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ABSTRACT

Using 140 labelled material, the metobolism of the sympathomimetic
drug methamphetamine (Qt)—z-meéhylamino-l-phenyk[;—laq]propane) has been
investigated in the rat, guinea pig 2nd man.

Administered radioactivity was eliminated rapidly from all 3 species,
between 50 and 80% of the dose appearing on the first day. 1Imn thé rat and
man this was found almost exelusively in the urine; in the guinea pig, at
a dose of 45 mg/kg about 18% was in the faeces with 697 in the urine but with
a dose of 10 mg/kg the excreted radioactivity was almost all in the urine.

There are mariied differences in the metabolism of methamphetamine
between the three species examined. The rat metabolized the compound prin=-
cipally by E}demethylation and ring hydroxylation, while the guinea pig
utilized side chain breakdown. In both species, at az dose of 45 mg/kg,
sidechain hydroxylation was an important metabolic option, and it would seem
that in the guinea pig the metabolism of methamphetamine varies with dose,
sidechain hydroxylation being of éignificance at a high dose but deamination
giving a precuisor of benzylmethyl ketone being an important pathway at a
lower dose (1lOmg/kg). The guinea pig produced en unknown metabolite at a

dose of 45 mg/kg but not at the lower dose.

The biliary excretion of amphetomine and methamphetamine in the rat
was shown to occur, ond the principal biliary compounds were the O-glucur-
6nides of the ring hydroxylated metabolites. It was concluded that an
apprecisble enterohepatic circulation of the biliary metabolites of both

drugs occurred in the rat.

In man, the metabolism of methamphetamine was very different from
that of amphetamine, ring hydroxylation being the major metabolic route and
side chain breakdown being very small. Sidechain hydroxylation of both

amphetamine and methomphetamine was shown to 2 minor extent.

The results of the metabolic studies have been employed in the
construction of an hypothesis to explain‘the development ‘of tolerance to

methamphetamine.
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The Amphetamines - an historical perspective

‘ Around the year 1900, there was great interest in the world of
physiology in the workings of the autonomic nervous system, eventually
leading to the identification of the endogenous transmitters, noradrenaline
in the sympaphetib and acetylcholine in the patasympdthetic system. However,
long before £he concluéive identification of the transmitters, the pharma-
cological ixmortancé of these  compounds had been realised and exploited.

Oliver and Schaefer (1895) demonstrated the pressor effects of
suprarenal extracts, and Abel and Crawford (1897) isolated the active
ﬁrinciple and termed it epinephrine (adrenaline). After some controversy,
Jowett (1904) was able to confirm that the elemental formula was C9 1303N,

and proposed the structure to be:
HO

HO CH-CHZ-NHCH3

OH

This structure was confirmed by synthesis in the work of Stolz
(1904) and Dakin (1905). The potential medicinal value of this and related
compounds must soon have been realised, for the literature quickly contained

many synthetic methods for these materials.

It will be noted that the carbon bearing the alcoholic hydroxyl
" group is an ‘asymmetric centre, and it was found that thé synthetic adrenaline
{which was racemic) had a lesser physiological activity than the natural
suprarenal extracts, known to be laevo rotatory. Cushny (1908,1909) showed
that natural (- )-adrenaline had twice the pressor activity of synthetic
(+)-adrenaline, and that the (4+)-form had only one-twelfth of the activity
of the (-)-isomer. The finding that one optical isomer has a greater
biological activity than another has often been repeated in work using
optically active compounds of this tjpe.



As a result of the great number of structural variations on the
theme of adrenaline carried out since 1905, in 1910 Barger and Dale were
able to publish their classical paper relatihg chemical ‘structure to the
biological activity of this type of amine. They coined the term sympath-
omimetic, méaning "an action simulating that of true sympathetic nervous
systems", and made general conclusions about the structure-activity re-
lationships of sympathomimetic amines. The structure for optimal activity
has a benzene ring, with a two carbon sidechain, with a terminal primary or
secondary amino group. Activity is enhanced by two phenolic hydroxyl groups

- at 3' and 4' on the ring, and by an alcoholic hydroxyl group on the first

carbon of the sidechain.

From this time onwards until the present day, structural analogues
of adrenaline have been investigated for potentially useful pharmacological
activity. Ephedrine (2-methylamino-l-phenylpropan-l-ol), an. alkaloid from
Ephedra species plantsvisolated by Nagai (1887), was foond by Chen and
Schmidt (1924) to have a weak but prolonged sympathomimetic action, and to
be active orally. Ephedrine has two configurations, each of which can exist
in a pair of optical isomérs, and the most active form was (-)-ephedrine.
The oral activity of this phenylisopropylamine led to investigation of other
related compounds, ‘and amphetamine (Z-amino-l-phenylpropane), first syn-
thesised by Edeleanu (1887) as a chemical exercise, was found to be a pressor
agent by Piness et al.(1930). Methamphetamine (2-methylamino-l-phenylpro-
pane), which was synthesised by Schmidt (1914) as part of investigations
into the structure of ephedrine, was‘olso found to be a potent sympatho-
mimetic by Hauschild (1938). |

The activity of these drugs when given orally is due to their
resistance to monoamine oxidase, the enzyme which breaks down phenylethyl-

amines (Blaschko et al ,1937).

~ The work described in this thesis is principally concerned with
methamphetamine, and in hddition some work has been performed on amphetamine.
Thié chapter, then, is a review of the physiology of the sympathetic nerve
ending, the mode of action and pharmacology of methamphetamine and the

metabolism of the amphetamines in general.
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The Physiology of the Adrenergic Nerve Ending

Methamphetamine is a sympathomimetic amine, and as such has its
action at the adrenergic nerve ending. To understand its mode of actiom it
is first necessary to consider the physiology and biochemistry of the
adrenergic terminal in some detail. - ‘

The Concept of the Chemical Neurotransmitter

After the isolation and synthesis of adrenaline in the decade
1895-1905, many workers, notably Lewandowsky (1898) and Langley (1901)
observed the close similérity between the effects of sympathetic nerve
stimulation and the physiological actions of injected adrenaline. On this
basis, Elliot.(1905) postulated that, when sympathetic nerves were stimulated,
adrenaline was liberated from some precursor in the nerve‘and excited the

effector organ.

In a similar way, Dixon (1907) showed that the alkaloid muscarine
had very similar actions to those resulting from stimulation of the vagus
nerve, and suggested that parasympathetic stimulation caused release of a
. mugcarine~-like substance which acted as a chemicélrtransﬁitter of the impulse
“to the effector cell Loewi (1921), in a classical experiment, prepared two

isolated frogs hearts and perfused them in series. S;imulation of the para~
sympathetic nerve supply to the first heart'slowéd its rate of beating, and
it was observed that the second heart slowed aléo. This was shown to be due
to the release of a chemical substance from the first heart which was being
" washed out and actiﬁg on the second heart also. This substance was identi-
fied as acetylcholine by Loewi and Navratil (1926). Loewi (1921) also
stimulated the sympathetic nerves to the first heaft, thereby increasing its
rate of beating, and found that the second heart accelerated also. However,
although this experiment validated the concept of chemicals being réleased
by nerve stimulatioﬁ.to‘mediate‘éhe effects of that stimulation, the identity
of the accelerator substance released by sympathetic stimulation remained

obscure for three more decades.
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Identity of the Sympathetic Transmitter

_ Loewi (1921) had shown that both parasympathetic and sympathetic
nerves released compounds on stimulation which had the same effects on the
organ as direct nerve stimulation. Cannon and Uridil (1921) found an
adrenaline-like pressor amine in the liver, and in further work over the
next 15 years, reviewed by Cannon and Rosenbleuth (1937), this amine was
shown to be the chemical mediator of sympathetic nerves, which they termed
' "gympathin". This sympathin, although adrenaline-like, was not adrenaline
itself as the two materials exhibited marked pharmacological differences as
well as similarities. '

Barger and Dale (1910), many years previously, had pointed out that
primary sympathomimetic amines give effects closer to those of sympathetic A
stimulation than do adrenaline and other secondary amines. Many suggestions
were made that the sympathetic transmitter was demethylated adrenaline, or
noradrenaline (see Bacq,1934; Greer et al.,1938) but no definite evidence
was forthcoming until, using much improved analytihal techniques, von Euler
"(1946) was able to show that the sympathomimetic substance in highly purified
extracts of sympathetic nerves was in fact noradrenaline. The first con-
clusive evidence of noradrenaline release from nerves was by Peart (1949)
and despite some objections (see Tainter and Ludena,1950) it was soon widely
accepted that the principal neurotransmitter in mammals was noradrenaline
(von Euler,1959).

There is a very large body of evidence, pharmacological, bio-
chemical and histological, that noradrenaline is the chemical transmitter in
certain of the fibre tracts of the CNS and that these noradrenaline-contain-
ing neurones are functionally similar to the peripheral fibres (see Iversen,
1967). '

Biosynthesis of Noradrenaline

In 1938, Holtz and Ludtke discovered the enzyme L-DOPA decarb-
oxylase, which produces dopamine from DOPA. Subsequent to this, Blaschko
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(1939) proposed the reaction sequence shown in Fig.l.l to be the biosynthetic

pathway from phenylalanine to noradrenaline and adrenaline, but the verifi-
cation of this route occupied the next 20 years. It is now well established
that adrenal medullary tissue is able to convert radiocactive tyrosine to
adrenaline by this pathway (see, for example, Demis et al.,1955; Udenfriend
and Wyngaarden, 1956) but demonstration of noradrenaline sjnthesis is tech-
nically more difficult. In 1958, Goodall and Kirshner showed that homogenates
of sympathetic nerves could convert laﬁelled‘tyrosine or DOPA into dopamine
and noradrenaline and Spector et al.,(1963) similarly demonstrated noradren-

aline synthesis in isolated perfused guinea pig heart.

~ The formation of noradrenaline and dopamine from 14C-tyrosine by
slices of brain tissue has also been demonstrated (Masuoka et al.,1961,1963).
The presence of all the enzymes required for the synthesis of noradrenaline,
and their regional distribution, in human brain, has’been shown by Vogel
et al. (1969). | |

These biosynthetic enzymes all exhibit very low substrate specificity
but high stereospecificity, only acting on the (~)-isomers of their substrates

Control of Noradrenaline Synthesis

As will be seen from the biosynthetic pathway described before,
there are three possibié sites at which control of noradrenaline synthesis
may be applied, these being (a) tyrosine hydroxylase, (b) DOPA decarboxylase
and (c) dopamine-@-hydroxylase. These enzymes have been partially purified
and their K s determined using the appropriate substrate..

Tjrosine hydfokylase K.m 1x 10-5N (Nagatsu et al.,1964) -
‘DOPA decarboxylase K 4 x 10_4M'(Lovenberg ggygl,,1962)
Dopamine-@-hydroxylase Km 5.8 x 10-3M (Creveling et al.,1962)

From these values obtained from "in vitro" studies, it would appear
that the rate limiting step in noradrenaline biosynthesis is dopamine-f-

hydroxylase. However, "in vivo" studies (performed by pérfusing guinea pig
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The Biosynthesis of Noradrenaline and Adrenaline

Fig 1.1
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hearts with tyrosine, DOPA or dopamine) show that the system may only be
saturated with tyrosine, and that the Km for purif;ed tyrosine hydroxylase
lies very close to the Km for the system tyrosine noradrenaline (Levitt et
8l.,1965). This suggests that the rate limiting step in noradrenaline
formation is tyrosine hydroxylase, the reason for the difference between the
prediction based on "in vitro" work and the results of "in vivo" studies
probably being due to the dopamine-f-hydroxylase and DOPA decerboxylase
activity in nerve tissue being of the order of pmol/g tissue/h and that of
tyrosine hydroxylase being mpmol/g tissue/h (Nagatsu et al., 1964).

Various treatments, including sympathetic nerve stimulation (Alousi
and Weiner,1966), accelerate the synthesis of noradrengline but Sedvall and
Kopin (1967) have found that when this occurs tissue levels of tyrosine
hydroxylase do not alter. Alousi and Weiner (1966) suggested that free
intraneuronal noradrenaline is responaible for the regulation of this enzyme,
possibly by competing with the reduced pteridine cofactor (Kaufman,1964), for
the oxidized enzyme (Ikeda et al ,1966) and evidence for this i{s provided by
findings like those of Weiner and Selvaratnam (1968) who observed that. tyramin
1nhibited‘tyrosine hydroxylase "in vivo" but not "in vitro" They explained
this on the basis of tyramine releasing ﬁoradrenaline from its storage gran-
ules in the cytoplasm and this released amine inhibic;ng the enzyme.
Wurzburger and Musacchio (1971) have found that bovine adrenal tyroqiné.
hydroxylase is a cytoplasmic enzyme, not granule bound, and as such is avail-
able to the free noradrenaline pool for feedback control of its biosynthesis

at the rate limiting step.

In the physiological situation,‘catecholamine synthesis is not
,1n£1denced by variations in the tissue levels of tyrosine. The K of the
,enzyme is 1 x 10 SM and the tissue level of tyrosine is about 5 x 10 SM
(Chirigos et 81.,1960). In man, the fasting plasma level is about 6.7 x LO'EM
which does not vary in & variety oflbathological states (Waalkes and
Udenfriend,1957). Spector et al.(1965) have, however, shown that tyrosine

hydroxylase inhibitors do lower brain levels of'no:adrenaline;
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Storage of the synthesised Noradrenaline

In 1953, both Blaschko and Welch and Hillarp et al. showed that, in
the adrenal medulla, catecholamines are stored in dense granules which are
separable from other intracellular components by fractional centrifugation
qf suitabiy'prepared tissue homogenates. The catecholamines may be released
from these granules by treatment with acid or other agents to disrupt the
structure of the granule. Similar granules have been obtainéd from sym-
pathetic nerve terminals (Euler and Hillarp, 1956; Potter and Axelrod,1962).

The granules are made up of thevcatecholamihe,‘ATP, a non-enzyme
protein (a chromogranin), calcium ions and the final enzyme in the bio-
synthesis, dopamine-g—hydroxylase.. Musacchio et al.(1965) have studieé the /
binding of a number of sympathomimetic amines in the granules, and found
that all three hydroxyl groups and the amino-group of nqradrenaiine are
essential for its storage. A number of other amines were tested, the ratio
of bound to free being measured, the order being noradrenaline (catechol and
§-hydroxyl groups)>dopamine (catechol only)>octopamine (p-hydroxyl and
@-hydroxyl). Tyraming (g-hydroxyl only) was not bound. Weiner and Jardetzky
(1964) have reported that the p-hydroxyl group is essential to the amine-ATP

interaction involved in granule structure.

Release of Noradrenaline

The first uneduivocal demonstration of the release of noradrenaline
from sympathetic nerves on stimulation was by Peart (1949) and since then
many workers have shown this using a variety of techniques. The actual
mechanism of noradreﬁaliné release, however, remains very obscure. Stimu-
lation of the nerve causes an action potential to pass‘down the axon which,
when it arrives ét the terminal debolariées the membrane. The catecholamine
stored in the granule is then released by a process of exocytosis (reverse
pinocytosis) in which the contents of the veaicle are emptied into the
‘synapse, breaking up‘as this occurs to free the noradrenaline. The process
does not derive energy from ATP hydrolysis (Douglas and Poisner,1966b). In

addition to the amine, other components of the granule ére released:



16

Douglas and Poisner (1966a) have reported that ATP and its metabolites‘are
released, and Viveros et al. (1968) (using adrenal medulla) and Gewirtz and
Kopin (1970) (using sympathetic nerves) have both shown the release. of
dopamine-g-hydroxylase. In very recent work, Poisner and Bernstein (1971)
have suggested the involvement of microtubular structures seen in the cell
wall of the nerve ending in the release of noradrenaline by participatingiin
the exocytosis of the granule.

Action of Noradrenaline

The stimulation of the sympathétic nerve brings about many marked
characteristic physiologlical responses which are evoked by the noradrenaline
released by nerve stimulation. This passes across the synapse and acts on
receptor areas of the postsynaptic cell membrane by depolarizing them..
Ahlquist (1948) has classified the receptors by the effects resulting from
their stimulation. N

Inactivation of Released Noradrenaline

After the.no:a&renaline which has been released has depolarized the
postsynaptic membrane, it must be inactivated so that the stimulation of the
effector cell is terminated. This can occur in two ways:

(1) Metabolic degradation of theamine
(ii) Reuptake of the catecholamine into nerve endings

(1) Metabolic Degradation -

There are two principal routes for the enzymic inactivation of

. noradrenaline, which overlap to some extent. Blaschko ggngl.(1937)‘describe
 an enzyme which destroyed a number of amines including adrena;iné and nor-
adrenaline. Richter (1937) termed this énzyme amine oxidase, and found that
the amines were degraded to the corresponding aldehyde. Later work showed
“that the enzyme is located in mitochondria and is’widely.diatributed through-
out mammalian tissue, being especially abundant in liver and CNS. Collins gs
21.(1970) describe at- least four different 1soenzymea in human brain. The

enzyme is now termed monoamine ‘oxidase (MAO) .
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After deaminetion, the aldehyde produced is further metabolised
either by oxidation to the corresponding acid, reduction to the corresponding
alcohol or by further side chain breakdown to a benzoic acid derivative.
These acid and alcohol metabolitee\are excreted both free and as conjugates .
with glycine, glucuronic acid or sulphuric acid as appropriate (Axelrod, 1966) .

The alternative pathway for catecholamine inactivation is methyletioh
of one of the phenolic hydroxyl groups by the enzyme catechol-O-methyl
transferase (COMT) (Axelrod,19$7). The methyl group is donated‘by the high
energy compound, S-adenosylmethionine, and the urinary metabolites are
methylated almost exclusively in the meta-position.

As stated, these two pathways of catecholamine inactivation may
overlap, methylated metabolites being deaminated and vice versa. Fig.l.2.
shows the major Toutes of noradrenaline metabolism as described by Axelrod
(1966) . '

- These pathways provide very efficient inactivation of the adrenergic
neurotransmitter, but the principal mode of catecholamine inactivation is

reuptake in to the nerve ending.

(44) Uptake of Noradrenaline into the Nerve Endings

In 1932, Burn suggested that exogenous catecholamines could be taken

up in storage sites in peripheral tissues, and Raab and Humphreys (1947)
demonstrated an increase in che‘catecholamine content of cat and dog heart
after injection of adrenaline and noradrenaline. Axelrod et al.(1959) were
the first to show that tissue uptake was an important factor in the dis-

position of small doses of catecholamiﬁe, some 70% of a dose being metabolized
quickly, largely by methylation, and 307 taken up into those tissues with
extensive sympathetic innetvation Since these experiments, many workers
. have found that the process of uptake 1is carried by most sympathetically

innervated tissues in a wide range of Species (see Iversen, 1967)

This uptake proceeds against a concentration gradient, the ratio of

accumulated noradrenaline to that in the external medium being greater than
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Fig1,2 - The Main Pathways of Noradrenaline Breakdown
- ) after Axelrod, 1966
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10000:1. Denglér et a1.(1962) were the first to suggest that this uptake
was mediated by a saturable mémbrane transport précess and applied Michaelis-
Menten kinetics to it; They were able to determine.Vmax for the process and
the K.m for the uptake site-noradrepaline complex. Iversen (1963) showed that
this uptake was stercospecific, K for the (-)-antipode being 5 times less
than for the (+)-isomer.

After reuptake, the noradrenaline whigh has entered the adrenergic
terminal is found both in the cell sap and in a microsomal fraction which
also contains the endogenous catecholamine storage granules, first shown by
Campos and Shideman (1962). Fischer and Iversen (1966) found that, in cat
spleen,‘3H;noradrenaline taken“up from the circulation is released prefer-
~ entially over the endogenous stores, the released amine having a higher
specific activity than that stored in the tissues.

' These two processes enable the fate of released noradrenaline to be
described fully. Noradrenaline in the synaptic cleft‘can be either taken up
again by the nerve terminal or else it finds its way into the circulation and
hence to the liver where either or both COMT and MAO contribute to its break-
down. The norad;enaliné taken up is either storgd in the granules and thus
available for release again or is in a fteé pool in the cell sap. This free
" pool is open to attack by the nerve mitochondrial MAO, and the products of
deamination pass out of the neurone'to_be excreted, after further metabolism
and conjugation in most cases. Reuptake is the primary process of.catechol¥
amine inactivation and initially metabolic degradaéion is of lesser importance
in the real physiological stéte. Fig.l.3 illustrates the physiology and
biochemistry of the sympathetic nerve ending as discﬁssed here.
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The Mode of Action of Methamphetamine

The precise mechanism of action of the amphetamine group of drugs
on the adtenergiﬁ ﬁeurone has been the subject of much investigation in the
past fifteen years. Most of the conclusions drawn are based.dn work per-

' formed using amphetamine, but some work has been done on methamphetamine
and the modes of action appear to be very ciosely related, as would be
expected. Four main hypotheses have been advanced, all based on the
assumption that the effects of noradrenéline within the CNS are excitatory,

in the same way as in the peripheral nerves.

'(a) Monoamine Oxidase Inhibition

Blaschko (1933) found that the phenylisopropylamines inhibit MAO,
the intraneuronal enzyme which is able to inactivate noradrenaline. It has
been sugzested that this inhibition causes an accumulation of the endogenous
transmittery. which .causes the stimulatory effect. It is known that the (+)-
isomer of amphetamineicausés more CNS excitement than the (-)-form (Schuite
et al.,1941) and the MAO inhibition shows a ‘small but similar, stereo-
specificity. ‘

(b) Liberation of Noradrenaline

Moore (1963,19645 found that amphetamine depleted brain noradren-
aline levels and that the (+)-antipode was 3-5 times more eifective than the
(-)-form; this ratio is the same as the ratio of the CNS potency of the two
' isomers. Glowinski and Axelrod (1965) similarly found that amphetamine was
able to displace 3B-nogadrenaline from the brain, after it had been given

by intraventricular injection.

" {c) Direct Action on Noradrenaline Receptors

Van Rossum et al,(1962) found that amphetamine exerted its
behavioural effects in animals whose noradrenaline stores had been depleted
with reserpine, and postulafed that the drug was acting directly on the

noradrenaline receptors. However, if repeated doses are given the effects
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should stay the same, but they do, in fact, diminish (Burn and Rand,1958).
Glowinski and Axelrod (1965) found evidence for the existence of two
geparate noradrenaline poolé within the nerve ending, one amphetamine-
senéitive and the other reserpine—senéitive, which would explain the
inability of reser@ine to remove completely the effects of‘amphetamine.

) " Inhibition of Uptake

As has been outlined previously, the noradrenaline uptake process
is the prime mode of inactivation at the adrenergic nerve endings and in-

- hibition of this process by drugs may be expected to prolong and potentiate
the actions of the adrenergic transmitter. As the noradrenaline-containing
neurones in the CNS may be considered functionally identical with those in
the periphery then drugs inhibiting uptake will have potent central effects.

. Among many known inhibitors of the uptake process are a variety of the
amphetamine group‘of drugs, listed in the following table, taken from
Iversen (1967).

~Drug Conc. for 50% imhibition of noradrenaline
' . uptake, in moles x 1077
(+)~amphetamine ' ‘ 1.8
(j)-amphetaﬁine ' . 4.6
(-)-amphetémine 37
(+)-methamphetamine S 6.7
(+)-norephedrine 20
(-)-ephedrine » 22

Drugs inhibiting the uptake of noradrenaline into neurones may be
expected to produce an increase in the O-methylated metabolites of nor- .
adrenaline and a decrease in the deaminated products, due to the noradren-
aline not being open to attack by the intraneuronal MAO (Rutledge,1970).
This is the picture seen after amphetamine, but in this case the decrease
in deaminated noradrenaline metabolites is so great tﬁat it resembles the
picture seen after MAO inhibition. As previously mentioned, the ampheta-
mines ﬁave long been known to be potent "in viﬁro" 1nhibitors of MAO, and
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Iversen et al.(1966), for émphetamine, and Cook and Schanberg (1970)‘£or
methamphetamine, have suggested that the inhibition of MAO as well as for-
adrenaline uptake plays an important role in the mode of action of these

drugs at the molecular level.

. ~ The amphetamines illustrate 'the extreme complexity of the actions
of drugé on nerve physiology and biochemistry. It is an oversimplification
to conclude that, because a compounid can be shown to have a specific effect
“ on merve funcﬁion, this will explain the pharmacological actions of the drug
on nerve fibres. The amphetamines have several distinct actions on adren~
ergic fibres, and it would be premature at present to decide which, if any,
of these actions is of importance in explaining their mode of action.

Pharmacology

Methamphetamine has marked effects on those body functions con-
trolled by the éympathetic nerves, and has a potent action on the CNS and
the psyche. Its pharmacology may be conﬁenigntly considered under two
headings, (i) peripheral and (ii) central actions.

Peripheral Actions

Hauschild (1938,1939) showed that methamphetemine is & potent

© pressor agént in cats and &ogs. With increased dose, the rise in blood

Apressure is‘more ﬁrolonged, and on repeated administration, tachyphylaxis
occurs. The activity of the two isomers is identical. Derouaux (1942) -
showed that the pressor effect is due to peripheral vasoconstriction, and
that methamphetamine reduced the bleeding tiwie in rabbits. @llen (1948)

© found that methamphetamine increased the systolic blood pressure but left

the diastolic unchanged, and Churchill-Davidson and Swan (1952) found that

it increased cardiac output.

Novelli and Tainter (1943) noted that methamphetamine caused a
persistent hyperventilation, and Graham et al.(1945), using a perfused
rabbit lung prepatation,‘showed this to be due to bronchodilation.
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Churchill-Davidson et al.(1951)found that methamphetamine increased
the secretion of urine due to raised renal blood flow. Methamphetamine is
known to increase blood sugar and free fatty acids, and to mobilize stoced
glycogen, all characteristics of sympathetic stimulation (see review by
Ellis, 1956).

Central Actions

Methamphetamine is a very potent CNS stimulant in man and animals,
and the ratio of CNS to peripheral actions is higher than for amphetamine.

Hauschild (1938) found that methamphetamine increased both motor
activity and facility of maze learning by both mice and rats, and noted that
the (+)-isomer was the more potent. He also feported the hyperthermic
effect of methamphetamine, which is probably mediated through a central site
of action, like amphetamine (McCullough et 81.,1970).

Animal experiments provide only a partial indication of CNS
actiona in man, as these are principally on the psyche. In patients, the
effects of methamphetamine vary with the personality and the mental con=-
dition. The principal effects of the normal dose are wakefulness, alertness,
decreased fatigue and mood elevation with an increase in confidence and
concentration. Elation and euphoria are often seenl'with increases in motor
and speech activity Performance of simple tasks is<impraved, although
increases in rats are not always associated with increases in quality. Over-
dosage and/or repeated administration W111 cause & great variation in these

effects (Wiess and Laties, 1962).

Not all subjects respond in the above way, as many experience
headache, palpitations, dizziness, agitation, delirium, vasomotor disturb-

ance or confusion (Wiess and Laties,1962).

The appetite is markedly depreased by methamphetamine and weight
losses are observed, this being caused by a drop in food intake rather than

increased metabolic activity. However, tolerance is developed to this
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effect very rapidly, and in man dietary restriction is required for useful
anorexia (Goodman and Gilman,1965).

Therapeutic Uses

Methamphetamine has found many therapeutic uses which are best
looked at under the two headings used previously.

Peripheral Actions

‘Methamphetamine was used in sprays for the relief of nasal con-
"gestion and bronchial asthma, but this was discontinued in 1955 by law after
excessive non-medical use. Methamphetamine can be used for the maintenance E

4
—

of blood pressure in spinal infiltration anaesthesia.

Central Actions

These are the basis of the major therapeutic applications of
'methampheCamine. It may be used to treat narcolepsy and for the relief of
rigidity in Parkinsonism. This disorder is thought to be due to a lesion of
the dopaminergic neurones in the basal ganglia of the brain, and it';s of
interest to note that the (-)-isomer of amphetamine is equipotent with the
(+)-form with respect to dopamine uptake inhibition (Coyle and Snyder,1969).
This is in contrast to the oﬁher central actions of amphetamine which
‘exhibit marked stereospecificity for the (+)-antipode. Methamphetamine has
~ been used‘as'an‘anorectic, as noted previously, and the dose regime must be

carefully‘éonstructed to avoid insommia.

‘The use of methamphetamine in the treatment of mental disease has
been widespread, ranging from attempts at the relief of mood disorders and
nervous exhaustion to schizophrenia and depression in manic-depressive

‘ psychoses.

‘Medical opinion now opposes the use of such drugs due to the rapid
production of tolerance and the high liability for psychic dependence. The
drug has been réstricted to hospital use in the U.K. since September 1968
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and its use -is opposed by all responsible professional opinion (Dun10p,19705.

The central effects are, however, the reason for the main interest
in this drug as they give it its very h;gh abuse potential, In the Spanish
Civil War and World War 2, the amphetaminés were used first by the Germans
and then by Allied forces to combat battle fatigue, and by the early 1950's
the illegal use of the amphetamines was well established. They were at that
time évailable without prescription, but despite tighter anq tighter legal
conﬁrols, the non-therapeutic use of these drugs is still prevalent through-
out the world. A fuller discussion of this problem is in Chapter 6.

The toxic effeéts of large single doses are extensions of the
effects enumerated previously, acute renal failure, hyperthermia giving
rise to high fever, cardiovascular collapse and death due to cerebrovascular
accident (Zalis and Parmley,1963). |

The Metabolism of the Amphetamines

Metabolism is one of the most important factors influencing the
pharmacology and toxicologj of a foréign compound. Much interspecies
variation occurs in the metabolism of druge and great difficulties are met

with in the extrapolation of toxicological data from animals to men.

The fmportance of the amphetamines drugs has been outlined, and
in the last 15-20 years the metabolic fate of a number of such compounds
has been investigated by a variety of workers.- In oply two cases, those
of ‘amphetaminie and ephedride,gié there sufficient data for interspecies
Tomparisons to be made, but this review also contains material on a number
of drugs whose fate has bgen investigated in one or two species oﬁly. |

Structures of compounds discussed are shown in Table 1.1.

Amphetamine

Of all the drugs in this group, amphetamine is the one whose
metabolism is best known, having been investigated by a number of workers
in a wide variety of species. In addition, a good deal of "in vitro"
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Table 1,1 " Structures of Amphetamine Drugs Discussed in the Text

2
R C|3H3 |
R CH - CH - NH
| l |
R3 R4 R5
Substituent
Compound R R° R’ r* R’
Amphetamine H H H H H
Norephedrine - H H OH H H
Ephedrine H H OH H C!—I3
4-Hydroxyamphetamine OH H H H ~ H s
p-Methoxyamphetamine CH3O H H H H
Fenfluramine H Cl“3 H H C2H5
" Mephentermine H H H CH3 CI—I3
Chlorphentermine Cl1 H - H CH3 H
Methamphetamine H H H H CII—I3
Ethylamphetamine H H H H C2H5
N-3-chlorpropyl- - -
amphetamine H H H . H (CH2) 3C1 .
Prenylamine H H H H (CH2)2CH(C6H5)2
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work is recordéd in the literature.

Fig.l.4 shows the principal metabolic pathways of umbheﬁamine as
determined "in vivo" gnd Table 1.2 shows their species distribution. The
principal routes are two, namely ring hydroxylation to give 4-hydroxy-
amphetamine, and degradation of the sidechain to benzoic acid, excreted
free and as conjugates, Table 1.2 shows that most species except the rabbit
- excrete significant amounts .(15-30%) of the unchanged drug; that ring
hydroxylation is at a low level in most species examined eicept the rat,
.and to a lesser extent the mouse; and that all species except the rat

excrete considerable amounts of benzoic acid and/or its conjugates.

Amphetamine and 4-hydroxyamphetamine are both known to be sub-
strates for dopamine-p-hydroxylase (Creveling et al.,1962), the terminal
enzyme in noradrenaline synthesis, and 4-hydroxynorephedrine has been shown
as a urinary metabolite of amphetamine in man (Cavanaugh et al.,1970) and
~ in rat (Dring et al.,1970). Norephedrine is alﬁetabolite'of‘amphetamine in
rat (Dring ggugl.,1970): In additionm, both‘these metabolites have been found
4in rat heart and brain (Lewander,1971) and in cat heart and spleen (Thoenen
et a1.,1966). The reaction is a minor one in all species studied. |

- The mechanism of sidechain breakdown to benzolc acid is uncertain.
Dring et 81.(1970) have noted the presence, in the urine of rabbits and
. certain other species after amphetamine.doaage,'of an acidf and glkali-
labile precursor of benzylmethyl keétone. On the basis of n.m.r. and other’
data they have proposed the structure of this material to'be the O-sulphate
of the enol form of'benzylmethyl ketone. Benzylmethyl ketone may also be |
reduced stereospecifically to the torresponding aleohol, which 18 excreted
in some species as a gluguronide conjugate, and is known to -be metabolized
to benzoic acid by the rabbit (El Mhsry et al.,1956).

The mode of deaminﬁtion is at present a topic atgracting'coﬁsider-'
' able attention. The reaction was first recorded in rabbit liver microsomes
(Axelrod,19558), and Brodie et al.(1958) postulated that amphetamine was
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Metabolic Pathways of Amphetamine

CH 2CI-I NH 5
ring
hydroxylation

CH3 deamination

Amphetamine ' l 7

[

sidechain o
hydroxylation
HO CH, CH NH,, yaroxy CH,,C GH '
| . reduction
4-Hydroxyamphetamine CH, Benzylmethyl ketone _
' .
sidechain . 4
hydroxylation @ CH CHNH _ ?H
. s’ 2 .
I
‘ ) OH CI—I3 CHZCH CI—I3
SIDE CHAIN
Norephedrme
CLEAVAGE Benzylmethyl carbinol
. ring j/ '_ ’
hydroxylation ' ST
HO CH CH NH L : »
B OOH c
OH CH

3
4-Hydroxynorephedrine

Benzoic acid

All compounds, plus conjugates where appropridte, have been detected in urine after amphetamine dosage.

i Source
and species distribution are shown in Table 1.2 .



-l
]

Table 1,2

Data from Dring et al (1970) .

Species Distribution of Metabolic Pathways of Amphetamine

Figures given are % of dose excreted in that form, and represent total excretion,
after hydrolysis where appropriate.

. 4-Hydroxy- Sidechain Benzoic acid Benzylmethyl Benzylmethyl

Species Amphetamine amphetamine hydroxylation -+ conjugates ketone carbinol
Man 30 2 - 21 3 n.d.
Monkey 27 3 - 30 n.d, n.d.

Dog 30 6 . - 28 1.4 0.7
Rabbit 3 6 - 23 . 22 7

Rat 12 60 0.6%* 3 n.d. - x;.d.
Guinea pig 19 n.d, - 65 n.d, n.d,
Mouse . 30 15 - n.d. n.d,

32

¥Norephedrine 0,3%, 4-hydroxynorephedrine 0.3%.

n.d. = not detected
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first being hydroxylated on the carbon bearing the‘nitrogen, yielding an
unstable carbinolamine which spontaneously lost ammonia to give the ketone.
‘Smith and Dring (1970), es an alternative, suggested that there is an initial

dehydrogenation to the iminé, which would yield the ketone on hydrolysis.

Huckervggugl.(1971) have found that the major metabolite of smphetamine
in guinea pig liver microsomes is the oxime of benzylmethyl ketone. This
ketoxime is known to hydrolyse readily to give the ketone, and this is
‘suggested to be the route of desmination, Parli ggugl.(1971),.using 180
laﬁelling, have £oqnd that both benzylmethyl ketone and the ketoxime are
formed from amphetamine by;rabbit liver miéroéomea, and have proposed the

recction sequence shown in Fig.l.5.

Dfing (1968) has suggested'that, in the rat, amphetamine may be
'N-scetylated to a very small extent, and Truhaut et 2l.(1969) have reported
‘a transient acetylation in rabbits, but the occurrence of this pathway has

not yet been confirmed satisfactorily.

Aromatic Hydroxylation of Amphetamine

The enzyme system which carfies out the aromatic hydroxylation of
omphetamine hésfsevaral,cﬁaracteristids notably different from other drug
hydroxylation methanisms. ﬁaly EE'§13(1967) and Diﬁge113and Bass (1969)
have both found it impossible to obtazin rct liver microsomes to‘hydroxylate
emphetamine, although in the isolated perfused liver the'reaction proceedé"
as in the whole animal. Creaven et 21.(1970) have investigated the hydroxyl-
ation and found that while;it is inhibited by the usual inhibitors of drug |
‘metabolism like SKF-523A, it is not induced by pretreatment with phendbarbi-
tone or benzo[:aj]pyrene; failure to induce ﬁith 3-methj1cholanthreneAhas‘
also been répo;ted (Groppetti znd Costa, 1969). It is uniquely inhibited
by ethonol treatment "in vivo" (Creaven and Barbee,l969) which has no effect
on acetanilide or biphenyl hydrdxylaﬁion. - ‘ a



Fig. 1.5 Microsomal Oxidation of (+)~Amphetamine

Proposed reaction sequence in rabbit liver microsomes . .
- (Rrliet al 1971)

CH2CH NHZ

CH3

Amphetamine

-H,0% ﬁIH '
i ¥OH | @CH20 CH,

"2-Imino~-1 -phenylpropane

- _ . {o*
--NH3 l 2

*

I\lIOH .
. |
. CH CC
, . | 1 S oty
o% /
I +H,0 '
CH.. CCH Benzylmethyl ketoxime
\ 2 3
Benzylmethyl ketone » . ' ' ‘\3 -

* Indicates 18O labeuing o

,



33

EEhedrine ,

The fate of ephedrine, an alkaloid from Ephedrawspp. plants has been
investigated in a range of species and Fig.l.6 shows the metabolic routes

. "1n‘vivo", and Table 1. 3 their specles distribﬁtion The mazin metabolic

re1ctions are N-demethylation, the extent of whlch is species dependent,
‘ring hydroxylation, which follows the same species pattern as for amphetamine
and side chain degradation, which is less important than for tmphetamine.
The -rabbit is the only species in which the unchanged drug andfor its de-

" methylated metabolite, norephedrlne, are not the major metﬂbolites. The
F-hydroxyl group in the side chsin renders the molecule much more water
soluble than the corr28pond1ng deoxy compound,  (Vree gt_gl.,1969) and it
has been suggested that the possession of this group is the reason fot the

. relative: stability of these ‘drugs to metaboliam. It is interesting to note
that Nagase et al.(1967) found that only ‘the (=)=~ isomer wos metabolised by
the rat, thg (+)-form being resistant. Bralet et al.(1968) have investigated
the fate of (t)-ephedrine in the rat, and have'.found that the racemic com- ‘

pound is biotransformed in a very similar way to the (—)-antipode.

Using a 14C laﬁei, the fate of (-)-ephedrine in rabbit liver micro-
somes has been investigated (Bab. et al.,1969), the metabolites being ghown
in Fig.1.7. The occurrence of the ketol and diol metabolites is of interest,
as these are urinary metabolités of ephedrine in the rabbit snd pony, and
show that deamination is a significant metabolic pathway for this drug as

well as for amphetamine, at least in the se two species.

Ring Substituted Amphetamines

A wide variety of ring substituted amphetamines has been synthesised
and tested pharmacologically, but the metabolism of very few has been in-

veqtlgqted

The.F-hydroxylation of:4-hydrokyamphetamine to 4-hydromynorephedrine
has been observed in 2 specieé; in rat (Lewander,lQ?l&'without quantifica-
tion, and in man, Sjoerdsma and von Studnitz (1963) found 4-9% of = dose

‘hydroxylated in the sidechain,



Fig, 1.6 Mectabolic Pathways of (-)—-Ephcdriné

CHCHNHCH., ' -

3 .
ring / A OH CH3' )
hydroxylation | Ephedrine
/ N-demethylation
CH CH NH -
HO ?H (iH NHCH, {1 deamination CHC=0 _ .
OH CH ? P
OH CH3 3 ) OH CH3 .
. A-Hydroxyephedrine Norephedrine .- 1= Phenyl-1-hydroxypropanone,

|
N~-demethylation

l reduction |

ring
- hydroxylation . ,
d CH CHOH.
HO CH CH NH, OH CH, '
OH CH3 1-Phenylpropane-1,2-diol

4-Hydroxynorephedrine sidechain /

.o cleavage
All compounds,plus conjugates where appropriate, A
have been detected in urine after cphedrine dosage,
Sources and species distribution as in Table 1.3, COOH

Benzoic acid
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Table 1.3 *  Specles Distribution of Metabolic Pathways of (-=)-Ephedrine

Sources as below. Figures given are % of dose excreted in that form, and represents total excretion, after hydrolysis where appropriate, -

4-Hydroxy- 4-Hydroxy- 1-Phenyl-1- . 1-Phenyl- Benzoic 4-Hydroxy-
Species Ephedrine Norephedrine ephedrine norephedrine  hydroxy- propane- acid + benzoic acld +
propanone 1,2-diol conjugates  conjugates
Man (a) _ g0 10 - - -~ - ) - -
Pony (b) n.d, .29 \-/\3,\——-/ ~ 19 - -
Dog (c) 6 58 03 1 ) - - - -
R:\bb}.l (e, 0,5 2 1 - 1 29 43 19
Guinea pig {c) 2 39 \_Mi/\*'/ - - - -
Rat (c,d,e) 38 5 2 12 - . 3 -

n,d. = not detected
Sources_(a) Wilkinsun and Beckett (1968), (b) Nicholson (1970, 1971), (c) Axelrod (1953), (d) Nagase et al, (1967), () Bralet et al (1968)

using (+)-cphedrine, (f) Matsuda et al, (1971).
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Fig 1.7 Metabolism of {~)-Ephedrine by Rabbit Liver Microsomes

(from Baba et al 1969)

?HﬁHNHCHB .
OH CI—I3
Ephedrine (6%) :
CIJI—I (IJI—I NH,,
OH CH3

Norephedrine (33%)

TH-C:O =
OH CH, .
1-Phenyl-1-hydroxypropanone (4%) (‘3}{ CII—IOI-I
OH CH,
1-Phenylpropane-1,2-diol
(12%)
COOH

Benzoic acid (39%)

Figures given are % of 14C in that form after incubation
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The hallucinogen p-methoxyamphetomine is extensivély metabolised
to unknown compounds by man, only 3-12% of an oral dose beiﬁg excreted

unchanged (Schweitzer et al.,1971).

Ho et 21.(1971) have investigated the fate of 2,5-dimethoxy-4-
methylamphetamine, the hallucinogen STP or DOM, in raté after 1i.p. injection.
In this species the principal urinary metabolites are the acid and alcohol
resuiting from the oxidation of the 4-methyl group (see Fig.l1.8) both free
énd as conjugates, and there is olso a significant faecal excretidn, the

metabolites in the faeces also being shown in Fig.l.8.

The metabolism of the widely used anorectic fenfluramine has been
pertially iﬁvestigated in man and dog.. ‘Beckett and Brookes (1967) ﬁere able
to show N-deethylation in man, but the unchanged drug and its metabolite |
accounted for at most 20% of the dose. Bruce and Maynard (1968) showed in
addition to the drug and desethylfenfluramine,_gfﬁrifluoromethylhippuric
acid as the major urinary metaboliég in man. They were eble to account for
virtually all of the dose a5 these three compounds, and the great accent on
sidechain break&own in man resembles the trend seen with amphetamine, with
ring hydroxylatiOn being interfered with bj‘the bulky substituent on the
arometic ring. The ssme authors, in a non~-quantitative study in a dog,
found in addition to the three compounds found in man a fourth metabolite,

m-trifluoromethylbenzoic acid.

Sidechain Methylated Amphetamines

The addition of a éécqnd ol~methyl gro;p to the sidechain of amphet-
amine glves the ﬁﬁcleus of the phentermine compounds, some of which have
been use& clinically as snorectics., Of these the fzte of p-chlorophenter-
mine (chlorpﬁentetmine) and N-methylphentermine (mephenternmine) have been

investigated,

_Walkenstein et 21.(1955) report that, after a dose of'faé}mephenter—'
mine to dogs, rats and rabbits; no unchanged drug appenrs in the urine. Two

meﬁabo;ites,'phentermine and E-hydroxyphenterﬁine, were found, and their



Fig 1.8 Metabolites of STP in Rat Urine and Faeces '
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(after Ho et al o, 1971)
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structures and the quantitrtive datc are shown in Fig.1.9. In all three
species, only 50% of the dose is excreted in the urine, with 30% in the

faeces.

Dubnick et 21.(1968) have investigated the metabolism of chlorphen-
termine in rats and mice. Both species excrete nearly 211 the drug in 24h,°
in the rat principally\as the unchanged materisl but in the mouse some 15%
as o novel conjugate in addition to the unchanged drug. The conjugate is
not N-acetyl or N-glucuronosidochlorphentermine. The excretion of the un-
changed drug in the rat is probcbly due to the chlorine in the aromatic
ring blockihg ring hydroxylation, the prime mode of metnbolism of these

compounds in the rat.

N~-Alkylated Amphetamines

The N-alkylation of the zmphetamine nucleus is 2 commonly used
molecular modification to clter the pharmacology of the drug (see Roissier
et 21.,1970) end the metobolism of four such compounds has been imvestigated

"in vivo".

Beckett und Rowiapd (1965a) snd Gunne (1967) have both found that,
in man, N-methylsmphetomine (methamphetumine) is excreted unchanged snd is
demetﬁylated to amphetamine. In 24h, some 23~45% of a dose is excreted as
‘methamphetamine and 2-4% as smphetamine, Axelrod (1954) showed that, in the
dog, methamphetamine is demethylated to amphetamine which is Fhen ring
hydroxylated to h-hydrokyamphetamine, excreted free ond as its glucuronide

conjugate,

Beckett et 2l1.(1969) report that N-ethylamphetamine is excreted by
man both unchanged and as its deethylzted metabolite amphetamine after orzl
dosage. In 24h, with normad urine pH, 13-24% of the dose is recovered un-

changed ond 4-10% as amphetomine.

In the same paper, the authors have correlated data for the excretion
and metabolism of the enontiomers of amphetamine, methylamphetamine and

ethyiamphetamine in man and conclude that while there are only small
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differences in the elimination and metabolism of the isomers of zmphetamine
(see zlso Gunne,1967) these differences become more marked on N~alkyl sub=-
stitution. N-alkylation increases the extent of metabolism of the (+) but
not the ( )-isomer, and the larger the alkyl group, the greater the relative
metabolism of the metabolicslly susceptible (+)-form. .

Long'(1970) in 1nvestlo“ting the metabolism of N~3;chloropropy1-
amphetamine (Pondinil, Roche) in a range of species, found that it was
" almost completely metabollzed in man, rat and the guinea plg, and that in
dog and rabbit only 17% of the dose was unchanged. The extent of 4-hydroxy-
lation ns compared withlnmphetaminé.was increased in all species except the
rat, where it was already high, and the rabbit. The results are:

Unchanged Drug  _4-Hydroxylated Metabolites
Mon <1 ‘ 37
Dog - . . 17 . 22
Rat - <1 ‘ 58
Rabbit = 18 ' , 6

Guinea pig 3 . 15

With this_§73-chloro§ropy1 substituent, the extent of ring,hydroxy-‘
lation in man, dog and guinea pig is markedly increased over amphetamine
itself, and the total amount .of metabolism, as reflected in the excretion

of unchanged drug, is incfeased in all species except the rabbit,

- Palm and Grobecker (1968) and Pa1m<g£.g£.(1968) reﬁort'thg formation
of amphetamine, norephedrine and their 4-hydroxy analogues as metabolites
of prenylamine (N~ 3'~phenylpropyl-(2')1, I-diphenylpropyl smine) in mon and
‘rat. The rat also produces traces of h-hydroxyprenylamine, both free and
conjugated, in the urine. Neither report quantifies the metabolites or
excretion but it appears that extent of metabolism along these routes is

small‘in both species,

. From these papers, then, it is apparent that N-substitution has a
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profound effect on the metzbolism of amphetaminés. As would be expected,
all species examined are able to N-dealkylate, giving amphetamine, which

i3 a metabolic bpcion obviousiy not open to other substituted amphetamines.
In" addition, the hydroxylation of N-3-chloropropylamphetamine as compared
with amphetamine appears to be enhanced in man. The zmount recovered as
amine metabolites (unchonged and as amphetamine) after methamphetamihe and
ethylomphetomine decreases with size of alkyl group, so that Nealkylation
appears to emphasise other metcbolic pathways such as hydroxylation and

sidechzin cleavage.

N.I.H. Shift

The hydroxylation of aromatic compounds is a topic which has re-
ceived a great deal 6£ attention over the last 15 years, and studies using
specific deuterium and tritium lobelling have revezled what is apparently
a fundomental féaturé of these hydroxylation reactions. These experiments
show tﬁat as a freqﬁent‘consequencé ofrhydroxylation there occurs an intra-
molecular migration of the atom or group diéplaced by the new hydroxyl
function to an adjacent position on the aromatic fing. This phenomenon.
has been termed the "N.I.H. Shift" by Guroff et al.(1967) and is in marked
contrast to the classical ideas of hydroxylation as a direé; replacement of
a ring substituent by a hydroxyl group. Among a number of reactions
‘exhibiting the N.I.H. Shift, Daly et a1.(1967) found that 4-tritioamphetemin
‘was converted to 3-tritio~4-hydroxyamphetamine,80-90% reténtion of tritium
by rats,both "in vitro" ond "in vivo",was observed.

- . HO ‘ ‘ ?'
T-@-CHé-{fﬁ-Nﬂz _.)>®—<m2-?n-mxz — HO —-@-cnz-?n-mz
CH3 T + CH3 ‘ | CH

3
The diagram shows the suggested intermediate,

Similar migrations'huﬁe been observed in the hydroxyl&tionsaof

phenylalanine and tyrosine.
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Besides giving a great deal of insight into the mechanism of the
enéymic hydroxylation of amﬁhetamine itself, the almost general occurrence
of this reaction will prove useful in predicting metabolites of ring sub=
stituted amphetsmines, notably the halogenated compoundsrnow being used in

pharmacological investigations.

Interactions between Amphetamine and Other Drugs

' Drugs may interact with one another in a number of ways, and one of
the most important of these is at the metabolic lével.

Amphetamine~barbiturate mixtures have been used for many &eais in
psychiatry for the treatment of anxiety and depressive neuroses. These
combinations usually contain dexamphetamine sulphate and amylobarbitone, the
best known being Smith, Kline and French's "Drinamyl", also known as "purple
heqrts" In the past, there have been four mixtures using methamphetamine
with a barbiturate, but these have now been dlscontinued There has been
a great deal of officlal dlscoaragement of . the prescribing of these mixtures,
but largé quantities are still dispensed (Dr.‘P.é.lSevgr; personal communi-

ca;ion)w‘

Although amphetamine and the bﬂrbiturates have very different
pharmacological effects in man and animals, when given together they can
be "mutually corrective", the side effects antagonizing each other, leaving
the principal effects unchanged (Myerson,1939); Although meéning that the
mixture is valuable in psychiatry, the problem of dependence and the abuse
potential of both agents is "increased. As well as amphetamine habituation,
the possibility of barbiturate dependence (Eddy et al.,1965) is introduced.

Whén single doses of smphetamine and é barbiturate are given to-
gether, the drugs antégonize each others metabolism; Kiissiunisigsugl.(1965)
gave ampheﬁamine and pentobarbitone together and found that the blood level
of pentobarbitone was elevated compared with cbntrols. Similaxrly, Dring
(1968) gave'amphetamine and‘phenoba:bitone together and found that the blood

‘level of amphetamine was clevated and that 1ts“metabqlism'was~impaired;
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"However, it is known that the prolonged administtation of barbiturates
czuses a non-specific induction of the activity of the drug metabolising .
eénzymes of the liver (see Conney,1967) and it msy be that repeated dosage

| with an omphetamine~barbiturate mixture will reverse the antagonistic effect
of the drugs on each others metsbolism and enhance the breakdown of both

agents.

A number of workers have observed that various antidepressant drugs
potentiate the effects of‘amphetamine on animal behaviour, and in several
cases this has been shown to be due to the metabolism of amphetamine being
inhibited by the antidepressant, thus prolonging the 1life of unchanged'
amphetamine in the body. In the rat, the only species examined so far,
the hydroxyletion of amphetamine is suppressed by these drugs. Among the
compounds shown to act in this way are desmethylimipramine (Dingell and
Bass, 1969) iprindole and chlorprom321ne (Lemberger et al.,1970a,b). The
butyrophenone antidepressant haloperidol, however, has very 11tt1e effect

on amphetamine metabolism- (Lemberger et al.,1970b)

Creaven and‘Barbee (1970) report that ethanol markedly inhibits
amphetamine hydroxylation in the rat; other studies show that this is due
to ethanol itself, not its metabolite, acetaldehyde (Creaven et 2l.,1970).

As it is well-known that drug abusers and sick patients use a wide
vayiety of drugs, not just one, any metabolic interactions are of great )
significance. From the drug abuse point of view, these interactions are
of profound importance a8 some of the cqmpounds 1nteracting with amphetamine
in this way have potent CNS activity, and hence = high abuse potential.

Scope of the gtesent work

It will be seen from the review of the literature that very little
is known about the metabolism of methamphetamine,;ygdemethylation having
béen shown in man. and ring hydroxylation and N-demethylation in the dog.
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Accordingly, a detailed investigation of the fate of this compound in
two laboratory animallspecies and man has been carried out. Only the
. racemic compound has been investigated.

In addition the biliary excretion of amphetsmine and methamphetsmine
has been investigated in the rat, and following a major project from this
' labbratory (Dring g£_3£.51970), the metabolism of amphetamine in man has
Been re-examined, with reference to the,sidechaih hydroxylation of this
compound . ‘ ’



CHAPTER TWO

MATERIALS AND METHODS
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Compounds

(+)-2-Methylamino-1-phenylpropane (methamphetamine) hydrochloride,
m.p. 132-134°, was bought from K and K Labs., Plainview, N.Y., U.S.A.
(+)-2-Amino-l-phenylpropane (amphetamine) sulphate, m.p. 302° (decomp .),
(+)-2-amino~1-(4'-hydroxyphenyl) propane (Paredrine) hydrochloride, m.p.
190-192° and 1-(4' -methoxyphenyl) propan-2-one were the gifts of Smith,
Kline and French Laboratories Philadelphia, U.S.A. (4)-2-Methylamino-l-
(4’ -hydroxyphenyl) propane (Pholedrine) sulphate, m.p. 2960, was the gift
of Knoll AG., Ludwigshafen, Germany . (i)-Z-Amino-l-phenylpropane-i-ol
(norephedrine) hydrochloride, m.p. 191-1940, was purchased from Sigma
~ Chemical Co., St. Louis, Missouri, U.S.A. (+)-2-Methylamino-1-(4'-hydroxy-
phenyl) propan-l-0l (4-hydroxyephedrine) hydrochloride, m.p. 188-189°, was
purchased from R.N. Emanuel Ltd., Wembley, U.K. (+)-2-Amino-1-(4'-hydroxy-
phenyl) propan-l-ol (4-hydroxynorephedrine) hydrochloride, m.p. 190-1920,
was a sample prepared by Dring et al.(1970). ‘

An authentic sample of anti-benzylmethyl ketoxime, m.p.63°, was the
gift of Mr. J. Gorrod, Chelsea College, London, S.W.3. ‘A nixture of syn-
and anti-benzylmethyl ketoxime was prepared according to Hey (1930). Other

compounds were purchased and purified as appropriate.

(+)- [1—140 ]Am;:hetamine Sulphate (see Blackburn and Burghard, 1965)
of specific radioactivity 16 .A,Ci/mg was a gift of Smith,Kline and French

Laboratories.

+ );Z-Meéhylamino-l-phenyl- [l-mc 1 i;ropane

](:arbog-mc JBenzoic acid

This material (m.p. 121°%; 3.6,(01/mg) was prepared from Bai,[ 1l’C :ICO3
(Radiochemical 'antre, Amersham, Bucks.) and phenylmagnesium bromide
according to Dauben et al.,(1947),
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[barbonzl-14c ] Benzoyl chloride

The above acid (2.12g) was conﬁerted to the acid chloride by boiling
under reflux with thionyl chloride, as described by Calvin et al.(1949).
(Yield 2.08g). :

lCarbonzl-lAC | Benzamide

This material was prepared by adding the acid chloride dropwise to

ammonia solution (sp.gr.0.88; 10 ml) cooled in ice. The amide which separ-
ated was filtered off and recrystallized from water (yield 1.42g; m.p.129°).

Benzo I: 140 ] nitrile

The above amide was 1ntimate1y mixed with phosphorus pentoxide (3g)
and heated under reduced pressure, whereby benzo[: C jnitrzle (0.88g)
distilled at 162 /20mm .

[?arbonzl»lac']Benzaldehydé

The above nitrile was redQCedxwith stannous chloride and hydro-
chloric acid, according to the method of Stephen (1925), giving the
aldehyde (0.77g).

1-Pheny1-2—nitro-[i-14C:]prop-iuené

The aldehyde in benzene (10ml) was treated with nitroethane (4ml)
as described by Blackburn and Burghard (1965). (Yield 0.89g).

1-Phenyl- [:1—140] ~propan-2-one

The above nitro compound as an oil was converied, without further
purification, to this ketone (0.34g) according. to the general method of
‘Pearl and Beyer (1951).
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Qt)-ZJMethylamino-l-phenyl-[}-140 ]propane hydrochloride

The 1~pheny1~[i—lac:]prppanaz-one in absolute cthanol (30ml) and
an ethanolic solution of methylamine‘(BS%wlw; ZOml)‘were placed in the
reaction vessel of a hydrogenator. Palladium - charcoal (10%; 2g) was
added and the mixture hydrogeﬁated at 45 p.s.1. for 24 h. The catalyst
was filtered off, and the excess methylamine and ethanol were removed from
the filtrate by distillation at reduced pressure. The residual oil was then
treated with a dry saturated ethereal solution (5ml) of HC1l gas. White
crystals (0.42g) of Qt)-Z-methylamino-l-phenyl-[}-140:]propane hydrochloride
separated on standing. It had m.p. 134-5° and specific activity of 2.36
pCi/mg. (Woodruff et al.(1940) give the m.p. of (+) methamphetamine hydro-
chloride as 135-1360). The radiochemical yield based on the Ba 140 003
was 10%.

Determination of purity of synthesised [1ac]—meﬁhamphetamine hydrochloride

Chromatography (see Table 2.1) in systems A,B and C gave a single
140 peak of Rf 0.56, 0.93 and 0.80 respectively. In addition to this, isotope
dilution analysis was performed. :

Accurately weighed samples of [}4C]4hethamphetamine hydfochloride
(ca.lmg) and unlabelled methamphetamine hydrochloride (1. 245g) were dissolved
in water (15 ml) and 10M-NaOH (5ml) added. p-Toluene sulphonylchloride
(1.75g) was dissolved in acetonec (6ml), added and the mixture boiled under
reflux for 20 min., cooled by pouring into ice (10g) and the resulting
precipitate filtered off. This was recrystallized to constant specific
“activity from aqueous ethanol, m.p. 82-84°. This isotope dilution assay
showed the [?4C]—methamphetamine hydrochloride synthesised to have a

radiochemical purity greater than 997%.

The derivative formed, N-p-toluenesulphonyl-N-methylamphetemine,
appeared to be a new compound, and an authentic sample was prepared by
standard methods., It was a white crystalline powder, m.p.‘82-84° from



aqueous ethanol (found: €,67.1; H,7.05; N,4.6; S,10.3% 17H2N028
 requires C,67.1; H,6.9; N,4.6;.5,10.6%).

Qt)~1—(4'~Hy&roxyphenyl)-2-methy1aminopropane

. Anisaldehyde (50ml) wos- wixed, with nitroethane (36ml), n-butylamine
" (2ml) and piperidine (3ml) in benzene (100ml),. and the whole refluxed on :
a water bath for 12h, using a Dean-Stark trap -to collect evolved water (12m1);
' The benzene and unused reagents were removed. by GVaporatioh at reduced
pressure and the‘fesultingb1—(4'-methoxy§heny1)-Z-nitro-prop-l-ene re-
~ crystallized from ethanol, m.p.51-52° (Alles (1932) gives 43-44°). This
nitro compound was converted to 1-(4'-methoxyphenyl)propan-2-one by treatment
with Fe and HCI using the method of Pearl and Beyer (1951). The ketone
distilled at 128-132°/2mﬁ and the i.r. spectrum was identical with that of
an authentic sample. This ketone (15g) was placed in the vessel of a ‘

: catalytic hydrOgenator with an ethanolic solution of CHSNH2 (33%¥/v : 60ml)
- and Palladivm - charcoal (10% : Zg) added. The mixture was hydrogenated at
45 p;é.i. for 24h with‘agitation.‘_The catalyst was filtered off, and excess
methylaminé and ethaﬁol removed from the filtrate by rotary evaporation. ' The
~ residual oil wasitreétaﬁ with a dry saturated ethereal solution (40ml) of
HC1 gas. White crystals of (+)-1-(4'-methoxyphenyl)~ ~2-methy laminopropane
hydrochloride separated, ‘which were filtered. off and recrystallized frcm 90%
aqueous acetone, m.p. 173- 175° (Woodtuff et al. (1940) give 178-179.5 %,

This base hydrochlorlde (2g) was sealed in a Pyrex glass tube with
~ 10M-HCL (10ml), the ‘tube placed in an iron bomb and hested at 140° for 2h.
After cooling the tube was opened and the contents adjusted to pH9, saturated
,withvsolid‘ﬂaCI and extracted with ether (3x50ml).. The bulked extracts were
dried over anhydrous Na2804 and the ether removed by evaporation under re-

' duced pressure. This gave white crystals of (+)- 1—(4'-hydroxypheny1)-2-
methylamxnopropane, which were recrystallized from methanol, m.p.161- 2°

(B.I.0.8. Final Reports give'162-3 ).
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Animals

Female Wistar albino rats, body weight 220 + 15g and female
Duncan-~Hartley guinea pigs, body weight 250 + 15g, were used.

Human Volunteers

Two healthy human volunteers participated in the trials, aged 24
.and 31 years, weighing 77 and 70 Kg respectively.

Administration of Compounds

[lacj—Methamphetaﬁine hydrochloride was administered orelly by
stomach tube as an aqueous solution to the rat, and by intraﬁeritoneal
injection in aquecus solution to rats and guinea pigs. Human volunteers

tock the compound, dissolved in water, by mouth.

Human volunteers took [?40]-amphetamine sulphate by mouth in a

similar way.

. Collection of Excreta

The animals were kept singly in metabolism cages; f£ood and water
being withheld for the first 24h to avoid contamination of the urine. After
the first day, free access to food and water was given. Urine and faeces

were collected daily for 5 days.

The human volunteers kept a normal intake of fluids and solid food.

Urine and faeces were collected daily for 4 days.

Storage of Excreta

All excreta were kept at -20° , wWithout pH’ adjustment, except during

analytical procedures.
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Sgectra

I.r. spectra were determined using a Perkin-Elmer Infracord
spectrophotometer. Mass spectra were obtained using a Varian CH5 mass
spectrometer, the conditions used being ion source temperature 220° and

beam energy 70 eV. Coﬁpounds were admitted through the direct inlet system.

Radiochemical Techniques

14C in urine and faeces were determined according to Bridges (1967)

using Packard Tri-Carb liquid scintillation spectrometers (models 3214, 3320
and 3375).’ Radiochromatogram scanning of paper and thin layer chromatograms
was performed with a Packard radiochromatogram scanner (model 7200),
identification of 140 peaks being made by comparison of Rf values with
authentic compounds (see Table 2.1). The 140 content of peaks was estimated
by planimetry, and also by cutting paper chromatpgraﬁs into lcm segments and
counting these in'thenscintillétion counter. With thin layer plates, 0.5 cm

wide sections of the adsorbent were scraped off and cqunted similarly.

‘ Guinea ﬁig faeces were homogehized with 2 volumes of water in a

. Maring Blendor. .The homogenate (20 ml) was made alkaline with 10M-NaOH (2ml)
and an equal volume of HZOZ solution (100 vol7%) added Vith a few drops of
iso-octanol to control foaming. The mixture was kept at room temperature
for 3 days until decolourized, and’aliquoté then assayed for 140 by liquid

gcintillation spectrometry.

To identify faecal metabolites, the untreated homogenate was centri-
fuged and the radioactive compounds present in the supernatant separated by
paper and thin layer chromatography and determined gs‘before.

Isotope Dilution Procedures

Amphetamine, 4-hydroxyamphetamine, benzylmethyl ketone 4~hydroxy-
norephedrine, hippuric acid, benzoic acid and 4-hydroxy benzoic acid were
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assayed by the methods described by Dring ggwgl.(1970). About one~tenth

of the daily urine output was used for each assay.

Methamphetamine

Methamphetamine hydrochloride (lg) was dissolved in urine and the
solution adjusted to pH14 with 1OM-NaOH. This was extracted with ether
(3x100 ml), the extracts dried over anhydrous Nazsq4, evaporated to dryness
and the residue tosylated as previously described (see Synthesis of (?4d]-
Methamphetamine). The N-p-toluenesulphonyl-N-methylamphetamine was re-
crystallized from aqueous ethanol to constant specific activity (m*p:82-84°).

Norephedrine

This amine hydrochloxide (lg) was dissolved in urine, which was
made alkaline (pH14) by the addition of 10M-NaOH, saturated with solid NaCl
and extracted with ether (3x100 ml). The bulked extracts were dried over
anhydrous NaZSOA' evaporated to dryness, the residue taken up in IM-NaOH
(10 ml) and treated with benzoyl chloride (4 ml). The crystals of 0,N-di-
benzoylnorephedrine which formed were filtered off, washed with M-NaOH and
water, and recrystallized to constant specific activity from 507 aqueous
ethanol (m.p.166°, literature value 167-8°, see Heilbron and Bunbury, 1953).

4-quspxynorephedgine ih Human Uxine

Due to the large volumes involved, considerable difficulty was
encountered in the assay of 4-hydroxynorephedrine in human urine by the
above method of Dring et al.(1970). The following method was therefore

adopted for human urine only.

The amine hydrochloride (lg) was dissolved in urine, this mixed
with one~fifth of its volume of 10M-HCl and boiled under reflux for 2h. The
solution was then evaporated to drymess. The residue was extracted with meth-
anol (10 ml) and the solution filtered to remove salts. The methanol was

evaporated off and the residue treated with 2.5 M-NaOH (15 ml) and benzoyl
chloride (5 ml).
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_The mixture was shaken for 10 min and left for the derivative to solidify.
When this occurred, the precipitate was filtered off, washed and rectystél-
~lized to constant specific activity as described above (m.p. 162-30;

. corresponding to the dibenzoyl derivative of Dring et al.,1970).

‘ 4 -Hydroxymethauphetamine

Equal volumes of urine and 10M-H were boiled under reflux together
for 2h and 4-hydroxymethamphetamine free base (1lg) dissolved in this hydroly-~
sate. This was adjusted to pH9.5-10 with 10M-NaOH, saturated with solid
NaCl and extracted with ether (3x50ml). The extracts were dried over anhy-
drous NaZSQQ and evaporated to dryness.‘ The res;due was taken up in 2.5
M-NaOH (20ml) and p-toluene sulphonyl chloride (1.75g) in acetone (6ml)
added, the mixture boiled under reflux for 20 min, cooled, poured into ice
(10g) and the fesulting olil extracted with ethyl acetate (3x20ml). The
bulked extracts were washed with 1l-HC1l, IM-NaOH and water, and the ethylace-
tate removed on thé rotary evaporator. The residue was recrystallized from

aqueous ethanol to comnstant specific activity (m.p.'108-110°).

This derivative, O,N-di (gftoluenesulphonyl)-4-hydtoxy1§rmethy1-
amphetamine, appears to be a new compound and a sample‘was prepared by
standard methods. It formed a white crystalline powder of the monohydrate,
m.p. 108-1100, from aqueous ethanol (found: C,59.0; H,5.7; N,3.1; S,12.9%.
024“271"0552'“20 requires C,58.7; H,5.9; N,2.9; §,13.0%).

Chromatography

Table 1 gives Rf values of reference compounds used in this study,

using the systems below. With systems A and B descending paper chromatogtaphy
on either Whatman No.l or No.3MM paper, was used. Rf values were the same
on both papers. '

System C was used for thin layer chromatography (t.l.c.), using
glass ;plates 5 x 20cm or 20 x 20cm, spread with Alumina G (Merck A.G.,



Table 2.1 RF Values and Colour Reactions of Methamphetamine and Related Compounds

Ry value in 'solvent

f’ager Thin layer :
Compound A B C D "Colour with
- diazotized nitro-
aniline = .
N-Methamphetamine 0.57 0,92 0,81 0.24 none
Amphetamine 0,51 0,88 0,45 0,59 pale pink
4-Hydroxyamphe£amine 0.32 0.79 0,39 - *  purple
:;\lil:éiroxymethamphet- 0.35 0.82 0.64 - purple
Ephedrine 0.‘52 0,86 0,70 0.30 pale pink
4-Hydroxyephedrine 0,17 0,80 - 0,15 - purple
Norephedrine 0.39 0.82 0,18 0.67 pale pink '
4-Hydroxynorephedrine " 0.17 0,64 0,07 - purple
Benzoic acid 0,93 0.33 0,00 - none
Hippuric acid 0.82 6.20 - - none
Benzoyl glucuronide 0.60 0,09 - - none
4-Hydroxybenzoic acid 0.63 0-0,1 ~ -

Benzyl methyl ketoxime  0.86 0.88 0.88 - none
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- Darmstadt, Gefmany) 0.25 mm thiék, which were heated at 120° for 1h before

use.

System D used similarly prepared plates, spread with Silica Gel G
‘(Merck).
System A 2-Methyl-butan-2-0l/1, l-dimethylpropanol/water/formic acid

(5:5:10:2 by volume). (Alleva, 1966).

System B n-Butanol saturated with 1.5M ammonia-ammonium carbonate buffer
(Fewster and Hall, 1951). '

System C Methanol/Chloroform (1:1 by volume). (Noirfailise, 1966).
System D Methanol/acetone (1:1 by volume). (Moerman, 1964).

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

thin layer chromatograms about 10cm.

The locations of the compounds on the chromatograms were determined

by the following methods. -

Ultraviolet Light All'the reference compounds used were seen as dark

quenching spots when chromatograms were inspected under u.v. light at

.254nm  (Hanovia Chromatolite).

Diazotized p-nitroaniline Chromatograms were sprayed with diazotized

p-nitroaniline, as described by Wickstrom and Salvesen (1952). Phenols

: gave strong blue-purple spots and amines gave paler red ones, neither of .

which were permanent.

Hippuric Acid Detection Hippuric acid was seen as an orange red spof
after spraying with p—dimethylzgminobenzaldehyde in acetic anhydride, and
heating at 120° for 2 min (El Masry et al., 1956).

Benzoic Acid Detection Benzoic acid was detected with a spray of

bromophenol blue in ethanol, showing as a blue spot (Opienska-Blauth
et al., 1951). |
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Benzoylglucuronide Detection Benzoylglucuronide was visualized with

the naphtharesorcinol spray of Bridges et al.(1965).

Benzylmethyl Ketoxime Detection A spray of aqueous cupric chloride

(0.5%7/v) was used to detect the ketoxime, which showed as a green colour

growing more intense with time.

Hydrolyses of Urine

Urine was hydrolysed in two ways for chromatographic separatibn
of the metabolites, with g-glucuronidase or with SM-HCL.

Enzymic Hydrolysis

A suitable volume of urine was Brought to pH5 with glaclal acetic
acid and incubated with an equal volume of F—glucuronidase solution
(Ketodase; Warner-Chilcott, Eastleigh, U.K.) for 24h at 37°. Two controls
were set up, one with boiled enzyme and the other containlng in addition
phenolphthalein glucuronide to ensure that the enzyme was working. The
solution was applied direétly to chromatograms,

Acid Hydrolysis

Equal volumes of urine and 1OM-HCl were boiled together under
reflux for 2h. This mixture was cooled and neutralized before being applied

to chromatograms.

Gas-Liquid Chromatography (g.l.c.) of Amines

An F & M Model 402 high resolution gas chromatographed (Hewlett~
 Packard Inc., Pas”adena, Calif., U.S.A.) was used, with flame fonization
detection. The column was of glass, length 6ft, i.d.3mm, packed with
Chromosorb G-AW/DMCS (100-120 mesh) coated with SE-30(3%"/w) . The con-
ditions usgd were: nitrogen carrier gas pressure 40 p.s.i,, flow rate

50ml/win, air pressure 24 p.s.i., hydrogen pressure 20 p.s.i., injection
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port temperature 240°. The temperature programming facility was employed,

with an initial columm temperature of 150°. After a delay of 8 min, the
temperature rose by 5%/min to an upper limit of 1850, which was maintained.

Preparation of Acetylated Standards for g.l.c.

N-Acetylamphetamine

This was prepared by the action of acetic anhydride on amphetamine,
after the method of Hey (1930) (m.p.66-67°; Hey gives 640, 93° on standing).

Acetylated amine derivatives for gas chromatography

Acetylderivatives of (i)-methamphetamine, (—)-ephedrine and (+)-
norephedrine were prepared from the corresponding hydrbchlorides as follows:
The compound (20mg) was dissolved in water (10ml). 2.5 M-NaOH (2al) was
added to this, which was then saturated with solid NaCl, and extracted with
ether (3x15ml). Pyridine (0.5ml) and acetic anhydride (0.5ml) were added
 to the bulked ethervextracts and left to react at room temperature for 24h.
The reagents were then removed in vacuo and the oily acetyl derivatives
dissolved in ethylacetate for gas chromatography, which showed them to be

essentially pure.

Preparation of Urine Extracts for;g.l.c;

G.l.c. analysis has been used to detect methamphetamine‘and possible
basic metabolites, amphetamine, ephedrine and norephedrine. Q-Acetyl
derivatives of these compounds were used to reduée volatility during the
extraction procedure and to improve resolution on the column (sece Anggard,
1970).

Urine (5-10ml) was made alkaline (pHl4) with 10M-NaOH and saturated
with solid NaCl. This was extracted with ether (3xl0ml) which was dried
over anhydrous Nazsb4 and treated with pyridine (0.5ml) and acetic anhydride
(0.5m1) for 24h at room temperature. The reagents were removed at reduced

pressure, the residue taken up in e:hylacetate‘(o.sélml) and 5-10f1 portions
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of this injected onto the gas chromatograph column. Urine from animals of
appropriate species which had not received drug solution was extracted in
the same way.

The retention times of acetylated amphetamine, methamphetamine,
norephedrine and ephedrine were 7.5, 10.6, 14.1 and 15.75 min respectively
and calibration curves were constructed over the range 0.25—19pg. No
substances interfering with the assay were found in urine.

Identification of (+)¥met§ggghetamine and possible amine metabolites in the

urine of guinea pigs using combined gas chromatography and mass spectrometry.

Gas chromatography-mass spectrometry (g.c.-m.s.)

VA Varian Aerograph 1700 gas chromatograph was used in conjunction
with a Varian MAT CH5 mass spectrometer. The gas chromatography column was
of glass, length 5ft (me i.d.), packed with Chromosorb W-AW/DMCS coated
with SE-30 (3% /w). Temperature programming was used, the columm temper-
ature being 185° initially, rising after a delay of 2 min by 8% /min to a
maximum of 250°, which was maintained. The injection port‘ﬁemperature was
2200, the detector 2500, the interface 2650, the Biemann-Watson type mole-
cular éepafator 2400, the line of sight inlet line 200° and the ion source

 temperature 1800. The electron beam energy was 70éV and the helium carrier
gas flow rate was 12hllmin'at 40 p.s.i. 1}1 samﬁles of solution of reference

compounds and urine extracts were injected onto the column.

. Preparation of Urine Extracts for g.c.-m.s.

14 Amines were extracted from the 0-24h urine of guinea pigs dosed
with[_ C]-methamphetamine hydrochloride (45 mg/kg) as described under g.l.c.
analysis and acetylated in the same way. lfi samples of the resulting

solution were injected onto the column.
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lyl samples of solution of reference compounds (lmg/ml in ethyl
acetate) were also injected onto the column. These acetylated amines each
gave a single peak, as récorded by the total ion current monitor of the
mass spectrometer with retentions of amphetamine 2.0, methamphetamine 2.6,
and norephedrine 4.25 min.

The mass spectrum of each peak was recorded and these indicated
that both amphetamine and methamphetamine gave an N-acetyl derivative, and
that norephedrine gave an‘gﬁ,grdiacetyl derivative.

No'substance interfering with the analysis was fbund in urine.

G.l.c. of Benzylmethyl Ketoxime

The F & M Model 402 gas chromatograph was used. The 4ft glass
column, 1.d.3mm, was packed with W-98 (3.8%"/w on Diatoport S (100-120 mesh).
The conditions were, 1njection port temperature 1200, column tempefature
90 9, nitrogen pressure 40 p.s.i., flow rate 35 ml/min, air pressure 24 p.s.i.
and hydrogen pressure 20 p.s.i. With this system retention,times were
benzylmethyl ketone 2.0 min and benzylmethyl kétoxime 8.0 min.

Preparation of Urine Extracts forvg.l.c.

Urine (10ml) as such, and after hydrolysis with p-glucuronidase,
was brought to pH 7. 4 with a few drops of M-NaOH or M-HC1 as appropriate
and extracted with ethyl acetate (3x15ml). The extracts were evaporated
to dryneéa at low temperature on a rotary evaporafor, and the residue taken
up in ethyl acetate (0.2-0.4ml) and %pl portion§ injected onto the column.
Control extracts were prepared from blank urine and no interfering material

found when these were chromatographed under these conditions.
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Introduction

In order to perform,metaboiic studies on & drug in animals and
man it is neéessary to have a highly specific and sensitive means of '
detecting that drug and its metabolites in body fluids. The best way
to achieve this is by isotopically labelling one or more atoms in the
drug molecule. With current techniques, this is most conveniently done
bj using radioactive isotopes, and in methamphetamine'either radioactive
carbon (140)"or hydrogen (3H; tritium) may be used, In general 14C is
preferable and was thus adopted for the pteseﬁt work. The position of
the label within the molecule is critical as this decides the extent of
degradation undergone which may be detected. With methamphetamine, ‘
labellihg within the ring would be preferable, but is obviated on economic
grounds. It was therefore decided to insert 140 in the side chain next to
the ring, enabling both ring hydroxylations and sidechain degradations to
be detected. ‘ '

lIdentification of Metabolites.

Rat Urine

The urine (1 ml) was chromatographed on paper in solvent A and the
chromatogram scanned for 140. Three broad peaks whose centres had Rf 0.0,
0.3 and 0.4 and a minor peak of Rf 0.89 were found (see Fig.3.1). Colour
tests showed that three broad peaks contained respectively, glucuronides,
phenolic substances and amines., The minor peak corresponded in Rf value
to hippuric and bengzoic acids. Hydrolysis of the urine with HCl or §-
glucuronidase caused the peak of Rf 0.0 to disappear and give an equivalent,
increase in the peak of Rf 0.3 The peaks at R£‘0.49 and 0.89 were un-

affected by acid or @—glucuronidase.
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C]Methamphetamine hydrochloride (45 mg/kg; 1.5 pCi) orally

in System A
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i Fig 3.2 Radiochromatogram of 0-24 h Guinca Pig Urinc
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PAG = phenolic amine glucuronides (see also Fig ’3‘,3) B\ = phenolic amines Al = Amines (sec also Fig 3.4)
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BG = benzoyl glucuronide HA = hippuric acid

BA = benzoic acid A2 = Amines (sce also Fig 3.5) .



Fig. 3.3 Radiochromatogram of Eluate of Peak 1 in Rat 65

Urine, after f-glucuronidase treatment in Systerh C

(see. Fig 3 ol }
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| Tﬁe material of Rf 0.0 above was eluted with water and chromato-
graphed after hydrolysis with g ~glucuronidase on thin layer in solvent C.
Three radioactive peaks of Rf 0.04, 0.4 and 0.65 (see Fig. 3.3) were

found all of which gave an intense purple colour for phenols with diazotized
p-nitroaniline. These Rf values correspond to 4-hydroxynorephedrine,
4-hydroxyamphetamine and 4-hydroxymethamphetamine. These compounds were
estimated by scintillation counting after scraping 0.5 cm sections of the

absorbent from the thin layer plate as described previously (see Chapter 2).

The peak of R,
tographed as above in solvent C. Again three peaks of Rf 0.04, 0.4 and
0.65 were obtained corresponding with the above three phenols released by

g-glucuronidase from the peak of Rf 0.0 in solvent A. These were estimated

0.3 in solvent A‘was eluted with water and rechroma-.

as before.

The peak of Rf 0.49 in solvent A was eluted with water and rechroma-
tographed ip splvent C to yield three radioactive peaks of Re 9.9? 0.43

and 0.8 (see Fig. 3.4). The peak of R, 0.43 gave a pale pink colour with
diazotized nitraniline and corresponded to amphetamine whose identity was
confirmed by gas liquid chromatography. The material at Rf 0.8 gave no
colour with diazotized nitroaniline and corresponded to methamphetamine
also confirmed by gas liquid chrom#tography.‘ The hatgrial of Rf 0.0 was

an acidic substance whose identity is at present unknown.

The 146 peak of Rf

benzoic acids was too small to estimate acéurately.‘ Labelled benzoic acid
in the urine was therefore esﬁimated By isotope dilution directly on the
original urine. 1Isotope dilution was also used to analyse for 4-hydroxy-
ﬁorephedriﬁe, 4—hydroxymethamphetam1né and 4-hydroxybenzoic acid.

0.89 in solvent A suspected to be hippuricwand

Guinea Pig‘Urine

Dose 45 ng/kg

- The urine was chromatographed in solvent A as above and gave two
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broad peaks whose centres had Re 0.38 and 0.79.

‘The peak of Rf 0.38 gave a pale pink colour with diazotized
p-nitroaniline but was unaffected by treatment with p-glucuronidase.
Thg peak was eluted with water and rechromatographed on thin layer in
solvent C whereby it regolved into 4 peaks of R 0.0, 0.2, 0.47 and 0.79.
The first was an acidic unknown compound and the succeeding peaks in
order corresppnded‘with norephedrine, amphetamine and methamphetamine.

The urine was chrométographed on paper in solﬁent B. It gave
4 peaks (see Fig. 3.2), three sharp ones of R_ 0.1, 0.18, and 0.28
‘corresponding to benzoylglucuronide (positive naphtharesorcinol test),
hippuric acid (p-dimethylaminobenzaldehyde test) and benzoic acid
(bromophenol plué test), and a broad one Rf 0.82, The peak of Rf 0.1
disappeared on treatment with g=glucuronidase and that at 0.28 cor:eépond-
ingly increased. On hydrolysis with HCl, the peak at 0.1 disappeared and
aé 0.18 diminished with a corresponding increase in that at 0.28. The |
broad peak of R, 0.82 in B was eluted with water and rechromatographed on
thin layer in solvent C. It gave the same pattern of &4 peaks as did the
original mater;al’of Rg 0.38 in A rechromatographed in solvent C, and
therefore consisted of the unknown, norephedrine, amphetamine and meth-
amphetamine (see Fig. 3.5). The presence of benzylmethyl ketone and
norephédrine was shown by isotope dilution. and that of methamphetamine,
amphetémine and norephedrine by g.l.c.

Demonstration of the Presence of Amphetamine and Norephedrine with g.c.-m.s.

The acetylated extracts from guinea pig urine (see Chapter 2) gave
'two peaks as recorded by the total ion current monitor of the mass spectro-
meter, ﬁich retention times 2.0 and 4 .25 min (see Fig. 3.6). The first
corresponded to N-acetylamphetamine and the second to Q,y_-diacétylnorephedrine .
The mass spectrum of each peak was recorded and these corresponded almost
exactly with the mass spectra of the authentic compounds (see Figs. 3.7 & 3.8).



Fig 3.6 Gaé-liciuid chi‘omatography of samples for gas chromatograpﬁy - mass spectrometry
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- No peak corresponding to N-acetylmethamphetamine was seen so it
abpears that the present compound is excreted in urine 6n1y to a very
small extent. This is in agreement with results from other énalytical ‘
methods} | .

Guinea Pig Faeces

The supernatant obtained by centrifuging homogenates of faeces
produced after a dose of 45 mg/kg was examined for metabolites in the

same way as urine.

Guinea Pig_Urine

Dose 10 mg/kg

. The 0-24h urine was chromatographed in System A, giving two 140
£ 0.38 and 0.79. Neither peak was affected by pfglpcutonidase
treatment, but the peak of R. 0.38 was diminished by acid hydrolysis, '

indicating the presence of a volatile metabolite(s).

peaks, at R

The urine was also chromatographed in System B and gave four';ac
peaks of Rf 0.1, 0.18, 0.3 and 0.82, The peak at Rf
benzoyl glucuronide, that at Re 0.18 to hippuric acid and that at Rf 0.3.

to benzoic acid.

0.1 corresponded to

The‘peak of Rf 0.82 contained insufficient radioactivity to elute,
so compounds suspected of being under this peak, methamphetamine, amphetamine
and norephedrine, were assayed by isotope dilution and g.l.c. Benzylmethyl
‘ketone was sought by isotope dilution before and after hydrolysis, and
benzylmethyl ketoxime was assayed by g.l.c. before and after ‘~g1ucuion1dase

treatment.
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Isolation of Unknown Metabolite from Guinea Pig Urine

Guinea pig urine (after a dose of 45 mg/kg) was made strongly
acid with 10M-HC1," extracted with ether, the extracts dried over
anhydrous Nazso4
:esidue‘was taken up in ethanol, chrom?Zographed on Whatman 3MM paper

C. Four peaks were seen, with

and the ether removed on a rotary evaporator. The

in System B and the paper scanned for
Rfs of 0.1, 0.2, 9.31 and 0.83, correSpohding to benzoyl glucuronide,
hippuric acid, benzoic acid and the acidic unknowm. The other metabolites

running around R, 0.8 in System B are amines and therefore would not be

extracted from aiidic solution, so thg residual material running at-Rf 0.83
is concluded to be the acidic unknown. The area containing the unknewn was
eluted with'water and the solution concentrated, rechromatographed in
‘System‘c and the t.l.c. plates scanned for 14'0. Initially, one peak was

seen, of R. 0.0 which corresponded with the unknown, but on repeated t.l.c.

two peaks iere seen, one of R£ 0.0 as before and a new peak of Rf 0.9. The
new peak increased in size the longer the eluate had been standing, which
suggested that the unknown was decomposing or rearranging under fhe cone,
ditions of the experiment. The absorbent bearing the peak of R, 0.9 was
scraped off, packed in a Pasteur pipette with a glasswool plug in the neck
and eluted with water. The water was adjusted to pH 5 with 1M-HCl and
extracted with ether, which was dried ove;ignhydrous NaZSOA. The ether
was removed and the residue taken up in methanol, and this solution used
for mass spectrometry by direct insertion. The mass spectrum of the

isolated material is given in Fig. 3.9.

Results
Rat
- 14 4
The excretion of ~ C after the administration of C]—methamphetam;ne

‘hydrochloride after both oral and i.p. injection &s shown in Table 3.1.
The total recovery in both cases is almost identical, about 83% of the
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¥ig 3.9

. Mass Spectrum of Unknown Metabolite from Guinea Pig Urine '
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dose béing recovered, 81% in the urine and 2% in the faeces. The rate of
excretion is, however, dependent on the route 55 administration at this
dose level, 140 being eliminated much more slowly after oral dosage than
after 1.p. injection. C

In the rat, the metabolic reactions undergone by methamphetamine
include aromatic hydroxylation, sidechain hydroxylation, N-demethylation
and sidechain degradation, and the metabolites found in urine are shown
in Table 3.2. The major reaction is aromatic hydroxylation, the major
metebolite being 4-hydroxymethamphetamine (31% of the dose) with 4~hydroxy-
amphetamine (5.9%) and 4-hydroxynorephedrine (15.8%) also excreted. The
total aromatic hydroxflation is thus about 53% of the dose in 2 days after
dosage. These three phenolic metabolites are excreted mainly as conjugates
with glucuronic acid.

The second most significant metabolic reaction from a quantitative
view point is N-demethylation, giving rise to smphetamine (3.1%), 4-hydroxy-
amphetamine (5.9%) and 4-hydroxynorephedrine (15 .8%), and will be the first
step in side chain degradation to benzoic acid (3.5%). The total N-demethy-
lation thus amounts to about 28% of the dose. By contrast,”camplete side-
chain breakdown amounts to only 3.57% of the dose. Total benzoic acid was
measured by isotope dilution, but chromatogréphy indicated that this was
excreted at least in part as hippuric acid. “

The eﬁtent of sidechain hydroxylation is given by the output of
4-hydroxynorephedrine. Either ephedrine or norephedrine could be precursors
of this metabolite, but neither were detected. ' ’

It must also be noted that about 11% of the dose was excreted
unchanged as methamphetamine.

The relative proportions of the metabolites on day 1 and day 2
differ, and this follows expectations in that the extent of metabolism
increased with a longer stay within the animal. Less unchanged
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14C by the rat after administration of

« i |
Table 3,1 ° The elimination of

[ 1 4C] Methamphetamine hydrochloride

-

[ 140] Methamphetamine hydrochloride (45 mg/kg) in water was administered to rats
either orally (8.5 uCi/kg) or by i.p. injection (1.5 uCi/kg). Values given are

% of '“C dose in excreta; for oral dosage, averages of 3 animals, with ranges in
parentheses, and for i.p. injection, individual figures for 2 animals.,

. % of 14C dose

Route of administration Po0Oo ‘ i.po

In urine on day 1 4608(5502—-5800) 69.2, 81,3

2 , 27‘,0(1802"330.0) 501, 106

3 7.0(3.2-9,2) 2.4, 0.9
Total 80.8(77.4-85,5) 7.7, 83,3

In faeces on d4ay 1 0.6(0-1,8) 1.9, 2.0

1,0(0,7-1.2) " 0.3, 0,2

. 3 093(001"006) 098’ 007._I

Total 1.9(1,3-3.3) 3.1, 2.8

Total excretion 82,7(78.7-88.8) 80,8, 86.6
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Table 3.2 - The metabolites of [140] -Methamphetamine in rat urine

Dosc 45 mg/kg 3 8.5 pCi/kg orally (sce Table 3,1). The first two days urinc were analysed as described in
the text, and the results arc expressed as averages of 3 animals with ranges in parentheses.,

% of 14C dose in that form

Metabolite sought Day 1 Day 2 Total
Methamphetamine 10.5(5.3-17.9) 0.5(0,0-0,8) 11.0
Amphetamine ' : 2,0(0,7-2,6) 1.1(0,8-1.4) 3.1
4-Hydroxymethamphetamine Free 2,9(0.9-6.4) 0.0

Conjugated 12,7(3.8-23,7) 15.8(10,2-22,4)

Total 15.6(10,2-24,6) 15.8(10,2-22,4) 31,4
4-Hydroxyamphetamine Free 1,0(0,4-1,9) 0,0

Conjugated  2,8(1,1-3,7) 2,1(1.8-2,3)

Total 3.8(3.0-4,2) 2.1(1.8-2.3) 569
Norephedrine n.d ¥ ' n.d.¥
4-Hydroxynorephedrine Free 1 °721 03-2,3) 0,0

Conjugated  7.7(2,0-14,5) 6,453,0—10,1;

Total 9.4(4,3-16,1) 6.4(3,0-10,1 15,8
Benzoic acid (free + conjugated) 2. 40,7-4,1) 1.1(0,7~1.8) 3,5
Unknown 3.9(2.9-5.0) 00-0 . 3.9
Total of above metabolites 47, 4(35.3-59.3) ‘ 26¢9.(1 8.2-33,0) T4.3
Total '#C in urine examined 46.8(35.2-58,2)  26,9(18.2-33,0) 3.7

*¥n.d. = not detected
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methémphétamine was found on day 2, but quantities of 4-hydroxymeth- .
amphetamine, 4-hydroxyamphetamine and 4-hydroxynorephedrine on day 2
were very similar to those on day 1. Benzoic acid levels were, however,
low on day 2, and no unknown metabolite appeared to be excreted on the
second day.

4-Hydroxybenzoic acid was assayed by isotope dilution, but was |

absent.

Guinea Pig

Table 3.3 showé the excretion of 140 after the administration o£
P C]-methamphetamine by 1.p. injection to the guinea pig at two dose
levels. The total recovery at both dose levels is very similar, ~bout 85%
being excreted in three days, with almost all the radioactivity appearing
on thé first day. However, the distribution of 14c bétween urine and
faeces varies with dosage. At 10 mg/kg, the 140 wasrfound almost exclusively
in the urine (81%) with a very small amount in the faeces (3%), but at
45 mg/kg, 697 of the dose was recovered in the urine'with some 18% in the

faeces.

Table 3.4 shows that, at both levels examined, the guinea pig
metabolizes methamphetamine in a completely different manner to the rat.
Most striking in the absence of aromatic hydroxylation, andvalso the
virtually complete N-demethylation. Appreciable faecal excretion is only
sBeen at the higher dose level,

With a dose of 45 mg/kg, the main metabolic reaction appears to be
N-demethylation, amounting to 64% of the dose in 24h, glving rise to
amphetamine (3%), norephedrine (14%) and also being the first step in
sidechain breakdown to benzylmethyl ketone'(3%) and benzoic acid (32%).

The degradation of the sidechain is also exteﬁsive, as indicated'by’the‘
small quantity of benzylmethyl ketone found after hydrolysis and by thé
amount of benzoic acid excreted, this being found in urine unchanged and
as glycine and glucuronic acid conjugates. The sidechain hydroxylation
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Table 3,3 The elimination of 14C by the guinea pig after administration of

[ 1 40] Methamphetamine hydrochloride

[ 14C] Methamphetamine hydrochloride in water was administered to guinea pigs
at 2 dose levels, 45 mg/kg; 8,5 pCi/kg, and 10 mg/kg; 1.3-uCi/kg. Values given
are % of '“Cdose in excreta , averages of 3 animals with ranges in parentheses,

% of 140 dose

AD()se, mg/kg

In urine on day 1
2

Total

In faeces on day 1
2

3
Total

Total excretion

45 .

64.7(39.1-81,3)
3,5(2.3-4,7)
0.8(0.3-1,3).

69.0(43,2-86,3)

18,1(5.1-28,.3)

0.3(0.2~0. 4)
0,03(0-0.1)
18.,4(5,5~28.7)

87.8(71,9-99.9)

10

81 n2(760 5"830 a
1.5(0.8-2,8)

82,7(77.1-86.6)

2,7(2.1-3,5)

2,7(2.1-3.5)
85,4(79.2-90,1)



Table 3.4

Urinary and faccal metabolites of [ 14C] -methamphetaiine in the guinea pig

[
r~

Two dose levels were used, 45 mg/kg;" 8.5 pCi/kg and 10 mg/kg; 1,3 pCi/kg (see Table 3,3), After the larger

dose, both urine and faeces were examined for metabolites, but after the smaller dose only the urine, The

. 03 . . . o 14
results for urine are expresse@(averages, with ranges in parentheses; only two cnimals excreted sufficient  C

in the faeces for analysis, and individual values are therefore quoted,

Zo of dose

Day 1 after dose of 45 mg/kg

Day 1 after dose

Urine Faeces Total of 10 mg/kg

Urine
Methamphetamine 2,1(1.5-3.3) 1.3(2.0,0.6) 3.4 0.4(0,0-1,1)
Amphetamine - 3,1(0.7-6,7) 9,8(12,0,7.6) 12,9 3.6(1.6-4,9)

' Norephedrine ) 13.3(5.5-21.1) 5.6(5.8, 5.3) 18,9 1.3(0.0-2,0)
Benzoic acid (free) 4.,1(3,1-5.6) 0.0 - 21 06.(1204"‘2601‘)
Benzoylglucuronide 10,3(7.2-13.9) 0.0 - 23,4(10,1-34,0)
Hippuric acid 16,1(12,2-20,3) 0.0 - 18.6(15,4-22.1)
Total benzoic acid 30,.5(25,0-38.5) 0,0 30,5 63.4
Benzyl methyl ketone (after hydrolysis) 1,9(047-2.,3) - 1.9 10,9(0,0-18,6)
Benzyl methyl ketoxime before hydrolysis _ _ _ n.d.*

after f-glucuronidase - - - n.d.*
Unknown 12,8(6,3-22,0) 7.9(8.5,7.4) 20,7 -
Total '4C of above metabolites 63,7(39.0-81,6) 24,6(28.3, 20,9)  88.3 79.8(73,7-83.3)
Total '4C in excreta examined 64,7(39.1-81.3) 89.3 81.2(76,5-83,8)

24,6(28,3, 20,9)

*n,d, = not detected
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measured by the output of norephedrine, is considerable. The excretion
of unchanged methamphetamine is very small (2%).

At this higher dose levei, the faecal excretion of 140 is much

higher than in the rat, and the metabolites in faeces are shown in Table 3.5.

‘Very little unchanged methamphetamine was found (about 1%), about half the

faecal lac being amphetamine (107 of the dose). A significant amount of
norephedrine (6%) was present. ’

As will be pointed out later, sidechain hydroxylation is a highly
significant metabolic option from the pharmacological viewpoint, and the
presence of norephedrine has been shown by isotope dilution and g.c.-m.s.,

- both of which offer a conclusive identification of this material.

At the lower dose level examined (10 mg/kg), the main metabolic
reaction was again N-demethylation, giving rise to amphetamine (3.6%) and
leading to benzoic acid (647.). The degradation of the sidechain to benzoic
acid is even more extensive than at the higher dose, and the acid is again -~
found unchanged and conjugated with glucuronic acid and glycine. At this
dose level, benzylmethyl ketone was detected as a metabolite in considerable
quantity after acid hydrolysis. This is a volatile material, and, as it is
absent before hydroljsis,Jis‘brobably present as an involatile precursor.
Peaks were found on radiochromatograms vhich were of similar size'to'the
amount of benzylmethyl ketone found and as isotope dilution studies revealed

that no other compounds with stmilar R, values were present in the quantittes(

£
indicated, these peaks probably represented the precursor of benzylmethyl
ketone. Comparison of R, values, and g.l.c. studies before and after

g—glucuronidase; showed that this precursor was not benzylmethyl ketoxime.

Sidechain hydroxylation, a most significant metabolic route at the
higher dbsé, is scarcely seen at the lower dose, norephedrine being detected
in two or three animals examined “being in these about 2% of the dogse. The
Faecal 140 was so low (27) as to preclude investigation of compounds therein

- at this lower dose level.
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Table 3,5

The metabolitesof [ 14C] ~Methamphetamine in guinea pig faeces

Dose 45 mg/kg ; 8.5 pCi/kg by i.p. injection. Two of three guinea pigs excreted sufficient
faecal

C for analysis, individual values being quoted.
Compound % of dose in that form
Methamphetamine 206, 0.6
Amphetamine 12,0, 7.6
Norephedrine 5.8, 5.3
Unknown 8a5, Tod

Total metabolites

Total 14C in faeces

28.3, 20,9

28,3, 20,9
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' The Nature of the Unknown Metabolite in Guinea Pig Urine

~ Prom the mass spectrum shown (Fig. 3.9.) a partial eluéidation of
the structure of this metabolite is possible. The pérent ion 1is apparent1y>
at m/e 180, measured by peak matching against perfluorokerosene to be
180.102032, which corresponds to CIOH14N02 (180.102452). However, here
the "nitrogen rule" must be invoked. This states that a molecule of even
molecular weight almost certainly contains no nitrogen or am even numbey
of nitrogens, which is due to nitrogen, unlike almost all other atoms,
‘having an odd valency but an even molecular weight. This suggests that
the large peak at m/e 180 ié not the parent iom, but is P-l, and that the
molecular ion is the smaller peak at m/e 181, which corresponds to C, 011550, -

o The cracking pattern obtained gives some clues as to the structure
of the metabolite. Peaks at m/e 77, 78 and 79 probably correspond to
C6H§t, C6H6+ and 06H7+ and inéicate the presence of a benzene ring. The
peak at m/e 91 is perhaps C7H7 , indicating a tropylium ion rather than
a benzylic ¢ation. Peaks at m/e 105 and 107 probably show the presence of
a8 hydroxyl group on the carbon next to the ring in the sidechain. These
peaks are characteristic of compounds with carbon on’the oxygen next to
the ring (Reisch et al., 1968) and are assigned C,H.C=0 (105) and CH CHOH
(107). It must be mentioned that m/e 107 ;ould also be. due to QYH7G+, a
phenyl tropylium ion. It is therefore not possible on this evidence to
assign the position of the hydroxyl group exactly, but the absence of ring

" hydroxylation of both amphetamine and methamphetamine in the guinea pig

and the occurrence of sidechain hydroxy1£tion in this sbecies‘makes the

sidechain hydroxylated form more likely. The absence of any peak between
thepeaks of m/e 180 and 107, suggeéts‘the loss of a fragment of m/g 73 in
one piece. This probably results from the loss of the sidechain by
p~fission, a process common to phenylalkylamines (Beckett gg.gl.,‘1967),

and indicates the sidechain to be C3H7N0, locating the second oxygen in

this fragment. In addition, this suggests that the amphetamine skeleton
is intact; '
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The letters (a), (b), (¢) and (d) in the sidechain indicate possible
locations of this gecond oxygen. Location of this at (a) would give the
carbinolamine, which is a suggested intermediate in deamination (Brodie
et al., 1958; Parli et al., 1971) but these compounds are held to be too
unstable to exist except as transient forms, so that this is unlikely to
be the location of the second oxygen. Oxygenation at (b) is not likely
in the light of current ideas on metabolism of these compounds, and Dring
et al. (1970) were unable to detect phenylalanine as a metabolite of
amphetamine in the rat, so this location also seems improbable.

- It is generally thoughﬁ that N-delkylation involves oxidative
attack by enzymes on either (or both) the N atom or the adjacant carbon
in tﬁe group to be removed, and that the intermediates then undergo enzymic
or spontaneous rearrangement to give the amine and an aldehyde (Parke, 1968):

/cn3 T /CH3 | .
R— N\ -_—> R— N\ L :
Npl l gl | :
. 2 :
R — N/ - % R— N/ +HCHO
' No1 AN

R R

Instances have been reported of the urinary excretion of stabie
conjugates of these intermediates e.g. the glucuronide of the N-hydroxymethyl
metabolite of diphenamid (McMahon and Sullivan, 1965), and the O-glucuronide

of 2-acetamidofluorene (Cramer et al., 1960).

This then makes both positions possible locations for the oxygen:



CH,,OH CH
2 ) /// 3
T—H_ ' T—Oﬂ
R—CH——CHg R— CH— CH,
i A o 2

The material whose mass spectrum was obtained was extracted from
solution at pH 5-6 and so is not basic as the alcoholic form would be.
However, hydroxylamines of the type 2, substituted in a similar way have
pKa values of between 3 and 5 (Bissot et al., 1957) and probably would be

extracted under the conditions used.

From the evidence df the mass spectrum and the inferences made as
outlined it can be suggested, albeit very tentatively, that the unknownm
metabolite may be '

' OH

s

N ——CH

|

(l}H-——-CH-———-CH3

CH

which is present in urine‘as a precursor, perhaps as a weak conjugate or
as some other structural isomer. Chromatography would appear to show that
the unknown metabolite in the urine of both rat and guinea pig is the same
material, S ' |

Discussion

The excretion of 9C after the administration of [?4C]-methamphetqmine
to the rat 1s similar after both oral dosage and i.p. injection. The total
recovery in both cases is almost identical, about 83% of the dose being
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recovered, 81% in the urine and 2% in the faeces. The rate of excretionm,
however, is dependent én the route of administration at this dose level,
radioactivity being voided much more slowly after oral doéage than after
i.p. injection. This is in contrast to the findings of Ellison et al.(1966)
for amphetamine, who showed that 140 eliminﬁtion was almost identical for
‘oral and i.p. administration in a number of bpecies. The difference
observed for methamphetamine éould posasibly be due to the faster absorption

of the drugvafter i.p. injection giving a correspondingly faster excretion.

In the guinea pig, the elimination of 146 after ﬂac]-methamphetamine
dosage by i.p. injection is similar at both dose levels investigated with
regard to extent and rate, but the route of elimination varies with the dose
as does the metabolism of the drug. With a dose of 10 mg/kg, the excreted
140 (847) is alﬁost exclusively in the urine with only 3% in the faeces,
but at a dose of 45 mg/kg, the faecal exéretion bécomes more important (18%)
with 69% in the urine. Dring et al. (1970) found virtually no 46 1n the .
faeces of guinea‘pigs after EAC]-amphetamine administration with a dose of
10 mg/kg. The difference in excretion route is most probably a reflection

of the differences in metabolism between the two dose levels tested.

There is a very great difference between the metabolic fate of
methamphetamine in the rat and the guinea pig, and in addition there are
marked differences between the metabolism of amphetamine and methamphetaming

in these two species,

There are fouf main routes of metabolism for methamphetamine: - a)
ring hydroxylation, b) sidechain hydroxylation, c¢) grdemethylatioﬁ and d)
sidechain breakdown, proceeding by oxidative deamination to benzylmethyl
ketone, and then, by further oxidation, to benzoic acid.

In the rat, all four of these routes are seen at the dose level
employed. Aromatic hydroxylation is the main metabolic reaction, the major
metabolite being 4-hydroxymethamphetamine. The next metabolite in order
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of quantity is 4-hydroxynorephedrine, with small amounts of 4-hydroxy-
amphetamine. The 4-hydroxynorephedrine found is the result of both ring
and sidechain hydroxylations, and g_demethylation, and may be formed in a

number of ways, suggestions being shown in Fig. 3.10.

Of the five possibilities indicated, (a) and (b) are the most likely j
as all the intermediates are found in rat uriﬁe. However, the other routes
are feasible, and evidence for (c) is given by the finding of Dring et al.
(1970) that both 4-hydroxynorephedrine and norephedrine are metabolites of

amphetamine in the rat.

Route (d), the initial sidechain hydroxylation of methamphetamine
to ephedrine is feasible, and although never observed "in vivo", Creveling
et al.(1962), using a purified d0pamin§-§-hydrOXy1ase preparation from beef
adrenals, reported the reaction as occurring "in vitro". Both Nagase et al.
(1967) and Bralet et al.(1968) have found that ephedrine is ring hydroxy-
lated by the rat, and Erdemethylated, giving 4-hydroxyephedrine and 4-hydroxy-
norephedrine (see Chapter 1, Table 1.2). Although the intermediates along
this pathway have not been detected in urine, it is not inconceivable that
some at least of the 4-hydroxynoréphedrine originated by this series of

reactions. Route (e) is similarly feasible.

Other routes can be postulated for the origin of this metabolite,
but are less likely than those mentioned. It is most likely that several
pathways contribute to the production of this compound.

The amount of benzoic acid found in the urine (3%) is very similar
to that found by Dring et al.(1970) after amphetamine administration (3%
of dose also), It is possible to suggest that the absénce of 4-~hydroxy-
benzoic acid is due to the abllity of the ring hydroxylated metabolites
to be excreted as their glucuronic acid conjugates, rather than undergoing

further metabolic breakdowm.



-Fig 3.10 'l"Possible Pafhways for the Formation of 4—H¥groxynoréphedrine from
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;

Amphetamine, the N-demethylated metabolite of methamphetamine will
not be so rapidly excreted as the conjugate and thus may be further metébol-
ised to benzoic acid. As an alternative to this, the.enzyme system for
benzoic acid may be at a very low level in the rat and be saturated by very

small amounts of substrate.

It is thus seen that amphetamine is extensively metabolised by the
rat and it is of interest to consider the efficiency of the metabolism as
a detoxication mechanism. Methamphetamine/is a potent CNS stimulant, as is
amphetamine, and the introduction of the ring ﬁydroxyl group reduces the CNS 5
effect and toxicity, but increases the pressor activity of the compound.

This may be seen in the folloWing data, for the rat.

Threshold CNS

 Pressor Activity(a) stimuian§ dose(b) ggsogg; ‘
Methamphetamine 275 - 30-40
Amphetamine 250 ‘ 0.3 30-40
4-Hydroxymethamphetaﬁine “ f250 . - 300-400
4-Hydroxyamphe tamine 100 80 300-400

(a) amount equivalent to unit dose of adrenaline (Graham 35_213,1945)V
(b) doses in mg/kg s.c. (Schulte et‘al.;194l)‘
"(¢) doses in mg/kg i.p. (Graham et al.,1945)

Considering these four compounds, yfdemethylation of methamphetaﬁfhe
does not change the toxicity or the pressor effect of the drug‘appreéiabiy.
However, when combinéd with aromatic hydrokylation, in the production of
4-hydroxyam§hetamine, the toxicity decreases tenfold, there is a 100fold
drop in the CNS stimulant activity but a doubling of the pressor action.
‘The aromatic hydroxylation of methamphetamine decreases the toxicity but
has very little effect on the pressor activity. It thus appears that the
toxicity depends on the presence or absence of the ring hydroxyl group, but
that the pressbr effect is governed by both this group and N-substitutionm.
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The consequencesof side chain hydroxylation are most important, and will

be dealt with at greater length in Chapter 6.

In the guinea pig only three of the four main metabolic reactions
appear to be present, there being little or no aromatic hydroxylation.
This is in accord with expectations from the findings of Dring et al.(1970)
in this species for amphetamine. The metabolism has been examined at two
dose levels, and there is a marked difference between the high and low dose.

At the higher dose level, the major reaction is N-demethylation
(oniy 3% of the dose appearing unchanged) as a preliminary to sidechain
breakdown to benzoic acid and its conjugates (32%) and sidechain hydroxy-
lation, giving norephedrine (20%). Amphetamine, the product of N-demethy-
lafion, is also a significant metabolite and the unknown is present in
coﬁsiderable quantity A small amount of benzylmethyl ketone is present

as an acid-lahile precursor

As with the rat, it is of interest to consider the possible origin
of the sidechain hydroxylated metabolite, in this species norephedrine.
Norephedrine has not been detected as a metabolite of amphetamine in the
guinea pig (Dring et al.,1970; Lewander, 197ic) but the dose levels were
less than iﬁ the present experiments. Creveling 35_3l.(1962) have reported
that ephedrine is produced from methamphetamine "invitro" by dopamine- -
hydroxylase preparations, and Axelrod (1953,1955b) showed that guinea pigs,
and also guinea pig liver microsomes "in vitro" readily demethylate
ephedrine to norephedrine (see Chapter 1, Table 1.2). Ephedrine has not
been detected as a urinary metabolite of methamphetamine but this does not
preclude the possibility of it being an intermediate in the production of

norephedrine.

In the guiﬁea pig at the lower dose level (10 mg/kg) the metabolic
pattern differs markedly from that seen previously at a dose of 45 mg/kg.
The major reaction is again N-demethylation (less than 1% excreted unchanged)

as a preliminary to all other metabolites. Amphetamine is a minor



metabolite (3%) and norephedrine present in even smaller amounts (2%)
which is in marked contrast to the higher dose level. Benzoic acid an&
its conjugates account for most of the excreted léc’ some 64% of the dose,
but at this dose an acid-labile precursor of‘benzylmethyl ketone 1is a
significant metabolite (11%). |

Dring gg_gl.(1968,1970) found that in rabbit urine there was present
an acid-labile and alkali-labile precursor of benzylmethfl ketone after
amphetamine[dosage; and, as mentioned in Chapter 1, this appeared to be
the sulphate of the enolic tautomer of the ketone. The peak on chromaro-
grams which épbeéred to be thevprecursor in gﬁinea plg urine corresponds

in Rf to Dring's enol sulphate, and this may be the same conjugate.

A great deal of attention has been focusse& on the mechanism of
the deamination of aﬁphetamine over the last 18 months. Hucker. et al.(1970)
have reported that the major metabolite of amphétamine in guinea pig livér
microsomes is benzylmethyl ketoxime, and Parli et al.(1970) have also
detected this oxime as an amphetamine metabolite in rabbit liver micro-
somes (see Chapter 1, especially Fig. 1.6). Expériments have shown that
if benzylmethyl ketoxime is hydrolysed with acid in the same way as urine,
there is a quantitative conversidn to the ketone, This oxime is therefore
a possible precursor of the ketone found as a urinary metabolite after acid
hydrolysis in this work. Comparison of Rf values shows that the oxime 1s not
‘present free, but it may be conjugated. Hucker et al.(1971), however, fed
benzylmethyl ketoxime to rabbits and recovered less than 2% unchanged, all
’conjugated with glucuronic and sulphuric acids. G.l.c. analysis revealed
that guinea pig urine contained no benzylmethyl ketoxime, either before or
after g-glucuronidase hydrolysis, so it appears that this ketoxime is pfob—
ably not the precursor of the ketone found in the urine after acid hydro-

lysis.

Sidechain Hydroxylation

The sidechain hydroxylation of methamphetamine metabolites by the
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' rat, giving 4-hydroxynorephedrine, is of great pharmacological importance,

as the introduction of the.alcoholic hydroxyl group enables the metabolite

to be taken up by nerve cells, be retained in the noradtenaline-containing
cell fractions and be released in plaee of noradrenaline on nerve stimulation.
The same reaction in the guinea pig, the production of norephedrine, may be

of similar significance.

This metabolic reaction is closely related to the biosynthetic path-
way of noradrenaline (see Table 1.1) in that it is analogous to the g-hydroxy-

lation of dopamine to nofadrenaline.‘

Levin and Kaufman (1961) showed that dopamine—g-hydroxylase, the
enzyme converting dopamine to noradrepaline, is not specific for dopamine
but will hydroxylate a wide range of substrates structurall} related to
noradrenaline. Kaufman and Freidman (1965), in a review, have concluded
that the structural- requirement for @-hydroxylation is a basic nucleus of
either a phenethylamine or a phenylisopropylamine. 3- or ééﬁydroxylatxon
of the ring greatly increases enzyme activity, but N-methylation decreases it.

Goldstein an& Contrera (1962) showed that, among many compounds,
4-hydroxyamphetamine was a substrate for the enzyme "in vitro", and-in,a
later paper, Goldstein et al. (1964)'feported in addition the p-hydroxylation
~of amphetamine to norephedrine by this enzyme "in vitro". Tﬁey also report
" that the F—hydroxylation of these amphetamines "1n vitro" is stereospecific

for the (+)-isomer.

Goldsteinket al.(1965) have demonstrated that this g-hydroxylation
also occurs "in vivo", and that it is similarly stereospecific, 4-hydroxy--
norephedrine being found only in rat heart after (+)-amphetamine. In similar
. experiments, Thoenen et al.(1966) demonstrated that both norephedrine and
4-hydroxynorephedrine.dre formed from (+)—amphetamine by the cat, and released
from the spleen, an organ rich in sympathetic nerves, on sympathetic
stimulation. Evidence for the release of 4-hydrokynorephedrine under these
conditions is excellent, but that for narephedfine release is somewhat

equivocal.
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Iversen et al.(1966) have shown‘that 4-hydroxynorephedrine is
present in rat heart after administration of 4-hydroxyamphetamine, aod that
the amount formed is greatly reduced by immunosympathectomy. This appears
to indicate that the @-hydroxylation and the adrenergic nerve endings are
very closely related. Lewander (1971b) has found that both 4-hydroxy-
norephedrine and norephedrine are‘present in rat brain after amphetamine
dosage, suggesting that the CNS has the capacity to carry out this reaction
in the same way as the peripheral nerve ifibres, This is important as
Lewander has also found that the ring hydroxylated amphetamine penetrates

the blood-~brain barrier less well than does amphetamine itself.

It is now well established that although noradrenaline is the
principal neurotranemitter in adrenergic neurones, a variety of other
materials may act as "false transmitters" under certain circumstances.

These materials willbe stored and released in exactly the same way as
noradrenaline, but their action at the oost-synaptic receptor will be very
different, being usually much less active than the endogenods transmitter.

The presence of "false tfansﬁitters" thus causes an alteration of syﬁpathetic
function, which is in all observed cases an impairment;o 4-Hydroxynorephedrine
‘derifed from 4-hydroxyamphetamine has been suggested to act in this'way

(see Gill et al.,1967). | |

It wouid‘be expected"from the literature referred to that the side-
chain hydroxylation of methamphetamine seen in both rat and guinea pig is
carried out by dopamine-F-hydroxylase, but a consideration of the quantities
~involved and, in the guinea pig, the dose dependence of the reaction, renders
this open to question. If an animal of 200g receives a dose of 45 mg/kg and
excretes 20% of the dose as a sidechain hydroxylated metabolite, this will
amount to some 2mg of that metabolite, which is a large amount to be produced
by an enzyme located solely in the adrenergic neurones. In addition, in the
guinea pig it has beeq shown that‘the amount of sidechain hydroxylation is
dependent on the dose of the drug, increasing markedlylwith higher dose. If
the hydroxylation was occurring solely in the adrenergic neurone, then this

dose dependence suggests that proportionally more of the drug was either
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penetrating into the nerve tissue, or that that activity of the metabolising
enzymes within the nerve was riéing, as the dose_was increased. The situdion
is very hard to explain when 6n1y‘the nerve tissue and plasma are considered,
but a more meaningful discussion is possible if a third compartment for
drug distribution and metabolism is considered. This compartment is the
liver and its drug metabolising enzymes. At the lower dose level, the drug
is almost completely metabolised and the only metabolic reactions observed
are those involved in sidechain breakdowh, namely N-demethylation, de-
amination and benzoic acid production. The total production of amine
metabolites is very small (<5%) and very little norephedrine detected (1%).
However, at the higher dose 1eve1 the metabolism is much less complete,
about 4% being unchanged with 15% as amphetamine and 18% as norephedrine.
It thus appears that at the hlgher dose the enzyme systems for deamination
and sidechain breakdown are being saturated and therefore the plasma con-
centration of amines is higher, and if these enter the nerve endings and
\undergo sidechain hydroxylation, the amount of nofephedrine produced will
rise. This, however, is not convincing as it fails to.explain the increase
of the proportion of the amine metabolites excreted as norephedrine which
is seen at the higher dose. 1In addition norephedrine is not a metabolite
of amphetamine in the guinea pig (Lewander, 197lc) and if the explanation
were then ephedrine would be expected as a minor metabolite of methamphet-

amine despite its subsequent N-demethylation.

It is therefore_of interest to consider an alternative mechanism of
sidechain hydroxylation. As has been outlined previously, one possible
route for N-demethylation is through oxidative attaek‘on the nitrogen,

- yielding an N-hydroxide, and an interesting rearrangement of grhydroxides
has been observed in the metabolism of 2-acetamidofluorene. This is
initially grhydroxylated and then is isomerised to the corresponding
o-hydroxyacetamide kBooth‘and Boyland,1964). '



¢OCH COCH
3 - /// 3
N\\‘-_______'> N\\\.
H - OH
2-Acetamidofluorene \ N-Hydroxy-2-acetamidofluorene
NHCOCH3
ou

3-Hydroxy~2-acetamidofluorene

This is carried out by the soluble fraction of the liver, but
similar rearrangements have been reported -as chemical reactibns, e.g. the
isomerisation of phenylhydroxylamine to 4-aminophencl in dilute acid. The

mechanism of this has been postulated to be 2s follows (Hughes 2nd Ingold,

1951).

NHOH = NHOH
H+ . N -H.,O .

B i 0
Phenylhydroxylamine | jA V . o B,0

NH, | NH,

-t o
€ <
+ L+

CH OHZ H 0H2

4-Amino§henbl

Although these arrangements have only been observed in aromatic

systems, it is not ridiculous to postulate a similar rearrangement of an
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N-hydroxide of methamphetamine to give a sidechain hydroxylated product,
as the methylene gfoﬁﬁ next to the ring is in some ways a participant in
an aromatic system. Such a rearrangement would involve loss of the methyl
groupAtd yield norephedrine, and in view of the vast increase in sidechain
hydroxylatinn resulting from N-methylation of amphetamine it could be that

the methyllgroup is involved in such a rearrangement}

— -
OH
CHZ-?HNHCHS—————é CHZ—?HN
CH3 | | CH3 CHS_J
Methamphetamine | ?
?H-(IIHNHZ
(0):4 CH3
- Norephedrine

If it is indeed true that tissues other than adrenergic nexve
endings are able to hydrokylate putative transmitters in the sidechain, then

this may be of significance when considering the sites for, and mechanisms

of, noradrenaline synthesis.
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Introduction

It is now well established that the bile may be an important
route of excretion for a variety of drugs and foreign compounds (see Smith,
1966; 1970) and there is now some information on the multitude of factors
affecting biliary excretion (see Millburn, 1970). No 'detailed work has
been performed on the biliary excretion of the amphetamine group of drugs,
but a number of brief notes in the literature indicate that this may occur.

In studies of the tissue distribution of methamphetamine labelled
with 14C in thelg-methyl group, Vree and Van.Rossum (1970) obtained auto-
radiograms of whole mice shbwing‘that radioactivity concentrated in the gall
bladder to a far greater extent than in the surrounding liveg tissue.
Boissier et 8l1.(1970) report that methamphetamine, both when produced as
a metabolite of the anorectic drug, Furfenorex, by the rat, and when

administered as itself, is excreted in rat bile and found in the duodenal

contents.
CH
/3 _
CHZ———- (I3H —_— N‘ ‘ 4 CH2 - (l:l-l— }IHCHS
| lCHa # . . | CHS
0 T
furfenorex . \ methamphetamine

(N-2-furyl methamphetamine)

The biliary excretion was not quantified and it is stated that the
drug is not excreted in faeces but undergoes enterohepatic circulation,

being readily reabsorbed in the gut .

Thomasset (1970) found that, in rats, 4.3% of a dose of[14@}
amphetamine was excreted in the bile in 8h, and showed that the biliary
radioactivity was almost exclusively composed of 4-hydroxyamphetamine.
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In other experiments, the same worker found that 15% of a dose of
Ekékclobenzorex was excreted in rat bile in 8h.

CHE-TH—_NHCHZ clobenzorex

CH, (N-o-chlorobenzylamphetamine)
c1
The principal biliary metabolites were conjugates of 4-hydroxy-
amphetamine and clobenzorex or a hydroxylated derivative, with small amounts
of'clobenzorex, amphetamine and hippuric acid.

- Beckett and Rowland (19653 reported that the bile of a patient
with a biliary fistula contained no unchanged amphetamine after the oral
administration of (+)-amphetamine sulphate.

A full study of the biliary excretion of amphetamine and meth-
aﬁphetamine wae carried out in the rat, to elucidate this phenomenon further.

Methods

(i) Preparation of Rats with Biliary Fistulae

- Female Wistar albino rats, weight 200g + 10g, were anaesthetized
‘with thiopentone (Intraval, May and Baker Ltd;, Dagenham, Essex), 70 mg/kg
_in water, given by.i.ﬁ. injection. Cannulae were inserted in the common
bile duct by the method of Abou-el-Makarem et al. (1967). The rats were
kept for 24h in restraining cages (Bollman, 1948) with free access to a
solution of dextrose (4.3%"/v) and Na C1 (0.18%w/v), and the animals kept
warm with suitable lamps above the cages. Bile was collected-in,graduated

tubes and urine in polythene trays under the cages.

Both labelled drugs were administered by 1.p. injection due to
the difficulty of glving oral doses by stomach tube after surgery. Both



100

drugs are powerful CNS stimulants and experiments showed that if the rats
were dosed while still unconscious they awoke rapidly in a very agitated
staﬁe and died quickly. Accordingly, they were allowed to recover from
anaésthesia and left for 2h before injection of the drugs.

(1i) Radiochemical Techniques

Total 140 in bile was determined by liquid scintillation

spectrometry as previously described for urine and faeces. The nature
of the urinary and biliary 140 after both drugb was determined by radio-
chromatography as previously described (see Chapter 3).

The solvent systems used were A (3-methylbutanol:2-methylbutan-2-
ol:water:formic acid;5:5:10:2 by vol) for paper chromatography and C (meth-
anol:chloroform;1l:1 by vol) for t.l.c.

Identification of Metabolites

(1) Amghetamine

'Radiochromatograms of the 0-264h urine of biliary cannulated rats
were prepared, using system A. Two major 14C peaks were found, Rf 0.00 and
0.49, and two minor ones, Rg 0.26 and 0.81. Iréatment with g-glucuronidase
'~ caused the large peak at Rf 0.00 to disappear, giving an increase in the
peak' at Rf 0.26, which corresponds to 4-hydroxyamphetamine. The large peak
at the origin therefore appears to be the glucuronide of 4-hydroxyamphetamine.
The large peak at Rf 0749 corresponds to amphetamine, and the minor one at
Rf 0.81 to hippuric acid (see Fig.4.1). The 0-24h bile was similarly

chromatographed and the same four peaks found except that the one at the
" origin was the major pesk, and the other three very minor ones (see Fig.4.2).
.The metabolites were quantified by cutting the papers into strips and the

radioactivity determined by liquid scintillation spectrometry.
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Fig 4.1  Radiochromatogram of 0-24 h Rat Urine after [ J Amphetamine sulphate (7.5 mg/kg 3 1.5 uCi)
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(ii) Methamphetauine

The urine and bile were chromatographed on paper in solvent A

and then on thin layer in solvent C as described in Chapter 3, and then ,
scanned for 1"c.;']:he bile (Iml used) gave, in solvent A, a brbad peak of
R 0.00 and three very minor peaks at 0.3, 0.49 and 0.82. On hydrolysis
with HC1 or p-glucuronidase, the peak of R 0.00 disappeared with an equi-
valent increase at Rf 0.3, whilst those at O .49 and 0.82 were unaffected.
Before hydrolysis the peak at Rf 0.00 gave a naphtharesorcinol test for
glucuronic acid and that at 0.3 after hydrolysis gave positive tests for
phenols. The material of Rf 0.0 was eluted with water and then hydrolysed
withgp_glqguronidase. The hizrolysate was chromgtographed_on thin layer
in solyent C in which three " C peaks were found of Rf'0.04 (4~hydroxynor~
ephedrine), 0.4 (4-hydroxyamphetamine) and 0.65 (4~hydroxymethamphetamine).
The first peak contained enough material to give a purple colour for a
ﬁhenol with diazotised p-nitroaniline. These peaks were scraped off the
chromatogram and their I&C estimated by scintillation counting.

~ The peak before hydrolysis of_Rf’0.3_in solvent A'was‘glﬁgéd with
. water and chromatographed on tbﬁx layer in system C. Three peaks, Rf 0.04,

0.4 and 0.65, were found cbrresponding to the above three phenols.

, The peak of Rf 0.49 in system A was eluted similarly and chromato-
graphed in solvent C. Two 14 C peaks were obtained, one at Rf 0.45 corre-
sponding to amphetamine and the other at 0.8 corresponding to methamphetamine.

The peak at R 0.82 in solvent A corresponds to hippuric acid.

Results

The excretion of amphetamine and its metabolites in the biliary
cannulated rat over a: period of 24h is ahéwn in Table 4.1. In. this period
68-70% of the dose is excreted in the urine and about 15% in the bile. The
bile contains small amounts of amphetamine (0.9%) and hippuric acid (0.1%
of the dose), but the main biliary metabolite is the glucuronide of
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Table 4,1 The biliary excretion of amphetamine and its metabolites in the rat

[ 14C] Amphetamine sulphate (7.5 mg/kg; 11.5 pCi/kg) was injected intraperitoneally in water into

biliary cannulated rats, Urine and bile were collected as described in the text, The values quoted

are the average for 3 rats with ranges in parentheses,

% of dose excreted in 24 h*

Material estimated Urine Bile
Total 14C excreted 69,1(68,6-70,1) ‘ 15,5(11.5-19,2)
Amphetamine 24, 4(18,2-29.5) 0.9(0,7-1.0)

4-Hydvoxyamphetamine

free 4.7(307"507) 202(1 02—208)

conjugated 33,8(28,8~37,6) 12,4(8,2-17,0)

Total 38,5(33.6-43,3) 14,6(10,7-18,2)
Hippllric acid ' - 603(403"'700) 001(001—001)
Sum of metabolites 69,2(68,6-70,1) 15.6(11.5-19,1)

*n the next 24 h little further 14C was excreted and in two of the rats the values were,
urine 0,9 and 2,8% and bile 0,2 and 0,3% of the dose.,

Total recovery (urine + bile) in 24 h = 84,6(80,1-87.8)%



104

Table 4,2 The biliary excretion of methylémphetamine and its metabolites in the rat

(14

water into biliary cannulated rats,
quoted are the average of 3 animals with ranges in parentheses,

% of dose of 1

C]Methamphetamine hydrochloride (7.5 mg/kg ; 1.25 puCi/kg) was injected intraperitoneally in
Urine and bile were collected as described in the text, The values

4C excreted in 24 h

Sum of metabolites

53.8(43,6-69,9)

Material estimated Urine Bile
Total ' *C excreted¥ 53.7(43.5~70.0) 18,1(13.5~20.8)
Methamphetamine 16,2(9.2-27.4) 0,5(0-1.1)
Amphetamine 22,0(19.9-25.5) 1.8(0.3~2.6)
4—Hy/¢oxymethamphetamine free 1.1(0,5~1,8) | tr
. conjugated 5.3(5.0=5,5) 1.0(0-2,5)
total 6.4(5,9-7.3) 1.,0(0-2,5)
4-Hydroxyamphetamine free 1.1(0,3~2,0) 0.1 trace
conjugated 3.2(2.8-3,5) 0.9(0.7-1,0)
total 493(391"'504) 100
4-Hydroxynorephedrine free 0,1(0~0,2) 1.8(1,0~3,8)
conjugated 1.9(1,7~2.1) 11.6(8.4-14,2)
total 2,0(1.8-2.1) 13.4(9.4-16.0)
Hippuric acid 0.0 0.4(0.3-0,5)
Unknown 209(294’_303) nodo

18,1(13,5~20,9)

*About 6% more 14¢ was excreted in the next 24 h in the urine.

]
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a-hydroxyamphetémine (12.47%) together with a smaller amount of free
4-hydroxyamphetamine (2.2%). '

Table 4.2 shows the results obtained with methamphetamine. In
24h about 54% of the dose is excreted in the urine and 18% in the bile. The
main biliary metabolite in this case is the glucuronide of 4~hydroxynor-

o ephedrine which amounts to nearly 127 of the dose.

Discussion

égghetamine

The excretion of amphetamine in the urine and bile of biliary
cannulated rats, with its metabolites, is summarized in Table 4.3. In the
cannulated animal there 1s an increased urinary excretion of unchanged
amphetamine (25% of dose) compared with the intact rat (;3%)>and there is
conséquently a decrease in the output bf total 4-hydroxyamphetamine. It
would appear that the cannulation of the rats under thiopentone anaesthesia
_ has to some extent inhibited the aromatic hydroxylation of smphetamine. It
is probable that this 18 an effect of thiopentone since a similar inhibition
of the hydroxylation of amphetamlne has been observed in rats pretreated
with certain anti-depressants and barbiturates (see Chapter 1).

These results are in agreement with those of Thomasset (1970) as
to the biltary metabolites, but the total biliary excretion in these
experiments is much higher. This may be due to this work using female rats
and Thomasset using male fats Female rats are known to excrete 2-3 times
as much tartrazine in the bile as males (Gregson et al.,1972) so that the
. sex of the rats may be the cause of the discrepancy. ‘

In the intact rat, little 4C is excreted in the faeces after

[ ]-amphetamine, but the output of 14 in the bile and urine of cannulated {
rats in one day is roughly the same as the output of 4C in the urine of

intact rats in two days. This suggests that the biliary metabolites of
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Table 4.3 The metabolites of amphatamine in bile-duct cannulated and intact rats

The figures quoted are talken from Table 4.1 and Dring et al (1970) and given to the nearest whole number, |

Cannulated rats Intact rats*
% of dose _ : % of dose
Metabolite Mol, wt, Urine Bile Total in 1 day Urine in 2 days
e 69 16 85 85
Amphetamine 135 24 1 . 25 13
4-Hydroxyamphetamine T
' free 151 5 -2 7 ' 7
conjuyid 327 34 12 46 : 53
total - 39 14 53 60
Hippuric acid . 179 -6 0 6 3
Sum of metabolites 69 16 85 76

*Data of Dring et 1 (1970)
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amphetamine (some 167 of the dose) are reabsorbed and subsequently excreted
in the urine. The main biliary metabolite appears to be the 0-glucuronide
of 4-hydroxyamphetamine which could be reabsorbed as such or after hydfb—
lysis to the free phenol by the gut flora and/or secretions (see Smith and
Williams, 1966). f-Glucuronidase activity is widely distributed among

the intestinal bacteria (Hawksworth et al.,1971).

Methamphetamine

The summarized data for methamphetamine is shown in Table 4.4. As
far as the metabolites are concerned the main difference between the
cannulated animals and the intact ones is in the urinary ouﬁput of amphet-
amine whi&h is 22% of the dose in the cannulated rats and ohly 3% in the
intact ones. The output of methamphetamine (17%) is only‘slightly higher
in the cannulated as compared with the intact rats (11%). It would appear
that, as suggested before, the ring hydroxylation of amphetamine is inhibited
by the thiopentone uaed as an anaesthetic but not the demethylation of
methamphetamine to amphetamine. It would appear also that there is an
inhibition of the ring hydroxylation of methamphetamine for the output of
total 4-hydroxymethamphetamine is only 7% in the cannulated compared with
197 in the intact rats. The output of total 4-hydroxyamphetamine is low
and similar (5% and 67) in bothztypes of rats. The output of total 4-hydro~
xynorephedrine 1s also similar in cannulated and intact rats (15% and 16%).
This would suggest that thiopentone anaesthesia tends to inhibit the ring
hydroxylatioh of amphetamine and methamphetamine, but not the subsequent
reactions of sidechain hydroxylation to give b-hydroxynorephedrine or the
demethylation of methamphetamine.

In the intact rat, very little 140 is excreted in the faeces after ,

[ C]-methamphetamine (see Chapter 3) but in cannulated rats some 18% of

the dose appears in the bile. A comparison of the data (Table 4.4) for
cannulated and intact rats suggests that the metabolites excreted in the
bile are reabsorbed and excreted in the urine; The mhin‘biliary metabolite _
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Table 4.4 The motabolites of methamphetamine in bilé-duct cannulated and intact rats

The figures quoted arc taken from Table 4,2 and Chapter 3 and given to the nearest whole number

Intact rats¥

Cannulated rats % of dose
Metabolite Mol, wt, % of dose : Urine
of metabolite Urine Bile Total in 1 day Day 1 Day 1+ 2

Yo - 54 18 T2 -
Methamphetamine 149 16 1 17 10 11
Amphetamine 135 22 2 24 2 3
4~Hydroxymethamphetamine ’

Free 165 1 tr 1 3 3

Conjugated 341 5 1 6 13 16

Total - 6 1 7 16 19
4-Hydroxyamphetamine

Free 151 1 tr 1 1 1

Conjugated 327 3 1. 4 3 5

Total - 4 1 5 4 6
4-Hydroxynorephedrine .

Free 167 tr 2 2 2 2 .

Conjugated 343 2 11 11 9 14

Total - 2 13 15 11 16
Hippuric acid 179 0.4 0.4 2 4
Unknown - 3 0 3 4
Sum of metabolites - 54 18 72 47 T4
¥Data from Chapter 3. tr = trace
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of methamphetamine is the glucuronide of 4-~hydroxynorephedrine (12% of
the dose) together with smaller amounts of the conjugates of 4~hydroxy-
methamphetamine (1%) and 4-hydroxyamphetamine (1%). As mentioned before,
these could be reabsorbed as such or after deconjugation in the gut.

This is in complete contrast to the work of Boissier et al.(1970)
who report the excretion»dfpsignificant quantities of methamphetamine in
rvat bile. However, the results obtained in this work accord far more
closely with expectations based on other work in the literature, as will

be seen.

The Main Biliary Metabolites

In an important paper in thie field, Millburn gg_gl.(1967)
postulated thaﬁ for significant biliary excretion (i.e. 5-10% of the dose)
in the rat, compounds should be polar and possess a molecular weight of not
less than 325+50. 1In the case of amphetamine, the only metabolite that
meets these requirements is the O-glucuronide of 4-hydroxyamphetamine which
is polar'and haé a moleéular weight of 324. As shown in Table 4.3, its
biliary excretion is 127 of the dose and therefore fulfils the above
hypothesis. Very much smaller amounts of amphetamine (m.wt. 134) and
hippuric acid (m.wt..179) are found in bile, these being much smaller -
molecules, in accordance with Abouuei-Makarem'ggngg.(1967) who showed that
small aromatic molécules, among them hippuric acid, are poorly excreted in
rat bile. “

In the case of methamphetamine, there are three metabolites (see
Table 4.4) which could meet the above criteria for significant biliary
excretion, namely_tﬁe glucuronides of 4-hydroxyamphetamine,—me;hamphetamiqe
(m.wt. 341) and -norephedrine (m.wt. 343). However, only the last is
excreted in bile to a significant extent (13% of dosé), but it is formed

-

in greater amounts than the other two.

The results show that although the 4-hydroxyamphetamine and



110

4~hydroxymethamphetamine glucuronides the urine:bile ratio is about 3:1
{(after both amphetamine4and methamphetamine), that for 4=-hydroxynorephedrine
glucuronide, resulting from methamphetamine,'is about 1:6. This suggests
that this compound has a higher affinity for biliary excretion than the
other glucuronides. As the molecular weights of all three are approximately
the same it would appear that the addition of the sidechain hydroxyl group .
may be responsible for this, especially since the possession of this group
changes the physico-chemical characteristics of the aglycone markedly as
compared with the corresponding deoxy compound (Vree et al.,1970).

Such differences in extent of biliary excretion between closely
related molecular structures have been observed previously, and examples
include compounds which differ by a free hydroxyl group, e.g.

. Compound ' | % of dose in 3h rat bile.
4-Hydroxybiphenyl glucuronide , 56
4-glucuronosido-4-hydroxybiphenyl 92 (Millburn et gl.,1967)
Phthalyl sulphathiazole 19 '
Hexahydrophthalyl sulphathiazole 66 (Hirom, 1970)

Salicylic acid ’ 1.5
- Protocatechuic acid 14 (Williams et al.,1965)

‘It can be seen; therefore, that the biliary excretion of. the
metabolites of both amphetamine and methamphetamine in the rat fits in well
with the hypothesis previously outlines'

The phenolic amine metabolites of both amphetamine and methamphet- -
amine, although less toxic than the unchanged drugs, have a marked pharmaco-
logical activity (see Chapter 3). Since these metabolites may undergo
enterohepatic circulaﬁion they will be cleared from the body more slowly
than those undergoing strictly renal excretion. On repeated dosage with
either drug, then, the phenolic amine metabolites may be accumulated in the

"body of the rat much more than would be expected if they were eliminated
exclusively via the kidney.
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The demonstration of an enterohepatic circulation of a drug does.
not, however, necessarily imply a prolongation of the pharmacological
effect, even though the drug's life in the body is prolonged. The synthetic
hormone. - stilboestrol is excreted in the bile of rats as a monoglucuronide
cbnjugate'and, after undergoing an enterohepaCic circulation, it is
eliminated in the faeces (Fischer et al.,1966). The glucuronide, after
biliary excretion, is hydrolysed to stilbqestrol by tﬁe gut flora (Clark
et al,,1969). The stilboestrol can be reconjugated by the intestinal wall
(Fischer and Millburn, 1970) as well as by the liver. The net effect of
the two sites of metabolism is to confine the drug to the portal blood
and intestine so that no free drug escapes into the systemic circulation.
This is seen in the plasma half-life of stilboestrol being virtually
identical in both cannulated and intact animals (Dr. P. Millburn-personal
commnication), In this.instance; then, the enterohepatic circulation of
‘this compound does not prolong its pharmacologicai activity, And it may be
that this is the case with cheQamphetamines also.

It was observed in Chapter 3 that the guinea pig excfetes a
considerable amount of administered radioactivity in the faeces after a
.dose of methamphetamine at the higher dose studies (45 mg/kg). No explan-
ation for this could be found, but it might be,suggested that the faecal
metabolites were being excreted in the bile prior to final elimination.
The metabolites of methamphetamine found in thé‘guineg pig range in mole-
cﬁlarvweight from 122 (benzoic acid) to 298 (benzoyl glucuronide). Pre-
liminary indications suggest that the minimnm.mblecular weight for signifi-
cant biliary excretion in the guinea pig is about 400 (Abdel-Aziz et al.,
 1971) and it is therefore unlikely that the material found in guinea pig
faeces had undergone biliary excretion prior to final elimination.

It is clear that in the rat an enterohepatic circulation of some
- metabolites of amphetamine and methamphetamine can occur to a certain
extent. Howe&er, this is unlikely to occur in man, since the molecular
weight threshold for biliary excretion is probably in the regiom of 500
(Millburn, 1970) which is much higher than that of any of the metabolites
of these drugs. |
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CHAPTER FIVE

THE METABOLISM OF METHAMPHETAMINE

AND AMPHETAMINE IN MAN



Chapter Five The Metabolism of Methamphetamine and

Amphetamine in Human Volunteers

Introduction

Identification of Metabolites
(1) Methamphetamine

(i1) Amphetamine
~ Results
i) Methamphetmiﬁe

(1i) Amphetemine

Discussioh
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Introduction

The investigations carried out in animals have relied on
chromatography as the prime method for the identification of metabolites,
with isotope dilution, g.l.c. and g.c.-m.s. used as confirmatory techniques.
In human studies, however, only small amounts of radioactivity can be given
and the large urine volume results in a urine with insufficient activity
for radiochromatography. Accordingly, isotope dilution was the major -

analytical method, with chromatography of certain extracts also employed.

As in animal studies, sidechain hydroxylated metabolites of
methamphetamine were found in human urine, and these are of‘considerable
pharmacological importance. Both the metabolites found, norephedrine and
4~hydroxynorephedrine, could be formed from amphetamine also, and a re-
examination of the fate of amphetamine in man was undertaken, with especial

reference to these compounds.

Ydentification of Metabolites

(i) Methamphetamine

Urine (50 ml) was adjusted either to pH 1 (with 10M-HC1l) or to

pH 14 (with 10M-HC1), saturated with solid NaCl snd extracted with ether

(3 x 75 ml). The bulked extracts were dried over anhydroug Nazsq4 and the -
ether removed at reduced pressure. The residue was taken up in ethanol

(2 ml) and this used for radiochromatography. Extracts of alkaline urine
contained 21~30% of the dose and on chromatography in system C, 3 radioactive
peaks were seen, one large, with Rf 0.83, corresponding to methamphetamine, '
and two minor peaks with Rfs 0.47 and 0.99, corresponding to amphetamine and
"an unknown amine. In system D, the same 3 peaks were seen, a major one with
Re
' 0.95, again corresponding to amphetamine and an unknown amine respectively.

0.22, corresponding to methamphetamine and two minor peaks of Rf 0.60.and
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Extracts of acidified urine contained 5-87 of the dose, and on
chromatography in system A, one 140 peal: was seen, corresponding to hippuric
acid. When chromatographed in system B, however, the extracts gave two

radioactive peaks, a larger onc of R_ 0.26 corresponding to hippuric acid

£

and a smaller one of R, 0.86 being an unknown acid,

f

‘ All other possible metabolites not extracted in the above
proccdures were assayed by isotope dilution direct on the urine, after acid
hydrolysis where apprpriate. In addition, .the presence of hippuric acid

was confirmed by isotope dilution.

(i) - Amphetamine

Isotope dilution was used as the principal analytical method, and
~4-hydroxyamphetamine, norephedrine, 4-hydroxynorephedrine, benzylmethyl

ketone and benzoic acid were measured with the previously described methods.

Amphetamine waé estimated by extraction and chromatography.
Alkaline urine was extracted as described for methamphetamine and a con-
centrate in ethanol obtained. Chromatography in system C gave a single
radioactive peak, Rf 0.45 corresponding to amphetamine, and in system D one

peak also was found, with Rf 0.61, again indicating amphetamine.

Results -

(i) Methamphetamine

: The excretion of radioactivity by two males after oral admin-
istration of 140 ~-methamphetamine hydrochloride is shown in Table 5.1.
The 140 is ‘eliminated largely in the urine, so the faeces were not examined.

About 607 of a dose was excreted in the first 24 h, with another 20% ' '

appearing on day 2.
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As in animal studies, four main metabolic pathways for meth-
amphetamine\were seen, N-demethylation, sidechain and ring hydfoxylations
and deamination, leading to sidechain breakdown. The major radioactive
material found in urine was unchanged methomphetamine (about 23%) and the
major metabolic reaction observed was ring hydroxylation, giving 4-hydroxy=-
methémphetamine (15%), 4-hydroxyamphetamine (1%) and 4-hydroxynorephedrine
(1-2%). N~demethylation totalled some 16% of the dose, only 2-3% of
amphetamine being excreted. The amount of deamination was small, 6% of the
dose, 1-2% of benzylmethyl ketone being found after hydrolysis, and 4-5% of
hippuric acid being ﬂetected. Two minor unknown metabolites were detected
on chromatograms, both beigg 1-2% of the dose. The unknown amine had Rf0.99
in system C and 0.93 in system D, and the unknown acid hgd Rf0.86 in

system B. The results are shown in Table 5.2.

(ii) Amphetamine

Table 5.3 gives the excretion of 140 by two male volunteers after
oral administration of EAC]~amphetamine sulphate, with data from previous
work included for comparison. The ~ C is eliminated largely in the urine
(over 80% in 2 days) with about 60% on the first day; The results for
- subject LGD are virtually identical with values obtained in similar '
experiments in 1966. |

The major radioactive material found in the urine ‘was unchéhged
amphetamine (18-20%) and the major metabolic reaction was sidechain break-
down giving benzoic acid (287 after acid hydrolysis). Ring hydroxylation
was observed to a very small extent, giving 4-hydroxyamphetamine and
4-hydrdxynorephedrine, and LGD produced twice as much of these metabolites
(4.8%) as JC (2.7%). A small amount of an. acid-labile precursor of benzyl-
methyl ketone was found (1-2%). Sidechain hydroxylation was observed, also
to a minor‘degree, giving norephedrine (2-3%) and 4~hydroxynorephedrine
(0.3%). The deta is recorded in Table 5.4. Againm the results obtained
for LGD are Qery similar to those obtained in 1966, for those metabolites

measured in both studies.
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Table 5,1 - The elimination of 14C by two male volunteers after allministration of [_1 4C] -

~

methamphetamine

s

Each vdlunteer took 20 mg of [ 140] -methamphetamine hydrochloridé (3 uCi) in water by mo.uth°

Figures given are % of 14¢ dose in the urine,

Subject
Body wéight (kg)_ '
In 0-24 h urine .
24-48 1
/ 48-72 h
72-96 h

Total 14C recovei'y

Jc.

ar
67.8

21,1
5.5
1.2

96,6

Faeces were not examined,

Lap
70
54.9
23,2

7.4
2.8

88,3

I
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Table 5,2 The metabolites of ['1"4C] -methamphetamine in human urine -

Dose and route as in Table 5.t. Values given are % of dose administered

excreted as that metabolite, - The O~24 h urine was examined, and for both

subjects this had pH 6.7,'

: Subject

Compound ‘ JC LGD
Methamphetamine 27.2 18.1 |
Amphetamine 2.2 3.2
Norephedrine 1.7 2.4

'4~Hydroxyamphetamine (total) 1.1 . 1.0
4-Hydroxymethamphetamine (total) 14, 1. 15.8
4-Hydroxynorephedrine (total) 1,22 2.2

. Benzylmethyl ketone (before hydrolysis) 0 0

(after hydrolys_is) 2.1 0.8

Hippuric acid 3,8 5.6
Unknown amine C 1.8 1.0
Unknown acid D 0.7 . 3.1
Total metabo]itesA 55.9 53.2
Total radioactivity in 0-24 h urine 68.8 54.9
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*

Table 5,3 ° The elimination of | *C by two male volunteers after administration of [14C] -amphetamine

Each volunteer took 20 mg of [14C] -amphetamine sulphate (3uCi) in water by mouth, Figures g.iven
are % of 1"'C dose in urine, Faeces were not examined, The third column gives results of a previous
study on one of the volunteers (LGD) performed in 1966 (Dring et al., 1970) and is included for the

purposes of comparison. The dose in the earlier study was 5 mg, 6 pCi,

o

Subject SR . JC. . e LGD (1966)

Body weight | 77 - 70 70 ~
In 0-24 h urine - 56,9 4 63.6 613
24-48 h urine T 24,5 21,1 ~ 23.8

Total ' 4C reco'vex_'y ' 81,4 84.7 - 84.1
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Table 5.4 , The metabolites of [14C] —-amphetamine in human urine -

L.

s

Dose and route as in Table 5.3, The values given are % of dose administered excreted as that metabolite,
The 0-24 h urine was examined, and had pH 6.5 (JC) and 6,7 (LGD) ., The third column contains results
of a previous study on one of the volunteers (LGD) performed in 1966 (see Table 5.3 for details).

_ ‘ - . Subject )
Compound | : , A JC LGD LGD (1966)
Amphetamine L 4 . _ 18,0 .‘ 20,0 - 22,9
4-Hydroxyamphetamine ‘(to‘tal) . ‘ ' . “2.4 4,4 - 6.0
Norephedrine . : . 2,2 2.6 e
4—-Hydroxynorephed3¢ine (total) : | 0.3 0.4 . .-
Benzylmethyl'ketone (before hydrolysis) . - 0 ’ . o - - T

(after hydrolysis) o ‘ 0.9 o | 1.7 - 1.3

Benzoic acid (total) - _ o . 28,2 27.1 : 21,8
Total metabo];'.tes' | ’ | 52,0 | 56,2 52,0

Total radioactivity in 0-24 h urine ' 56,9 = 63.6 6143
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Discussion

The results obtained show that after both methamphetamine and
amphetamine, radioactivity is found almost exclusively in the urine (81-96%
recoveries) with about 60% in the first day after dosing. The pH of the
" urine was virtually constant in all four experiments, so the well-known
influeﬁce of urine pH on excretion rate of the amphetamines (Beckett et al.,
1965) was not of great significance in this case. |

The metabolic pattern of these two closely rclated drugs in man
is seen to be very different. The amount of unchanged drug recovered is
very similar, for amphetamine 207 and for methamphetémine 23%. However,
the amount of ring hydroxylation is very greatly increased by N-methylation,
this reaction occurring to a small extent with amphetamine (2-47) but being
the major metabolic route of methamphetamine, accounting for some 17-18% of
the dose. The amount of the precursor of benzylmethyl ketone ‘produced from
both drugs is very similar, 1-27% in both cases; but the extent of sidechain
breakdown to benzoic acid is very different. The prbduction of benzoic acid
is the major metabolic route of amphetamine in man, accounting(for some 207
of the dose, while this is at a very low level for methamphetamine, only
amounting to 4%. Sidechain hydroxylation was found for both these drugs to
a small exgenﬁ. Norephedrinevwas produced in similar quantities (2%) from
amphetamine and methamphetamine, and 4-hydrox§norephedrine ambunted to 0.3%
for amphetamine and 1-2% for methamphetamine. The difference in amount of
A-hydroxynorephedrlne is probably a reflection of thn difference in extent
~of aromatic hydroxylation of the two drugs.

The remarkéble incféase inlring hydroxylation resulting from the
N-methylation of amphetamine is of great importance. The aromatic hydroxy-
lation of amphetamine in 4 human subjects is given by Smith and Dring (1970)
and a f£ifth subject (JC) can now be added. The figures are:
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Subject v % of dose as 4-hydroxyamphetamine

RLS% ! : , 0.5
RFL* 0.7
SFi | 1.9
LGD* 6.0
LGD¥* 4.4
JC¥s 2.4
* Dose 5 mg *% Dose 20 mg

Smith and Dring (1970) have concluded that there appear to be
marked individual variations in the excretion of this metabolite,’which
could have a genetic basis. Data from the present study confirms that LGD
is able to ring hydroxylate émphetamine to a greater extent than the other
subjects, although JC has the next highest production of this metabolite,
Whether there is any significance in theée apparent individual variations

in the production of this metabolite cannot be assessed on present data.

The ring hydroxylation of methamphetamiﬁe is of much more signifi-
cance as a metabolic route than for amphetamine. The total hydroxylation is
much greater (17-18%) and the values for the two subjects examiﬁed are very
similar, unlike amphetamine. The N-demethylation of methamphetamine is very
small, and thus the major ring hydroxylated metabolite is 4-hydroxymeth-
amphetamine. The ratio of N-methylamine to noramine is very similar for both
ring hydroxylated and non-hydroxylated compounds, indicating the small extent
of N-demethylation. The figures are: ’

% in that form

Methamphetamine (MA) ‘ h 20-25

- Amphetamine (A) 2-3 MA/A (approx) 10
4-Hydroxzymethamphetamine (HMA) : 15

4 -Hydroxyamphetamine + 4-Hydroxy-
norephedrine (HA+HNE) 2-3 HMA/HA+HNE (approx) 7
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It is thus seen that the N-demethylation is not greatly influenced
by the ring hydroxylation of methamphetamine to any appreciable extent. The\
poor demethylation of methamphetamine would be expected as the amount of
amphetamine excreted after both methamphetamine (Beckett and Rowland, 1965b)
and ethylamphetamine (Beckett et al.,1969) has been shown to be low (see
Chapter 1).

Previous work on the metabolism of amphetamines has shown that
EySubstitution increases the extent of metabolism of the racemic compounds.
About 30-407% of a dose of amphetamine is excreted unchanged (Beckett and
Rowland, 1965a; Dring et al.,1970), but after methamphetamine only some 25%
of the dose 1is excreted as unchanged drug plus amphetamine. Studies on the
‘Egsubstituted amphetamine, N-3-chloropropylamphetamine, have shown that the
extent of ring hydroxylation is greatly increased (Ldng,'1970) by this
structural modification. Beckett EE.El-(1969) have concluded that the
extent of the metabolism of the amphetamiqes is increased by N-substitution,
and that the extent of metabblism riées with the size of the N-alkyl group.
The folloﬁing table shows that this is true and that a pathway of major
significance in the explanation of these observations is ring hydroxylation.

7% of dose as

Unchanged drug ~ Ring hydrogylated metabolites
Amphetamine | 30-40 . - 0.5-6
Methamphetamine - 20-25 o 15
N-3-Chloropropylamphetamine <1 a » 37

AccompanyingAthis increase in the importance of ring hydroxyia;ion
with N-alkylation is a concomitant decrease in the extent of benzoic acid

_production.

Sidechain hydroxylation giving norephedrine and 4-hydroxynoreph-

edrine has been detected after both amphetamine and methamphetamine.
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Sjoerdsma and von Studnitz (1963) detected 4-hydroxynorephedrine as a
metabolite of 4~hydroxyamphetamine in man, to the extent of 4-97% of the
dose. Subsequent to this, Gill et al.(1967) found that the administration
of 4-hydr6xyamphetamine to normotensive subjects impaired sympathetic
function and attributed this to the formation ofia-hydroxynorephedrine from
the drug. As outlined in Chabter 3, this metabolite is able to act as a
falsc transmitter at adrenergic nerve endings, thus giving a partial sym-
pathetic blockade. Dring ggugl.(1966) first reported the formation of
4-hydroxyamphetamine from amphetamine by man, and in semiﬁuantitacive
experiments Cavanaugh et al.(1970) observed that &4-hydroxynorephedrine is

a metabolite of amphetamine in man. The present work is in agreement with
the findings of Cavanaugh et al., the ratio of 4-hydroxynorephedrine to
4-hydroxyamphe£amine being about 1:10 in their experiments and 1:5-1:10 in
this work. The production of norephedrine from émphetamine-is observed for
the first time and the ratio of norephedrine to amphetamine is, as for their
ring hydroxylated analogues, about 1:10.

The sidechain hydroxylation of methamphetamine giving the noreph-
edrines does not appear to be related to the 4~hydroﬁyamphétamine}and
>amphetamine production as above, but is in the same relationship to the
correspondiﬁg N-methylated compound. Thus the ratio of norephedrine to
methamphetamine + amphetamine is about 1:10, gnd similariy that of the

4-hydroxy analogues of these'compounds is about 1:10.

It is therefore possible to suggest that, when the amphetamines
undergo sidechain hydroxylation, the ratio of sidechain hydroxylated
metabolite to. its deoxy analogue will be about 1:10.

It is of interest to consider possible reasons for the amount of
sidechain'hydroxylated metabolite being related to the amount of N-methyl-
amines found, rather than the levels of noramines, which are the products of
sidechain hydroxylation. Man is apparently a very poor demethylaterof this

compound as compared with rat and guinea pig, and there is a profound

physicoqhemical difference between the primary andbsecondary amines. The
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sccondary amines have #ery similar pKas to the primary amines, but are
markedly more lipid soluble (Vree et al.,1969). 1In Chapter 3 the possible
pathways for the sidechain hydroxylation have been el#borated, and work in
the literature would suggest that this reaction is mediated by dopanine-g-
hydroxylase. In animals, it can be suggested that this not necessarily true,
the doubts hingeing on the épparent dose dependence of the reaction in the
guineca pig and the quantities of drug undergoing this recaction. However, in
man at the dose level used, these objections do not appear to be impoftant;
and it seems reasonable to assume that the sidechain hydroxylation is carried
out by dopamine-g-hydroxylase located in sympathetic nerve endings. Nerve
tissue contains a very high prqportion of lipid material and thus the more
lipid soluble secondary amines will accumulate within the nerve to a greater
extent than the primary amines. If the nerve tissue is able to N-demethylate
as well as sidechain hydroxylate thése compounds, then the two reactions may
be linked by virtue of the iipid solubility of the materials. The ability of
brain tissue to N-demethylate pethidine and morphine has been reported

previously (Clouet,1964).

Several authors have suggested a causal link between the production
of false transmitters from amphetamines and the development of tolerance to
these agents (Gill et al.,1967; Brodie et al.,1970; Cavanaugh et al.,1970)
and the present study has shown that false transmitter metabolites are pro-
duced from both amphetamine and methamphetamine by man. The amounts formed
from each drug are similar in the case of norephedrine, but some five times
mo;é 4~hydroxynorephedrine is formed from methamphetamine than from amphet-
amine. As 4-hydroxynorephedrine fulfils the criteria for a false transmitter
better than does norephedrine (sec Musacchio et al.,1965; Kopin,1968) then
it may be that the higher production of this metabolite is related to. the
qualitative differences between amphetamine and methamphetamine when given
chronically (Kosman and Unna,1968). Tt appears that the stimulant effects
of amphetamine are unaffeéted bytprolonged administration, whereas mgth—
amphetamine raplidly loses its stimulant properties under these conditions,
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Tt may be, therefore, that the production cf this metabolite, &4-hydroxy-
norephedrine, is in some way related to the very great dangers of meth-
amphetamine from the viewpoint of drug dependence (Kramer et al.,1967;
0'Connor,1968).
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Methamphetamine and Drgarnependence

Drug dependence is at present pandemic in cilvilised society and
despite the presence of tolerated pockets of such usage since prehistory.
the current situation has arisen during the last 20 years. As a preliminary
to a consideration of methamphetamine in detall, it 1s first necessary to
look at the field in genmeral.

The term drug is used for any chemical substance which alters mood,
perception or consclousness and is misused to the spparent detriment of
soclety (Laurie,1967). Since prehistoric times, both primitive and\civilised
man has utilized a number of agents with these properties for a variety of
purposes - escapism, pleasure, divination, magic, prophesy, warfare, rituals
and orgles (Louria,1968). Manifold examples can be given of this type of
drug usage. Probably the best known is the use of hallucinogenic mushrooms
by Central and South American Indians in religious activities. Usage of
what are now considered dangerous drugs has alfeady been extensive in the
underdeveloped countries, In the Orient, there is pandemic dysentery and the
constipating effect of the oplates is used to combat this; the drug also
causes lack of awareness of hunger and physicél discomfort. In South America,
cocaine, from the chewing of coca leaves, has been used since prehistory for
very similar purposes. ‘Regrettably, when European nations have annexed such
territories, they have seen fit to encourage such drug use for their own )
ends, rather than remedying the causes underlying the problem. In Bolivia,
Amerindian pgold miners were given coca leaves while the Conquistadores sent
the gold home to the King of Spain, while in the 19th. century, the British
fought two Opium Wars (1839-1842 and 1856-1860) with China to retain the
right to move opium into China from India. The opiﬁm was used for the

purposes previously outline.

: In'génefal; Western society has accepted this use of dangerous drugs
around the world, especially as it has been principally in the backward
countries. As late as the Second World War, Indian soldiers in the Allied
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forces who were opium users received a ration of the drug regularly. 1Inm

the last 20 years, however, the endemic nature of this drug usage has
changed, reaching epidemic proportions in many parts of Western society,
especially among young people. The U.S.A., Japan, the Scandinavian countrie
and Great Britain have all been hit severely by this, and, despite the
sensational reporting of the problem in the mass media, the situation in

the U.K. is much better than in many other nations.

Drug dependence has been defined on behalf of W.H.O. by Eddy et al.
(1965) as "a state of psychic or physical dependence, or both, on a drug,
' arising in a person following the administration of that drug on a periodic
or continuous basis". They define seven categories of dependence by the

types of agents producing them:

0piates' 5 - Cannabis
2 - Barbiturates and Ethanol 6 - Hallucinogens, especially LSD

3 - Amphetamine 7 - Khat (an East African plant with
mild stimulant properties)
4 - Cocaine o

All these have a high abuse potential in that they have potent
actions on the psyche, stimulant or depressant, which make them attractive
to various people depending on their mental state. The effects will depend
on the personality of the subject: this is well exemplified by ethanol,
~ which has an idbitory effect on the brain, especially on the higher centres,
and thus allowétthe cruder instincts to overcome the conscious control -

normally exercised,

Amphetamine dependence, according to Eddymg£>§£,, is characterised
by (a) a variable psychic dependence; (b) no physical dependence and, con-
sequently, no characteristic abstinence -syndrome, though withdrawal will be
followed by a state of memntal and physical depression as the organism
escapes from persistent stimulation; and (c) slow development of a consider

able degree of tolerance to many effects by the CNS, though not participated
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in equally by all parts of the CNS, so that nervousness and sleeplessness
persist and psychotoxic effects such as hallucination and delusion occur. -
Although it is now obvious that the émphetamine druge are very dangerous,
and have no real therapeutic application (Dunlop,1970), it has taken some
35 yearé for this to become well-known. In the U.S.A., Davidoff and
Reifenstein (1937) and Guttmann and Sargent (1937) in the U.K. both warned
that the euphoriant action of these drugs, at that time recently introduced,
would lead to habituation and dependence. In 1939, Guttmann reported that
tolerance was developed to these agents. However, they remained on sale

to the general public without prescription until 1955 and not until 1968
were they further restricted on a voluntary basis, and their prescription
discouraged. Methamphetamine is only available to hospitals in the U.K.
since October 1968 (Lancet Editorial, 12th Oct.,1968) and it is now very
doubtful whether it has any place in orthodox therapy. Abuse continues,
nonetheless, and has been, and still is, a most serious problem, particularly

in the countries mentioned previously.

The basis of amphetamine abuse is the mood elevation’prodﬁced and
the state of well being induced, and both frequency and size of dose are
increased to maintain this CNS stimulation. With large doses, the psycho-
toxic effects often lead to aggressive and dangerous behaviour, anti-social
in nature, and a syndrome has been observed which 15 clinically indistingui—
shable from schizophrenia (Comnell,1958).

The ability of the amphetamines to induce tolerance to the CHS
stimulation is a quality possessed by very few other drugs with similar
actions, and thie permits doses of many hundreds of times the therapeutic:
amount to be given, if dosage has been sufficiently prolonged to build up
tolerance. Although tolerance develops to the stimulant effect, nervousness
and insomnia continue and increase with dose. It is essential to distinguish
between the "spree abuse" of teenagers, used to stay awake at weekends and
.pop festivals, and the true dependence associated especially with i.v.

injection of the drug.
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Of all the amphetamines, methamphetamine is probably the most
dangerous (0'Connor,1968) and is particularly associated with injection
rather than oral dosage. The large doses giving rise to psychotic symptoms
and bizarre behaviour, especially sexual activities, are almost exclusively
given by injection (Rylander,1971). The pattern of methamphetamine abuse
has been described by Kramer et al.(1967). -Subjects begin by taking oral
doses, rising from the therapeutic level of 10-20 mg three times a day to
some 150-200 mg per day. To improve the quality of the drug experience
further, the subjects then progress to i.v. injection. Tolerance develops
very quickly and dose size and frequency increase rapidly. Doses are in-

. jected frequently (about every 2h) for several days, the size varying from
~ 100mg-lg. The highest recorded dzily intake under these conditions is 15g.
Toxic symptoms then manifest themselves, giving profound lethargy and
paranoia. To control thesé, dosage is stopped and in many cases barbitur-
ates or opiates used to control the paranoia. Lack of food and sleep also
exaggerates the psychic symptoms. Exhaustion results in sleep for 18h-5
days. On waking, there remains a pronounced lethargy, which predisposes to
renewed drug use, and the cycle repeats itself. Tolerance to the drug is
complete after about 5 days of dosing, and the desirable effects disappear,
so the persons inject very large doses in syrupy solution which give a
large bolus of the drug to obtain the stimulant effect, which goes on
dilution in the circulation.

If an attempt is made to give up drug use on this scale, an
abstinence syndrome is seen, involving lethargy, exhaustion and sleep of
a duration suggesting that it is due to neurochemical changes induced by
the drug.

Animal experiments have shown that this paradoxical depression
resulting from prolonged dosage with a CNS stimulant is not confined to
man, and this work has been reviewed by Kosman and Unna (1968). They‘éon-
clude that chronic administration of methamphetamine to rats and mice leeds
to a depression of activity, and Utena et al.(1959) have also commented

.that prblonged dosage of guinea pigs with methamphetamine leads to passive



133

- behaviour and loss of response to external stimuli. On withdrawal of the '
drug from all three species, the observed hypoactivity continues and lasts
for up to three weeks. Despite the similarity of the effects of amphetsmine
and methamphetamine, it is of interest to note that there is conclusive
evidence that the stimulant effect of amphetamine does not decrease with
repeated dosage (Kosman and Unna,1968) and there is no depression on
withdrawal. ‘

Methamphetamine Tolerénce‘- an Hypothesis

An attempt can now be made to discuss some of the observed effects
of methamphetamine and amphetamine administration in the light of the

metabolic data recorded in this thesis and elsewhere.

In mammals, noradrenaline is the principal mediator at the post-
ganglionic terminal of sympathetic nerves, but other amines with closely
related structures can replace noradrenaline and act as false transmitters
snd impair the function of the adrenergic nerve endings, as previously
outlined'in Chapter 3.

The two main methods of identifying false transmitters are (a) by
location of the false transmitter in the noradrenaline-containing fraction
of nerve endings, and (b) by the liberation of the false transmitter on
stimulation of sympathetic nerves, after previously dosing with the félse
transmitter or a precursor. It is possible to consider two approaches to
the accumulation of a false trensmitter in nerve endings. A false tians-
mitter is by definition an amine with structure closely related to the true
transmitter, noredrenalihe, which is able to be stored, released and taken
up again by the nerve ending in the same way as noradrenaline (see Chapter
1). The accumulation of such materials is possible because of the non-
specificity of the storage, release and uptake processes, and can be brought -
about by dosage with the false transmitter or, due to the non-specificity’
of the noradrenaline synthesizing enzymes, by the administration of a suit-

able precursor, which may be an amino acid or an amine.
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The Amino Acid Approach

The synthesis of noradrenaline is markedly stereospecific for
L-amino acids, but a variety of unnatural L-amino acids may be converted
to false transmitters by virtue of the low substrate specificity of DOPA
decarboxylase and dopamine—%—hydroxylase. False transmitters thus de;ived
from amino acids may accumulate in the adrenergic nerve terminals in the
brain and in the periphery and may interfere with sympathetic function.
Secondary effects of the displacement of the true transmitter may influence
noradrenaline synthesis rates (Kopin, 1971). Some of the pharmacological
effects of dosage with unnatural azmino acids may be exﬁlained on the basis
of the adreﬁergic blockade created in this way. The best example of this

' 18 ol-methyl DOPA, the widely used hypotensive drug.

, . HO —- ?53
HO / — QHZ-(':-Nuz
~ COOH

This was originally introduced as a DOPA decarbox&lase inhibitor,
but is now thought to act through its metabolite, (-methyl noradrenaline,
produced from it in the same way as is noradrenaline from DOPA (see Fig.l.l).

Anmine Approach

Amino acids may be precursors of false transmitters, and in the
same way, suitable amines may be taken up, stored and released as such or

after metabolism to a false transmitter.

The example of 4-~hydroxyzmphetamine has been given before in this
thesis: this amine is converted to 4~hydroxynorephedrine, which is thought
to be responsible for the loss of adreneprgic function seen on prolonged
dosage with 4~hydroxyamphetamine, and in support of this, Rango ggﬂgl.(lQ?O)
have found that 4-hydroxynorephedrine has a hypotensive effect when given
orally to hypertenéive patients. Amphetamine itself may be metabolised to
4-hydroxynorephedrine which could perhaps act in the same way.
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Metaraminol (3-hydroxynorephedrine) may be taken up‘in the sym-
pathetic nerve endings and released on nerve stimulaﬁion, giving an impair-
ment of adrenergic’function sufficiently great to give a useful anti-
hypertensive effect in man (Crout,1966).

Evidence sbounds in the literature that the sidechain-hydroxylated
metabolite of methamphetomine and amphetamine, 4~hydroxynorephedrine is sable
.to act as false transmitter (see Musacchio et al.,1965; Thoenen et al.,1966).
As well as this, all the amine metabolites and both unchanged drugs are
excellent substrates for the noradrenaline uptake pump of sympathetic nerves,
and can also disrupt adrenergic function by acting at this site (see Iversen,
1967).

Evidence for Norephedrine being a False Transmitter

The evidence for norephedrine being able to act as a false trans-
mitter is somewhat equivocal, The structural requirements for storage within
the catecholamine storage granules have been outlined in Chapter 1, and it
has been shown that the F-hydroxyl group in the sidechain of transmitter
materials is essential for their storage. The granule consists of dopamine-
@-hydroxylase, a nucleoside triphosphate usually ATP, calcium ions, chromo-
granins and the transmitter molecules. "In vitro" work by Da Prada et al.
(1971) appears to indicate that the granule structure depends on nucleotide-
transmitter aggregates which are stabilized by expanded intragranular

proteins (the chromogranins).

Weiner and Jardetzky (1964) have studiéd the ATP-catecholamine
interaction, and cohcludé that the basis of this is ionic linking betweenl
ATP and the amino group of the transmitter, and hydrogen bonding involving
the sidechain hydroxyl group of the amine. Thoenen et al.(1966) report that
although they were unable to detect norephedrine release from égt spleen on
sympathetic stimulation, this metabolite of amphetamine was present in
homogenates of the organ, and they do not preclude the possibility of it
being released on nerve stimulation. The quantifies of norephedrine in their

experiments were very small, -and may thus have escaped detection.
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Norephedrine may be produced both "in vivo" and "in vitro" from
amphetamine by the action of dopamine-p-hydroxylase, and is therefore able
to interact with this protein constituent of the granule. On this evidence,
norephedrine has structural features which could enable it to participate
in granule formation and it is therefore possible to suggest that it may
perhaps be a fslse transmitter, with a lesser affinity for the various
processes:involved in this action than 4-hydroxynorephedrine.

When methamphetamine is taken, it has many actions at the sympath-
etic nerve ending alone. it releases noradrenaline, inhibits MAO, thus
prolonging the life of the released noradrenaline, and may have some action
direct on the postganglionic receptor membrane., It acts directly on the
noradrenaline uptake pump, competing with the noradrenaline and prolonging
the active life of the transmitter within the synapse. In addition to these
effects of the unchanged drug, the metabolites, amphetamine and the ring
and sidechailn hydroxylated products,have all or some of these actions.
Iversen (1967) has measured the relative affinities of a number of these

compounds for the noradrenaline uptake pump.

Compound ‘ Relative affinity for uptake site
Lompounc site
"~ (phenethylamine = 100)

(+)-4=hydroxyamphetamine 610
(+)-amphetamine 240
-(+)-methamphetamine . , 165
(+)-norephedrine 55
(~)-noradrenaline 407
(~)-adrenaline : : 110

The false transmitter metabolites will be formed, probably within
the nerve ending, and be stored there in place of noradrenaline, causing a
stoichiometric reduction in the noradrenaline stores (Brodie et al.,1970).
These false transmitters will then be released on nerve stimulation and either

taken up again into the nerve ending, or lost into the circulation, from
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which it may be excreted unchanged, metabolised further and then excreted,

or taken up into other nerve cells., The uptake of the false transmitter
moleculee from the circulation into nerve endings is suggested by the
findings that metaraminol (Crout et al.,1964) and ephedrine and its 4-hydro-
xylated metabolites (Bralet et al.,1971) may be taken up from the circulation
. into the adrenergic nerve endings. This will result in the dissipation of
the false transmitter, and the net effect of the drug will be a stimulation
due to the noradrenaline released, and the proiongation of the life of this

noradrenaline by the mechanisms outlined.

- It is, however, possible to suggest that this situation will be
markedly altered when repeated doses are given. As more drug is presented
for metabolism, more false transmitters will be formed which will replace
more and more noradrenaline, and begin to.affect. the function of the sym-
pathetic nerves. This will be especially so if the sidechain hydroxylation
reaction is dose dependent in other species in the way it is in the guinea
pig (see Chapter 3). With higher and higher doses the inhibition of MAO
will be greater, as will be the interference with the noradrenaline uptake

pump.

-When MAO is inhibited, the lifetime of noradrenaline in the synapse
is increased, and it would be expected that this would give a stimulsant
effect, with CNS excitement and elevated blood pressure among its effects.
However, if an MAO inhibitor is given for a period of time (in humans, 2-3
weeks) then it has a sedative effect and gives a clinically useful reduction
in blood pressure. Compounds whose prime action is to inhibit MAO find a
wide clinical application for these actions (Goodman and Gilman,1965).

S joerdsma et al,(1959) reported that when MAO is inhibited the excretion of
a number of amines, such as tyramine, is increased. Kakimoto and Armstrong
(1962) demonstrated that chronic MAO inhibition is associated with an
accumulation of octopsmine in the tissues of the rabbit, and Kopin.gg‘éi.
(1965) have shown that this octopamine is zble to function as a false trans~
mitter, and that the replacement of noradrenaline by this amine explains -the
apparent sympathetic blockade seen after MAO inhibition.
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The significance of MAO inhibition by methamphetamine and amphet-
amine is great, as with both drugs a characteristic pattern of noradrenaline
metabolites 18 seen, with suppressed levels of deaminated catechols and
increased methylated metabolite levels (Cook and Schanbery,1970; Iversen et
al.,1966).

On repeated dosage, then, there will be more and more false trans-
mitters formed from the drug; in addition, it is possible to suggest that the
endogenous false transmitters resulting from MAO inhibition may also contri-
bute significantly to an interruption of adrenergic nerve function. When
each dose of the drug is given, the methamphetamine discharges the materials
~ stored in the sympathetic nerve endings, which will be a mixture of false
transmitter and noradrenaline, the proportion of the false transmitter rising
withAthe length of exposure to the drug and increasing dose size. The ex-
citation resulting therefore progreséively decreéses, aa the propbrtion of
false transmitter rises, until it becomes minimal (see Fig.6.1). As normal
body function depends on the balance of sympathetic to parasympathetic
stimulation in the autonomic nervous system, then the blockade of one wing
leads to the predominance of the other, in this case the parasympathetic,
resulting in a general behavioural and physical depression. It has been
shown (Brodie et al.,1970) that the effects of 4~hydroxynorephedrine'as a

.noradrenaline~depleting agent are long lasting.

‘ In animals, this is identical with the behavioural pattern on pro=~
longed dosage with methamphetamine. In humans, the depression and lethargy
grow so great that sleep emsues. It has been found that, in chickens, meth-
amphetamine dosage increases the activity of tyrosine hydroxylase, the rate
limiting step in noradrenaline biosynthesis (Mandell and Morgan,1970). This
is presumably due to a lowering of the free noradrenaline within the neurone
by the drug competing for dopamine-g~hydroxy1ase, and this activating the |
negative feedback loop for tyrosine hydroxylase (see Chapter 1), this involv-
ing, perhaps, new enzyme synthesis (Mueller et al.,1969).
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VWhen the drug is withdrawn the false transmitters and other materials
interrupting nerve function will be cleared from the body, and there will be
a rapid rise in noradrenmaline levels, due to the high level of tyrosine
hydroxylase in the neurone. It has been suggested that such large increases
in noradrenaline in the CNS cause behavioural depression (Mandell and
Spooner,1968). This is therefore a possible explanation for the depression
seen in man after awakening from the withdrawal sleep, and this depression
predisposes to further stimulant use. The rapid repletion of noradrenaline
stores means that when the drug use recommences, there will be = stimulant
effect due to noradrenaline release. This will furthef reinforce the con-
tinued use of the drug. When more 2nd more doses are taken, however,the
stimulant effect will disappear as the nerve function is altered and the
pattern of events ocutlined before repeats itself.

It has been stated previously that the tolerance which develops to '
the amphetamines is not gemeral throughout the CNS.  The anorexigenic effect
is very short lived, while insomnia persists with prolonged dosage. It
appears that methamphetamine is different from amphetamine in that it loses
its CNS stimulant activity on repeated administration. The hypothesis out-
lined in this chapter explains some aspects of tolerance to methamphetamine
on the basis of the production of false transmitter metabolites from the drug.
It is known that the metabolites are not produced from amphetamine in the
same quantity, and this can be suggested to be the reason for the differing
effects of the two drugs ﬁhen given chronically. ' o

Tolerance to thelanorectic effect of amphetamine and methzmphetamine
is developed quickly, and it may be that the mechanism of this tolerance is
different from that causing behavioural depression. It has been suggested
that false transmitters arising from inhibition of MAO play a role in the
aetioclogy of tolerance, and it may be that this mechanism is responsible for
.. the development of those tolerances common to both drugs (both of which are
MAO inhibitors and thus give-rise to these endogenous false transmitters)
while the behavioural depression found only after methamphetamine is due to

the accumulation of false transmitters derived from the drug.
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Limitations of this Hypothesis

Having stated a case for the results of this work being of signi-
ficance in explaining tolerance produced to methamphetamine, it is necessary
to give some of the more obvious limitations.

It has been assumed that the central and peripheral adrenergic
neurones are identical and equally accessible to the drug and its metabolites.
The ability of the various compounds to penetrate into the brain is different,
unchanged amines crossing from plasma into brain easily and the ring and
sidechain hydroxylated metabolites crossing much less well (Lewander,1971a).

Secondly, and more important, the whole discussion is based on the
assumption that methamphetamine and its metabolites act solely on the adren-
ergic nerve endings. As has been indicated, methamphetamine inhibits MAO,
but at least three other neurotransmitters, dopamine,tryptamine and 5-hydroxy-
tryptamine (see Hebb,1970) are substrates for this enzyme also, and the
function of nerve endings using these transmitters may be influenced greatly
by the action of methamphetamine. In addition, the activity of methamphet-
amine on the release and function of the inhibitory transmitters recently
found in the CNS (see Hebb,1970) has not been considered.

It is not known whether the present views on the role of noradren-
aline within the CNS are correct. In the final analysis, we cannot at the
moment say where or how a drug acts, only measure various gross parameters
of its action, which may or may not be of significance in interpreting its
true mode of activity. The present thesis describes work which began as an
exercise in drug metabolism, investigating the effect of chemical structure
on drug metabolism, and which has yielded results which have been used in the
construction of an hypothesis which attempts to explain the genesis of
tolerance to methamphetamine. '

It has been said that the test of an hypothesis is not whether it is
true, but whether it generates good experiments, and it cen be suggested that

the hypothesis outlined here is open to proof or disproof by experiment.
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However, despite a perfect knowledge of the biochemistry and pharm&cology of
the drugs of dependence, and however zood the treatment devised as a re-
sult of this knowledge, which may come about in the future, we will be no
nearer to an understanding of the ressons which cause a person td use drugs,
and to return to drug use zfter a cure. Perhaps if this understonding is
ever obtained, we will know more about people and society as well as cbout
drugs, and through this knowlédge come to «bolish the factors, whatever they

be, which bring zbout dxug cbuse.

Schizophrenia and the Amphetamine Psychosis

A number of compounds have been found to give, in man, CNS effects
very similar to those seen in acute schizophrenia, that is wvisual and
auditory hallucination, thought disorder, withdrawal and paranoia. Such
agents have been called psychotomimetic, as they are able to mimic the
psychotic state. The most potent of these materials is lysergic acid die-
thylamide (LSD) but a wide variety of materials have thislaction. As has
been noted earlier, one of the psychotoxic effects of the amphetamine is
the production of a psychosis cllnically 1ndlstinguishable from schizophrenla,
and this perhaps suggests that the amphetsmine 2nd psychosis and schizophrenla

have a common aetiology.

.In 1952, Osmond ct azl. postulated that schizophrenia might be due
to an abnormal Q-methylation of noradrenaline, to give a psychotomimetic

material structurally related to the potent hallucinogen, mescaline.

CH,0 | cH,0
HO c‘nf-cnzmiz cH,0 CH,CH, NH,
on
CHO

" normal noradrenaline metnholite ‘ mescaline
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CH,0 \

CH,O
3 CH-CHZNH2

OH

abnormally methylated noradrenaline metabolite

Subsequent to this, Friedhoff and Van Winkle (1962) tentatively
identified such an abnormally methylated amine in the urine of schizophrenics,
the so-called "pink spot" thought to be 3,4-dimethoxyphenylethylamine, but
the validity of this finding is now very doubtful.

A wide variety of the structural congeners of mescaline have now
been investigated for psychotomimetic properties,'and among them are a number
of methoxylated amphetamines. In studies on rats, 4—methoxyémphetam1ne has
been shown to be a very potent behaviour disrupter, second only to LSD
(Smythies et al.,1967), and in man, it has five times the potency of mesca-
line as a hallucinogen (Shulgin et 21.,1969). It has therefore been suggested
that the amphetamine psychosis is caused by an abnormal methylation of 4-hy-
droxyamphetamine produced from the drug (Angrist et al.,1970), but these
workers were unable to detect 4-methoxyamphetamine in the urine of patients
given amphetamine in doses large enough to provoke the psychosis. This
finding, of course, does not entirely rule out this possibility for the
mechanism of the psychosis, as the drug could be methylated and subsequently
demethylated before excretion. Three enzymes capable of O-methylating
monophenols have been found in the body: the first is the O-methylatiom of
N-acetyl-5-hydroxytryptamine to form the hormone melatonin, which occurs
solely in the pineal gland (Axelrod and Weissbach,1961), and the second is
the enzyme from liver which is able to O-methylate diiodophemnols (Tomita et
al.,1964). The third enzyme is phenol-Q-methyl transferase, which is located
principally in liver and lung (Axelrod and Daly,1968). It is thus possible
that such a transient O-methylation could occur, and be the cause of the

psychosis.
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Another explanation could be due to the disruption of CNS function,
caused by the drug and its metabolites as suggested previously, giving
rise to the psychosis. The brain contains some 13 billion neurones, most
of which interact with each other within the brain, rather than carrying
information to and from the brain. If the substitution of a false trans-
mitter for the endogenous noradrenaline in the peripheral neurones causes
an adrenergic blockade evidenced by hypotension and other clinical signs,
then the effects of this substitution within the CNS will be similesrly pro-
found. One effect of such disruption in the brain could be production of
a psychosis.

It is of interest to observe that Leak (1958) has stated that the
amphetamine psychosis is associated more with the use of methamphetamine
than amphetamine.

Concluding Remarks

When the pharmacology and toxicology of drugs and foreign compounds
is being considered, two important questions must be asked. The first obvi-
ous question is "What does the drug do to the body?", which the pharmacologist

//,must answer. The second is "What does the body fo to the drug?", and this is
the domain of the biochemist. The toxicologist, of course,Amust concern
himself with both sides of the problem. The study of the metabolism of a
foreign compound in the body may help to explain its pharmacological action,
toxicity and may also aid in finding structural modifications to diminish
the toxic effect without removing the usefulness of the compound.

The metabolism of a2 drug in the body may be of significance to its
pharmacology in several ways: 1t may (i) cause its activation, by converting
it to an active drug from an inactive precursor, ({i) cause a change in the
nature of the pharmacological activity, (iii) cause 2 deactivation and
excretion of the drug, (iv) convert the drug into toxic products giving rise

to adverse side effects. Examples of these are shown in Fig.6.2.



Fig 6,2 5
Examples of the pharmacological implications of drug metabolism
from Parke (1972)
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Studies of drug metabolism 2re now an essential part of the pro-
cedure for the evaluztion of the safety and efficacy of drugs (W.H.0.,1966)
and these studies must be done in laboratory animals and man. The aim of
such studies is fourfold (Parke,1972):

(1) To establish the pharmacokinetics of the drug and its metabolites con-
cerning absorFﬁibn, distribution, tissue accumulation and excretion.

(1i) To find a species which metabolizes the drug in the same way, both
quantitatively and qualitatively, as man, for use in toxicological testing.
(iii) To determine the pharmacology of the drug and its metabolites.and to
find which molecular species are responsible for the desired effects and
which give the toxic effects, if any.

(iv) To contribute towards the design of safer and more effective drugs.

The pathways o£>drug metabolism can be broadly divided into two
major categories: biotransformations (Phase 1 reactions) which include
oxidation, reduction, hydroxylation and hydrolysis, all enzymic reactions
in which a new functional group is introduced into the drug, or an existing
functional group is modified; and conjugations (Phase 2 reactions), which
are enzymic suntheses in which functionmal groups of the drug molecule are
coupled with 2 new group, such as methyl, acetyl, sulphate, glucuronic acid

or one of a range of amino acids,

From the results obtained in this work, it is possible to see how
the metabolism of methamphetamine is related to that of other compounds of
like structure in man, rat and the guinea pig, as outlined in Chapter 1, !

In the-rat, the prime route of metabolism of -this class of compounds
is ring hydroxylatiom, this being seen in amphetamine, mephentermine, N-3-
chloropropylamphetamine and, to a lesser extent in ephedrine. As would be
expected, ring hydroxylation is an important metabolic reaction of methamphet~
amine in the rat (Table 6.1). The rat is also known to N-dealkylate such
compounds, e.g. ephedrine, mephentermine and N-3-chloropropylamphetamine,
and this is the major metabolic pathway of methamphetamine. As with
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Table 6,1

Summary of Metabolic Reactions of M.etha'mphetamirie
Species Man_ Guinea Pig Rat
Dose mg/kg 0,29 10 45 45
Route of administration Pe0Co i.po i.p. P.0o
Reactions % of dose
Unchanged 23 0,5 3 11
Aromatic hydroxylation 18 0 0] 53
N-demethylation 14 79 64 é8
Sidechain hydroxylation 4 ah 19 16
Deamination 6 74 33 4
Benzoic acid production 5 63 31 4
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amphetamine and ephedrine, the ring hydfoxyl group is largely coupled with.
-glucuronic acid in o Phase 2 reaction. Side chain breakdown is at a low
level for methamphetamine, as it is for other compounds. However, the
amount of side chain hydroxylation seen after methamphetamine is very much
higher than for other compounds, and would not have been pre&icted from a’

comparison with these:

The guinea pig metabolizes methamphetamine by N-demethylation, which
is also seen for ephedriné, then by sidechain breakdown to benzoic acid
(Table 6.1). This is seen for amphetamine, but not for ephedrine, wheré the
sidechain hydrox&l group stabilizes the molecule to metaboliem. The met-
abolism of methamphetamine in the guinea pig appears to be dose dependent,
with the deaminated product benzylmethyl ketone being an important métaboliﬁp
at a low dose (Table 6.1) and norephedrine being excreted at a high dose,

" this being virtually absent at 2 lower dose. The route of excretion also
varied with dose, being in:the urine at a lower dose, where the metabolism
is almost complete, but being in both urine and faeces at a high dose, where
metabolism wae less extensive. Ring hydroxylation also appeared to be
absent, as would be expected froﬁ”results for amphetamine and ephedrine,

where this reaction is at a very low level (see Chapter 1, Tablesl.

In man, the metabolism of methamphetamine is very different from
amphetamine itself, but appears to follow patterns seen in less complete )
studies on other N-alkwlated amphetamines. The major metabolic reaction is
ring hydroxylation (Table 6.1), whereas for amphetamine this is at a very
low level. N-3-chloropropylamphetamine is ring hydroxylated to a very great
extent in man (see Chaptei 1) and methzamphetamine lies between this and

amphetamine with respect to this reaction:

Ring hydroxylation in man (% of dose)
Amphetamine = 2
Methamphetamine o 18

N-~3~chloropropylamphetamine 37
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The omount of’side chain breakdown to benzoic acid in man after
methamphetzmine (Table 6.1) is hugely different from that seen after amphet-
aﬁine. This is the major metabolic pathway for amphetamine (see Chapter 1)
but is very minor for methamphetamine. The amounts of sidechain hydroxyla-
tion and ketone production are very similar after the two drugs. ' Man appedrs”
to dealkylate these compounds poorly compared with the rat and guinea pig.

"This low dealkylatign is also seen after ephedrine.

It is thus seen that, in the case under consideration, the metabol-
ism of methamphetamine in the two animal species used is very different from
that seen in man. Table 6.1 sumnarizes that data, and shows that man lies
between the rat and guinea pig,with respect to ring hydroxylation of meth-
dmphetamine};s like the rat in ben;oic écid prqduction and is lower than }
both species in N-demethylation. On this evidence it would appear that the
rat and the guinea pig are:poor experimental animals for use in pharmacolog-
ical investigations éf methamphetamine. Thié is especizlly important as both
species have beén used in‘investigations of the tolerance produced by this
:drug, and may suggest that such results cannot be extrapolated to man in a
fealistic way. If this were a new compound for therapéutic use, it would be
necessary, therefore, to seek another species whose metabolism more closely
resembles that of man, in order to perform the essential pharmacological,
behavioural and toxicological investigations.

This study underlines the great interspecies vériations seen in drug
metabolism, and further has shown that the metabolism of closely related
© drugs in the same,species; while showing many similarities also exhibits
marked differences. This does not augur well for the purposes of prediction
of metabolism of as yet uninvestigated compounds, and it will be necessary to
investigate many more drugé of this ;ype‘before valid guidelines can be laid

dowm.

The results obtained have made possible the construction of an

hypothesis for the development of tolerance to methamphetamine. This has
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has interpreted the characteristic pattern of toleraﬁce in the light of
the metabolic data in this thesis, with reference to the many relevant
behavioural, neurochemical and pharmacological investigetions recorded in
the literature. This hypothesis is open to test, although the techniques
required for this lie far away from those employed in this work. As has
been pointed out, drug dependence gives rise to great concern in society
today, and although the suggestions made in this thesis may not be com-
pletely correct it is hoped that the results obtained may aid in giving an

insight into this most serious problem. -
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APPENDIX

ORGANIC MASS SPECTROMETRY
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For the last year of this study, a mass spectrometer with ancillary
gas chromatograph has been available, and use of this has been made in the
confirmation of urinary metabolites, the partial elucidation of an unknown
metabolite and to provide identification of the products of certain syntheses.

Organic Mags Spectrometry

The ugse of mass spectra to znalyse chemical compounds was proposed
very early in this century by J.J. Thompson. The application of physical
techniques to investigations of organic compounds was then in its infancy
and practical difficulties precluded their exploitation. In the early 1930's,
some experiments showed that hydrocarboh gases fragmented in characteristic
ways when bombarded by ions as in the mass spectrometer, and it was discovered
that unknown compounds could be identified by comparison with known materials
and, further, that the structure of = compound could be assigned on mass

spectral evidence alone.

Improvements in instrumentation led to investigation of compounds
containing atoms other than C and‘H, and of volatile liquids as well as gases.
The petroleum industry was the first to exploit this sensitive technique, but
now mass spectrometry (m.s.) is used very widely throughout the chemical
industry ond in research. The literature of organic m.s. has grown ex-
plosively since 1960, and is now most comprehensive (see Beynon et 2l.,1968).

The volatility and stability of a compound are most important in
determining its suitability for m.s.. With recent instruments, solid samples
may be inserted directly into the ion source. Involatile materials such zs
carbohydrates, salts and pepetides can be converted to volatile derivatives
more suitable for mass speétrometry. The mass spectrometer consumes only
very small smounts of material during the recording of a spectrum (<<5p.g) 80
the reliable handling of microgram quantities of material in a very pure state
is essential. T.l.c. may be used to purify very small amounts of compounds

and g.l.c. permits the handling of even smaller amounts (see Foster, 1969).
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When milligram quantities of materials are available, during
syntheses or in metabolic studies where large doses may be given, m.s. may
be used in the same way as other forms of spectroscopy, motably i.r., for
identification. Where microgram quantities only are available, m.s. provides
the only positive identification possible of such small amounts at the

present time,

Gas chromatography - Mass spectrometry

G.l.c., like other forms of chromatography, is a separation tech-
nique which requires in addition the use of s detection method to show the
presence of compounds. This most usually achieved by the use of flasme ion-

ization or electron capture detectors.

For m.s., especially high resolution m.s., small, very pure samples'
must be delivered into the jonization chamber in a very pure state. G.l.c.,
with the mass spectrometer in the place of the detector, provides a convenient
mezns of doing this. The combination became fezsible in 1964, when both
Ryhage and Watson and Biemann devised separators which concentrate the columm
eluates. These remove the carrier gas but leave the compound to be analysed
in the m.s. The combination was first used for the identification of natural
products and endogenous urinary compounds, and was first applied to drug
metabolism by Hammar et 21.(1968) in a study on the fste of chlorpromazine.
Since them, the technique has been applied to a vériety of problems in this
field in two ways: (a) to allow detection of very small =mount of materials
by the use of the mass spectrometer as a g.l.c. detector. This can give
identificotion of these materials, often by single or multiple ion monitoring
{Brooks and Middleditch, 1971); and (b) to allow positive identification of
metabolites initially detected by other methods.

The present study provides yet another example of the use of the masg
spectrometer, alone and in combination with g.l.c., in the partial elucidation
of the structure of a previously unknown metabolite in the methamphetamine in
the gu;nea pig, end in giving conclusive evidence of the presence of nor-

ephedrine in guinea pig urine zfter methamphetamine dosage. The last is
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particularly importaent as other workers have denied the occurence of this
metabolite in the guinea pig (Beckett et al.,1971) and because of the
pharmacologicsl implications which can be suggested for this metabolite.

The mass spectra of five compounds, three taken by g.l.c.-m.s.

and two by direct insertion, are given in Table A.l and Fig. A.1 gives
probable identities of the major peaks.
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Table A,1 Mass Spectral Data of Compounds of relevance in this study

Figures given are m/e values for the characteristic major peaks, with
relative intensities in parentheses. Spectra (a), (b), and (¢) were

recorded using g.¢.-m.s. and (d) and (e) via the direct inlet system,

- (a) N—Acetylamphetamine 177 (2.5) 118 (27) 86 (42) 44 (100) 43 (88)

(b) N-Acetylmethamphetamine 191 (2.2) 100 (72) 58 (17) 13 (52)

" (c) 0, N-Diacetylnorepbedrine 235 (0.3) 175 (9) 86 (23) 69 (100)

44 (36) 43 (39)

(d) Benzylmethyl ketoxime 149 (4) 91 (12) 69 (12) 57 (20) 44 (95).

(e) p-Toluenesulphonylmethamphetamine 303 (0.3) 214 (16) 213 (39)

212 (100) 157 (8) 156 (16) 155 (96) 91 (92) 77 (5)
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Fig. A.1 Probable nature of peaks in the mass spectra recorded in Table A.1
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Fig. A.1 continued

(d) Benzylmethyl ketoxime

" C.H CH,, CCH

149
+

. N OH
i

65 3

(parent ion)

(e) p-Toluenesulphonylmethamphetamine

303
CH4

)
C6H5CH2|CHN 502C

CH3

(parent ion)

614 CH,

91

+
C6HSCHZ

91 69 57
H n
N=c’ - N =
+ l \ il
CgH,CH, + 0 C -
HC = C
212
cis
lCH N SO,CH ,CH,
CH,

+ 213, 214-isotope contributions

from sulphuir

44
o
+ 3
CH3 CH2=N =0 N
155
CH.C_H.SO

376 4772

+ 156, 157-isotope

contributions from sulphur



158

BIBLIOGRAPHY




159

Abdel-Aziz, F.T., Hirom, P.C., Millburn, P., Smith, R.L. & Williams, R.T.
‘ : (1971)

Biochem. J. 125,25P-26P
Abel, J.J. & Crawford, A.C. (1897)
‘ Bull. Johns Hopkins Hosp. 8,151
Abou-el-Makarem, M.M,, Millburn, P., Smith, R.L. & Williams, R.T. (1967)
" Biochem. J. 105,1269-1274
Ahlquist, R.P. (1948)
Amer .J .Physiol, 153,586-600
Alousi, A. & Weiner, N. (1966)
Proc.Nat.Acad.Sci., U.5.A. 56,1491-1496
Allen, W.J. (1948)
Clin.Sci. 6,269-279
Alleva, J.J. (1966)
 J.Med.Chem. 6,621-624
Alles, G.A. (1932) |
‘ J. Amer .Chem.Soc. 54,271
Anggard, E. (1970) ,
in "Amphetamines and Related Compoundg", (Costa, E. & Garratini,S.,
Eds) pp.191-203, Raven Press, New York '
Angrist, B.M., Schweitzer, J.W., Friedhoff, A.J. & Gershon, S.(1970)
Nature (London) 225,651-652
Axelrod, J. (1953) |
J. Pharmacol .Exp.Ther. 109,62-73
Axelrod, J. (1954) )
' J. Pharmacol,Exp.Ther. 110,315-325
Axelrod, J. (1955a)
J. Blol.Chem. 214,753-763
Axelrod, J. (1955b)
J. Pharmacol .Exp.Ther. 114,430-437
Axelrod, J. (1957) .
Science 126, 400-401



160

Axelrod, J. (1966)
Pharmacol.Rev, 18, 95-113
Axelrod, J. & Daly, J. (1968)

Biochim. Biophys. Acta 159, 472-478
Axelrod, J., Weil-Malherbe, H,& Tomchick, R. (1959)
J.Pharmacol. Exp. Ther. 127, 251-256

Axelrod, J., & Weilssbach, H. (1961)
J. Biol. Chem. 236, 211-213
Baba, S., Matsuda, A. & Nagasé, Y. (1969)
Yakugaku Zasshi 89, 833-836
. Bacq, Z.M. (1934)
Annls Physiol. Physiochim. Biol. 10, 467-528
Barger, G. & Dale, H.H., (1910)
J.Physiol.(London) 41, 19-59
. Beckett, A.H. & Rowland, M. (1965a)
J.Pharm.Pharmacol. 17, 628-639
Beckett, A.H. & Rowland, M. (1965b)
J .Pharm.Pharmacol. 17, 109S-1148
Beckett, A.H., Rowland, M. & Turner, P. (1965)
| Lancetl,‘ 303 |
Beckett, A.H. & Brookes, L.G. (1967)
J. Pharm.Pharmacol. 19, 425-528
. Beckett, A.H., Tucker, G.T. & Moffat, A.C. (1967)
J. Pharm. Pharmacol. 19, 273-294 .
Beckett, A.H., Brookes, L.G. & Shenoy, EV.B. (1969)
J. Pharm. Pharmacol. 21, 151S-156S
' Beckett, A.H., Van Dyk, J,M., Chissick, H.M. & Gorrod, J.W. (1971)
J. Pharm. Pharmacol. 23, 560
' Beynon, J.H., Saunders, R.A. & Williams, A.E. (1968)
"The Mass Spectra of Organic Molecules”, Elsevier Publishing Co.,
Amsterdam
B.I1.0.S. Final Reports, No. 766, p.93 -



161

Bissot, T,.C., Parry, R.W. & Campbell, D.H. (1957)
J. Amer .Chem.Soc., 79, 796-800

Blackburn, D, & Burghard, G. (1965)
J. Pharm. Sci. 54, 1586-1588

Blaschko, H. (1938)
J. Physiol. (London) 93, 7P-8P

Blaschko, H. (1939)
J. Physiol. (London) 96, 50P-51P

Blaschko, H., Richter, D. & Schlossman, H. (1937)
Biochem.J. 31, 2187-~2196

Blaschko,H. & Welch, A.D. (1953)
Arch.Exp.Pathol.Pharmakol. 219, 17-22

Boissier, J.R., Hirtz, J., Dumont, C. & Gerardin, A. (1970)
in "Amphetamines and Related Compounds", (Costa, E. & Garratini,S.,
Eds) pp.141-152, Raven Press, New York

Bollman, J.L., (1948) o .
J. Lab. Clin. Med. 33, 1348

Booth, J. & Boyland, E. (1964)
Biochem.J. 91, 362-369

Bralet, J., Cohen, Y. & Vallette, G. (1968)
Biochem. Pharmacol. 17, 2319-2331

Bralet, J., Jocquot, C., Cohen, Y. & Vallette, G. (1971)
Biochem, Pharmacol. 20, 151-162 , -.

Bridges, J.W., Kibby, M.R. & Williams, R.T. (1965)
Biochem. J. 96, 829-836

Bridges, J.W., Davies, D.S. & Williams, R.T. (1967)
Biochem. J. 105, 1261-1267

Brodie, B.B., Gillette, J.R. & LaDu, B.N. (1958)
Annu. Rev. Bi;ochem. 27, L27-454

Brodie, B.B., Cho, A.K. & Gessa, G.L. (1970) ,
in "Amphetamines and Related Compounds", (Costa, E. & Garratini,S.
Eds), pp.217-230, Raven Press, New Yofk |

T x

K]



162

Brooks, C.J.W. & Middleditch, B. (1971)
Clin. Chim. Acta 34, 145-147
Bruce, R.B. & Maynard, W.R, (1968)
3. Pharm. Sci. 57, 1173-1176
Burn, J.H. (1932)
J. Pharmacol. Exp. Ther. 46, 75-95
Burn, J.B. & Rand, M.J. (1958)
J. Physiol. (London) 144, 314-336

Calvin, M., Heidelberger, C., Reid, J.C,, Tolbert, B.M. & Yankwich, P.E.
(1949)

"Isotopic Carbon", p.198, John Wiley & Sons, Inc., New York
Campos, H.A. & Shideman, F.E. (1962)
Int. J, Neuropharmacol. 1, 13-22
Cannon, W.B. & Uridil, J.E. (1921)
Amer. J. Physiol. 58, 353-354
-Cannon, W.B. & Rosenbleuth, A.5. (1937) ,
"Autonomic Neuroeffector Systems', The Macmillan Co., New York
Cavanaugh, J.H.,Griffith, J.D. & Oates, J.A. (1970)
Clin. Pharm. Therap. 11, 656-664
Chen, K.K. & Schmidt, C.F. (1924)
J. Pharmacol, Exp. Ther. 24, 339-357
Chirigos, M.A., Greengard, P. & Udenfriend, S. (1960)
J. Biol, Chem. 235, 2075-2079 '

Churchill-Davidson, H.C., Wylie, W.D., Miles, B,E. & de Wardener,)H.E.
(1951

Lancet 2, 803-803
Churchill-Davidson, H.C. & Swan, H.J.C. (1952)
Anaesthesia 7, 4-9

Clarke, A.G., Fischer, L.J., Millburn, P., Smith, R.L. & WilliamsS R.T,
(1969

Biochem.J. 112, 17P-18P
Clouet, D.H. (1964) '
J. Pharmacol. Exp. Ther. 144, 354-361
Collins, G.G.S., Sandler, M., Williams, E.D. & Youdim, M.B.H. (1970)

Nature (London) 225, 817-820



163

Connell, P.H. (1958)
"Amphetamine Psychosis", Maudsley Monograph no.5, 0.U.P., London
Conney, A.H. (1967)
Pharmacol. Rev. 19, 317-366
Cook, J.D. & Schanberg, S.M. (1970)
Biochem. Pharmacol, 19, 1165-1179
Coyle, J.T. & Snyder, S. (1969)
J. Pharmacol, Exp. Ther. 170, 221-231
Cramer, J.M., Miller, J.A. & Miller, E.C. (1960)
J. Biol. Chem. 235, 885-888
Creaven, P.J. & Barbee, T. (1969)
J. Pharm. Pharmacol. 21, 859-860
Creaven, P.J,, Barbee, T. & Roach, M.K. (1970)
J. Pharm. Pharmacol. 22, 828-831 '
Creveling, C.R., Daly, J.W., Witkop, B. & Udenfriend, S. (1962)
Biochim. Biophys. Acta 64, 125-134 |
Crout, J.R. (1966) "
Circ. Res. 18, suppl. 1, 120
Crout, J.R., Alpers, H.S., Tatum, E.L. & Shore, P.A. (1964)
Science 145, 828-829
Cushny, A.R. (1908)
J. Physiol. (London) 37, 130-138
Cushny, A.R. (1909) ]
J. Physiol. (London) 38, 259-262
Dakin, H.D. (1905)
Proc. R, Soc., Series B 76, 491-497
Daly, J.W., Guroff, G., Udenfriend, S. & Witkop, B. (1967)
Arch. Biochem. Biophys. 122, 218-223
DaPrada, M., Berneis, K.H. & Pletscher, A. (1971)
Life Sciences 10,(1), 639-646
Dauben, W.G., Reid, J.C. & Yankwich, P.E, (1947)
Anal. Chem. 19, 828-832 '



164

Davidoff, E. & Reifenstein, E.C.jr., (1937)
J. Amer., Med. Ass. 108, 1770-1776

Demis, D.J., Blaschko, H. & Welch, A.D. (1955)
J. Pharmacol. Exp. Ther. 113, 14-15

Dengler, H.J., Michaelson, I.A., Spiegel, H.E. & Titus, E. (1962)
Int. J. Neuropharmacol. 1, 23-38

Derouaux, &. (1942)
Arch. Intern. Pharmacodyn. Ther. 68, 311-327

Dingell, J.V. & Bass, A.D. (1969)
Biochem. Pharmacol. 18, 1535-1538

Dixon, W.E. (1907)
Med, Mag. (London) 16, 454-457

Douglas, W.W. & Poisner, A.M. (1966a)
J. Physiol, (London) 183, 236-248

Douglas, W.W. & Poisner, A.M. (1966b)
J. Physiol. (London) 183, 249-256

Dring, L.G. (1968)
Ph.D. Thesis, London

Dring, L.G., Smith, R.L. & Williams, R.T. (1966)
J. Pharm. Pharmacol. 18, 402-405

DPring, L.G., Smith, R,L. & Williams, R.T. (1968)
Biochem. J. 109, 10P-11P (

Dring, L.G., Swith, R.L. & Williams, R.T. (1970)
Biochem. J. 116, 425-435

Dubnick, B., Towne, C.A., Hartigan, JM. & Phillips, G.E. (1968)
Biochem. Pharmacol. 17, 1243-1250

Dunlop, D. (1970)
Brit. Med. Bull. 26, 236~239

BEdeleano, L. (1887)
Chem. Ber. 20, 616-622

Eddy, N.B., Halbach, H., Isbell, H., & Seevers, M.H. (1965)
Bull. Wld. Hlth. Org. 32, 721-733

Elliot, T.R. (1905)
J. Physiol. (London) 32, 401-467



165

Ellis, S. (1956)
Pharmacol. Rev. 8, 485-562
Ellison, T., Gutzait, L. & Van Loon, E.J. (1966)
J. Pharmacol. Exp. Ther. 152, 383-387
El Masry, A.M., Smith, J.N. & Williems, R.T. (1556)
Biochem. J. 64, 50-536
Euler, U.S. von, (1946)
Acta Physiol. Scand. 12, 73-97
Euler, U.S. von, (1959)
Harvey Lect. 53, 43-65
Euler, U.S. von & Hillarp, N-A. (1956)
Nature (London) 177, &4-45
Fewster, M.E. & Hall, D.A. (1951)
Nature (London) 168, 78-79
Fischer, J.E., Horst, W.D. & Kopin, I.J. (1965)
Brit. J. Pharmacol. 24, 477-484
Fischer, J.E. & Iversen, L.L. (1966)
quoted by Iversen, L.L. (1967)
Fischer, L.J., Millburn, P., Smith, R.L. & Williams, R.T. (1966)
Biochem. J. 19_(_)_, 69P 4
Fischer, L.J. & Millburn, P. (1970)
J. Pharmacol, Exp. Ther. (75, 267-275
Foster, A.B. (1969)
Lab. Pract. 18, 743-748
Friedhoff, A.J. & Van Winkle, E. (1962)
Nature (London) 194, 897-898
Geffen, L.B., Livett, B.G. & Rush, R.A. (1970)
Circ. Res. 27, Suppl. 2, 33-39
Gewirtz, G.P. & Kopin, 1.J. (1570)
Nature (London) 227, 406-407
Gill, J.R., Mason, D.T. & Bartter, F.C. (1967)
J. Pharmacol, Exp. Ther, 155, 288-295



166

Glowinski, J. & Axelrod, J. (1965)
J. Pharmacol. Exp. Ther. 149, 43-49
Goldstein, M. & Contrera, J.F. (1962)
J. Biol. Chem. 237, 1898-1902
Goldstein, M., McKereghan, M.R. & Lauber, E., (1964)
Biochim. Biophys. Acta 89, 191-193
Goldstein, M, & Anagnoste, B. (1965)
Biochkim. Blophys. Acta 107, 168-170
Goodall, McC. & Kirshner, N. (1958)
Circulation 17, 366-371
Goodman, L.S. & Gilman, A. (1965)
"The Pharmacological Basis of Therapeutics", 3rd. Edn.,
The Macmillan Co., New York
Graham, B.E., Cartland, G.F. & Woodruff, E.H. (1945)
Ind. Ehg. Chem. 37, 149-151
Gregson, R.H.S., Hirom, P.C., Millburn, P., Smith, R.L., Turbert, H. &
Williems, R.T. (1972)
J. Pharm. Pharmacol. 24, 20-24
Greer, C.M., Pinkston, J.0., Baxter, J.H., jr. & Brannon, E.S. (1938)
J. Pharmacol. Exp. Ther. 62, 189-227
Groppetti, A. & Costa, E. (1969)
Int. J..Neuropharmacol. 8, 209-215
Gunne, L-M., (1967)
Biochem. Pharmacol. 16, 863-869
Guroff, G., Daly, J.W., Jerina, D.M., Renson, J., Witkop, B. &
Udenfriend, S. (1967)
Science 157, 1524-1530
Guttmann, E. (1939)
Proc. Roy. Soc. Med. 32, 388-391
Guttmann, E. & Sargant, W. (1937)
Brit. Med. J. 1, 1013-1015



167

Haley, T.J. (1947)
J. Amer. Pharm. Ass., Sci. Ed. 36, 161-169
Hammar, G-C., Holmstedt, B. & Ryhage, R. (1968)
Anal. Biochem. 25, 532-548
Hawksworth, G.M., Drasar, B.S. & Hill, M.J. (1971)
J. Med. Microbiol. 4, 451-459
Hauschild, F. (1938)
Klin. Wochschr. 17, 1257-1258
Hauschild, F. (1939)
Arch. Exp. Pathol. Pharmakol. 191, 465
Hebb, C.0. (1970) |
Annu. Rev. Physiol. 32, 165~192
Heilbron, I. & Bunbury, H.M. (1953)
"Dictionary of Organic Compounds", vol, 3, p. 831, Eyre & -
Spottiswood, London
Hey, D.H. (1930)
J. Chem. Soc. 18-21
Hillarp, N-A., Lagerstedt, S. & Nilsson, B. (1953)
Acta Physiol, Scand. 29, 251-263
Hirom, P.C. (1970)
Ph.D. Thesis, London
Ho, B.T., Estevez, V., Tansey, L.W., Englert, L.F,, Creaven, P.J. &
McIsaac, W.M. (1971)
J. Med. Chem. 14, 158-160
Holtz, P., Heise, R. & Ludtke, K. (1938)
Arch. Exp. Pathol. Pharmakol. 191, 87
Hucker, H.B., Michniewicz, B.M. & Rhodes, R.E. (1971)
Biochem. Pharmacol. 20, 2123-2128
Hucker, H.B., Michniewicz, B.M. & Rhodes, R.E. (1970)
” Pharmacologist }_._2;, 255
Hughes, E.D. & Ingold, C.K. (1951)
J. Chem. Soc. 1638-1639



168

Ikeda, M., Fahien, L.A. & Udenfriend, S. (1966)
‘ J. Biol. Chem. 241, 4452-4456
Iversen, L.L. (1963)
Brit. J. Pharmacol. 21, 523-537
Iversen, L.L. (1967)
"The Uptake and Storage of Noradrenaline in Sympsthetic Nerves"
C.U.P., Cambridge
Iversen, L.L., Axelrod, J. & Glowinski, J. (1966)
in Proc. 5th. Int. Cong. Neuropsychopharmacologium, Excerpta Medica
Congress Series no. 129, pp.362-366, Excerpta Medica, Amsterdam
Jowett, H.A.D. (1904)
J. Chem. Soc. 83, 192-197
Rakimoto, Y. & Armstrong, M.D. (1962)
J. Biol, Chem. 237, 422-427
Raufman, S. (1964)
Trans. N.Y. Acad. Sci. 26, 977-983
Raufman, S. & Friedman, S. (1965)
Pharmacol. Rev. 17, 71~100
Klissiunis, N., Varonos, D. & Tzitzi, F. (1965)
Arch. Exp. Pathol. Pharmakol. 250, 236-237
Kopin, I.J. (1968)
Annu. Rev. Pharmacol. 8, 377-394
Kopin, I.J. (1970)
Fed. Proc. 30, 904-907
Kopin, ¥.J., Fischer, J.E. Musacchio, J.M., Horst, W.D. & Weise,V.K.(1965)
J. Pharmacol. Exp. Ther. 147, 186-193 '
Kosman, M.E. & Unna, K.R. (1968)
Clin. Pharm. Therap. 9, 240-254
Kramer, J.C., Fischman, V.S. & Littlefield, D.C. (1967)
J. Amer. Med. Ass. 201, 305-309 =
Langley, J.N. (1901) A
J. Physiol. (London) 27, 237-256
Laurie, P. (1967)

"Drugs", Penguin Books, Harmondsworth



169

Leak, C.D. (1958)
"The Amphetamines", p. 167, Charles C. Thomas, Springfield, Il1l.
Lemberger, L., Sernatinger, E. & Kuntzman, R. (1970a)
Biochem. Pharmacol. 19, 3021-3028
Lemberger, L., Witt, E.D., Davis, J.M. & Kopin, I.J. (1970b)
J. Pharmacol. Exp. Ther. 174, 428-433
Levin, E.Y. & Kawfman, S. (1961)
J. Biol. Chem. 236, 2043-2049
Levitt, M., Spector, S., Sjoerdsma, A. & Udenfriend, S. (1965)
J. Pharmacol. Exp. Ther. 148, 1-8
Lewonder, T. (1971a)
Acta Pharmacol. Toxieol. 29, 20-32
Lewander, T. (1971b)
Acta Pharmacol. Toxicol. 29, 33-48
Lewander, T. (1971c)
Acta Pharmacol. Toxicol. 29, 209-225
Lewandowsky, M. (1898)
ZentBl. Physiol. 12, 599-600
Loewi, 0. (1921)
Pflu_gers Arch. Physiol. 189, 239-242
Loewi, 0. & Navratil, E. (1926)
Pflugers Arch. Physiol. 214, 678-688
Long, R.F. (1970)
quoted by Smith, R.L. & Dring, L.G. (1970)
Louria, D.B. (1968) |
Pediatrics 42, 904-911
Lovenberg, W., Weissbach, H. & Udenfriend, 5. (1962)
J. Biol. Chem. 237, 89-93
Mandell, A.J. & Spooner, C.E. (1968)
Science 162, 1442-1453
Mandell, A.J. & Morgan, M. (1970)
Nature (London) 227, 75-76



170

Masuoka, D.T., Clark, W.G. & Schott, H.F. (1961)
Rev. Canad. Biol, 20, 1-6
Masuola, D.T., Schott, H.,F. & Petriello, L. (1963)
J. Pharmacol, Exp. Ther, 139, 73-76
Matsuda, A., Baba, S. & Nagase, Y. (1971)
Yakugaku Zasshi 91, 542-545
MeCullough, D.O., Milberg, J.N. & Robinson, S.M. (1970)
Brit. J. Pharmacol. 40, 219-226
McMahon, R.E. & Sullivan, H.R. (1965)
Biochem. Pharmacol. 14, 1085~1092
Millburn, P. (1970)
in "Metabolic Conjugation and Metabolic Hydrolysis”,(Fishman, R,,Ed),
pp. 1-74, Academic Press, New York
Millburn, P., Smith, R.L. & Williams, R.T. (1967)
Biochem. J. 105, 1275-1261
Moerman, E. (1964)
in "Doping -~ Proceedings of an International Seminar" (De Schaepdryve
A. & Hebbelinck, M.,Eds) pp. 73-82, Pergamon Press, London *
Moote; K.E:(1963)
J. Pharmacol. Exp. Ther. 142, 6-12
Moore, K.E. (1964)
J. Pharmacol. Exp. Ther. 144, 45-51 g
Mueller, R.A., Thoenen, H, & Axelrod, J. (1969)
Mol. Pharmacol. 3, 463-469
Musacchio, J.M., Kopin, I.J. & Weise, V.K. (1965)
J. Pharmacol. Exp. Ther. 148, 22-28
Myerson, A, (1939) , !
New England J. Med. 221, 561-364
Nagai, N. (1887) « ;
Pharm. Zeit. (Berlin), 32, 700 :
Nagase, Y., Baba, S. & Matsuda, A. (1267)
Yakugaku Zasshi 87, 123-128

i



171

Nagatsu, T., Levitt, M. & Udenfriend, S. (1964)
J. Biol, Chem. 239, 2910-2917
Nicholson, J.D. (1970)
Arch. Int. Pharmacodyn. Ther. 188, 375-386
Nicholson, J.D. (1971)
Arch. Int. Pharmacodyn. Ther. 192, 291-301
Noirfailise, A. (1966)
Annls Biol. Clin. 24, 934-956
Novelli, A. & Tainter, M.L. (1943)
J. Pharmacol. Exp. Ther. 77, 324-331
0'Connoxr, M. (1968) '
in "Amphetamine Abuse" (Russo, J.R., Ed) p. 92, Charles C. Thomas,
springfield, Ill.
Cliver, G. & Schaefer, E.A. (1895)
J. Physiol. (London) 18, 230-279 ‘
Opienska~Blauth, J., Saklawska-Szymonowa, O. & Kanski, M. (1951)
Nature, (London) 168, 511
Osmond, H. & Smythies, J.R. (1952)
J. Ment. Sci. 98, 309-315
Pzlm, D., Fengler, H. & Grobecker, H. (1969)
Life Sciences, 8, 247-257
Palm, D. & Grobecker, H. (1968)
Experientia (Basel) 24, 467-469
Parli, C.J., Wang, N. & McMahon, R.E. (1971)
Biochem. Biophys. Res. Commun. 44, 1204-1210
Parke, D.V. (1968)
"The Biochemistry of Foreign Compounds", Pergamon Press, London
Parke, D.V. (1972)
Chem. in Brit. 8, 102-108
Pearl, I.A. & Beyer, D.L. (1951)
J. Org. Chem. 16, 221-224
Peart, W.S. (1949)
J. Physiol. (London) 108, 491-501



172

Piness, G., Miller, H. & Alles, G.A. (1930)
J. Amer. Med. Ass. 94, 790-791
Pbisner, AM. & Bernstein, J. (1971)
J. Pharmacol. Exp. Ther. 177, 102-108
Potter, L.T. & Axelrod, J. (1962)
Nature (London) 194, 581-582
Raab, W. & Humphreys, R.J. (1947)
J, Pharmacol. Exp. Ther. 89, 64-76
Rangno, R.E., Kaufman, J.S., Cavanaugh, J.H. & Oates, J.A. (1970)
Clin. Res. 18, 342
Reisch, J., Psgnucco, R., Alfes, H., Jentos, N. & Mollman, H. (1968)
J. Pharm. Pharmacol. 20, 81-86
Richter, D. (1937)
Biochem. J. 31, 2022-2028
Rutledge, C.0. (1971)
J. Pharmacol. Exp. Ther. 171, 188-195
Ryhage, R. (1964)
Anal. Chem. 36, 759-764
Rylander, G, (1971)
Proc. Eur. Soc., Study of Drug Toxicity 12, 3-5
Schmidt, E. (1914)
Arch. Pharm. _g_@_g_, 120-127
Schulte, J.W., Reif, E.C., Bacher, J.A., jr., Lawrence, W.S. & Tainter,M.L.
(1941)
J. Pharmacol. Exp. Ther. 71, 62-74
Schweitzer, J.W., Freidhoff, A.J., Angrist, B.M. & Gershon, S. (1971)
Nature (London) 229, 133-134
Sedvall, G.C. & Kopin, I.J. (1967)
Biochem. Pharmacol. 16, 39-46
Shulgin, A.T., Sargent, T. & Noranjo, C. (1969)
Nature (London) 221, 537-541
Sjoerdsma, A., Lovenberg, W., Oates, J.A., Crout, J.R. & Udenfriend, S.
(1959)

Science 130, 225



173

Sjoerdsma, A. & von Studnitz, W. (1963)
Brit. J. Pharmacol. 20, 278-284
Smith, R.L. (1966)
in "Progress in Drug Research', (Jucker, E., Ed) pp. 301-355,
Birkhauser Verlag, Baosel
Smith, R.L. (1970)
Proc. Eur. Soc. Study of Drug Toxicity 11,19-32
Smith, R.L. & Williams, R.T. (1966)
in "Glucuronic Acid", (Dutton, G.J., Ed) pp. 457-491, Academic Press,
New York
Smith, R.L. & Dring, L.G., (1970)
in "Amphetamines and Related Compounds", (Costa, E. & Garratini, S.,
Eds) pp. 121-139, Raven Press, New York
Smythies, J.R., Johnston, V.S., Bradly, R.J., Benington, F., Morin, R.D.
& Clark, L.C. (1967)
Nature (London) 216, 128-129
Spector, S., Sjoerdsma, A., Zaltman-Nirenberg, P., Levitt, M.
& Udenfriend, S. (1963)
Science 139, 1299-1301
Spector, S., Sjoerdsma, A, & Udenfriend, S. (1965)
J. Pharmacol. Exp. Ther. 147, 86-95
Stephen, H. (1925)
J. Chem. Soc. 127, 1874-1877
Stolz, F. (1904)
Chem. Ber. 37, 4149-4154
Tainter, M.L. & Luduena, F.P, (1950)
Recent Prog. Hormome Research 5, 3-35
Thoenen, H., Huerlimann, A., Gey, K.F. & Hoefely, W. (1966)
Life Sciences 5, 1715-1722 “
Thomasset, M. (1970)
PhL.D. Thesis, Grenoble
Tomita, K., Mo Cha, C.J, & Lardy, H.A. (1964)

J. Biocl. Chem. 239, 1202-1207



174

Truhaut, R., Boudene, C. & Jouany, J-M. (1969)
Proc., Eur. Soc. Study of Drug Toxicity 9, 258-263
Udenfriend, S. & Wyngaarden, J.B., (1956)
Biochim. Biophys. Acta 20, 48-52
Utena, H., Ezoe, T., Kato, H. & Hada, H. (1959)
J. Neurochem. 4, 161-169
Van Rossum, J.M., van der Schoot, J.B. & Hurkmans, J.A.T.M. (1962)
Experientia (Basel) 18, 229-231
Viveros, O.H., Arqueros, L. & Kirshner, N. (1968)
Life Sciences 7, 609-618
Vogel, W.H., Orfei, V. & Century, B. (1969)
J. Pharmacol. Exp. Ther. 163, 196-203
Vree, T.B., Muskens, A.T.J.M, & Van Rossum, J.M. (1969)
J. Pharm. Pharmacol. 21, 774-775
Vree, T.B., Muskens, A.T. & Van Rossum, J.M. (1970)
in "Amphetamines and Related Compounds", (Costa, E. & Garratini, S.
Eds) pp. 165-190, Raven Press, New York
Waalkes, T.P, & Udenfriend, S. (1957)
J. Lab. Clin. Med. 50, 733-736
Walkenstein, 8.8., Chumakov, N. & Seifter, J. (1955)
J. Pharmacol. Exp. Ther. 115, 16-20
Watson, J.T. & Beimann, K. (1964)
Anal. Chem. 36, 1135-1137
Weiner, N. & Jardetzky, 0. (1964)
Arch. Exp. Pathol. Pharmskel. 248, 308-318
Weiner, N. & Selvaratnam, I. (1968)
J." Pharmacol. Exp. Ther. 161, 21-33
W.H.0. Technical Report Series no. 341 (1966)
W.H.O,,Geneva
Wickstrom, A. & Salvesen, B. (1952)
J. Pharm. Pharmacol. 4, 631-635



Wiess, B. & Laties, V.G. (1962)

Pharmacol, Rev. 14, 1-36
Wilkinson, G.R. & Beckett, A,H. (1968)

J. Pharmacol. Exp. Ther. 162, 139-147
Williame, R.T., Millburn, P. & Smith, R.L. (1965)

Ann, N.Y. Acad, Sci. 123, 110-122
Woodruff, E.H., Lambooy, J.P. & Burt, W.E. (1940)

J. Amer. Chem. Soc. 62, 922-924
Wurzburger, R.J. & Mugacchio, J.M. (1971)

J. Pharmacol. Exp. Ther. 177, 155-168
Zalig, E.G. & Parmley, L.F. (1963)

Arch. Intern. Med. 112, 822-825



	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175

