an endogenous subotanoe available to receptors; 

4) that when excess or deficiency of a chemical substance distorts a living 

system, the numbers of receptors of either type for that substance 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 genesis of tolerance imply that CNS neuro-

raps:miners are involved. Maw investigators have concentrated upon the effects 

of tolerance producing drags cm brain levels and turnover of neurotransmitter 

substances. Collier, Francis and Schneider (1972) tested the action of a number 

of drugs on several aspects of the morphine withdrawal syndrome. E-Chlorophenyl-

alaniale, atropine and indometbactn all modified the withdrawal. TIC the reform 

implicated aerotonin, acetyl cholino and prostaglandina in morphine dependence. 

However. although nenrotransnaitter changes are of importance in understanding 

the problems of drug tolerance, they do not themselves explain adaptation to the 

drug. 

Martin (1970) outlined the principles of pharmacological redundancy and 

postulated that the depression of certain functional pathways in the CNS produced 

by large doses of a neurolmmoral antagonist, e. g. morphine, could be surmounted 

by increasing the stimulus strength. This could lead to al'hypertroplay' of 

clundant pathway which resists the inhibitory effect of morphine. Negative feed- 

ck pathways could be responsible for initiation of this pathway. 
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negative feedback 

morphine 
in entire 

morphine 	 Effector 
sensitive 	 Cell 

From Martin (1970) 

This theory is one of many 'homeostatic adjustment' hypotheses that attempt 

to explain tolerance and dependence. Seems and Woods (1953roposed a 'dual 

action' them based on the fact that morphine and its congeners are both CIS 

depressants and excitants and would act at two different sites an the same neuron. 

Drug-receptor interaction on the surface of the mil could be responsible for the 

depressant activity, and as more receptors were occupied, tolerance resulted. 

Drugreoeptor interaction within the cell on the other hand could induce excitation 

which wan masked by the depressant activity, but unmasked upon drug withdrawal. 

It has often been suggested that the development of tolerance to morphine 

and similar drugs is in some way connected with protein synthesis and that cellular 

adaptation to the drug is under genetic control. Cohen et A. (1960 found that an 

ANA polymerase inhibitor, actinomycht D, prevented the development of tolerance 

to morphine in rats and mice. In addition, Cox and omen, (1970) concluded that 

the development of tolerance to the analgesic effect of narcotics, including morphine, 

heroin and pethidine, in rate was dependent on DNA directed BM synthesis leading 

to the synthesis of new protein. However, although protein synthesis inhibitors 

prevent the development of tolerance to the analgesic effect of the narcotics, 

cyalohoximide has no effect on tolerance to the increased locomotor activity seen 

with morphine (Karbowaki, 1973). 

If indeed CNS protein synthesis is involved the genesis of tolerance and 
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dependence it is interesting to speculate on the nature of the 'Tolerance protein' 

being produced. Cox and Ginsburg (1969) suggest that possible roles for this new 

protein could be in the production of a drug uptake receptor, a netwotransmission 

receptor or a transmittable tolerance factor. It is appropriate to note here the 

work of Ungar and Cohen (1966) who found that the brain of morphine-tolerant 

animals contains a substance which confers morphine tolerance to non-tolerant 

animals when infected into them. They suggested that this substance is a small 

molecule, possibly a hexapeptide. Other workers (Cox & Ginebtn3, 1069) 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 transmitted from animal to animal and that the 

findings of Cox and Osman (IE70) and Ungar and Cohen (1966) are linked in such a 

way. This still does not elucidate a mode of action for thin loiera ice protein' 

Jag hero it i3 possible to ►ee a striking analogy with work on learning and memory. 

The ability of animals to learn simple tasks may be imp lired by the administration 

of protein synthesis inhibitors, and it has been demonstrated that extracts from the 

brains of rats trained to perform a lven task, when administered to untrained rats, 

convey the ability to perform this task (Ungar, Desiderto & Parr, 1972; Brand 

& Brand, 1V72). The similarity of these findings with the work described on 

morphine tolerance would suggest that the basic mechanism of tolerance development 

is similar to that of memory; that the bri, iaa of the animals in some way 'learn' 

to 'ignore' the presence of the drug. 

As an alternative to theao nourochomical explanations, Cochin (1S71) an 

Berkowitz and Opecto (102) have suggested that the long persistence of tolerance, 

its apparent transferability and the involvement el protein synthesis indicate a 

possible participation of the immune mechanisms of the body. Berkowitz and 
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Spector (1072) have shown that mice can be actively immunised against morphine 

with a conjugate of 3-carboxymethylmerphine with bovine serum albumin. Sera 

from these mice showed a greatly increased (thirty fold) ability to bind dihydro-

morphine, and the plasma half-life of the drug in inummised mice is much prolonged. 

These mice showed tolerance to morphine, but not dependence, as nalorphine was 

without effect. These findings do not, of course, explain tolerance to the opiates, 

still loss dependence, but it must be considered that active or passive immunity 

may influence tolerance. Proteins able to bind heroin have been isolated from the 

plasma of heroin dependent subjects (Ryan, Parker & Williams, 1072) indicating 

the potential involvement of the immune mechanisms in man. 

in conclusion then, It is seen that the answer to the problem of tolerance 

and dependence remains very obscure. Most studlea have concentrated on opiate 

tolerance and new approaches have yielded fascinating possiblities as it does seem 

that tolerance and dependence rather than being a single discrete phenomenon, 

represent the net result of several distinct mechanisms. 

:Tachypkylaxie  

In the previous discussion of tolerance developing to barbituratee :Lnd ethanol, 

r:lerence wets mIde to the phenomenon of acute tolerance. This term often 

used synorkymously, but perhaps incorrectly, with tachyphylaxie, which, strictly 

speaking, implied the rapid attenuation of a pharmacological response with 

repeated dosage (Goldatein, Aronow Pe Kalman, 1068). Tachyphylmds his been 

demonstrated with ,successive administrations of many sympathonaimetic agents and 

was originally considered to result from the occupancy or saturation of drug 

receptors (Winder, Anderson Parke, 	flowevor, certain leletituted 

phonylethylamines, notably ephedrine and amphetamine, produce tachyphytaxis 

more readily than others, e.g. tyrarnine (Day & End, 1M1), and when it was 
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established thet many of these drugs acted indirectly by liberating, noradrenaline 

and did not have a direct effect (see Chapter 1), the re ptor occupation theory 

seemed less likely. It was subsequently postulated that these indirectly-acting 

amines released noradrenaline and that the development of ta hyphylaxis was 

associated with depletion of noradrenatine stores, such that further challenge 

with the drug would release increasingly small amounts of noradrenaline (Axelrod 

et al. , 1962). However, considerable amounts of noradrenaline were found within 

the -nerve terminals in the tachyphylactic state, and could be released normally 

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

Kopin, 1962). 

Later evidence :thawed that certain indirectly-acting eminee including 

amphetamine would only liberate newly synthesised noradronaline (Glowineld, 1970). 

This evidence taken in conjunction with the hypothesis that certain metabolites of 

these drugs replace (and relense) noradreneline from storage sites, and are 

thereeelves relcreed on subsequent drug challenge as false neurotransmitter, 

could account for the diminished noradrenaline release with repeated drug challenge, 

end therefore tachyphylanie. 

The Felse:Transmitter Hvnothesis  

At this stage in the discussion of drug tolerance and the poseible underlying 

mechanisms, it is apparent that most theories of tolerance and dependence have 

concentrated upon altarattens in drug disposition or 'target organ' adaptation. 

However, it has been stated by Katant, Le Blanc and Gibbing (1971) that tolerance 

to amphetamines may occur by means of a unique mechanism involving the 

replacement of noracirenaline at sympathetic nerve endings by the metabolite, 

2-hydrmnorephedrine, which could act as a false neurotransmitter. 

According to Kopin (1968) the criteria for a false neurotrensmitter are: 
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1) that the compound must be Aored in the nerve endings at the same site as the 

normal physiological transmitter, and 2) that it must be relea:led 011 physiological 

nerve stimulation. (There is no roquirement,howaver,that the released substance 

be as active as the physiological transmitter). 

As will be appreciated from the foregoing discussions of the biosynthesis 

of noradrenaline, the rfAative non pe Irlty of dope. decarboxylasc and 

dopamine-fl-hydroxylase allows many phenylethylamine derivatives (both endo- 

ge.naus and exogenous) to bo converted to their fl-hydrcotylated 

for example: 

a-methyl dope 	----3 a-racthylnoradrenaline 

a-methyl-m-tyramine 	metaraminol 

(Carlsson and Lindgyist 1)62) 

tabolites hi vivo, 

tyramine   ootopamine 

(Ca(risson and Waldeck, 1964; Fischer, Borst & !Capin, 1965), and other drugs 

(see Kopin, U66). 

The formation of a-hydroxynorephedrine from amphetamine by aromatic 

and ft-hydroxylation has been considered previously. This metabolite has been 

shown to be taken up and stored in sympathetic nerve endings (Curieson and 

Waldeck, 1964) and released on nerve stimulation (Thoseen et al. , 1866), thus 

fulfilling the accepted criteria for false transmitter 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 axpeated to limit the amount of noradrenaline liberated on 

nerve stimulation and indeed this was demonstrated by Muacholl and Maitre (1963). 

Secondly, with release of false transmitter (and some noradrenaline) the 

pharmacological response would depend upon the agoolst activity of the false 
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transmitter its( 21f. For 2- hydroxynorephedrine, its presser activity is only 

1/500 that of noradrenaline (Brodie, Cho & Gessa, 1970). Thirdly, according 

to Kopin, (1968), false transmitters may, by displacing granular noradrenaline, 

liberate free noradrenaline into the neuronal cytoplasm which would antagonise 

further synthesis by feedback inhibition. 

With repeated administration of amphetamine, it 13 proposed that the false 

neurotransmitter, E-hydroxynorephedrine accumulates in the vesicular stores 

and is responsible for tolerance to tho;E: effects of amphetamine mediated by 

noradrenaline (Brodie, Cho & Clessa, 1070; Cavanaugh, Griffith & Cates, 1970; 

Lewander, 19710. In favour of this hypothesis is that 9-hydroxynorephedtine 

depletes neuronal noradrenaline, has only weak sympathomimetic activity and 

is released preferentially with respect to noradrenaline by (+)-amphetamine 

(Brodie, Cho & Gesso., 1970). 

The aims a the present thesis therefore were to correlate on the basis of 

metabolic investigations and studies of drug tolerance, the metabolic production 

of g-hydroxynorephedrine and the development of tolerance to amphetamines. 

In. the first part of the thesis, a number of potential precursors of E-hydroxy- 

norephedrine were studied to determine whether or not this compound was metabolically 

produced. In addition, human tolerant subjects were investigated in order to 

quantitate the formation of 2-hydroxynorephedrine in the tolerant state. In the 

second part of the thesis, the false transmitter hypothesis was tested in two ways:- 

1) by pretreating animals with precursors of the false transmitter and 

subsequently challenging them with amphetamine since the response would be 

xpected to diminish with such pretreatment if the hypothesis were true, 

2) ',by comparing and contrasting the development of tolerance in two species, 

one of which is known to produce the false transmitter metabolically, and the other 

which does not. Theoretically the latter species should not become tolerant to 
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CHAPTER SEVEN 

MATERIALS AND METHODS  
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Materials andMethods 

Compounds  

(+)-Amphetamize sulphate; (+)-norephedrine hydrochloride; (±)-2- 

hydroxyamphetamine hydrobromide; (±)-g-hydroxynorephedrine hydrochloride 

(see Chapter 2); (9-amphetamine sulphate (Smith, Kline and French Laboratories). 

a-Methyl-rtyrosine methyl ester hydrochloride (Sigma Chemical Company, St. 

Louis, Missouri, U.S.A.), 6-hydroxydopamine hydrobromide (Aldrich Chemical 

Company, Inc. , Milwaukee, U.S.A.), desmethylimipramine (Geigy Pharmaceuticals, 

Macclesfield, Cheshire), rehloroamphetamine (Dr. R. E. McMahon, EU. Lilly 

Research Laboratories, Indianapolis, Inc. , U.S.A.), tetraethylammonium bromide 

(Hopkin and Williams, Chadwell Heath, Essex). 

Animals 

Female Wistar albino rats, body weight 220+ 20 g, male Wistar albino rats, 

body weight 220 + 20 g, female and male Sprague-Dawley rats, body weight 220 + 

20 g and female Dunkin-Hartley guinea pigs, body weight 250 + 25 g, were used. 

Housing and Food. 

Animals were housed in groups at 5 or 6 in plastic cages (45 x 32 x 15 cm) at 

constant ambient temperature (20'C + V) and with free access to food (rats - 

Oxoid No. 4Th pellets; guinea pigs - Oxoid No. SG1 pellets with fresh cabbage) 

and water. Both animals and food were weighed daily during repeated dosage 

experiments. 

Drug Administration  

All compounds with the exception of 6-hydroxydopamine were 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 injected into the tail vein of rats. 

In the chronic dosage experiments amphetamine solutions (2.5 mg/rat and 
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10 mg/m1 in normal ealino were sterilised by ultra-filtration (1`,11114x)re). 

Temperature recordinip  

Colonic temperatures were taken with a Yellow Springs Instruments Model 

46 Therrnistor Thermometer using a No. 402 probe inserted into the coloc, 5 cm 

from the anus. Control and test groups were compared airmiltaneously at the 

same times each day, to minimise diurnal variations in temperature. 

Animal Activity Monitoring  

Motor activity (gross locomotor and stereotyped activity) wan measured on 

a two level electronic activity meter (Reciting No. 30416, Stoelting Irstrument Co., 

Chicago). The meter was adjusted in order to distinguish between total motor 

activity (high sensitivity channel) and gross zaotor movements (low sensitivity 

channel), Stereotyped behaviour (fine movements) was calculated as the difference 

between the counts registered on each channel. Motor nativity was recorded for 

animals housed singly in plastic cages (45 x 	x 15 cm). Behavioural effects 

of z.lphetv!.mine in some tolerance experiments in the r=at were scored with a scale 

modified from that of Quinton and lialliwell (1(..63) which was expanded to wary 

gross locomotor activity in addition to stereotyped n-crl.mrnt (Table 7:1). 

After drug odmini ,tration a period of acclimation (10 minutes) r^as allowed 

following which nil. at.; v.'ere monitored. Whenew3r possible ictivity was 

measured -It the 	e tin e 	 c?b. day. 
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TAW 7:1 	Visual  Ratinv Scales for Animal Actlay 

Animals observed for 30 secs. and ;cored every 10 min. for the period 30-00 

mins.aftor =photomine adminiAration. 

Gross L000motor Activity 

0 	No movement 
1 	Short bursts of activity, running less than * the length of the cage 

2 	Burt :J of activity, running 1-1 length of the cage 

3 	Activity, running> 1 length of the inge 

storootypad behaviour* 

Score 

0 	Asloop 

1 	Alert but not moving 

2 	Gross :movement (running) 
3 	Sniffing and licking paws 
4 	Per315tent sniffing and licking bar; a edge 

5 	Meek biting of btkrq of of7i, 

0 	Gnawing bars of cage 

Modified from Quinton and iLi1iIwcI1 (11,63) 
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CHAPTER EIGHT  

THE EFFECTS ON RATS AND GUINEA PIGS OF CHRONIC  

ADMINISTRATION OF AMPHETAMINE  
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The Effect on Bats d G uineeaa, Fir s 	 Admini 	ct A 

Introduction,  

In Chapter 8 cue possible mechanism for the development of tolerance to 

amphetamine was discussed. In order to teat this false transmitter hypothesis, the 

series of experiments described here was designed making the assumption that 

animal species which formed the false transmitter, g-hydroxynorephedrine,from 

amphetamine, should develop tolerance on repeated exposure to the drug, whereas 

in species that were metabolically incapable of producing rhydroxynorephedrine 

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 (1970), who determined 

the urinary metabolites of amphetamine in these species, only the former produced 

the false transmitter. Corroboratory data from Costa end Groppetti (1970) and 

Lewander (1871.9) in the rat, and Lewauder (9710 in the guinea pig show that after 

(+)-aniphetamine, rhydroonorephedrine can only be Identified in the brain and 

peripheral tissues of the rat and that( viie ms3) this metabolite is responsible 

for the prolonged tissue depletion of noradrenaline observed in this species. 

Some pharmacological effects of amphetamine are shown in Table 8t1 and of 

these, four were chosen for monitoring in the present atm*. It is seen that effects 

represeutative of each of the three main groups have been taken, namely peripheral 

and central effects mediated through release of noradrenaline and a central effect 

reputedly mediated through dopamine release. Although it is at present not possible 

to state with certainly that these effects are mediated through a specific neurohormone, 

a brief summary of the available evidence will be given. 

The mechanism of the hyperthermic response to amphetamine is currently 

the subject of much controversy and will be discussed in greater detail in the 

following chapter. Hill and Horne (1971), in the rabbit, and Matsumoto and Griffin 
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Table 81.. Pharrracololora Tricots of Amphetarninc and the Fospoctive  

Nourotrammittors throuith which these rffc,,da are thought to be Mediated  

M cfl to  

Hyp:,,rth_.!rmiar 
Cardiovascular effects 	Anorexia* 

Noradrunaiine 	Plasma FFA 	 (Locomotor activity) 
Urinary noradrenatine 

(Hyperthermia) 
Dopamine 	 Stereotypy* 

Locomotor activity* 

5-Hydroxytryptamine 	 (Anorexia) 

Effects monitored in current 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 (Anders et al. , 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 limbic 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 Mob 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 (1971) were 

able to differentiate between hyperthermia and free fatty acid (FFA) release by 

showing that desmethylirnipramine, which blocks the elevation in plasma FFA, 

potentiates the rise in body temperature after amphetamine. 

Experiments with 6-hydroxydopamine (6-0HDA) 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 suggests 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, Arabrus & Ambrus, 1952; Brodie et al. , 1969; 



143 

Lewander, 19710 and the last two authors implicated 2-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 cateoholamines, particularly noradrenaline, as mediators of this anorexia has been 

suggested by Goldman, Lehr and Friedman (1971); Leibowitz (1970); Berger, Wise 

& Stein, (1971) and Lewander (1971p. Frey and Schultz (1973) who showed that 

both a-methyl-2-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 12,-chloro-

phenylalanine and also by cyproheptadine in a low dose at which only tryptaininergic 

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, 1971) but although this effect may be mediated through noradrenaline 

release, the latter author concluded that 2-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 'gnawing 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 

gage, accompanied by movements of the head and forelegs. Sniffing may also be 
dAt 

associated with licking or biting of the wires of the cage. There i little data on 
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activity recordings in the guinea pig, but at doses in excess of 15 mg/kg of 

amphetamine locos:eater activity is increased, and repetitive purposeless small 

movements occur. 

The iuvdvement of central dopamine and noradrenalinc release in the mechanism 

of the hyperactivity produced by amphetamine has been more fully discussed in the 

preceding chapter 1. At this point it is sufficient to summarise the evidence as 

follows. In the rat, resemble (7.8 mg/lcg s. a.) administered 18 hours prior to 

amphetamine challenge increases the behavioural stimulant effect of this drug, but 

a-methyl-rtyrosine, which inhibits the ongoing biosynthesis of both dopamine and 

noradrenaline abolishes this. In the roserpinised animal it has been shown that 

amphetamine stilt interacts with dopamine release and metabolism as shown by an 

increase in the levels of methoyartyramine, the 0-methylated metabolite, while 

the influence of noradrenaline metabolism was strongly reduced (school-KrOger, 1972). 

In a previews paper, (Itandrup & Scheel-KrOger, 1965), it was demonstrated 

that diethyldithlocarbamate, which blocks the conversion of dopamine to noradrenaline, 

markedly reduced the gross locomotor activity produced by amphetamine, but 

stereotyped behaviour was unaffected. la conjtmotion with the evidence that DOPA 

reverses the effect of a-methyl-g-tyrosine (,__de 	La) these authors conclude that 

dopamine rather than noradrenaline is associated with stereotypy, while the gross 

motility may be more related to noradrenaline release. Further evidence supporting 

this is provided by Janssen et II. (1P68) who ihawed that pine:aide inhibits stereotyped 

behaviour, thereby implicating dopamine in this phenomenon. Crease and Iversen 

(1873) found that amphetamine induced stereotypy and locomotor activity were 

reduced in adult rats that had received 8-hydroxydopamino (6- 3A) by cerebral 

intraventrioular injection in the neonatal period. The rats responded normally to 

apomorphine, a dopamine receptor stimulant, indicating that this effect of 8-r)HDA was 
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presynaptio in origin, which correlated well with the observed depletion of 

striatal tyrosine hydroxylase, which showed that at least 98% of the doparninergic 

terminals were non-functional. Intraventricular injections of 6-CUDA is adult 

rata, however, did not block the locomotor response to amphetamine and when 

6-ORDA was injected into the substantia nigra the locomotor response was normal 

but stereotypy inhibited. Whether, therefore, an alternative doparrinergic 

pathway or a noraelrenergio mechenism or indeed both are responsible for mediating 

the gross locoreotor stimulation remains to be clarified. 

Information regarding the development of tolerance to locomotor stimulation 

and stereotyped behaviour shown certain discrepancies. After daily s. c. 

injection (20-30 mg/kg) of amphetamine for 1-2 weeks to rats, locomotor stimulation 

appeared to diminish (Ehrich & Krumbhaar, 1037), although no evidence for the 

development of such tolerance was reported by later wrrkers (Tarmey & Lasagna, 

le5e; Kosman Unna, lti68; Lu, Lio & Melenac, 1L72). There are isolated 

reports that hyperactivity increases with repeated administratiee of amphetamine 

(Schuster & Zimmerman, 11161; Zievo, 1e37), but it must be stressed that in none 

of the above studies were attempts L. ede to discriminate,by activity mitering/groom 

locomotor activity from stereotyped movements (vide 111.  U jilt addition to which no 

information is available on long term administration to the guinea pig. 

Experiment it Procechm 

A total of fifty rats and sixty guinea pigs were used in these experiments. 

Animals were housed in plastic cages (see Chapter 7) in groups of three-five 

at constant ambient temperature, and exposed to light from 0700 to 1900 hours each 

day. Food and water were provided ad libitum, and in some experiments the amounts 

were monitored. 
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Dugs and Administration  

(+)-Ampbetaraino sulphate was administered to rats and guinea pigs twice 

daily (morning and evening) by the intraperitoneal route for periods varying between 

5 and 16 days. In the rat a 5 mg/kg dose produced significant changes in body 

temperature, activity and food intake. However, the guinea pig required a large 

dose (20 mg/kg) in order to produce comparable hypothermia, and locomotor 

stimulation and in this species. therefore, monitoring was performed at two 

dose levels (5 mg/kg and 20 mg/kg). Control animals of each species received 

an equivalent volume of saline twice daily 1.p. 

Chronic dosage in the rat  

rats wore weighed daily at 1,  a. m. and the total amount food consumed 

over the previous 24 hour period was recorded for groups of 3 animals. Colonic 

temperatures were recorded immediately prior to and at 3, 1, 2 and 4 hours after 

the first of the two daily injections of amphetamine. Animal activity was monitored 

at two levels (discriminating between gross locomotor stimulation and stereotyped 

fins movements) on animals housed sin*, for the period 1-13 hours following 

amphetamine administrations. This was performed at approximately the same time 

each morning, in an attempt to minimise any diurnal variation in behaviour. 

atesttgeLalmtn the jam= 

Alli:148 wore weighed at (.1 	, but it proved difficult to obtain measurements 

of food consumption in view of the pellet fort in which guinea pig food Is prepared, 

in addition to which the eating habits of this species ana.de such measurements 

virtually impossible. Colonic temperatures were recorded as for rats, and animal 

activity was monitored at two levels for the period -2 hours after amphetamine 

administration on animals housed singly. Animals were tested at about the same 

time each morning. 
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Statistical analyses  

Comparison of results was performedwith the Student t test for unpaired 

data. Data were processed 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. 

Body tompqratire  

Representative temperature curves following the administration of amphetamine 

ou days I, 4, 7 and are shown in Fig. 8:1. It can be seen that throughout this 

period there Is a progressive attenuation in the byporthermic response. By day 

0, it is apparent that the shapes of the curves are similar to those produced after 

administration of saline, and show no significant difference when compared 

statistically. 

The maximum rise in temperature for eac'e animal was determined over the 

4 hour test period and the mean value obtained for each day of the experiment is 

shown in Fig. 8:2. The maximum rise in temperature decreased progressively 

over the treatment period from 2.4°C on day 1 to O. 2•C on day 5, which also suggests 

that tolerance develops to this effect of amphetamine. Saline treated control 

animals showed small variaticas in temperature (- 0. VC) throughout the test period. 

Body wahrht  

Data are presented in Fig. 8:3. Daily increments in body weight wore 

recorded for each animal. When the raw data were graphically represented, 

plotting the mean values for weight change each day against time, it appeared that 

the amphetamine treated animals showed little variation in vs eight for the first 

five days, but thereafter their increase in weight paralleled that of the saline 

treated group. 
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Fiz. 8:1  

Representative temperature curves L+ 8.E.) following the administration of 

(4)-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 Pigs: 

n = 5 (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 followtrg 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: 

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

Comparing values for days 1-6 amphetamine treated with saline controls 
1'. 0.01 

Comparing values for day 8 amphetamine treated with saline control, 
P is not significant. 
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Fig. 811 

Mean dal wei 	 ate and 	 tamin 

5 mg/kg twice dpilV compared with sagne treated controls.  

For Rats: 

n - 12 (amphetamine treated) 
n 12 (saline treated) 

Comparing the slopes of regression lines constructed from data derived 
from amphetamine treated rats with saline controls 
Day 0-5 	P < 0.0005 
Day 6-14 	P is not significant. 

For Guinea Pigs: 

• 	

15 (amphetamine treated) 

• 	

15 (saline treated) 

Comparing the slopes of the regression lines 
Day 0-2 (amphetamine versus saline) P < 0.0005 
Day 3-7 (amphetamine versus saline) P is not significant. 
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Regression tines were therefore calculated for the two groups over the time 

periods 0-5 days and (3-13 days. During the first period there was a significant 

differenc ;between the two groups but during the latter period 6-13 days, the weight 

increase was very similar for both amphetamine and saline treated animals. 

Fwc1 tiace 

Data are presented in Table M. The mean daily food intake by rats dosed 

with saline shows little variation during the course of the experiment (55 g per 

3 rats, range 4E-61 g), and there is no significant difference between the food 

intake from days 1-5 and days 6-13. 

Amphetamine treated rats oonsume considerably loss food during the 

first 5 days of treatment (mean g per 3 rate) although there is a gradual increase 

in daily food intake throughout this period. During the second period (days 6-14), 

despite daily variations, food intake remains fairly teady (48 g, range 41-54). 

When these two treatment periods are compared there is a highly iignificant 

difference between food consumption during days 1-5 and days 6-14. 

The experimental data presented suggest , therefore, that tolerance develops 

to the anorectio effect of amphetatrdne if the parameters of weight gain and food 

intake can be taken as true measurements of anorexia. 

MlagiblatiaL 

in a preliminary study a small group of three rats were monitored on 

alternate days for 15 days (Fig. 8:4). Despite considerable inter-individual 

variations in the behavioural response to amphetamine there was a trend for gross 

locomotor activity to decline during the early stages di the treatment period, which 

did not, however, achieve statistical sigaificanoe. 

Repeated investigations were therefore emdertaken with a group of twelve rats 

which were treated as previously described and monitored daily for 4 days after an 
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Table 8:2. Moan 	Food Inca a b Four Grou 	'brea Ea'• Chronical  

Treated with (+)-Aniplaatz.uniuo 5 Lagikg or 3a1Lao Turica D Ui  

The values quoted were obtabed after pooling data from days 1 to 5 and from days 
8 to 14 inclusive + S E. 

Days 1-5 	 DAys 6-14  

Treatment 	Mean Food Intake per 	Mean Food Intake per 
!rats per dsv_igt 	 3 rat_AmAtigt 

Amphetamine 	 + 1.2 	 47.8 1.3 

Janne 	 54.7 • 1.5 	 55.2 + 1.1 

Comparing days 1-5 with days 6-14 for amphetamine treated animals, P 0.001 

Comparing days 1-5 with days G-14 for saline treated 31111112LS, 11  is not significant. 
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Fig. 8:4 

E ear 	animal ac etivit mcsitorin 	a 	 st 	of 3 rats receivin 

6 mg/kg (+)-amphotamino twice deny. Activity counts (4,S.E.) are given for 

total, pose and stereotyped movements. For details see text. 

Statistically significant changes were not achieved. 
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initial (day 0) period of acclimatisation to the test environment following a saline 

challenge (0.5 ml 1.p.). For further ccefirmation of behavioural effects animals 

re scored with a :wale modified from that of Quinton and IIalliwell (1063). In these 

studies (Fig. 8:3) it WU:3 apparent that when activity wee ieparated into the two 

components, over the treatment period, measurements of gross locornotor activity 

showed a progressive fell with repeated &make. Significant diminution in activity 

was achieved when days 2, 3 and 4 were compared with day 1. Surprisingly, 

stereotyped monitored activity showed a gradual but significant Increase 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, 

however, the visual scores for stereotypy did not show the same upwards trend 

as did the monitored data. 

Results - Guinea Pia  

Body peinneF .r  ature  

Representative temperature ccurvea following the administration of amphetamine 

days 1, 2, 4 and 8 are shown in Fig. 8:1. As in the comparable experiment with 

rats, there is a progressive attenuaLlon in the 1;yperthermi,  , and again by day B there 

is no significant difference in the temperature curve following the administration 

of amphetamine when compared with that from saline treated a.nimale. The mean 

maximum rise in temperature over the 4 hour test period on each day is shown in 

Fig. 8s2. 	ti di y 1 the maximum rise produced by iere etamine wee 1.8'G and. this 

progressively diminished to 1.0° on day 4 and 0. 5°C on day 8. These results 

show, therefore, that tolerance develope to the hyperthermie effect of amphetamine 

in this species and indeed roeernbleo closely the tolerance;  .'er, in the rat. 

pody wught  

At a dose of 20 mg/kg (+)-araPuetarninean4mals lost weight rapidly over the 
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Fig. 8:5 

Eiectrceie activity monitorinz in rats and guinea pigs receiving (+)-amphetamine 

twice daily 

Activity counts + 3. E. are given for total, gross and stereotyped movements. 
For details see text. 

For Rats: 

n =- 12 

The total counts recorded for saline treated controls (n 12) were 160 +60 

* P <, 0.01 when compared with day 1 

P < 0.05 0.01 when compared with day 1 

For Guinea pits: 

n 

The total counts recorded for saline controls (n = 5) were 230 + 40 

When day 5 values were compared with day 1, P was not significant. 

(Statistical analysis was not applied to value.$ obtained on day 7, see text). 
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first 2 days, and thereafter continued to lose weight, albeit more slowly. When 

animals were dosed with 5 mg/kg (+)-amphetamine twice daily, body weight remained 

stable for the first 2 days but thereafter rapidly increased and resembled the pattern 

observed in saline treated althilida. Data are shovel in Fig. 8:3, 

In view of the similarity of these results to those oetained in the .a experiment, 

the data averts prooessei in the saw* way, eagresake lines being derived from body 

weight values for daye 0-2, and days 3-7. Darla( the first 2 days the amph5temine 

treated animals pined significantly less Ind* thee the saline treated controls, 

however, daring the 3-7 day period, the "SW gain per dikv for the two groups did 

not differ aignifloantly, suggesting that tolerance had developed to this effect of 

aneaheter 

An actaiviV  

Data are shown in Fig. 8:6. It was apparent that during the first 5 days of 

treatment, no change occurred in either gross l000motor at...levity or stereotyped 

behaviour. On day 7, the Mal day of treatment. total counts for the measurement 

were diminished at both levels, but a closer examination of the 10 	°aunts 

showed that there was a progressive fall in COUrita during the 1-2 hour period, which 

correlated with an observed deterioration in the general Gandhian of these animals. 

Following the test period on this dee three of the five guinea pigs died and the 

experiu:eat was therefore termiaated, 

Disceesion  

The results presented here show that, in both 3pacles telt:ranee develops to 

an....e affects of amphetamine but not to others. For the rat, the rapid acquisitioe 

at tolerance to the hyperthermia and anorexia confirms sinti tar reports in the 

literature (Harrison, Ambrus Ambrus, 1152; Toriney to Lasagna, 11.450; Isermder, 

Meg. The data on gross tocomotor activity suggest that tolerance developa to this 
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effect in rats with repeated dosage of amphetamine, contrasting with stereotyped 

behaviour, which inc reaees  vn chronlo treatment. The results of these activity 

studies are at variance with other workers who report that tolerance does not 

develop to the locomotor stimulant effect of amphetamine (see introduction). nne 

possible explanatiou for this finding is that, in the present study, careful attempts 

have been made to discriminate between gross locomotor (exploratory) movements  

and stereotyped activity, and the increase in the latter fully compensated for the 

decrease in gross activity. 

It will be appreciated that some experiments undertaken In guinea pigs were 

performed at higher dose levels tr, order to obtain satisfactory pharmacological 

and behavioural responses. In this species the disposition of amphetamine following 

administration by the intraperitaseal(and presumably oral) route differs from that 

found in the rat. According to Lewander (1ii712) amphetamine is successively 

absorbed from the peritoneal cavity during the first two hours reaching a peak plasma 

level at 2 hours after injection which coetrasts with a peak plasma level at 15 reins. 

in rate. in addition, the disappearance curves for plasma in guinea pig show a 

ti of 2.5-3.1 hours compared with 40 rains. in the rat. 

Thus, in guinea pigs it was found necessary after certain preliminary 

experiments to measure animal activity and body temperature following a dose 

of 20 mg/kg (+)-amphetarnine, whereas for anorexia a dose of 5 mg/kg Woe 

daily was sufficient to demonstrate the acute effect. In this species tolerance 

developed rapidly to both hyperthermia and anorexia, however, data on both gross 

locomotor activity and stereotypy showed tittle change with repeated dosage. 

How, then, can these results be reconciled with the false transmitter 

hypothesis ? The results presented are in accord with the proposal that toter-tree 

might be expected to develop to those affects of amphetamine mediated via 
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noradrenergic neurons in both periphery and brain. The only exception it the 

current study was the failure of guinea pigs to become tolerant to gross locomotor 

activity, and since dopamine has been suggested as the neurotransmitter responsible 

for stereotypy, it was not surprising that tolerance did not develop to this effect. 

The implication that the false neurotransmitter, pehydroxynorephedrine is 

involved In the persistent noradrenaline depletion and the development of tolerance 

to noradrenergic effects of amphetamine on chronic dosage ie difficult to believe In 

the light of the results In the guinea pig, since the formation of 2-hydroxynorephedrine 

is not a significant metabolic route in this species. Most authors (see Chapter 4) 

have failed to Identify 2-hydroxynorephedrine as a metabolite of amphetamine in 

guinea pigs, and although small amounts were found in the urine in experiments 

presented in this thesis, Lewander (1I11.0 was unable to identify this metabolfte in 

either brain or heart after administration of emphetamine. Thus, although chronic 

dosage of amphetamine in both species causes a marked depletion of tissue 

catecholamines, noradrenaline and dopamine (which appears to be a prerequielte 

for the development of tolerance) in the guinea pig the false transmitter, 2-hydroxy-

norephedrine, cannot be implicated and alternative mechanisms must be involved. 

Since the temporal development of tolerance Is very similar in both species, it may 

be that even in the rat false transmitters are not essential for this phenomenon. 

A less likely suggestion Is that in the guinea pig, the k-hydroxylsted metabolite, 

norephedrine, could play the role of the false transmitter. such ax function for this 

coelpomd was suggested by Iversen (U$7), however, although 'Moen= et al. (19.0 

found this metabolite of amphetamine in eat spleen, it was not identified 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 liberated 

may have escaped detection. Nevertheless, the criteria laid down by Kopin for false 

neurotransmitter function cannot at present be claimed for this metabolite. 
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The extrapolation of information derived from animal experiments to the 

human situation is of course hazardous. A major difficulty encountered previously, 

has been the apparent lack of correlation between the tolerance acquired in man to 

the cuphoriant effects of amphetamine and the failure to demonstrate tolerance to the 

central effects of this drug in animals. However, the results on motor activity 

in the rat may shed a little tight on this problem. If the ouphoriant effect of 

amphetamine in in is mediated through noradrenaline release (a not unreasonable 

suggestion when the contrasting pattern of behaviour, depression, may be associated 

with impaired noradrenergic mechanisms; Denney & Davis, lC65) and the psychotic 

behavioural patterns associated with stereotypy mediated through dopamine release, 

the animal correlates of these two effects would appear to be gross exploratory 

locomotor activity (noradrenergic) and stereotypy (dopaminergic), with tolerance 

developing only to the former. A fuller discussion on the possible importance ei 

the finding of an increase in ckcamine mediated effect with repeated dosage is given 

in the final chapters. 
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CHAPTER NINE  

PRETREATMENT STUDIES  



166 

Chapter Nine 	 Pretreatment Studies 

Pane 

A) The Mochsnism of Amphetamine Hyperthermia 	 167 

Intrcxluction 	 167 

Experimental Procedure 	 167 

Results 	 168 

Discussion 	 168 

B) The Effects of the False Transmitter, E-Hydroxynorephodrine 170 
and its Precursors, 2-Hydroxyamphetamine and Norephedrine, 

on Amphetamine Hyperthermia 

Introduction 	 170 

Experimental Procedure 	 172 

Results 	 172 

Discussion 	 176 

C) The Effect of g-Hydr= ,xyamphetamine Pretreatment on 	182 
Locomotor Activity Induced by Amphetamine 

Introduction 	 182 
Experimental Procedure 	 182 
Results 	 183 
Discussion 	 183 



167 

amileilioneamirdrmiag 

a) The Mechanism of Amphetamine 111Pertherrnia 

Introduce:I  

In the latter pert of this chapter a series of ceperiments will be described 

in which precursors of the false noradrenergic neurotransmitter, rbydroxy-

norephedrine, have been given to rats, which were then challenged with amphetamine. 

If rhydroaynoraphedrine is incorporated into the soradrenergie granules with 

replacement of noradrenaline, and is released by a subsequent dose of amphetamine, 

the resultant pharmacological effect will be less marked than that produced by 

amphetamine alone, provided the pharmacological response monitored is indeed 

mediated through the release of noradrenaline. 

In the rat, a dose dependent byperthermia of some 3-4 hours duration follows 

the administration of amphetamine, and although much evidence supports the 

hypothesis that this is duo to the release of noradrenaline, controversy exists as 

to whether other neurotransmitters such as dopamine and 5-HT may be involved, 

or indeed whether this effect of amphetamine, if noradrenergic, is central or 

peripheral in origin. Previous work on the mechanism of the hyperthermia is 

discussed in Chapter 8. 

In order to elucidate this mechanism further, rats were subjected to a range 

of pretreatment schedules designed to modify individual neurotransmitters in both 

central and peripheral nervous systems and subsequently challenged with 

amphetamine. 

Experimental Procedure  

A total of 160 male and female Wistar albino rats were used. Housing, food, 

control of environmental temperature and recording of colonic temperature have 

already been described (Chapter 8). Table Ds1 gives details of the various 
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pretreatment schedules, and the animals were enbeequently challenged with 

(+)-amphetamine sulphate (8 mg/kg 1.p.) or an equivalent volume of saline. 

Bally temperature was recorded immediately prior to, and at 1 hour after the 

challenging injection. The results are expressed as the mean temperature rise 

after amphetamine, and statistical analysis was by the Student t-test for impaired 

data. 

Results  

The reunite are given in Table 9:1. o-Methylia-tyroeine, which inhibits 

the °Whig biosynthesis of both dopamine and noradrenaline in the dose administered 

puethin et al. 1072), totally abolished the bypertherrala produced by amphetamine. 

Peripheral sympatheotomy, which was achieved by a single L v. injection of 

0-011DA, similarly attenuated the rise in temperature on subsequent amphetamine 

challenge, whereas when desmethylimipramine was administered prior to 6-C DA, 

a drug combination which selectively depletes peripheral dopamine (Breese, Cooper 

& Smith, 1074), the combination had no effect on the amphetamine Induced 

hyperthermia. Ganglionic blockade with tetraethylammonium bromide was 

Ineffective in preventing the rise in temperature suggesting that this effect of 

amphetamine is postganglionie, and finally, the depletion of central sorotcoin with 

2-ohloroamphetantine Miller at al. , 11170) failed to modify the hyperthermia, 

Indicating that serotranin Is not involved in this effect of amphetamine. 

None of the above pretreatment schedules altered baseline temperatures, 

and when the challenging agent was saline, the maximum rise in temperature 

recorded after any of the pretreatment regimes was 0.4*C. 

On the basis of the results presented, it would appear that intact peripheral 

norwirenergic neurons are a prerequisite for the hyperthermic action of amphetamine 

In the rat. The mechanism by which this hyperthermia Is produced may differ in 



Table 94. Influence of Various Pretreatments Designed to Impair Nerve Function on Amphetamine-Induced Ilenerthertnla  

Values are mean maximum temperature rise after challenge in each group, „3. E. M. n is given in parentheses 

Pretreatment 
Effect of 

pretreatment 

Mean maximum 

Female challenged with 
temperature rise in: 

Male thanes ed with 

Amphetamine 	Saline Amphetamine Saline 

ueMethylertyrosine nagelly1 ester (150 mg/kg 1. p. 
2 x daily for 3 days; last dose 12 b prior to challenge) 

inhibits 
cat° eholamine 
biosynthesis 

0.1 + 0.1 (8)* 0.1 + 0.1 (5) 0.1 + 0.1 (5)* 0.1 + 0.2 (5) 

Saline as above 2.0 ±0.3 (6) 2.1 + 0.1 (10) 

6-11ydreacydepamine (100 Mg/kg I. v. 48 la prior to 
challenge) 

depletes 
peripheral 
catecholamines 

0. 8 + 0. 3 (7)* + 0. 2 + 0. 1 (6) 0.5 +0.2 (5)3+  0.0 + 0.0 (5) 

Saline as above 2.2 +0.2 (10) 2. 0 0. 3 (7) 

Desmethylimipramine (15mg/kg i. p. ) followed 30 min. 
later by 6-hydroxydopamine (100 mg/kg i. v.); challenge 
given 48 h later. 

depletes 
peripheral 
doplunine 

1.9 +0.2 (5)+ 0.4 + 0.2 (5) 2.4 + 0.7 (4) .1' 0.4 + 0.1 (5) 

Saline as above 2.4 + 0.3 (10) 2.1 + 0.2 (8) 

2-Chlorcempbetaratuo (3 mg/kg i.p.) 72 h prior to 
challenge 

depletes central 
serotonin 

2.4 « 0.3 (5)+  0.3 + 0. 2 5) 2.1 + 0.2 (5)4" 0.3 + 0.1 (6) 

Saline as above 2.3 + 0.1 (6) 2.0 + 0.1 (8) gar 

Tetraethylaramonium bromide (30 mg/kg 1.p.) 30 min 
prior to challenge 

ganglion 
Mocker 

2.7 0.1 (6)4" 0.6 + 0.1 (3) 2.4 + 0.5 (6)+  0.4 + 0.1 (5) 

Saline as above 2.4 + 0.2 (6) 2.1 +0.1 (9) 

* P<0.01 with saline pretreated amphetamine challenge control. + IK 0.01 compared with similarly pretreated saline challenge 0" 
eft control GO 
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other species for in the mouse peripheral sympathectomy with 6-CEDA. does not 

influence the amphetamine hyperthermia (Wolf & Bunco, 1973). Evidence that 

mistral dopamine release is required for amphetamine to evoke this effect in 

the rabbit is provided by Hill and Horita (1071) (see Chapter 8), and although a 

similar conclusion has been reached by Matsumoto and Griffin (1971) in the rat, the 

latter authors give neither an indication of the numbers of animals tested nor 

statistical analysis of their results. Whether the rise in body temperature after 

amphetamine results from. b, e s central dopamine and peripheral noradrenaline 

release is therefore uncertain. 

b) The Effects of the False Transmitter, p-Hydrosynorepbedrine and its Precursors 

11.7droxYamPhotamine and Norephedrine, on Amphetamine Hyperthermia 

Introduction  

It has been reported previously that 2-bydroxyamphetamine is able to confer 

a degree of protection on rate against certain effects of amphetamine (Lewander, 1t71 

end this has been attributed to the accuriftilation of the metabolite of g-bydroxy-

amphetamine, namely 2-hydrosynorephedrthe which can act as a false transmitter 

(see Chapter 3). In the course of a further it 	of this protective effect, 

the two precursors of rhydrosynorephedrine, 2-briroxyamphetamine and norephedrine 

(see Table 	and k.hydroxynorephodzina itself were administered to rata prior 

to amphetamine challenge. The observed sex difference in the ability of these drugs 

to protect rats against the hyperthermic effect of amphetamine is discussed in 

relation to possible sex differences in drug metabolism. In addition, female 

guinea pigs were also pretreated with either rhydroxyampbetamine or 2-bydroxy-

norepbedrine and the byperthermic response to subsequent amphetamine administration 

determined. 
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Tattle LI 2. 
griramINMMNINIOniall 

Idetabolic Fe nation of riiydrovuorephedrine from Amphetamine 

  

Derivatives in Mate and Femide Rate,  

% 14C doom 

as -.bydroxy- 
i O.24  LION 

(Dring, Smith & 
7$ 0. 3 Williams, 1970) 

92 2 (Chapter 3, this 
84 3 thesis) 

27 (J. Ca/dwell, 
unpublished data) 

92 28 (Sinaheimer, Dring 
& Williams, 11173). 
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The significance of the findings in these experiments in relation to the false 

transmitter hypothesis is outlined. 

FzEgimitrocedure 

A total of 100 female and male rats and 40 female guinea pigs were used. 

The experimental procedure was dinner to that already described for pretreatment 

studies. Drugs were given by the 1. p. route 20 hours prior to challenge with 

amphetamine. This time interval was chosen specifically with respect to 

rhydroxyamphetamine. since Lewander (107110 demonstrated In the rat that 

20 hours following the injection of g-hydroayamphetamine the only metabolite 

identifiable in the brain and peripheral tissues was rbydroxynorephedrine. This 

author concluded, therefore, that only rh3rdroxynorephedrine could be responsible 

for the observed attenuation in the hyperthermic response to subsequently administered 

amphetamine. 

Relate  

The results ar© summarised in Table 1.43, Figs. 9:1 and fa, which show that 

while the temperature rise after amphetamine is considerably reduced in male rats, 

pretreated with rhydroxyamphetamine, this is not the case in the females. In both 

the Wiatar albino and Sprague-Dawley strains there is a statistically significant 

difference between the temperature rise in male rats pretreated with saline and 

those pretreated with 2-hydroxyaraishetamine. However, there is no significant 

difference between the two values obtained in :imilarly pretreated female rats. 

In addition, the temperature rise after amphetamine in E-hydroxyamphetamine 

pretreated male rats is significantly less than In similarly pretreated females. 

Although a strain difference may be apparent in that male Wistar albino 

rats show a small temperature rise when amphetamine is given after -hYdroxY-

amphetamine compared with male Sprapc-Dawley rats in which the hyperthermia 

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

The effect of R-hydroxyamphetamine pretreatment on amphetamine hyperthermia 

in the rat  

Rats were pretreated with p-hydroxyamphetamine (PHA) (40 mg/kg, i.p.) 
or saline (0.6 ml i. p. ) 20 h prior to challenge with (-9-amphetamine (20 mg/kg i. p. ) 

Columns represent the mean rise in colonic temperature (-1- S. E.) in 1 h 
after amphetamine. n = 5 or 6 for each group. 

Compared with saline pretreated male P < 0.001 
Compared with PHA pretreated female P 4., 0.001 

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

saline or rhydroxyampbetamine pretreatment, as described, the temperature rise 

after the challenge was 0.3', which was not a significant change in any case 

examined. 

Although no rats died during the 1 hour moveurement period, in many of the 

experiments where the animals were chaltenged with amphetamine, deaths occurred 

1-4 hours after dosing (see Table 15:3. It is apparent that while rhydroxyaraphetamine 

pretreatment protected male rats against the lethal effects of this dose of 

amphetamine, similarly pretreated female rats died, as did control animals. No 

deaths occurred in rats of either sex or strain cludlent;ed with saline after either 

of the pretreatments. 

The results for experiments in which either norephedrine or rhydroxynoreph- 

edrine were administered prior to amphetamine are similar to those already 

described for g-hydroxyamphetamine (Fig. I) 2). Again, male animals are 

partially protected by pretreatment, whereas females are not. For male rats 

the hyperthermia is significantly attenuated compared with saline pretreated 

controls (for both E-hydracynorephedrir e_ and norephedrine), but in females there 

is no statistically significant difference in the temperature rise produced by 

amphetamine after either pretreatmt,nt drug. In female guinea pigs no: their 

p-hydroxya phetarnine nor k-hydroxynorephedrine afforded any proteetinn against 

the hyperthernala produced by amphetamine (rig. 5:3). The temperature rise of 

ca. 2°C in this species following a dose of 20 rngikg (+)-amphetam.ine ',ran not 

modifiedby either pretreatment. 

Discussion  

The hypothesis that the accumulation of k-1>vydroxynorephedrine, a metabolite 

of amphetamine, night be involved In the tolerance to amphetamine ae a false 

transmitter in peripheral and central noradrenergic neurons, wa,s touted by 
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Table V:3, raortality in g-liydroxyampbetarnino Pretreated lints Challenged with 
11.••••••MNIIPMMIPM. 

Abet? mina 

Doses as for Figure 0:1. 

treatment  

&line 	rHydroxyamphetandne 

Wistar albino 	Aldo 	3/5 	 0/5 

	

Female 6/6 	 3/6 

Sprsgue-Dawley Male 	5/6 	 0/6 

	

Female 2/5 	 4/5 
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Fig. 2:2. Protection against amphetamine hyperthermia by -hydroxynorephedrine 
erect sors - female guinea pig  

Guinea pigs were pretreated with p-hydroxyamphetamine (PHA) (40 mg/kg 1. p.), 
rhydroxynorephedrine (PUN) (5 mg/kg 1.p.) or saline (0.5 ml 1.p.) 20 h prior 
to challenge with (+)-amphetamine (20 mg/kg 1.p.) 

n - 5 for e ch group 

Columns represent mean maximal temperature rise occurring up to 4h after 
amphetamine LI:  8. E. ) 

No significant differences were recorded for either pretreatment group when 
compared with saline pretreated animals. 

Control guinea pigs received a saline challenge after pretreatment with saline, 
PHN or PHA and the temperature from 0.4 h after injection was + O. VC. 
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pretreating rats and guinea pigs with not only precursors of the false transmitter, 

but also ja-hydrosynorephedrine itself, and subsequently challeuging these animals 

with amphetamine. 

The investigations presented here revealed a sex difference in the protective 

effect of 2-hydrexyampbeteraine, 2-hydroxynerephedrine and norephedrine in rats. 

That this difference could result from a sex difference in amphetamine response can 

be excluded by reference to rigs. 9:1 and 912, which show that the extent of 

hyperthormia in rata treated with amphetamine alone is similar in both sexes. 

Alternatively, as an explanation for the observed sex difference, the metabolic fate 

of either amphetamine or the pretreatment drugs in the two sexes could differ. The 

former possibility Is negated by the study of Lowander and Jonsson (1972) who showed 

no significant differences in the pattern of distribution of urinary metabolites of 

amphetamine between the sexes. A sex difference in the pharmacoltinetios of 

amphetamine has, however, been noted (Groppetti Is Costa, 1969), the Ti far 

amphetamine in males being approximately half that found ist females. 

With respect to rhydroxyamphetamine, Dingell et A. (1974) have repotted 

the sex difference in the ability of liver microsomal preparations from Wistar rats 

to conjugate rhydroxya.mphetamine with gluouronic acid and this sex difference has 

been subsequently confirmed in Sprague-Dawley strains. An examinatior of the 

rhydroxyamphetamine conjugations in vivo (see Chapter 3) provides further 

evidence that sex differences in 2-hydroxyEunphetamine conjugation may be causally 

related to the observed sox difference in the protective effects of 2-hydroxyamphetarnine 

against amphetamine byperthermia. it may be that female rats conjugate injected 

R-hydroxyamphetamine so rapidly that no free drug is available to protect against 

amphetamine, whereas in the males, conjugation proceeds more slowly, allowing 

some free Et-bydroxyamphetamiee to exert its protective action. However, 
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2-hydroxynorephedrine is thought to he the molecular species responsible for this 

protection, and from Table 9:2, it will be noted that despite variations in 

-hydrcetyamplustamine conjugation, both saxes produce small amounts of 

2-1iydroxynorephedrine, the metabolite claimed to be responsible for the protective 

effect. The data presented argue, then, that this effect may not be related to 

false transmitter production, but to some 'ether mechanism involving rhydroey-

amphetamine itself and not its metabelite, irhydroxynorephedrine. 

The ability of 2-hydroxyamphetarsine to protect mato rats against amphetamine 

hyperthermia may not be related to the mechanism of tolerance to amphetamine in 

rats. As in the male rats examined by Lewander (11371b, female rats have been 

found to become tolerant to the hypertherrnic effect of amphetamine (Chapter 8). Thus 

the failure of 2-hydroxyamphetamine to protect females against amphetamine 

hyperthermia is apparently not related to a deficiency in the mechanism giving rise 

to tolerance. This argument applies also to the guinea pig, since in females of this 

species, neither a-hydroxyamphetarnine nor g-hydroxynorephedrine protected the 

animals against a subsequent amphetamine challenge. 

At present the exact nature ©f the observed sex difference in the rat is 

equivocal. It is possible that variations in drug handling between the sexes is 

involved or that there is no involvement * tnoradreeergic false transmitters in 

tolerance to amphetamine induced hyperthermia in the rat. 

From Table 9:3, it Is noted that n-hydroxyamphetamine protected male but not 

female rats against the lethal effects of amphetamine and this reflects the protection 

seen against the hypertherznic action. 12 could be suggested on that evidence that 

hyperthermia and lethality are causally related. 

Although no rata isavailable on the metabolism of 2-hydromerephedrine in 

and female ruts, wIten 	Mtn of nerephodrine 13 considered in the two sexes, 



182 

little dlfferena©a ia3 aeon in the amounts of hydrawnorephodrine excreted in 

urine (27r;, male, 287, female) and the extent of conjugation of this metabolite with 

&myopic acid is similar Oa male, 17% female). The sources of this data 

are shown in Table 5a. 

In view of the similar sex differences in the pietective effect against 

amphetamine byperthermia afforded by these two drugs and g-hydrogyenaphatamine„ 

it is suggested that metabolic differet:ces between the two sexes are et of major 

signifleance, and that the data presated here militate against the tales transmitter 

hypothesis for amphetamine tolerance. 

o) 	 Pretreatment on Locomotor Activity 

kenStikAMeilage 

As discussed previously (Chapter 8), evidence has been presented for the 

role of both dopamine and noradrenttine in the mediation of the increased locomotor 

activity that occurs after the administration of amphetamine. Following attempts 

to modify the ilypertherrakt effect of amphetamine by pretreatment with riofdroxy-

amphetamine, experiments were designed to determine whether such pretreatment 

affected animal activity on subsequent amphetamine challenge, despite the evidence to 

the contrary presented by 'Amender (1971g) who pretreated male rats with a single 

dose of rhydroxyamphetamine (40 mg/kg) 20 his prior to (z)-amphetttrnine 

(20 mg/l. 

itSMISSidaitggalla 

A total of 35 Wistar rats (male and female) were housed as previously 

described. rilydroxyampbetamine was administered either as a single dose 

(40 mg/kg 1.p.) 20 hours prior to (-9-amphetamine (5 mg/hg i.p.) or in a total of 

4 doses (40 mg/kg 1.p. 2 times daily for 2 d*ye), the last dose 20 hours prior to 
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araphotamine (5 mg/kg 1.p.). Control aaa 	a were pretreated with equivalent 

volumes of saline. 

The motor activity of individual rats (gross locomotor activity and stereotypy) 

was recorded on the animal activity monitor for 10 minute intervals for the period 

of 1-1i hours after amphetamine injection, the 04 hour period being used for 

acclimatisation (Chaptor 7). 

The results are expressed as the mean activity (gross locomotor or stereotyped) 

per 10 rninuta period per pnimal. 

rtes4114  

The data are given in Table f1:4. For both male and female rats there appears 

to be a successive diminution in the gross locomotor activity, with increasing doses 

of rhydroayamphetamine pretreatment, whereas the figures for stereotyped activity 

are equivocal. Statistical interpretation of data derived from behavioural 

experiments is difficult in view of the wide irierindividtud variances in drug respense 

and the difficulty in obtaining rigidly controlled environmental factors, thus standard 

errors are large. However, when comparing saline pretreated rats with those 

animals that had received 4 doses of k-hydroxyamphetaraine, the fall in gross 

locomotor cotmte achieved statistical significance but no statistically significant 

change OCCLired with stereotyped behaviour. 

Discusaion  

The results presented are in contrast to the study of Lewander (12710 who 

failed to show ay change in activity 7.-:ian rats were challenged with (±)-amphetamine 

(20 mega, after a single dose (40 mg/kg) of rbydroxyaxnphetamine. In the 

current experiment with 4 doses of g-hydroxyampbetataine and a smaller dose of 

amphetamine there appeared to be a depression in gross locomotor stimulation in 

both sexes. In the absence of the previously reported data on the effects of 
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'111314 ki;4. T1 	ecta of Iiydroxyamphetamino Protre ment on Ampbetamine 

Act4viti  

Data are presented as mean activity counts ± 5. 

cross Locomotor 	Stereotyped 
Activity 	 Behaviour  

Sal IneAmphatamine 	130tit 182 	 &68 180 

g-llydroviampbeteraine 
(40 ingftfiunphettunine 
rilydrovirsunphetamino 
(4 x 40 mgiltg)hunphetamkte 

1025 + 225 

672 + 137* 

1236 + 178 

1069 + 60 

n 6 

• 5 

n 5 

Female Wiatar 

Saline/Ampbettunine 

raydroxyampbetamlne 
(40 meltg)itamplletarolne 

g-flydraryamphetambe 
(4 40 ingikg)famphetamine 

1150 4  85 

962 + 243 

320 ES*  

1413 + 103 	n = 5 

1187 + 113 	n = 7 

+118' 

P <0.05 compared with sauna pretreated controls; all other values are 
not significant. 
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2-hydraayamphetamine on amphetamine hyperthermia, one alight interpret these 

findings as evidence for the accumulation of rhydroxynorephedrine in central 

noradrenergio neurons resulting in an attenuation of the locum for activity 

following subsequently administered amphetamine. The apparent lack of 

effect of such pretreatment on stereotyped behaviour is In accordance with the 

view that this action of amphetamine is mediated through dopamine release. 

It is of interest that this C.Ita correlates well with the observations presented 

in the previous chapter, which showed that tolerance developed to ,xcas locernotor 

activity, in the rat, with repeated administration of amphetamine, whereas no such 

change in stereotypy occurred. 

These results, while in accordance with the false transmitter hypothesis, 

are difficult to reconcile with the apparent inability of a-bydroxyamphetamine to 

protect female ardraals against amphetamine hypertherrrda, which militate against 

a role of rhydroxynorephodrine in amphetamine tolerance (Chapter 8). 
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CHAPTER TEN  

DISCUSSION AND CONCLUSIONS 
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Ql!99Ml'R 

The SlpJAoanoe of the formatl,. ~ Bvdro!YJeted 9!!Ybo\J.t!8 of .xpe1M!tamIe! 

~IOIt studies reported In the literature 00 the poaatblo meobaillams by which 

ampbetamloe produces ltspbarmacalopoal and btoohemloal effeotl bave OODOIIltrated 

upon the interrelationship between the parent, drug amphetallllDe aDd the dlspoelUOIl 

of the catecholamtnes. Many or these $b;&d1es have been performed In the rat. a 

speclos which .metaboUs8a ampheta.mIne larply by aromatio bydroxylatlCl.\ nther 

than oxidative deamlnat1QD 01 the side ohaln. a pathway GCC\\lTI.DI to a create .. extent 

In most otbor speoles including the gulnea pta aDd !~. However. alDoa the 

bydroxylated metaboUtes of nmphetallllDe posse •• lntrlnalo phannaoolOlioal 

activity. It Is important to conaldor their role iD the overall response of amlmal8 or 

man to administered amphetamlno. 

Although amphetamlne ltsaU Is Dot. .ored to .,.mpa&hetto DeW_a. the lntJtochtctlOD 

of the aromatic hydroxyl funct1ao permits aoleoUve ccmceutratiOD of J!-~­

amphetamlneiD peripheral tisaues·aDd brabl (Ivereen. 1"67) aDd 11 reflacted by the 

Increased half-lite of this motaboUto In braID at'ter totravatr101a1ar m.teoUoD (tl 18 

min.) as compared with the pareut amIDe (tj 15 miD.) (Taylor" SUlser, tS?3}. With 

substitution of a bydl~oxyl p'OUP in the /J-poslUan ci the side chain, the relUlbmt 

metabolite, a-hydroxyuorepbedrlDe, bas a. considerably prolougM tissue half-life, 

In oxcess of 2 1:D~8 (Taylor & Salser, lti73; Lewander t 191Jii Costa" GrappeW, 

1!J6t) and probably results frODlll1tranouronal blndlns in granules similar to those 

which store noradrenaline (see Chapter 1). 

Certain peripheral pharmacological effects of a-bydrOJQ'amphetamIDG have' 

alreadl'" beou considered (see Chapter 3). and It is lnterostlng to speculate upon the 

ro1e this motnboUts aDd/or ita P-hydro.vlatea derivative could play In tho eNS 

stiulubwt offacts of ampbetamina. SUch a l~lo bas been alluded to by Costa. and 
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Groppetti (1t70) and Gunne, Jon sson and Anggard, (1172) and is further suggested 

by Taylor and Sulsor (197:3) who sdminiaered 2-hydroxyamphetamine and rhydroxy-

norephe iriw into the cerebral ventricles of rats. The former compound produced 

intense gross locomotor ;)timulation and the latter mainly stereotyped behaviour. 

Similar CND atinndation was observed by Fog (1L70) when g-hydroxyamphetamine 

was injected into the corpus cAriatum of roserpinisod rats, and by Clymer 

and Seifter (1447) who injected 2-hydroxyamphetamine systemically to young chickens 

in wide! the blood brain barrier Is not fully developed. In both these studies, 

stereotypy wa 3 the maj r response. Whether ja-hydroxyanaphotamine in this 

situation acts directly or whether it has to be converted to 2-hydrogynorephedrine 

is unoortain, but the former is more likely since 1-2-hydroxyamphetamine 10/118 found 

to be almost as potent as the d-isomer (Taylor & &doer, 1373) and the 1-antipode is 

not a substrate for dopamine-P-hydroxylaae (Coldsteh), LleKereghan & Lauber, 1E64). 

Freeman and Sulsor (1E72) reported that pretreatment of rats with iprindole, 

an inhibitor of aromatic hydroxylation of amphetamine, actually enhanced the central 

effects of amphetamine. A closer examination of those observations, however, shows 

that the effect of such pretreatment was only to prolong, rather than to enhance, 

the central stimuUtice. Nevertheless, it appears that 2-hydroxyarophetamine is 

not essential for the acute CM stimulant effects of amphetamine. 

There is evidence that with repeated dosage of amphetamine, the degree of 

central stimulation is unrelated to brain levels of amphetamine (Magour, Caper 

& Fhedrich, 1E74) and the inference must be drawn that metabolites may be involved. 

It is interesting to speculate therefore upon the possible significance of those studies 

in relation to the human amphetamine psychosis. This phenomenon is discussed 

by Connell (1E58) and recently studied by Griffith ot 	(1870). In this study, 

cumulative doses of d-amphetaraine (12Q-200 nig) were administered to amphetamine 
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addicts over a period of 1-5 days. lidtial euphoria and hyperactivity followed 

a 10 mg L v. dose. With continued oral administration after 50 mg total, all 

shbjects became depressed and iwpoehondriaesl, refusing to answer questicas, 

wattling themselves to their rooms, anorectic, unstable and fault fluding. This 

was followed with increasing dosage by a prepeychotlo phase lasting several hours 

when patients became paranoid and taciturn. The onset of psychosis was abrupt 

with loquacious discussion of their paranoid ideas. Agitation was present in only 

we of six patinas and all others exhibited blunted affect. Organised delusions 

were apparent said ideas of reference were common. Orientation remained and 

states of coesciousness were unaltered. Visual and auditory hallucinations did not 

occur in this study but were noted in 10 of 12 patients examined by Jonsson and 

Gunn, (1070). In addition to these features, stereotyped, repetitive activities 

have been described during the psychotic episode such as continuous chewing or 

teeth grinding movements, repetitive polishing of nails and dismantling and 

reassembling clocks or motors (Randrup & lehmkvad, MO). 

use authors considered that noradrenaline release might cause a hyper-

stimulation of internal arousal mechanisms but noted that many of their subjects 

did not appear hyperstinadated with larger doses. At this later stage, perhaps 

depletion of catecholamines by amphetamine itself or a metabolite occurs, resulting 

in depression. 

The following proposal outlines possible pharmacological events leading to a 

state of neurohormone imbalance which it is suggested may be associated with the 

development of the psychosis. Following repeated administration of large doses 

of amphetamine, with short time intervals between doses, it may be construed that 

the initial pharmacological effects of amphetamine, resulting from the liberation 

of the catocholaminos noradrenaline and dopamine would be modified by the presence 
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within the central neurons of the metabolites g-hydroxyamphetatnine and rhydroxy-

norephedrine. Although g-bydroxynorephedrine has an agonist activity on 

peripheral noradrenergic receptors only 1/500th that of noradrenaline (Brodie, 

Cho & Oesea, 1970), the previously mentioned study of Taylor and Weer (11)73) 

suggests that its direct effect es/Arany may be more significant. 

Alternatively, it is possible that the CNS normally ftmotioes in a state of 

hmneostails dependant upon a balance at neurohormones, and that the relationship 

between dopamine and noradrenaline is critical. With repeated doses of 

amphetamine the persistent depletion noradrenaline (Ate 	would upset the 

balance in favour of dopamine. Furthermore, this imbalance would be potentiated 

by inhibition of dopamine-p-hydrosylase. Creveling 	(1562) showed that both 

amphetamine and rhydroxyamphotarahx, were competftive inhibitors of this enzyme, 

in addition to which, the formation of rhydrognorephedrine within the adronorgic 

granules could be expected to suppress the activity of dopamine-P-hydroxylase by 

end product inhibition. Thus the ongoing biosynthesis of noradronaline is prevented 

and dopamine accumulates. 

A final and highly speculative factor is to attribute a role for g-hydraxy-

amphetamine as a dopamine receptor agonist perhaps ultimately responsible for 

the state of hyperdopaminism characterised by stereotypy and psychotic behaviour. 

Evidence for this is provided by the observations on stereotyped behaviour which 

increase when rats are ohrordoally dosed with amphetamine (Chapter 8). 
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Evnotheols  

Stages lending to amphetamine psychosis. 

palm 	1. 	Amphetamine 	 DA release 
NA release 

  

increasing 
dosage of 
amphetamine 

2. 	Na !functionally antagonised' 
he result oft 

a) displacement by PEN 

b) prevention of DA uptake 
into granules 

a) inhibition of DKR by PHA, 
A, and PEN 

  

3. 	Direct effect of PHA or 
PEN on DA receptors psychosis /PEA 

/ DA 
ti 

DA clopamine; NA noradrenaline; A = amphetamine; 	NA 

PEA rhydroxyamphetarnine; PEN = rhydrozynerephedrinet 

DPE r  dopamine-p-hydroxylase. 

Since the ceuroleptic drugs which have antipsychotlo effects both in patients 

with schizophrenia (Goodman & Gilman, 1970) and with the amphetamine psychosis, 

(Geerlings, 1972), probably exert their effects by dopamine receptor antagonism 

(Iliatthysse, 1973) the case for a state of dopamine preponderance in these conditions 

is therefore strengthened. 

Undoubtedly further studies will explore the validity the proposed animal 

Wei for the human psychosis, but it must be emphasised that the rat is not the ideal 

Acute effect 
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epodes for such studies, In view of the major i- Kffortmees in metabolise of 

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

Ibrciro9Qtlapc1 triotabolite,4 arnehetsimthe and catecholarnine depletion  

Several studies have shown that (+)-aznphertamine lowers the brain and heart 

concentration of noradrenaline (Costa & Groppetti, 12/0). 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 postulated that a 

etabolfte of amphetamine is responsible for this depletion (Costa & Groppetti, 1070; 

Brodie, Cho & Gessa,1070). Both rhydroxynorephedrtne and rhydroxyamphetamine 

when administered to rats cause a more pronounced fall in heart noradrenaline than 

equimolar amounts of amphetamine (Costa & Groppetti, 1070), and after (+)- 

amphetamine, rhydroxynorephedrine has also been identified in both bride and 

peripheral tissues in amounts related to the noradrenaline deficit (Costa & Groppetti, 

1070; Brodie, Cho & Gessa, 1070). Studies with (-)-amphetamine which is not 

metabolised to 2-bydroxynorephadrine (Goldstein & Anagnoste, 1060 reveal a more 

short lived noradrenaline depletion (Brodie, Cho & Geese, 1970). 

Following inhibition of aromatic hydroxylatioe of amphetamine with iprindole 

(Freeman & Stager, 1112), peripheral and central noradrenaline levels still decline 

hut return to normal values within 24 hours, in contrast to a persistent decline of up 

to 411 hours whilst amphetamine is givern alone. The studies of these authors taken 

in conjunction with those of Costa and Grappelli (1070), who found that in guinea pigs, 

which do not metsbolise amphetamine significantly by ring hydroxylation, the 

noradrenaline depletion has a similar time course relating only to the presence of 

amphetamine in the tissues, suggest that prolonged noradrenanne depletion reetdres 

the presence of the metabolite, rhydroxynorephedrhae. Costa and Groppetti (1070) 

conclude that the delayed effects of amphetamine, including psychoses and tolerance. 
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in part dependent upon the storage of a-hydroaarnarephedrine in brain where it 

would be released not only by sucoessive doses of amphetamine but also by nerve 

activity. 

It is Interesting to point cut here that like the other false transmitters Invest-

igated by Kopin, Weis and Sedvall (1060, 2-hydroxynorephedrine diminishes the 

turnover rate of cerebral noradrenaline in contrast to the parent amhie amphetamine 

which increases the turnover (vide infra). Thus, with accumulation of false 

transmitter, both displacement of noradrenaline and diminished synthesis could occur 

and, perhaps, relate causally to the knovm CNS effect of amphetamine on repeated 

dosage. 

Studies on tyrosine hydrozylase activity suggest that the activity of this enzyme 

is Increased by a negative feedback mechanism, resulting from synthesis of new 

enzyme, which can be blocked by protein synthesis inhibition (Mandell & Morgan, 1670). 

Although tyrosine hydratylase has been considered to be the rate limiting enzyme for 

noradrenaline biosynthesis (Levitt AS;  , 1965), attention has recently been diverted to 

dopareine-P-bydrozylase, which may Uwe more immediate control over saline 

formation (Molted( & °mutt, 1974). Studies on this enzyme io states of amphetamine 

toleranoe have not however been performed, but from previously mentioned studies, 

inhibition of this enzyme by amphetamine, k-hydrawaunphotainine or 2-hydroxy-

norephedrine, would prevent any increase in the biosynthesis of noradromaline to 

compensate for the depletion and account for the low turnover rates observed in the 

tolerant state. These findings Wiest that the disposition of dopamine would differ 

from that at noradremaline, but perusal of the literature provides conflicting evidence. 

/Amender (1071s), in rats made tolerant to amphetamine, demonstrated that dopamine 

levels were diminished but turnover =changed, however, Costa and Groppetti (1970) 

showed that turnover of dopamine was increased by repeated small doses of 

amphetamine. The converse was however reported by Glowinald 11. (1974) who 
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observed a decrease in turnover of dopamine with larger doses. The case, 

therefore, is unresolved. 

Irrespective of dopamine, it may be construed that the changes occurring 

within the nerve terminals would savour a diminished biosynthesis of noradrenaline 

such that repeated dosage of amphetamines would release less noradrenaline from 

the nerve ending. It is not essential at this point to involve 2-hydroxynorephedrine 

as a false neurotransmitter. 

Table 10;1 summarises the available data on the effects of acute and chronic 

amphetamine treatment upon the disposition of noradrenaline. Although certain 

vital data are lacking, it can be seen that the only consistent finding in tolerant 

animals is the enhanced depletion of noradrenaline with chronic dosage (Lewander, 

1968; 16712), neither the prolonged depletion of noradrenaline, nor the formation 

of rhydroxynorephedrine being a prerequisite for tolerance. 

eituiiitton thp aoradrenergto neuron  

There is little doubt that within the sympathetic nervous system control 

mechanisms exert their influence at various levels in order to maintain a state of 

homeostasis. Although overall control of sympathetic activity is from the CNS, the 

neurons themselves may regulate the release of noradrenaline from the nerve 

terminals (see Smith, 1972). With chronic administration of amphetamine and 

because of the diverse effects of this drug on the Dewar,. it is probable that control 

mechaniams for noradrenaline synthesist  uptake, storage and release are deranged. 

In the proceeding paragraphs, the effects of amphetamine and its metabolites 

upon certain prosynaptic mechanisms, which govern the biosynthesis and storage 

of noradrenaline, have been considered. The following discussion will outline the 

possible role or false neurotransmitters in relation to the noradrenergie neuron and 

will be concluded by a summary of the evidence for and againet the false transmitter 

hypothesis for amphetamine tolerance. 
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Table 104 The Effects of Acute and Chronic AmphetamineTrenord upon t4e 

1212222m.ic /1‘71..LzgaEL. 

d-Ampheta.mine 1-Amphetamine d-Ampbetamine d-Amphetamine 
(rat) 	(rat) 	+ Venda. (rat) (guinea pig! 

Initial depletion 
a( noradrenaline 

Prolonged depletion 
of noradrenatine 

Enhanced depletion 
at noradrenatine on 
chronic dosage 

2-11ydrogynoraphodrine 
formation in tisanes 

Tolerance 



‘, CH CH NH3  
HO 	OH CH3  

Metargillintg 

CH2CHNH2  
HO 	CHa 
a-Methyl m-tyramine 
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4'3 n assessment of the structure and function of 'faAse transmitters'  

The structure activity relationships for false transmitters were reviewed by 

Kepin in 1228. 

As referred to previously in this thesis, many phenylethyl- and phenyliso-

propyl- amines may be &Everted to their P-hydroaylated derivatives by dopamine- 

p-bydroxylase 	e. g. 

HO CH2CH2N112 	  HO 
,

CTICH2NH2  
cii 

Tyramine 	 g-001topamine 

Ho 	CH2CHNH2  
CH3  

g-Hydroxyamphttamine 

HO 	CH CH NH2  
CH CH3  

g-Hydreaynorephedrine 

-T> CH2CH2NH2 

0 

m-Tyramine 

 

CHCH21411 
Ho 

ra-Octopamble 

 

	

Ho , 	CH2CHNH2  

	

HO 	CH3  
a-?ethyl dopamine 

HO %, 	CH CH NH2  
HO 	OH CH3  
-Wtetbylnoradrenaltne 
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If ft-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, -Fischer & 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 ft-hydroxyl group. 

Comparison of the retention of various p-hydroxylated amines by particulate 

fractions of sympathetic neurons reveals that, apart from the f3-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 is 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 sympathominzetics. 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 cateehols, 

which are metabolised to false transmitters, the resultant displacement of 

noradrenaline from storage sites 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 result of competition for 

the enrilmes involved in the noradrenaline biosynthetic 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 compete for n radrenaUee reuptake into the nerve terminals (Uptake1; 

see Chapter 1). 

Finally, the resultant pharmacological effects will depend upon the agonist 

activity of the particular fable transmitter, and although many of these compounds 

are several orders of magnitude less potent than noradrenaline, particularly 

with respect to peripheral effects, Day et al. (1973) suggested that, on central 

noradreetergie neurons, a-methylnoradrenaline may be almost as potent as 

noradrenaline. 

Lewander's observation, that 2-hydroxyampbetamine protects against only 

peripheral effects of amphetamine (presumably following its conversion to ja-hydroay-

norephedrine), could be explained by the fact that the effect of rhydroxynorephedrine 

on central noradrenergio receptors is almost as potent as that of the endogenous 

transmitter noradrenaline. 

Could norephedrine function as a false transmitter? 

The evidence for norephodrine functioning as a false transmitter has been 

considered previously (Chapter 6). This compound is undoubtedly formed 

metabolically from amphetamine in several species including rat, guinea pig and 

cat (Caldwell, Daring & 	1672; Lewander, 1671a; Thoanen eat al. 1066; 

Chapter 4 of this thesis). Thoenen et *1 (1666) have identified this metabolite 

in homogenates of cat spleen following administration of amphetamine and since 

norephedrine is produced by e--hydroxylation of amphetamine, this reaction 

presumably takes place within the catecholamine storage granules. However, 

retention within the granules appears to be dependent also upon the presence of 

phenolic or catechol groups and the failure to detect norephedrine an splenic 

nerve stimulation following amphetamine administration (Thoonen et al. , 1666) 

suggests that norephodrine is unlikely to function as a false transmitter. 
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Thera have been few considerations of the possibility cif false dopaminorgic 

neurotransmitters. However, Shore and Dorris (1974) commented that a-methyl-

m-tyramine may occupy such a function at dopamine receptors. In relation to 

noradrenaline, it has been discussed that p-hydrowlation is a requirement for 

storage, but in dopamtnergie neurons, the storage characteriatics must be 

unrelated to the P-hydroxyl group, and if one accepts that golkydrosynorephedrine is 

a false transmitter in noradrenaltns occiaboing neurons, why not 2-hydro:my-

amphetamine in dopamine containing neurons? 

The resultant effect would again be dependent upon the agonist activity of 

rhydrosyamphetamine. 

Summary of ihe evidence for rhydraTnorephedrine as a false transmitter 

There is no dispute that in many species rhydroxynorephedrine is formed 

metabolically from its precursor rhydscuyamphetamins by the action of doparaine-

ft-hydro:10as°, an enzyme occurring mainly within the noradrenaline storage 

granules (Goldstein 1, Anagnoste, 1945; Cavanaugh, Griffith & Odes, 1870; 

Brodie, Cho & Geese, 1970). Unequivocal evidence has also been provided by 

Thoenen et 11. (1966) and Fischer, Horst and Koplin (1865) for the liberation of 

2-hydroxyncrrephethine from perfused cat spleen preparations on sympathetic 

nom stimulation. Finally, Brodie, Cho and Geese (1970) confirm the observation 

of Trendeleubtirg et al. (1942) that riwdroxynorpphadrine possesses only wank 

intrinsic sympathomimetic activity (1/500 that of noradrenaline). Thus the 

evidence for E-hydrosynorephsdrIne as a false transmitter woold appear to be 

unassailable, nevertheless to assign a role for 2-bydrimnorephedrIne in the 

development of amphetamine tolerance is more difficult. 
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Evidence ill favour c‘if the false tranarrcitter hypothesis in amphetemine tolerance  

-Chia may be eunur.arised as follows! 

	

. 	Tolerance develops in rats to some effects of amphetamine but not to others, 

namely byperthertnia, anorexia, cardiovascular effects and the inorettee in urinary 

noradrenaline excretion (Le wander„ 1971) and most of the available evidence 

suggests that these effects are mediated through noradrenaline release. 

2. Enhanced noraclrenaline depletion in peripheral tissues and brain is 

°elated with the development of tolerance (Lewandcr, 1D138). 

3. 2.-11ydrowynorephodrine is present in these tissues in amounts that relate to 

the noradrenaline deficit (Brodie, Cho & Gossa, 1970). 

4. 2.-11ydroxynotephedrine is released preferentially by amphetamine in respect 

to noradrenaline (Brodie, Cho & Gesso., 1e10). 

. 2-11ydroxyamphetantine and phydro:eynorephodrine pretreatment attenuates 

the peripheral effects of noradrenaline, possibly by incorporation of rhydroxy-

norephedrine into the noradrenergic granules with displacement and depletion of 

noradrenaline (but this is true for male rats only). 

Much of this evidence is circumstantial and leaves the following questions 

unanswered 

1. Why are certain central effects of amphetamine allegedly mediated via 

noradrenaline and to which tolerance develops, not attenuated by the presence 

of 2-hydroxynorephedrine in central neurons? 

2. Does rhydroxynorephedrino accumulate in sufficient amounts to block the 

actions of amphetamine, since Brodie, Cho and Gossa (1e70) failed to show any 

accumulation of E-hydreecynorephedrine in heart after even repeated doses of 

amphetamine? These authors suggested that each new dose of amphetamine 

released most of the 2-1 ydroxynorephadrine accumulated in storage granules. 
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Evidence against the involvement of +-hydraxynorephedriue in amphetamine tolerance 

From the work presented in this thesis, it is possible to argue against the 

false transmitter hypothesis for amphotc 	tolerance. on the following grounds: 

1. A species which does not metabolise amphetamine to any significant extent 

by aromatic hydroxylation (the guinea pig) and in which 2-hydroxynorephodzine 

cannot be identified at tissue sites, rapidly develops tolerance with repeated 

administration of amphetamine and shows little difference from the rat, a species 

which metabolises amphetamine to rhydroxynorephedrine 

2. Although both male and female rats become tolerant to amphetamine and indeed 

convert both norephedrine and 2-hydroxyatnphetarnine to the false transmitter, 

rhydroxynorephedrine, pretreatment of animals with either precursor or 

rhydroxynorephedrine itself only protects male animals against a subsequent 

amphetamine challenge; females being unaffected by such pretreatment. Thus the 

metabolic production of rhydroxynorephedrine from amphetamine appears unrelated 

to tolerance, sthce the sex difference in protection is not paralleled by a deficiency 

in the tolerance mechanism. 

3. Ephedrine, a drug to which tolerancae rapidly develops with repeated 

administration, is not metabolised to the false transmitter in man (see Chapter 5). 

4. Other amphetamine analogues such as phanmetrazine, which do not form 

rhydroxynorephedrine metabolically (Franklin, 1:74) give rise to tolerance on 

repeated exposure (Kalant, Le Blanc & Gibbins, 1271). 

5. Tolerance develops to the hyperthermic response in rats chronically dosed 

with I-amphetamine, which is not metabolised to rhydromnorephedrine (Lcwander, 

1674). 

In summary, therefore, it appears that despite much circumstantial evidence 

claiming' a causal relationship between the formation of the false transmitter, 
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p-hydroxynorephedrine, and the development of tolerance to amphetamines, many 

questions have been unresolved, and from the evidence presented in this thesis, the 

false transmitter hypothesis is no longer tenable, and alternative mechanisms must 

be sought to explain amphetamine tolerance. 

Little 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. 

Posfsynaptio events 

liedqvist (11/701) has proposed that proataglandins (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, 1972) and studies with prostaglandin synthesis inhibitors show that 

noradrenaline release from nerve terminals is enhanced by pretreatment with the 

specific inhibitor of PG synthetase (eicosa 5,8,11,14-tetraynoic acid). The postulated 

feedback loop involving prostaglandins is shown in Fig. 10.1. 

Early studies with exogenous PGE2 failed to influence the amount of 

noradrenaline released by the indirectly-acting aympathomimetic tyramine as 

opposed to nerve stimulation (Hedqvist, 1970). However, tyramine may not be 

truly representative of the indirectly-acting sympathomimetics, and thus it would 

be of interest to determine whether the effects of amphetamine 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 possibility that noradrenergie effects of amphetamine could be potentiated 

by pretreatment of rate with the prostaglandin inhibitor, indomethacin,was 

explored. Female Wietex rats were dolled with either (+)-amphetamine sulphate 

(5 mg/kg i.p.) alone, or after pretreatment with indemethaein (5 nag/kg) 

administered by gastric tube 2 h prior to amphetamine challenge. Cokola 

temperature was recorded as described in Chapter 7, 4, 1 and 2 hours after 

amphetamine injection. The rents are shown in Fig. 10:2. The mean 

maximum temperature Nee evoked by amphetamine after indomethacin pretreatment 

is significantly greater (P< 0.05>0.01) than that produced by amphetamine alone. 

Control experiments confirmed that indomethacin had no effect on baseline 

temperatures. 

Enhancement of the negative feedback mechanism controlling noradrenaline 

release could be Involved in the development of tolerance that is seen with chronic 

dosage of amphetamines. This was investigated by dosing rats with hidomethacin 

(5 mg/kg twice daily) and amphetamine (5 mg/kg twice deity) for 6 days. Colonic 

temperature was recorded after the first dose of amphetamine on each day. 

Results are shown in Fig. 10:3. 

From the data recorded it is apparent that the tolerance produced to the 

hyporthermio effect of amphetamine with repeated expoeure is partially prevented 

by indomethacin, a potent inhibitor of prostaglandin synthesis (Ferreira, Moncada 

& Vane, 1071). The studies reported in Chapter 8 with repeated administration 

of amphetamine alone, show that a marked attenuation of the hyperthermic 

response occurs within 24-36 hours, and, although lixiotoothacin prevents this 

early requisition of tolerance, on the fourth day of treatment with the combination 

of drugs, tolerance develops. 

It could be suggested that indomethacin was producing its effect by inhibiting 

amphetamine metabolism. To eliminate this possibility, (14CH+)-amphetamine 



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

induced hyperthermia  

Rats were pretreated with indomethacin (5 mg/kg orally) or normal saline (0.5 ml 
orally) 2 h prior to injection of (+)-amphetamine (5 mg/kg I. p.) or saline. 
Each curve represents the mean colonic temperature (2.- S. E.) of rats receiving: 
• Indomethacin before Amphetamine (n=10) 
▪ Salbae before Amphetamine 	(n=13) 
• Indomethacin before Saline 	(n=0) 
O Saline before Saline 	 (n=6) 
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Fig 10:3. The effects of indametbacin an the development of tolerance to amphetamine induced hirperthermia  

Rats were treated twice daily with indomethacin (5 mg/kg orally) or normal saline (0.5 ml) 2 h before injection of 
(4)-amphetamine (5 mg/kg 1.p.) or normal saline (0.5 ml) 

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

Indomethacin and amphetamine (n = 8-25) 	0 Saline and amphetamine (a 5-8) 
Indomethacin and saline 	(n 4-5) 

	
Vi  Saline and Saline 	(a = 6) 

Vertical bars epresent S. E. 
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sulphate (5  mg/kg I. P. ; 1 PCi per animal) was administered to rate 2 hours after 

pretreatment with either indomethaein (5 ragikg orally) or an equivalent vellum 

of saline orally. The total unchsalged amphetamine and metabolites excreted in the 

first 24 hour urine after dosing was determined by solvent extractioe and paper 

chromatography essentially as described in Chapter 2. The percentage of dose 

excreted as amphetamine in 2 indomethaan pretreated rats was 13 and 18% compared 

with 15 and 142 in the 2 saline pretreated animals. No quantitative difference in 

the urinary excretion of amphetamine metabolites was found when the two pairs 

of rats were compared. The recovery of 14C in the 0-24 hour urine from the 4 

rats varied from 70-801. Thus it would appear that indomethacin does not have 

an inhibitory effect upon the metabolism of amphetamine. 

These rostuttl Imply that prostaglandin, synthest; may be required for the 

initial development of tolerance to the hyperthermic effect of amphetamine, however, 

the finding that tolerance subsequently develops (by day 4 in t'eis experiment) suggests 

that alternative mechanisms have to be invoked for the later development. 
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Ccertuition  

The metabolic studies presented in the first part of this thesis confirm that 

rhydroxynorephedrine (the putative false transmitter metabolite of ampintamine) 

is excreted as a urinary metabolite of 2-hydroayamphetamine in all species 

Investigated, and of amphetamine in tolerant human stthjects. It is not found 

following the administration of ephedrine, a drug to which, like paredrine and 

amphetamine, tolerance develops rapidly in man. 

It is realised that the Identification and quantltation of drug metabolites in 

the Wine may be unrepresentative of their tissue disposition, and the argument 

proposed for the possible sigtdficance of the excretion of rhydraemorephedrine 

in human subjects tolerant to amphetamine exemplifies this point. Conversely, 

the identilleation of rhydrovernorephedrine in guinea pig urine was perhaps 

misleading, since this metabolite of amphetamine has not been Identified in the 

tissues of this species when chronically dosed with amphetamine, and therefore 

cannot be implicated in the development of tolerance. 

Nevertheless, tolerant human subjects in whom experimental studies are 

naturally limited, provided no convincing evidence that alterations in drag disposition 

contributed to the development of tolerance and mare specifically no evidence for 

an enhanced production of the false neurotranandtter, rIkydroxynorephedzine was 

found. Those changes occurring with prolonged exposure to amphetamine were 

in opposition to that which might be anticipated, i.e. im metabolism with repeated 

do age rather thanmime blotransformation. 

The object of the latter part of this thesis waa to explore the proposed 

relationship between the metabolic formation of false transmitter metabolites of 

amphetamine and the development at tolerance to them drugs. Maw studies on 

drug tolerance have concentrated upon the influence that repeated dosage with 

amphetamine has upon the disposition at the catecholamines. Whilst the importance 
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of such studies cannot be denied, it remains conjectural as to whether changes 

in neuraransmitter disposition can provide the solution to the elusive problem 

of amphetamine tolerance. However, in view of the intimate relationship between 

the amphetamines and the catecholamines, such inveatiptions have been reviewed 

where appropriate. 

The multitude of referent*s to false transmitters in relation to azaphetamine 

toteranoe warranted an investigation into the validity of this kvpothesis. 

Co's1deratftm of the effects of chronic amphetamine challenge upon the 

norasirenergic neuron suggests that depletion at noradrenaline may occur with or 

without the formation of irhydronynorepbedriae. 

That teleran°e is related to the metabolic production of the false transmitter 

can be discounted from the observations presented in this thesis that: 

1. Animals failing to produce the false transmitter from amphetamine develop 

tolerance. 

2. Precursors of the false transmitter (other than amphetamine) fail to protect 

against a subsequent amphetamine challenge in female animals known to possess 

the ability to become tolerant to amphetamines. 

Furthermore, a recent study by Lewander (1974) reveals that teleran°e 

develops in the rat to (-)-emphetandne which (see Chapter 1) is not metabolised 

to g-hydromnorephedzine. 

Little attention has been focussed upon receptor adaptation and poet synaptic 

regulatory mechanisms and preliminary studies with prostaglandin synthesis 

inhibitors seag st that the post synaptic regulatory negative feedback mechanism 

controlling oradrenalbe release may be, In part, important in the initial 

development of tolerance. However, in view of the subsequent development of this 

phenomenon, even when prostagiandir . ,synthesis is 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 

techniques 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 (4)-114 C1-g-HYDROXYAMPHETAMINE AND  

E DR E 



214 

Appendix 	Syntheses i+)-fl4C]-2-Ilydrcmatrphetaraine and ()-[14C]-Ephedrine 

Synthesis a w -114Cj-g-Hydroxyarnphetaraine hydrochloride 	215 

Synthesis of 	Ephedrine hydrochloride 	 217 



215 

Ameba. 

8$4110000 Of 114C1-labelta;loompoluds time In the mettvlic boaMopedIn  
Cbaxicre 8,4nd 6  

The syntheses of (:9-114CHrhydroxramphetamine hydrochloride and 

(-)44C1-ephedrine hydrochloride were carried out by Dr. L. (. Dring of this 

Department. At the present time neither of these syntheses has been published 

in the literature, and therefore they will be included in this appendix. 

Sylithesis of 2-Hydrovamphetaraine 

parboxyl-14CI-Anisic sold (1.35 g, m. p. 178*C) was prepared from Bal4C0.3  

(2.41 g, 6 raCi; Radiochemical Centre, Amersham, Bucks. , U.K.) according to 

the r thod of Reid and Jones (1948). This was converted to (carbonyl-14C)- 

anisaldehyde (0.92 g) using the method described by the same authors. To the 

radioactively labelled aldehyde was added inactive anisaldehyde (1.80 g) together 

with nitroethane (1.80 nil), n-butylamine (0.10 ml), piperidine (0.15 ml) and 

benzene (12.5 nil). This reaction mixture was refluxed for 13 hours and the water 

formed in the condensation was removed with a Dean and Stark trap. 	cooling, 

the mbrture was washed with 2 x 6 ml 2M HCl and 3 x 10 ral water and the benzene 

solution dried over Na SO4. Evaporation of the solvents under reduced pressure 

yielded impure 1-(4'-rnethoxyphenyl)-2-nftra-[1-14C)-prop-1-ene (1.4 g) as a light 

brown crystalline solid. This nitro compound (1.1 g) was dissolved in dry ether 

(20 nil) and added over a period of 30 rains. to a stirred solution of lithium aluminium 

hydride (0.02 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 NeOR (10 ml) the ether layer was 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 11C1 (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 Na2SO4. On 

addition of an excess of an ethereal solution of dry BC! gas the base hydrochloride 

precipitated as an oil which on standing gave white crystals of (±)-1-(4'-methoxy-

pheny1)-[1-14C]-2-aminopropane hydrochloride (0.58 g, m.p. 204°C and a specific 

activity of )0.76 iCi/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'-methoxypheny1)-2-aminopropane 

hydrochloride (Smith, Kline and French Laboratories, Welwyn Garden City, Herts, 

IL K.) and in both cases the purity was greater than 98d. 

[14c)-2-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 HC1. The solid obtained was 

triturated with acetone and on filtration gave white crystals of (2)-1-(4'-hydroxy-

pheny1)-2-aminopropane hydrochloride (0.117 g, m. p. 167-169°C, specific activity 

0.80 icCi/mg; Aries (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 (bring, Smith & Williams, 1970) and 

in both cases the purity was greater than 98%. 
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ft! sift. juji:1-2-1ki naino- 

Racemio ephedrine was 'synthesised using a modification of the route outlined 

by Naps° et al. (1961). 

1-cuct..1-phecyt.a_14c1vropane (t14c1-propicophenone; 57 mg, 3 sCi/mg, 

Sinsheimer, Ming & Williams, 1973) and inactive propiophencee (840 mg) were 

dissolved in 10 ml of bansene which was then heated to 70V. Bromine (1.12 g), 

dissolved in 5 ml at benzene, was added dropwfse, allowing the yellow colour to 

dispel between each addition. Finally the mixture was refluxod for one hour. On 

cooling, the benzene was removed in vacua the resulting oil rinsed with beneene 

and taken to dryness came more to remove any bromine and hydrogen bromide 

and finally taken into 10 ml of benzene. This solution of 2-bromo-l-axo-1-phenyl-

(I-14CI-propane was cooled in ice and a solution of methylamine in ethanol (1.032 g, 

S ml) was added dropwiso offer 15 min. The mixture was left to stand for a day 

at room temperature, evaporated to dryness in vacuo, redissolved in 10 ml of 

benzene and extr icted with 21Y1 !ICI (3 x 15 ml). After cooling in ice the bulked sold 

extract was treated carefully with 1O, Na ?1! (10 m1). The liberated base was 

extracted with ether (3 x 20 ml) dried over Na25 4, evaporated in vacuo to 5 ml 

and treated carefully with a solution of !ICI in ctharol (7.52 until a slight excess 

of acid was present. Crystallisation of the resulting oil was induced by evaporating 

the mixture almost to dryness in vaono and the addition of 3 ml of acetone. The oil 

dissolved and crystals of (.9-2-methylamino-1-com-1-pbenyl-11-14C}—propane 

hydrochloride (348 mg, Tn. p. 176-178V with a red melt characteristic of amino-. 

ketones, lit. in. p. 176-177% Hyde Browning & Adams, (1028)) soon appeared. 

The above aminolietoos hydrochloride was dissolved in 20 ml of absolute 

ethanol in which was suspended 350 nag of 5rn palladium on charcoal and reduced 

with hydrogen at a pressure of 210 Klifin (30 113f/In2) for three hours. The 
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catalyst was filtered off (Whatman No. 44 paper), the solvent evaporated to 

a small volume and acetone added. White crystals of tt)-2-Ertettorlamino-1- 

pbany1-114C1-proptm-1-o1 hydrochloride ( e)-114C1-ephedrine hydrochloride) 

soon crystallised out from the mixture (264 mg, m.p. 185-187'C, lit. 189-190M 

Hyde, Browning & Adams (1928); specific radioactivity 0.22 pCiimg). The amino 

alcohol was further characterised by its s. r. spectrum. 

Resolutice of the t9-[14  C1-ephedrine hydrochloride was:cerformed in a manner 

outlined by Nagase et al. (1967) after the method cf Manske and Johnson (1929). 

(.9-Ephedrine 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 NaOH 

(1.0 ml). The liberated ephedrine base was extracted with diethyl ether (3 x 10 ml) 

and dried over anhydroua Na2604. The solvent was removed under veduced pressure 

and the base dissolved in 2 ml of ethanol. (-)-olio acid was added to the 

mixture with stirring and on 3tanding at 5'C for several hours the (-)-ephedrine-

(-)-mandelato crystallised. This was filtered and recrystallised from ethanol to 

give 0.307 g a this salt (m.p. 160T; Manske & Johnson give 167-161)7). 

Treatment of the salt, after suspension in 2 ml of water, with excess 1024 NaOli 

liberated ephedrine base which was extracted with ether (3 x 10 ml) and the extract 

washed with water (3 x 2 ml) and dried over anhydrous Na2SO4. A slight excess 

of an ethereal solution of HC1 gas was added. Evaporation of the ether to 5 ml caused 

the mystallisatIon of (-)-114C1-ephedrine hydrochloride (0.180 g), m.p. 210'C 

(Nagai & Kanao (1929) give 216-217•C for the non-radioactive compound). Tho 

radiochemical purity as determined by paper chromatography was 98%, and the 

optical purity by reverse isotope dilution (Evans of al. , 1963) with authentic (-)-

ephedrine was 99 %. The optical rotation in water of a sample of (-)-ephedrine 

hydrochloride prepared from non-radioactive W-ephedrine in the same way as the 
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radioactive material was pilt0-= -33.70, C 3.86, Nagai and Kann° (192D) 

give Ine -34.5•, C D.0 for the natural product. 
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