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ABSTRACT

Deuterium, the stable heavy isotope of hydrogen, has twice the

relative mass of hydrogen; as a consequence, the vibrational frequency

of a carbon-deuterium bond is lower than that for the corresponding

bond to hydrogen. The energy requirement for cleavage of a carbon

deuterium bond is greater than that for a carbon-hydrogen bond; there

fore, chemical bonds involving deuterium will generally be more stable

than those involving hydrogen. Where cleavage of a bond is rate-deter

mining, substitution of deuterium for hydrogen in this position will

result in an isotope effect. Thus, it may be possible to enhance the

half-life of a drug, and hence its duration of action, through deuteri

um substitution. Monoamine oxidase catalyses the oxidative dealnination

of various amines by removal of the amine group, in a reaction that

involves the formation of an imine intermediate. The production of the

imine, which involves the removal of a hydrogen from the a-side chain

carbon atom, is rate limiting for this reaction and, consequently,

deuterium labelling on the a-carbon atom may be expected to attenuate

the rate of oxidative metabolism by monoamine oxidase. The monoamine

oxidase inhibitor phenelzine is inactivated by monoamine oxidase in a

reaction that is analogous to that of amine oxidation. This research

was directed towards examining the effects of deuterium substitution in

DL-dopa, dopamine, and phenelzine and to investigate whether deuterium

labelling of the a-positions of these drugs attenuates their metabolism

by monoamine oxidase and hence enhance their behavioural and neurochem

ical activity. Since DL-dopa and phenelzine are clinically effective
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drugs used in the treatment of Parkinson's disease/syndrome and atypi

cal depression, respectively,substitution of deuterium for hydrogen on

the a-positions of these drugs may effectively increase their clinical

efficacy.

Our results are consistent with earlier observations that DL-dopa

induces a stereotyped behavioural syndrome in rats with a concomitant

increase in striatal dopamine levels and no change in hypothalamic

noradrenaline concentrations. Deuterium substitution in the a,B,B

positons of DL-dopa did not influence the ability of this drug to

elicit behavioural activation or to alter central catecholamine levels

.:!.!!. vi vo, sugges ti ng that deuteri urn-l abe 11 i ng does not protect the

subsequently formed [2U3]-dopamine from metabolism by monoamine oxidase

or dopamine-8-hydroxylase. Despite the observation that dopamine

induces a dose-dependent contraversive circling, with a simultaneous

elevation in striatal dopamine concentration, in rats with unilateral

6-0HDA lesion of the nigrostriatal pathway, deuterium sUbstitution does

not influence the behavioural or neurochemical activity of this drug.

In contrast, the replacement of deuterium on the a,a,8,8-positions of

phenelzine profoundly increases the behavioural activation of this drug

at a time period 2-12 hours after drug administration. This increased

behavioural excitation, 6 hours after drug treatment, seems to be more

closely associated with elevations in central phenylethylamine and

tryptamine levels than to increases in brain dopamine, noradrenaline,

or serotonin concentrations. The ability of deuterium substitution to
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enhance the activity of phenelzine appears to be related to an attenua

tion of the metabolic inactivation of [2H]4-phenelzine by monoamine

oxidase. Deuterium substitution in the a-positions of phenelzine may,

therefore, provide a means by which the clinical efficacy of this drug

can be enhanced.
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I. 1 NTROOUCTI ON

1.1. A Synopsis of Cerebral r�onoami nes

1.1.1 General Introduction

Of the nany monoani ne neurotransrni tter candi dates present in tile

central nervous system (CNS), the catecholamines [dopamine (01\) and

noradrenaline (NA)] and the indoleamine serotonin (5-1IT) have most

frequently been claimed to be involved in the etiology of several

psychiatric and neurological disorders (Hornykiewicz, 1966; Coppen et

al, 1967; Snyder et .?l., 1974; Schildkraut and Kety, 1967; Van Kannmen

and Antleman, 1984). In addition, a role for these amines in both

conditioned and unconditioned animal behaviour has been proposed

(Iversen, 1977; Robbins and Everitt, 1982). In recent years with the

availability of more sensitive and selective analytical techniques, it

has been possible to identify many additional biogenic amines (see

Boulton, 1976; Davis, 1979; Karoum et �., 1979; Boulton and Juorio,

1982; Durden, 1985). These amines, which have been referred to as the

"trace amines", include those monoamines whose endogenous concentra-

tions range from 0.1-100 ng/g of tissue in mammals (Boulton, 197G). In

some invertebrates, such as the octopus, the trace amines may be

present in much larger amounts and may in fact be the major neuro

transmi t ter. Over twenty different trace ami nes have now been i dent i -

fied; in this thesis, however, I shall focus on only four of them:

S-phenylethylamine (PE), para-tyramine (E.-TA), meta-tyramine (m-TA),

and t.ryp tami ne (T). The trace amines are structurally (Fig. 1.1 and

1.2) and metabolically (Fig. 1.3 and 1.4) related to the classical

biogenic amines (see f3oulton, 1976; Boulton and Juorio, 1982). The
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Amine Rl R2 R3

Phenylethylamine H H H

m-Tyramine H OH H

p-Tyramine OH H H

Dopamine OH OH H
Noradrenaline OH OB OB

Fig. 1.1. The Structural Formulae of Some Substituted

Phenylethylamines.

R1

Amine R1

Tryptamine
Serotonin

H
OH

Fig. 1.2. The Structural Formulae of two indoleamines



L-AAD DBH

dopa dopamine • noradrenaline

TH

p-xyros i ne p-tyrami ne
L-AAD

TH
L-AAD

I
w'
I

m-tyrosine m-tyramine

TH

L-AAD

phenylalanine phenyl ethyl amine

Fig. 1.3. The major metabolic pathways for the catecholamines (dopamine and

noradrenaline) and the trace amines (p-tyramine,m-tyramine, and phenylethylamine).

(TH-tyrosine hydroxylase, L-AAD-aromatic aminoacid decarboxylase, DBH-dopamine-p-hydroxylase.)



L-AAD
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5-Hydroxytryptophan •• 5-Hydroxytryptamine

TRH

Tryptophan

L-M�
Tryptamine

Fi 9 .1.4. Metabo 1 i c pathways for 5-hydroxytrypatmi ne and

tryptami nee
(TRH-tryptophan hydroxyl ase, L-AAD aromatic aminoaci d

decarboxyl ase)
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di scovery that the trace ami nes are heterogenous ly di s tri buted through

out the brain (Durden et �., 1973; Saavedra and Axelrod, 1973; Philips

et �., 1974a, 1974b, 1975), that they appear to be synthesised

(Boulton and Quan, 1970; Silkaitis and t�osnaim, 1976; Ishimihi et �.,

1980; Dyck et �., 1983) and released (Snodgrass and Iversen, 1974;

Dyck, 1978) from nerve terminals, that they have a mechanism for reup

take into the neuron (Dyck, 1978; Petr-al t et �., 1979), and that they

possess extremely high rates of turnover (Wu and Boulton, 1973, 1974,

1975), as shown by marked increases in tissue concentration following

inhibition of monoamine oxidase (t1AO) systems (Edwards and Blau, 1973;

1.1.2.1 The catecholamines. The existence of brain catecholamines

Philips and Boulton, 1974; Saavedra, 1974; Durden and Philips, 1980)

suggest possible neurotransmitter or neuromodulator function for these

amines. Several of the trace amines (including phenylethylamine,

p-tyramine, m-tyramine, and tryptamine) are behaviourally (Randrup and
- -

Munkvad, 1966a; f1arsden and Curzon, 1979; Sloviter et �., 1980;

Dourish, 1981; Oyck et �., 1982a) and electrophysiologically active.

The iontophoretic application of the trace amines to rat cortical or

striatal neurons has been found to either alter the baseline firing

rate of the neuron (Jones and Boulton, 1980a) or to modulate the re-

sponse of these neurons to the classical amine neurotransmitters (Jones

and Boulton, 1980b). In addition, a number of studies over the past

several years have proposed an involvement of these amines in a variety

of neurological and psychiatric disorders (Boulton, 1971; Sabelli and

Mosnaim, 1974; Potkin, 1979; Sandler et �., 1979).

1.1. 2 The Occurrence of Ami nes ; n the Central Nervous System

was established in the 1940's when the presence of brain IIsympathinll
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was demonstrated (von Euler, 1946). Sympathin, the extract from sym

pathetic neurons which contained 90% noradrenaline and 10% adrenaline

(A), was found to be unevenly distributed throughout the brain with a

distinct regional localization independent from that of the sympathetic

innervation of the CNS (Vogt, 1954). The highest concentrations of

sympathin were found in the hypothalamus (Vogt, 1954). In concordance

with these findings, Glowinski and Iversen (1966) demonstrated that the

highest concentrations of noradrenaline are localised to the hypothala

mus and limbic system, with the lowest concentrations in the cortex.

The anatomical distribution of noradrenaline has been confirmed using

the fluorescence histochemical technique of Falck and Hillarp (Falck et

�., 1962) which permits the visualization of noradrenergic perikarya

and terminal areas. Central noradrenaline cell bodies are localized to

six nuclei within the pons, medulla, and mesencephalon of the mammalian

CNS, from which neurons project to the entire brain and spinal cord

(Understedt, 1971a).

Another catecholamine, dopamine, is found to be present in mammal

ian brain in concentrations approximately equivalent to that of brain

noradrenaline (0.7 �g/g compared to 0.3 �g/g for dopamine and noradren

aline respectively) (Carlsson et �., 1958). The regional distribution

of dopamine, however, is markedly different from that of noradrenaline

(Bertler and Rosengren, 1959) suggesting that dopamine is not merely an

intermediate in the synthesis of noradrenaline (Blaschko, 1950), but

has its own functional role. The highest concentrations of dopamine

are found in the corpus striatum (caudate nucleus and putamen). Stri

atal dopamine accounts for approximately 80% of the total brain
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The classification of a-adrenoceptors as a1- and az-receptors has

been defined in terms of the relative order of potency of agonists and

antagonists at these sites (Starke, 1977). In addition, the a-adreno

ceptors may be distinguished in terms of their second messenger

systems. Cyclic 31, 51 adenosine monophosphate (cAMP) appears to serve

as the second messenger for az-adrenoceptors (Greenberg et �., 1978;

Ulprichard and Snyder, 1978); however, the existence of an adeny1ate

cyclase-independent form of az-receptors has also been postulated. In

contrast, the second messenger system for the a1-adrenoceptors is

believed to be calcium. Activation of al-adrenoceptors results in the

elevation of intracellular Caz+ levels. It has been postulated that

this increase in Caz+ results in the activation of brain cyclic nuc1eo

tides phosphodiesterase which in turn may stimulate adenylate cyclase

activity (Cheung, 1980).

The 8-adrenoceptors, 81 and 8z, have been classified on the basis

of their rank order of potency for a series of catecho1amines (Lands et

�., 1967). The order of potencies of catecho1amines for a variety of

8-adrenergic mediated responses was observed to fall into two groups,

suggesting the existence of two types of 8-receptors. The introduction

of radioligand binding studies has provided strong evidence to support

the existence of two distinct 8-adrenoceptors (Ulprichard et .?.l., 1978;

Minneman ��., 1979). Both 81- and 8z-adrenoceptors appear to be

closely coupled to adenyl ate cyclase (t·1inneman et �., 1979), suggest

ing that cAMP is the second messenger for the 8-adrenoceptors. Activa

tion of the a- and B-adrenoceptor sites mediates the functional activ

ity of the noradrenergic systems in the eNS.
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The occurrence of dopamine receptor sites in tile mammalian CNS has

been supported by behavioural (Cools and Van Rossum, 1976), electro

physiological (McClennan and York, 1967; Connor, 1970), and radioligand

bi ndi ng s tudi es (Seeman, 1980). A cons i derab 1 e body of experimenta 1

evidence indicates that at least two classes of dopalnine receptors

exist with different pharmacological characteristics and functional

specificities (Cools and Van Rossum, 1976; Kebabian and Calne, 1979;

Seeman, 1980). Dopamine receptors were originally classified in terms

of their ability to regulate adenylate cyclase activity; receptors that

mediated the stimulation of adenylate cyclase were termed D r-r'ecep tor-s ,

while D2-receptors were either not coupled to adenylate cyclase or

directly inhibited this enzyme system (Kebabian and Calne, 1979). \�ith

the development of radioligand binding studies, binding sites for the

dopamine antagonist [3H]-haloperidol \�ere identified in rat striatum

(Seeman et .?l., 1975; Creese et �., 1976). These binding sites are

thought to represent post-synapti c dopami ne receptors of the 02 type

(Creese et .?l" 1983). A population of 02 binding sites with presynap

tic localization have been identified on the nerve terminals of the

corticostriate pathway (Schwartz et �., 1978). These binding sites

Were originally classified as distinct receptor sites termed the 04-

receptor (Schwarcz et �., 1978); however, it has recently been propos-

ed that the D4-receptor represents the low agonist affinity binding

state of the D2-receptor site (Leff and Creese, 1983; Hamblin et �.,

1984). Thioxanthene antagonists have been found to label Ol-dopamine

receptors, and the potency of dopamine antagonists in competing for

these binding sites correlated well with their potencies to inhibit
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dopamine-stimulated adenylate cyclase activity (Hyttel, 1978). Seeman

(1980) further proposed the existence of a fourth dopamine receptor,

the 03-subtype; however, recent studies have suggested that the 03-

binding site in fact represents the high affinity state of the Dl-dopa

mine receptor. It would appear, therefore, that at least two distinct

populations of dopamine receptors (i.e. 01- and 02-receptors sites)

exist in the mammalian CNS. Biochemical and pharmacological studies

have indicated that these two receptor populations have opposing roles

(Stoof and Kebabian, 1981). Furthermore, a functional interaction

between 01- and 02-receptors has been postulated (Stoof and Kebabian,

1981; Saller and Salama, 1985).

Alterations in the responses of dopamine and noradrenaline recep-

tors may be responsible for the modulation of dopaminergic or noradren-

ergic neuronal activity observed in a number of different psychiatric

and neurological disorders. Antidepressants, such as the tricyclics,

r1AO inhibitors, and atypical antidepressants, appear to down regulate

B-adrenoceptors (Banerjee et �., 1977; Charney et �., 1981) with a

concomitant decrease in adenylate cyclase activity (Homburger et a1.,
-_

1980). The abil i ty of these drugs to regul ate B-adrenoceptors has 1 ed

to the hypothesis that depression may represent a state of hyperexcita

bility in the CNS through a defect in the regulation of the noradrenal

ine coupled adenylate cyclase system (Sulser et �., 1983).

1.1.2.2. Serotonin. The presence of 5-HT in the mammalian CNS

was first demonstrated using selective biological assays (Twarog and

Page, 1953; Amin et �., 1954). 5-HT was found to be heterogeneously

localized throughout the brain (Bogdanski et �., 1957) with the
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highest concentrations present in the brain stem structures, the limbic

system, the hypothalamus, and the corpus striatum. With the develop

ment of fluorescence histochemistry, the location of 5-HT neuronal

perikarya (Dahlstrom and Fuxe, 1964a), nerve terminal areas (Fuxe,

1965), and neuronal pathways (And�n et �., 1965) were mapped. The

cell bodies of 5-HT neurons are localized predominantly in the brain

stem raph� nuclei, axonal fibres from these nuclei project to other

areas of the brain stem, spinal cord, and the cortex. Such a wide-

spread distribution of central 5-HT terminal areas has been supported

by electrophysiological studies. Microiontophoretic application of

5-HT alters neuronal activity in almost every area of the brain that is

tested (Bloom ��., 1972). These findings would appear to indicate

that an extensive network of serotoninergic neurons exists in the CNS.

A substantial body of experimental evidence supports the sugges

tion that 5-HT receptors exist in the mammalian CNS (Bennett and

Snyder, 1976; Creese and Snyder, 1978; Peroutka and Snyder, 1979).

Using electrophysiological studies, the existence of at least two

distinct 5-HT receptor sites with differential sensitivities to classi

cal 5-HT antagonists has been identified (Aghajanian and Wang, 1978;

McCall and Aghajanian, 1979). The introduction of radioreceptor bind-

ing assays enabled the detailed examination of serotonin receptors

(Bennett and Snyder, 1976; Leysen et alo, 1978; Peroutka and Snyder
-- ,

1979, 1981) and from these studies it was postulated that at least two

distinct 5-HT binding sites exist in the brain, 5-HTI sites labelled

with [3H]-5-HT and 5-HT2 sites labelled with [3H]-spiroperidol. These

binding sites appear to have differential localizations in the brain
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(Biegon et �., 1981; Peroutka and Snyder, 1981) and distinct function

al roles. Most antagonist studies have suggested that the behavioural

effects associated with 5-HT receptor activation in rats result from

the stimulation of 5-flT2 receptor sites (Leysen � �., 1978; Peroutka

� �., 1981); recent studies, however, have postulated a role for the

putative 5-HTIA receptor in forepaw padding (Tricklebank et �.,

1985). A 5-HT sensitive adenylate cyclase has been described in sever

al regions of the eNS in immature rat brain (Von Hungen et al., 1975)
_-

and in crude synaptic membranes prepared from adult rat brain

(Barbaccia � �., 1983). Since guanine nucleotides have been found to

regul ate agoni st bi ndi n9 to 5-HTl receptors (Peroutka et �., 1979), it

has been postulated that 5-HT1 receptors may mediate the activity of

the 5-HT sensitive adenylate cyclase. Nelson et ale (1980), however,

found that [3H]-5-HT binding sites were not the same as 5-HT receptors

coupled to adenyl ate cyclase. The inconsistencies between these data

may be related to the assay conditions and tissue preparations utiliz

ed. It would appear that some, but not all, [3HJ-5-HT binding sites in

the brain are coupled to an adenyl ate cyclase, and that these sites are

of the 5-HTl subtype. The functional significance of 5-HTl receptors

linked to adenylate cyclase however, is unclear since the behavioural

effects of 5-HT have been associated predominantly with 5-HT2 receptor

activation.

Serotonin receptor sites are believed to mediate the pharmacologi

cal, behavioural and physiological effects of central 5-HT neurons, so

that alterations in central 5-HT activity may be modulated by function-

al changes in the 5-HT receptor site. The involvement of multiple
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classes of 5-HT receptors in the functional activity of central 5-IIT

neurons has been a recent focus of research in this area.

1.1.2.3. The trace amines. It has been known for some decades

tha t tile trace ami nes .p_-tyrarni ne , �-tyrami ne , phenyl ethyl ami ne , and

t ryp tami ne ex is t; due to the small amounts of these ami nes in the

mammalian CIlS. howeve r , their detection, identification. and quantifi

cation have only recently been achieved. With the development of

specific and sensitive analytical techniques such as thin layer chrom

atographic separation coupled with mass spectrometric detection (the

selected ion monitoring procedure) (Durden et �.• 1973; l)urden, 1978,

1985) or gas chromatographic-mass spectrometric techniques (Warsh et

� .• 1977; Karoum ��.• 1979), the unequivocal identification and

quantification of the trace amines has been realized. Prior to 1970.

the use of inadequate t so i ati on procedures coupled \/ith insensitive and

non-specific detection techniques yielded ambiguous data.

The presence of the trace ami nes in the mammal i an bra in is now

well established (Boul ton , 1979). They are distributed heterogeneously

throughout the brain (see Table 1.1.) with the highest concentrations

being present in the caudate nucleus and hypothalamus (Durden et �.•

1973; Philips ��., 1974a,b, 1975). Subcellular fractionation

stUdies revealed a significant fraction of these amines associated with

the synaptosomes (8oulton and Baker, 1975), thus the trace amines, or

at least a portion of them, appear to be localized to nerve terminals

in the mamna l i an CtJS. It has been suggested that the trace ami ne s may

act as neuromo du l ators or neurotransmi tters in the CtJS (see Boul tun,

1976; Boulton and Juor i o , 1982); it is not yet clear, howcver , hov they
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1.23
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Table 1.1.

Tile regional distribution of (3-phenylethylamine (PE), E.-tyramine

(E_-TA), m-tyramine (�-TA), and tryptamine (T) in the rat brain.

PE

(ng/g)
p-TA
eng/g)

m-TA

eng/g)
T

(ng/g)

Hypotha 1 amus 2.10

0.01

0.20

0.14

0.43

0.15

2.12

1.64

Cerebe 11 urn

Brain Stem

Rest

0.06

0.16 0.53 0.13 1.35

(Adapted from Durden et �., 1973; Philips et �., 1974a, 1974b, 1975.)
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might precisely do this. As yet no unambiguous neuronal pathways for

the trace amines have been mapped; however, the existence of specific

neurons for the trace amines in the mammalian CNS has been postulated

from indirect evidence. Neurons containing aromatic-L-amino acid

decarboxylase but lacking either tyrosine or tryptophan hydroxylase

were found in the brain and spinal cord of neonatal and adult rats

(Jaeger et �., 1983a). These neurons would be able to synthesize the

trace amines, but not dopamine, noradrenaline or 5-HT. Studies that

have utilized lesion techniques may help elucidate putative trace amine

pathways (Jones et �., 1983; Juorio and Greenshaw, 1985, 1986). Jones

et�. (1983), using electrical stimulation of sUbstantia nigra, demon

strated that the tyramines appear to be released from nerve endings in

the striatum and that electrolytic lesions of the nigrostriatal pathway

prevented this release. Furthermore, Juorio and Jones (1981) found

that destruction of an area 1 mm dorsal to that destroyed in nigrostri

atal lesions resulted in a profound increase in m-tyramine levels with

little or no change in £-tyramine or dopamine concentrations. Conse

quently, Juorio and Jones postulated that £-tyramine could co-exist

with dopamine in nerve terminals in the caudate but that a specific

,!!!-tyrami nergi c pathway exi s ted , The hypothesis that .e_-tyrami ne and

dopamine co-exist in nigrostriatal neurons is further supported by the

findings that amphetamine causes the simultaneous release of [14C]_

dopamine and [3H]-£-tyramine or [3H]-m-tyramine from rat striatal

slices.:!.!!. vitro (Dyck et�., 1980). In contrast, methylphenidate

results in the differential release of [14C]-dopamine and [3H]_£_
tyramine or [3H]-m-tyramine from rat striatal slices (Dyck et �.,
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1980). The tyramines appear to be released predominantly from an

extravesicular site, while the release of dopamine seems to occur both

from a vesicular and extravesicular pool. Despite the findings that

the tyramine and dopamine may exist in different cellular compartments,

these data are not inconsistent with the hypothesis that the tyramines

co-exist with dopamine in nigrostriatal neurons. The metabolic inter-

relationship of the trace amines and dopamine proposed by Boulton

(1976) suggests that the tyramines may coexist with dopamine in striat

al neurons. In addition, Dyck et�. (1983a) proposed that inhibition

of tyros; ne hydroxyl ase "IOU 1 d resul tin an el evati on of ..e..-tyrami ne

levels with a concomitant decrease in �-tyramine synthesis. Since

tyrosine hydroxylase is found exclusively in catecho1aminergic neurons,

it may be speculated that the tyramines also exist in these neurons.

The existence of tryptamine-containing neurons in the nigrostriat-

a1 pathway has also been postulated (Juorio and Greenshaw, 1986).

These authors demonstrated that electrolytic lesions of the nigrostri-

ata1 pathway resulted in a reduction in striatal dopamine and trypta

mine levels seven days after lesions. Since non-specific lesions of

the nigrostriatal pathway were utilized, it is unclear whether trypta-

mine coexists with dopamine or whether separate tryptamine and dopamine

fibres were lesioned. It appears that the tyramines may coexist in

catecho1aminergic neurones; however, it has not yet been established

whether this is also true for tryptamine, or whether tryptamine forms a

distinct neuronal pathway.

The existence of phenylethylamine and tryptamine binding sites

have been reported in the literature over the last few years (Hauger et
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a1., 19HZ; Kellar and Cascio, 1982; Bruning and Rouune l spache r , 1984;

Wood, 19134). f ryp teml ne binding sites appear to be widely distributed

throughout the brain with high densities in the forebrain and limbic

structures (Wood��., 1984; Perry, 1986; r1cConnack��., 19136).

In addition, pargyline treatment has been found to decrease tryptamine

binding in some areas of the rat brain (Cascio and Kellar, 1986). It

is not clear, however, whether these binding sites represent function

ally significant trace amine receptors, or merely the binding of these

1 i gands to some other site. Furthermore, the second messenger sys tems

for these trace amine receptor sites have yet to be established. While

some trace ami nes may acti vate an adenyl ate cycl ase in invertebrates

(Levitan and Barondes, 1974), in mammals the effect of the trace dmines

on adenyl ate cyclase ;s less clearly understood.

1.1.3. Tile Synthesis and Catabolism of the t'lonoamines

1.1.3.1. Synthesis of the catecholamines. The catecholamines are

synthesised from the neutral amino acid precursor, p_-tyrosine, which is

taken up from the circulation into the CSF and then into neurons by an

active uptake mechanism (Oldendorf, 1971). The pathway whereby cate

cho l ami nes It/ere synthesised was postulated by Blaschko (1939), who

proposed that E.-tyrosine was first converted to dopa, then to dopamine,

noradrenaline and adrenaline. This pathway has been demonstrated in

vitro using radiolabelled compounds , The hydroxylation of phenylala

nine, however, may provide an alternative source of p-tyrosine for

catecholamine synthesis.

Tyrosine hydroxylase (TH) (E.C. 1.10.3.1.), a mixed function

oxygenase, ',f/hich catalyses the ring hydroxylation of E.-tyrosine to
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dopa, is the first enzyme in this pathway (Nagatsu et �., 1964). This

cytoplasmic enzyme (Laduron and Belpaire, 1968) is activated by molecu

lar oxygen, Fe2+, and a pteridine cofactor (tJagatsu et �., 1964) which

is active only in the reduced form. Dihydropteridine reductase, which

is present in high concentrations in the brain, can maintain the coen

zyme in the reduced state (Craine et �., 1972). As a consequence,

alterations in the activity of dihydropteridine reductase, or in the

concentration of the reduced cofactor may regulate the activity of

tyrosine hydroxylase � vivo (Musacchio et �., 1971).

Tyrosine hydroxylase is a stereospecific, substrate-selective

enzyme that has a high affinity for £-tyrosine (Nagatsu et �., 1964).

The role of hydroxylation of £-tyrosine to dopa is slower than that of

the subsequent decarboxylation or S-hydroxylation steps, and is, there

fore, rate limiting for catecholamine biosynthesis (Spector, 1966). As

a consequence, the regulation of catecholamine synthesis appears to be

mediated predominantly through alterations in the TH activity (Nagatsu

et �., 1964). Short term regul ati on of TH acti vi ty apparently is

mediated by end product feedback inhibition (Spector et �., 1967),

which appears to involve autoreceptor activation (Carlsson et �.,

1972; Kehr et �., 1972). Long-term regulation, on the other hand, of

TH is thought to involve enzyme induction (�1ueller et �., 1969).

Carlsson and Lindquist examined the relationship between dopa

formation and £-tyrosine levels in rat brain and concluded that under

physiological conditions TH is about 75% saturated with £-tyrosine

(Carlsson and Lindquist, 1978). [)ue to the dynamic regulation of TH

under normal conditions, alterations in precursor availability do not
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affect the rate of catecholamine synthesis (Wurtman and Fernstrom,

1976). In pathological states such as depression and Parkinson's

disease, whe re the regulation of TH activity may be altered, changes in

centra 1 £-tyros i ne 1 eve 1 s may i nfl uence catechol ami ne synthes is

(Fernstrom, 1983).

The second step in the biosynthesis of the catecholamines, v/hich

involves the formation of dopamine from dopa, is cata1ysed by aromatic

L-amino acid decarboxylase (L-AAU) [E.C. 1.1.28.J (81aschko, 1939;

Sou rkes, 1966; Lovenberg et �., 1962). L-AAD has a broad subs tra te

specificity, is widely distributed throughout monoaminergic neurons in

the brain (LQvenberg et �., 1962), and has been localised to the

soluble cytoplasmic fraction of the neuron (Laduron and Belpaire,

1968). L-AAD is activated by the coenzyme pyridoxal-51-phosphate which

is ti ght1y bound to the enzyme as a Schi ff base (Av/apa ra et �., 1962;

Sourkes, 1966). Inhibitors of L-AAD are thought to disrupt the forma-

tion of this Schiff base through interaction wt th pyridoxal-51-

phosphate (Sourkes, 1966).

Dopamine-a-hydroxylase (DBH) [E.C. 1.141.7.1.], a mixed function

oxygenase, catalyses the a-hydroxyl at i on of dopami ne to noradrena 1 i ne

(Kaufman et�. 1962; Taylor, 1974). DBH is a non-specific enzyme that

cata lyses the convers i on of several phenyl ethyl ami nes to thei r.

f3-hydroxylated derivatives (K1inman and Krueger, 19H2); however , it is

present exclusively in noradrenergic and adrenergic neurons, where it

appears to be associated with amine storage granules (LadlJron and

Belpaire, 19G8). Activation of DI3H requires the presence of ascorbic

acid and mo l ecul ar oxygen as cofactors; in addition, dicarboxylic
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acids, such as fumaric acid, further stimulate this reaction. UGH is a

copper-containing protein and its activation involves reduction of the

Cu2+ moiety hy ascorbic acid (Friedman and Kaufman, 1966); consequent-

1y, copper chelating agents, such as FLA 63, have proven to be effec-

tive D[31l inhibitors both in vitro and in vivo.

1.1.3.2. Syntlles is of serotoni n. Since 5-IH cannot cross the

blood brain barrier (Oldendorf, 1971), central 5-HT neurons must

possess the ability to synthesise their own neurotransmitter. Seroton-

in synthesis involves the enzymatic conversion of tryptophan to

5-hydroxytryptophan (5-HTP) and 5-HT (Udenfriend et �., 1957). Pl asna

tryptophan is taken up into the brain and nerve cells by an active

transport process. Other neutral amino acids, such as L-tyrosine and

phenyl a 1 ani ne, compete \'1; th tryptophan for th i s uptake mechani Sin

(Pardri dge, 1977). Once ins i de the neuron, tryptophan is hydroxyl ated

to 5-IITr in an enzymatic reaction that is catalysed by tryptophan

hydroxylase, a mixed function oxygenase vlith similar properties to that

of TIL Tryptophan hydroxylase, a soluble cytoplasmic enzyme that is

localised in 5-HT neurons, is substrate specific and rate-limiting for

5-HT synthesis. This enzyme is activated by molecular oxygen, a reduc-

e d pteridine cofactor, and sulphydryl stabilizing agents such as mer

c ap tce thano l . The ac t i vi ty of tryptophan hydroxyl ase, unl ike .that of

TH, does not appear to be controlled by end-product inhibition (Hamon

and Gl OI'd nsk i, 1974). The hydroxyl ati on of tryptophan to 5-HTP can be

h locked by £,-ch 1 orophenyl a 1 ani ne (pCPA) whi ell competes \'1; th tryptophan

for tile active site of the enzyme, and once in place binds irreversibly

to tryptophan hydroxylase (Deguchi and Barehas, 1972).
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Under physiological conditions, tryptophan hydroxylase is only

about half saturated with its amino acid substrate (Carlsson and

Lindquist, 1978), so that alterations in precursor availability lead to

changes in brain tryptophan, 5-HT and 5-hydroxyindoleacetic acid

(5-HIAA) levels (Fernstrom and Wurtman, 1972). Alterations in precurs

or availability, through competition for the active uptake sites,

appears to be the mechanism by whi ch 5-HT synthesis is regulated

(Wurtman and Ferstrom, 1976). The decarboxylation of 5-HTP to 5-HT was

found to be catalysed by an enzyme extracted from tissue preparations.

This enzyme was originally thought to be distinct from that of dopa

decarboxylase (Clark et �., 1954); subsequent studies suggest, how

ever, that the same enzyme decarboxylates both 5-HTP and dopa

(Lovenberg et �., 1962). The properties of L-AAD have been discussed

previously.

1.1.3.3. Synthesis of the trace amines. The lack of specificity

of both L-AAD and DBH enables numerous amino acid and amine derivatives

to act as substrates for these two enzymes, respectively. For example,

the trace amines .e.-tyramine, �-tyramine and phenylethylamine are meta

bolically related to the catecholamines because of the non-specificity

of L-AAD (see Boulton, 1976). The principal pathway for the synthesis

of the trace amines, .e.-tyramine, m-tyramine, phenylethylamine, and

tryptamine, in the CNS is thought to involve decarboxylation of their

amino acid precursors by L-AAD. Brain phenylethylamine, .E.-tyramine,

and tryptami ne appea r to be synthesised from L-phenyl a 1 ani ne, _E.-tyro

sine and tryptophan, respectively, while the biosynthesis of m-tyro-, -

sine is believed to occur through the hydroxylation of L-phenylalanine
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to �-tyr()s i ne fo 11 owed by decarboxy1 a ti on to m-tyrami ne (Dyck � �. ,

19133a) (see Fig. 3). fhe hydroxylation of phenylalanine may also

provide an alternative source of E.-tyrosine for .e.-tyramine synthesis.

That TH is the enzyme responsible for the conversion of phenylalanine

to m- and E.-tyrosine (Tong et �., 1971; Hoskins and Pol1it, 1979;

Ishimitu et �., 1980) has been inferred from studies using inhibitors

of TH (Dyck et �., 1983a). The decarboxylation of E.-tyrosine,

�-tyrosine, phenylalanine and tryptophan appears to be cata1ysed by the

enzyme L-i\i\[). Phenyl a 1 ani ne, E.-tyros i ne and tryptophan are not good

substrates for L-Ai\D (see Table 1.2.) and the rate of decarboxylation

of these amino acids is slow. Consequently, several laboratories have

failed to demons t.ra te the decarboxylation of E.-tyrosine � vitro

(Lancaster and Sourkes, 1972; Corgier and Pacheco, 1975; Srinivasan and

AV/apara,19713). In contrast to these findings, more recent studies

ha ve demonstrated that E.-tyrami ne may be formed from ..e.-tyros i ne both in

vitro (Dyck et �., 1983a) and � vivo (Boulton and �Ju, 1972; Boulton

and Dyck, 1974). Juorio and Boulton (1982) reported that striatal

.E.-tyrami ne concentra t ions were e1 eva ted fo 11 owi ng subcutaneous i njec

tion of .e.-tyrosine in mice. Furthermore, the decarboxylase inhibitor,

NSD-1055, si gni fi cantly attenuated the formati on of E.-tyrami ne from

.e.-tyrosine. These findings are consistent with the hypothesis. that

p-fyr-ami ne is formed f'rom tile decarboxylation of .E.-tyrosine. Dyck et

ale (1983a)' demonstrated that the amounts of [3H]-_E.-tyral11ine formed

f r-om [3H]-E_-tyrosine were significantly increased in rats that had been

pretreated with a-MPT one hour prior to sacrifice. a-MPT, an inhibitor

of TH, wou l d be expected to attenuate the conversion of [311]-E_-tyrosine
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Table 1.2.

The rate of decarboxylation of amino acid substrates by L-AAD

Amino acid

substrate Km (M)

Vmax (nrnol/min/

mg protein)

Rel ati ve rate of

decarboxyl ati on

Dopa 100 1.9x10-4 8900

m-Tyrosine 31

5-HTP 16 1xlO-4 850

Tryptophan 3.4 lx10-2 230

Phenylalanine 1.6 4.2xlO-2 590

£_-Tyrosi ne 0.5 8.4x10-3 30

(Adapted from Yang (1982))
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to [3I1J-dopa, thus increasing the amount of E_-tyrosine available for

decarboxylation by L-AAD. The decarboxylation of phenylalanine to

phenyl ethyl ailli ne has a 1 so been demonstrated in vi tro (Lovenberg et a 1. ,

1962; Christenson £.! �., 1970; Dyck � �., 1983a); furthermore,

pretreatment \Jith a-HPT significantly facilitated this reaction (Dyck

� �., 1983a). In addition, the decarboxylation of tryptophan appears

to be the only route of synthesis for tryptamine. The administration

of tryptophan to animals substantially increases the concentration of

brain tryptamine (Saavedra and Axelrod, 1973; Juorio and Durden, 1984)

and this effect is blocked by pretreatment with central inhibitors of

L-AAD (Saavedra and Axelrod, 1974).

The alternative pathways for E_-tyramine and phenylethylamine syn

thes is, through hydroxyl ati on of phenyl ethyl ami ne to E_-tyrami ne, or the

dehydroxy 1 at i on of dopami ne and E_-tyrall1i ne to form £-tyrami ne and phen

y1ethylamine, respectively (Boulton, 1976), are extremely slow. Conse-

quently, despite the relatively poor affinity of phenylalanine, E_-tyro

sine and tryptophan for L-AAD, the decarboxylation of these amino acids

is a major route of synthesis for phenylethylamine, E_-tyramine, and

tryptamine, respectively. In contrast, m-tyrosine has been shown to be

d good substrate for L-AAD (Blaschko, 1950; Lovenberg ��., 1962) and

thus Ill-tyrosine appears to be decarboxylated readily both in vivo

(Juorio and Bou l ton , 1982) and..!2:!_ vitro (Dyck ��., 1983a). The

admi ni stra toi on of peri pheral decarboxyl ase i nhi bi tors, Ro4-4602 and

carbidopa, significantly increases striatal E.-tyramine and �-tyramine

values in the mouse (Juorio, 1(83). It was postulated that i nh ib i t i on

of peripheral L-AAD results in an increase in the levels of the peri

pheral ami no aci d precursors for E_- and �-tyrami ne. In vi ew of these
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findings it would appear that the decarboxylation of amino acids forms

the major route of synthesis for the trace amines and that L-AAD is the

enzyme responsible for this decarboxylation. Inhibitors of L-AAD,

however, have been found to exhibit differential effects on m- and

£-tyramine levels (Juorio, 1983). Consequently, it has been postulated

that there may be more than one brain decarboxylase, with different

specificities towards the m- and £-isomers of tyramine.

1.1.3.4. Catabolism. The monoamines are inactivated by a number

of di fferent enzyme systems vlhi ch i ncl ude conjugati on, acetyl ati on,

deamination and methylation. The enzymatic deamination of the mono-

amines by the action of monoamine oxidase n1AO} [E.C. 1.4.3.4.] appears

to be an important catabolic pathway. Oxidative deamination by t'1AO

results in the formation of an aldehyde, which is subsequently metabol-

ized to either an acid derivative, through the action of aldehyde

dehydrogenase, or to an alcohol, through the action of aldehyde reduct

ase (see Sharman, 1973). In addition, the catecholamines are inactiv

ated by catechol-O-methyltransferase (COMT) [E.C. 2.1.1.6.], which

catalyses the methylation of the hydroxyl group on the 3-position of

the catechol ring (Axelrod, 1966). COMT is present both as soluble and

me�brane bound forms in the brain (Borchardt and Cheng, 1978; Roth,

1980). It appears to have a predominantly extraneuronal localization

(Roth, 1980). r�ethyl ated ami ne deri vati ves, such as 3-methoxytyrami ne,

may al so act as substrates for r�AO (Housl ay and Tipton, 1974; Roth and

Feor, 1978), whereby they are deaminated in a manner similar to that

for the parent amine.
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The existence of an amine oxidase in the brain was first estab

lished in 1937 (PW�h and Quas te l , 1937). This enzyme ',I<1S found to

possess similar characteristics to that of hepatic tyramine oxidase

(Hare, 1928) and adrenaline oxidase (Blaschko et a1., 1937), suggesting
_-

that these different enzyme activities could be described by tile pres

ence of a single monoamine oxidase with a wide specificity of action.

t1AO catalyses tile oxidative deamination of the terminal amino group of

a \'Iide variety of monoami ne s according to the following reaction:

R - CH2 - NH2 + 02 + H20� RellO + NH3 + H202

This reaction is stereospecific with I1AO catalysing the removal of tile

(R)-a-hydrogen (Belleau et �., 196Gb; Yu et �., 1985a).

The properties of I1AO differ from other mammalian amine oxidases

(i.e., diarnine and spermine oxidase) and these differences appear to be

re 1 a ted to the use of di s tinct coenzyme sys terns (Ti p ton , 1973). Sper

mine and diamine oxidase utilize pyridoxal-5'-phosphate as their coen-

zyme ; vhi l e 11AO has heen shown to be a flavin dependent protein. Rats

fed a riboflavin deficient diet have reduced hepatic 11AO activity

(Youdim and Sourkes, 1965). The oxidation of substrate by i1AO is

believed to proceed through a reduction in the flavin coenzyme.

r1AO exhibits a wt de distribution throughout tile body wi th high

concentrations in the liver, kidney, and intestines \</here it apparently

functions as a detoxifying agent. In the brain where lower levels of

1'11\0 have been identi fied, the physiological function of this enzyme is

less clearly understood (Pletscher, 1966). t'1AO has been local ized to

the mitochondria (Jay'rot and Iversen, 1968), where it is associated

w i th the outer mitochondrial menb rane (Greena\Jalt, 1972). i·IAO appears



-27-

to be ubiquitously distributed throughout the brain; specific lesions

of catecholamine neurons, moreover, result in little or no changes in

r�AO activity (Wagner and Trendelenburg, 1971; Agid et !.!_., 1973),

suggesting that this enzyme has a largely extra neuronal localization.

The monoamines, however, appear to be deaminated predominantly within

monaminergic neurons (Carlsson and Hillarp, 1962).

A considerable body of experimental evidence has suggested the

existence of at least two functionally distinct forms of t4AO (Kim and

DIIorio, 1968; Youdim, 1972). These subtypes of 14AO, named MAO type A

and MAO type B, have been differentiated on their basis of inhibitor

sensitivity (Johnson, 1968; Knoll and Magyar, 1972), their substrate

specificity (Johnson, 1968; Yang and Neff, 1974), their thermostability

(Squires, 1972), and their electrophoretic motility (Youdim, 1973).

The application of electrophoretic separation has, however, produced

equivocal results (Houslay and Tipton, 1973; Neff and Yang, 1974;

Pearce and Roth, 1984). It has been proposed that the multiple forms

of MAO may in fact represent a single enzyme species with varying

degrees of its phospholipid environment (Houslay and Tipton, 1973).

Consequently, the substrate specificity or inhibitor sensitivity of MAO

may depend upon the phospholipid environment of this enzyme. In con

trast, White and Stein (1982) proposed that MAO exists in two distinct

forms that are held together as subunits of a phospholipid-containing

structure. Although the nature of the multiple forms of MAO are equi

vocal, it would appear that the phospholipid environment of this enzyme

may be of some importance.
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Due to the ub i qu t t i ous distribution of t1AO and its lack of sub-

strate spec i f i c t ty , a wide variety of biogenic amines, including the

catecholalllines, indoleamines, and the trace amines are in part metabol-

ised by tMO. The trace amines have high metabolic activity with an

extremely fast half-life (Wu and Boulton, 1973, 1974, 1975). Inhibi-

tion of 11AU results in marked increases in trace amine levels (Philips
and Boulton, 1979), suggesting that oxidative deamination by t1AU is a

major pathway for the biological inactivation of these amines. Durden

and Philips (1980) demonstrated that the rates of phenylethylamine and

tryptamine accumulation, after inhibition of t1AO, correspond to those

of the catecholic neurotransmitters. These findings suggest that the

trace amines have very rapid turnover rates in comparison to those of

the catecholamines and 5-HT, and that deamination by r1AO is responsible

for the extremely short half lives of these amines and hence their low

endogenous concentrations. In contrast, the catecholamines and 5-HT

have much longer half lives (Brodie et �., 1966; Beck et �., 1977);

and as a consequence, inhibition of t1AO results in only relatively

small changes in catecholamine and 5-HT concentrations (Chessin et �.,

1959; Gey and Pletscher, 1961; Pletscher, 1966; Javoy et �., 1973).

Furthermore, si nce catechol ami ne synthesis is contro11 ed by feedback

inhibition (see section 1.1.3.1.), no large increases in catecholamine

levels woul d be observed following t,1AO inhibition. Trace amine concen-

trations, howeve r , appear to be controlled by the high rate of catabol

ism by t1AO. Thus, inhibition of r�AO woul d result in a disruption of

this regulation and large changes in the concentration of tile trace

amines are observed.
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noradrenaline in locomotor activity, stereotypy and rotational behavi

our will be discussed here.

Amphetamine, a drug that influences the uptake and release of the

catecholamines both � vitro (Glowinski and Baldessarini, 1966) and in

vivo (McKenzie and Szerb, 1968; Carr and Moore, 1969), elicits dose

dependent behavioural excitation in the rat (Randrup et �., 1963)

which consists of stereotyped grooming, sniffing, rearing, gnawing or

licking, and locomotor stimulation. These behaviours are abolished by

pretreatment with the tyrosine hydroxylase inhibitor a-methy1-£-tyro

sine (a-MPT) (Randrup and Munkvad, 1966b) and selective destruction of

catecholamine neurons (Fog et �., 1970; Naylor and Olley, 1972; Creese

and Iversen, 1973) suggesting that the behavioural effects of ampheta

mine are mediated through catecholamine release. In concordance with

this hypothesiS, L-dopa is found to elicit a stereotyped hyperactivity

syndrome in rats s i mil ar to that seen wi th amphetami ne (Randrup and

Munkvad, 1966a; Lammers and Van Rossum, 1968; Bartholini et �.,

1969). Since L-dopa and amphetamine may interact with both dopamine

and noradrenaline systems, it is not clear which catecholamine system

mediates the behavioural effects of these drugs. The control of move

ment appears to depend upon the interaction between many areas in the

CNS. Consistent with this hypothesiS is the suggestion that dopamine

is of basic importance in the control of motor function and that nor

adrenaline may act to modulate this behaviour (Dolphin et �., 1976).

The role for dopamine in amphetamine-induced stereotypy is well

established. For example, pimozide, a specific dopamine antagonist,

attenuates this behaviour (Randrup and Munkvad, 1970), while inhibitors
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of dopamine-(3-hydroxylase, such as FLA-63 and diethyldithiocarbamate,

have little effect on amphetamine- and L-dopa-mediated stereotypy

(Scheel-Kruger and Randrup, 1967). Furthermore, apomorphine, a direct

ly acting dopamine agonist (And�n � �., 1967), induces a behavioural

syndrome similar to that seen with amphetamine (Ernst, 1967).

Stereotyped behaviours have been described following local injec

tions of amphetamine (Costall et �., 1972), apomorphine (Ernst and

Smelik, 1966), and dopamine (Fog and Pakkenberg, 1971) into the corpus

striatum; these behaviours were abolished by lesions of the caudate

nucleus (Fog et �., 1970). r�oreover, intrastriatal injections of

haloperidol, a dopamine antagonist, inhibits stereotypy elicited by

both amphetamine and apomorphine treatment (Pijnenburg et �., 1975a).

Although substantial evidence suggests the involvement of striatal

dopami ne neurons in thi s stereotyped behavi oura 1 syndrome, it does not

appear to be the only system involved. The mesolimbic dopamine system

may mediate some of the behavioural effects of these drugs (McKenzie,

1972; Costall and Naylor, 1973, 1975; Pijnenburg et �., 1975b). In

addition, y-aminobutyric acid (GABA) fibres in the nigrotegmental

pathway appear to modulate stereotyped behaviours associated with

striatal dopamine receptor activation (Childs and Gale, 1983).

The role of the catecholamines in locomotor activity is less

clearly understood. Low doses of amphetamine (1.0-5.0 mg/kg) facili

tates locomotor activity in the rat, while pretreatment with a-MPT, an

inhibitor of catecholamine synthesis, blocks the locomotor stimulant

effect of this drug (Hollister et �., 1974). This effect of a-MPT

appears to be more closely related to the depletion of brain dopamine
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rather than noradrenaline (Dominic and Moore, 1974), suggesting a role

for dopamine in this behaviour. The destruction of dopamine systems in

the brain, through local 6-0HDA application, abolishes amphetamine

induced locomotor activity (Creese and Iversen, 1973). In contrast,

destruction of noradrenaline neurons has little effect (Creese and

Iversen, 1975; Roberts et �., 1975). Bilateral injections of apomor

phine (Pijnenburg et �., 1976), dopamine (Pijnenburg and Van Rossum,

1973; Costall and Naylor, 1975), and noradrenaline (Pijnenburg et �.,
1975b) into the nucleus accumbens elicits locomotor stimulation in rats

suggesting that the mesolimbic dopamine pathway is important for loco

motor acti vi ty. Despi te the observati on that i ntracrani a1 mi croi njec

tions of noradrenaline induces motility in rats, some research has

suggested that the effects of noradrenaline are mediated indirectly

through activation of dopamine systems, either via the displacement of

dopamine from nerve endings or through a direct activation of dopamine

receptors (Pijnenburg et �., 1975b). In contrast to these findings,

Geyer et�. (1972) suggested that the locomotor stimulation associated

with the infusion of dopamine and noradrenaline into the lateral

ventricles in the rat is mediated by activation of central noradrenal

ine receptor sites. Pretreatment with imipramine, a noradrenaline

uptake inhibitor, prevents the behavioural stimulation produced by

exogenously applied dopamine, while noradrenaline-elicited locomotion

is unchanged (Geyer et �., 1972). These data suggest a role for

noradrenal i ne in locornotor acti vi ty ; however, studi es util i zi ng DBH

inhibitors to investigate the role of noradrenaline in motor function

have been ambiguous (Svensson and Walbeck, 1969; StrBmberg and

Svensson, 1971; Thornburg and Moore, 1973).
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In reserrine-treaterl rats, apomorphine elicits locomotor stimula-

tion (Ernst, 1965) while clonidine, a noradrenaline receptor agonist,

did not (And�n et �., 1970a). Clonidine may also inhibit the release

of noradrenaline, thus, the inability of clonidine to elicit locomotion

may be a consequence of decreased noradrenaline release. The concomit

ant administration of clonidine and apomorphine, however, induces a

locomotor response tna tis s i gnifi cantly greater than that seen wi til

apomorphine alone (t1aj et �., 1972b; And�n et �., 1973). Further

more, phenoxybenzami ne, a noradrena 1 i ne receptor antagoni s t, i nhi bi ts a

haloperidol-insensitive component of apomorphine-induced locomotion

(r1aj et �., 1972a). It has been postulated that effective noradren

ergic neurotransmission is essential for the maximal locomotor response

of catecholamine stimulating compounds (Dolphin et �., 1976). Thus,

adrenergic receptor s t imul at t on may have varying importance in hyper

kinesis, depending upon the experimental situation involved. Since the

regulation of dopamine turnover in the corpus striatum appears to be

mediated through changes in noradrenergic neurotransmission (I\nd�n and

Grabowska, 1976), this mechanism may be involved in the noradrenergic

modulation of dopamine-stimulated locomotor activity. A comprehensive

theory for the interaction of noradrenaline and dopami ne in various

behavioural paradigms has been postulated by Antleman and Caggiula

(1977).

Rotational behavi our descri bes the vIe 11 coordi nated locomotor

activity of an animal in a circular direction. Circling behaviour

apparently reflects an imbalance of dopamine mechanisms witllin the

basa 1 gangl i a (And�n et �., 1966; Ungers tedt, 1971c). Uni 1 a tera 1
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intrastriata1 administration of dopamine (Ungerstedt et !!_., 1969) and

other dopamine stimulating compounds (Costa11 and Naylor, 1974) induces

a rotational response that is contralateral to the site of drug app1i-

cation. Pretrer1tlllent \·lith the dopamine receptor antagonist, chl orprom-

aline, abolishes the rotational effect of dopamine (Ungerstedt et !!_.,

1969). In contrast, unilateral lesions of the corpus striatum produces

an ipsilateral turning response when dopaminergic neurotransmission is

facilitated on the non-lesioned side of the brain (And�n et �., 1966;

Ungerstedt and Arbuthnott, 1970; Christie and Crow, 1971), while drug

treatments that attenuate dopamine transmission in the non-lesioned

hemisphere induce a contraversive rotation (Anden et �., 1966) (see

Fig. 1.5).

The introduction of 6-0HDA, a neurotoxin which selectively

destroys catecholamine neurons (Ungerstedt, 1968; Breese and Traylor,

1970), has helped elucidate the neuronal pathways involved in rotation-

al behaviour. Unilateral injection of 6-0HDA into the substantia nigra

results in the degeneration of the ipsilateral nigrostriatal pathway,

with a resultant loss of dopamine from the striatum (Ungerstedt, 1968;

Ungerstedt and Arbuthnott, 1970). Following 6-0HDA lesions of the sub-

stantia nigra, rats exhibit a postural as symetry towards the lesioned

hemisphere (Ungerstedt and Arbuthnott, 1970). Amphetamine eli�its a

(Ungerstedt and Arbu thno t t , 1970; Ungerstetit, 1971b; Christie and Cr'ow ,

1971; Von Voigt1ander and t�oore, 1973; Costall et al., 1976) through

dose-dependent circling behaviour towards the side of the lesion

the release of dopamine from the intact nigrostriatal pathway. In

contrast, directly acting dopamine agonists, such as apomorphine,
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induce a contraversive rotational response in rats (Von Voigtlander and

I�oore, 1973; Costall et �., 1974; t�arshall and Ungerstedt, 1977). The

rotational response elicited by apomorphine appears to be due to the

action of this drug on supersensitive striatal dopamine receptors, so

that the animals turn away from the side of highest dopamine receptor

stimulation (Ungerstedt, 1971c; Marshall and Ungerstedt, 1977; Schultz

and Ungerstedt, 1978). Staunton and coworkers (1981), however, have

found an apparent lack of temporal correlation between apomorphine

induced circling and the development of striatal dopamine receptor

supersensitivity, as expressed by changes in receptor-ligand binding.

The involvement of mechanisms other than striatal dopamine systems,

therefore, may result in the expression of rotational behaviour. In

support of this hypothesis, Starr and Summerhayes (1982) observed that

circling behaviour induced by systemic apomorphine treatment, in rats

with 6-0HDA lesions of the medial forebrain bundle, apparently results

from the action of this drug at multiple sites throughout the brain.

The observation that locomotor activity appears to be associated

with stimulation of the mesolimbic dopamine system (Pijnenburg and Van

Rossum, 1973; Kelly et �., 1975) has led to the speculation that this

system may be involved in rotational behaviour in the rat (Kelly and

Moore, 1976). Pycock and Marsden (1978) proposed that two systems are

involved in rotation, that unilateral activation of the nigrostriatal

system elicits a postural asymmetry while stimulation of the mesolimbic

system induces locomotion. The net result of unilateral activation of

these two pathways is rotational behaviour. In support of this propos

al, Freed and Yamamoto (1985) demonstrated that striatal dopamine
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metabolism is closely related to posture, while dopamine levels in the

nucleus accumbens are more closely correlated with the movement of the

animal (Freed and Yamamoto, 1985). These findings indicate that areas

of the limbic system and nigrostriatal system are involved in circling,

and that dopamine may display lateralized changes in metabolism in

these regions. In fact, turning behaviour is believed to involve a

complex network of neuronal pathways, only some of v/hich are known (see

Pycock, 1980). These pathways are thought to include 5-HT neurons,

probably from the median raph� nucleus as well as cholinergic and

GABAergic neurons.

In view of these data, it would appear that the catecholamines,

particularly dopamine, are involved in stereotypy, locomotion, and

rotational behaviour. The role of noradrenaline in these behaviours,

however, is less clearly understood. Noradrenaline appears to influ

ence the activity of central dopamine systems (And�n and Grabowsk a ,

1976); consequently, noradrenaline may modulate some of the behavioural

effects of dopamine. The involvement of dopamine in stereotypy, loco

motion, and rotational behaviour has been clearly established and it

would appear that both the nigrostriatal and mesolimbic dopamine

systems play an important role in the modulation and mediation of these

behaviours.

1.1.4.2. Serotonin. A role for the indoleamine serotonin (5-HT),

in the control of motor activity has been implicated from studies that

manipulate central 5-HT activity. The concomitant administration of

L-tryptophan and a t1AO inhibitor elicits a characteristic behavioural

syndrome in the rat (Hess and Doepfner, 1961) that consists of distinct
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stereotyped behaviours such as forepaw padding, side-to-side headweav

ing, splayed hindlimbs, Straub tail, hyperactivity and hyperreactiv

ity. The appearance of this behavioural syndrome is seemingly mediated

by an increased rate of 5-HT synthesis following L-tryptophan admini

stration, since pretreatment with the 5-HT synthesis inhibitor, para

chlorophenylalanine (pCPA), prevents the development of this syndrome

(Grahame-Smith, 1971a; Jacobs, 1974). Furthermore, the ability of

5-hydroxytryptophan (5-HTP) to evoke the 5-HT "behav i ou ra 1 syndrome" in

rats is antagonized by inhibitors of L-AAO (Stewart et �., 1976). In

addition, chlorimipramine, a relatively selective 5-HT reuptake block

er, facilitates the behavioural effects of 5-HTP (Modigh, 1973).

The specificity of the 5-HT behavioural syndrome with respect to

5-HT receptor activation is equivocal. The combined treatment of

L-dopa and a MAO inhibitor evokes a behavioural syndrome in rats that

is similar to that observed f'o l l owinq treatment wi th L-tryptophan plus

a MAO inhibitor (Jacobs, 1974). The similarities between these two

behavioural syndromes has led to the speculation that a single neuro

chemical mechanism may mediate these behaviours (Jacobs, 1974; Jacobs

et �., 1975; Sloviter et �., 1978). The involvement of brain dopa

mine mechanisms in these behaviours has been implied from studies

utilizing a-MPT-induced depletion of central dopamine concentrations.

Green and Grahame-Smith (1974) reported that a-MPT prevents the devel

opment of the hyperacti vi ty syndrome el i ci ted by L-tryptophan pl us

tranylcypromine. In contrast, Jacobs (1974) found that a-MPT has

little effect on the behavioural activation induced by pargyline plus

L-tryptophan or pargyline plus L-dopa. These behaviours are abolished
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fo l l owf nq the attenuation of 5-I1T synthesis with pCPA. In view of

these findings, .lacob s proposed that 5-llT neurons mediate these behavi

ours. Green and Kelly (1976), however, found that in rats given tran

ylcypromine and L-dopa, pCPA pretreatment significantly reduces brain

L-dopa and dopamine concentrations as compared to controls. These

authors suggested, therefore, that the effect of pCPA on tranylcypro

mine/L-dopa activity may be mediated through inhibition of L-dopa

uptake into the brain, through competition for the uptake site

(Grahame-Smith and Parfitt, 1970), and not through alterations in brain

5-IH concen tra t ions. I n concurrence wi th the hypothesis that 5-HT

mediates the behavioural syndrome asociated with the administration of

L-tryptophan or L-dopa pl us a t'1AO i nhi bi tor, the 5-IIT receptor antagon-

ists, methysergide and metergoline, are found to abolish these behavi

ours (Deakin and Green, 1978; Sloviter ��., 1978) wh i l e locomotor

acti vi ty and reacti vi ty are enhanced. Ne terqo l i ne and other 5-HT

antagonists, however, have been found to inhibit dopamine-stimulated

adenylate cyclase activity (Enjalbert et �., 1978; Spano et �.,

1978), suggesting that metergoline and methysergide may not be selec

tive for 5-HT receptors.

The involvement of 5-HT in these behaviours has been implied from

the observation that the 5-HT behavioural syndrome may be induced by

the 5-HT agoni s t, 5-methoxy-N ,tl-dimethyl tryptami ne (Grahame-Smi th,

1971b), and. the 5-I1T re 1 eas i ng agents, 'p"-ch 1 oroamphetami ne and fenfl ur

amine (Trulson and Jacobs, 1976). In addition, release of brain 5-HT

is believed to influence certain behavioural components of amphetarnine

induced behaviours (Breese et �., 1974). Amphetamine-hyperactivity is
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facilitated fo1101'1in9 reduction of 5-HT activity l'iith pCPA or 5,6-dihy

droxytryptamine, suggesting that 5-HT systems have an inhibitory influ

ence on amphetamine-induced behaviours (Habry and Campbell, 1973). The

findings that 5-IIT antagonists enhance the locomotor stimulating

effects of amphetamine further support this hypothesis.

The neurochemical mechanism underlying the behavioural effects of

5-HTP and L-dopa is unclear since these agents affect both doparninergic

and serotoninergic systems in the brain (Everett and Borcherding, 1970;

Butcher et al., 1972). Crow and Deakin (1977) postulated that tile
--

different components of this behaviour have different neurochemical

bases that are mediated simultaneously by 5-HT and dopamine release.

The behavioural components, including forepaw padding, headweaving, and

splayed hindlirnbs, elicited by 5-I1T agonists are not affected by a-t1PT,

sugges t i ng tha t these behavi ours are medi ated by 5-IIT recep tor act i va

tion. In contrast, hyperactivity and hyperreactivity appear to involve

activation of catecholamine mechanisms (Deakin and Dashwood, 1980).

The involvement of catecholamine and 5-IIT systems on these behaviours,

however, does not appear to be so simple. Andrews and coworkers

(1982), using 6-0HDA lesions of the nigrostriatal and mesolimbic dopa

mine pathways, found that the development of 5-IIT behavioural activa

tion requires the presence of intact dopamine systems. Dopamine

appears to be needed for some 5-IIT dependent behaviours (including

forepaw padding, headweaving, backward walking) while other behaviours

(wet dog shakes and splayed hindlimbs) are inhibited by dupamine.

Furthermore, Dickinson and Curzon (1983) demonstrated that striatal

5-HT is required for the development of wet dog shakes and backward
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walking folowing large doses of amphetamine in the rat. A substantial

body of experimental evidence supports a role for the interaction of

dopaminergic and serotoninergic systems in stereotyped behaviour and

locomotor activity (Carter and Pycock, 1981, 1980; Costall et �.,

1976; Marsden, 1980; Dickinson and Curzon, 1983). Moreover, it has

been postulated that the different components of the 5-HT behavioural

syndrome are separately mediated since dopamine appears to be differ

entially involved with these behaviours (Dickinson and Curzon, 1983).

1.1.4.3. The trace amines. A grm'ling body of experimental evi-

dence has impl i cated the i nvol vement of the trace ami nes in stereotyped

behaviours and spontaneous motor activity (see Boulton, 1982). r�uch of

th i s research has focussed upon the behavioural effects of s-pneny l-

ethylamine. Phenylethylamine is structurally similar to amphetamine

(a-methyl-f3-phenyl ethyl ami ne); consequently, the behavi oura 1 effects of

phenylethylamine have been compared to those of amphetamine. Phenyl-

ethylamine elicits amphetamine-like effects on spontaneous locomotor

activity (r1antegazza and Riva, 1963; Jackson, 1972) and stereotyped

behaviours (Randrup and Munkvad, 1966a; Braestrup and Randrup, 1978;

Oourish, 1984). Since phenylethylamine is rapidly inactivated by t�AO

these behaviours are profoundly enhanced by inhibition of this enzyme

(,Jackson, 1975). I\mphetamine-induced stereotypies have been proposed

as an animal model for schizophrenia (Snyder, 1973); however, since

phenyl ethyl ami ne , but not amphetami ne, occu rs endogenous ly, stereotyped

behavi our evoked by phenyl ethyl ami ne may represent a more useful model

of schizophrenia (Borison et al., 1977). Furthennore, urinary phenyl-

ethylamine concentrations have been reported to be elevated in chronic
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paranoid schizophrenics (Potkin et �., 1979), suggesting that phenyl-

ethylamine concentration may be altered in the paranoid schizophrenic

state.

The neurochemical substrates underlying phenylethylamine evoked

behaviours have yet to be elucidated. There exists substantial evi

dence to suggest that at least some of the characteristic behavioural

effects of phenylethylamine result from alteration in catecholamine

neuronal systems (Jackson, 1972; Braestrup and Randrup, 1978). Drug

treatments that attenuate the functional activity of catecholamine

neurons abolish phenylethylamine-induced locomotor activity (Jackson,

1972, 1975). In addition to modulating the activity of catecholamine

neurons, pheny1ethylamine appears to influence central 5-HT neurons

(Chung Hwang and Van Woert, 1980). Phenylethylamine evokes a stereo

typed behavioural syndrome in rats that include behavioural components

that have been attributed to activation of central 5-HT systems (e.g.,

forepaw padding, side-to-side headweaving, splayed hindlimbs, Straub

tail, hyperactivity and hyperreactivity) (Widerlitz, 1979; Dourish,

1981). Moreover, the 5-HT receptor antagonists methysergide and mian

serin prevent some of the components of the phenylethylamine behaviour

al syndrome in rats (Sloviter et �., 1980; Dourish, 1981, 1982). It

would appear, therefore, that at least some of the behaviours elicited

by phenylethylamine are mediated through the activation of central 5-HT

mechanisms. It is not clear, however, whether phenylethylamine activ

ates 5-HT neurons directly, through a direct agonist effect on 5-HT

receptors or indirectly through modulation of 5-HT release (Dyck,

1984). The inability of the 5-HT depleting agent pCPA to influence the
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development of the 5-HT behavioural effects of phenylethylamine sug

gests that the serotoninergic actions of this drug are mediated through

a direct action on 5-HT receptors (Sloviter et �., 1980).

It has been postulated that phenylethylamine may be responsible

for the behavi oura 1 effects of i-amphetami ne (Sabe 11 i and �10snai m,

1974); however, differences in the behavioural action of i-amphetamine
and phenyl ethyl ami ne have been reported (Howard et �., 1976; Greensha��

and Dourish, 1984). An involvement of catecholamine and serotoninergic

mechanisms in the locomotor activation and stereotyped behaviours

observed following systemic phenylethylamine administration has been

proposed. That phenylethylamine causes the displacement or release of

dopamine, noradrenaline, and 5-HT from central nerve endings has been

well established (Fuxe et �., 1967; Dyck, 1984); however, it is not

yet clear whether the observed behavioural effects of phenylethylamine

can be explained on the basis of its neuromodulatory effects on the

catecholamines and 5-HT, or whether this amine has a direct action.

The identification of phenylethylamine binding sites in the brain

(Hauger et �., 1982) may suggest a direct mode of action for

phenyl ethyl amine.

Tryptamine, in addition to phenylethylamine, appears to have a

weak excitatory effect on behaviour and like phenylethylamine, the

behavioural effects of tryptamine are greatly facilitated by inhibition

of MAO (Schain, 1961). The administration of tryptophan plus pretreat

ment with a MAO inhibitor results in a marked stimulatory effect in

rats with an apparent increase in tryptamine concentrations (Hess and

Doepfner, 1961). This behavioural syndrome apears to be related to the
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activation of central 5-HT systems since drug treatments that facili

tate 5-HT levels without altering tryptamine concentrations evoke these

behaviours (Stewart et �., 1976). It has been suggested, however,

that tryptamine may be responsible for at least part of the resultant

syndrome (Marsden and Curzon, 1978). Inhibitors of central L-AAD

prevent the appearance of this syndrome and this effect is reversed by

tryptamine administration O�arsden and Curzon, 1979). Due to tile

apparent lack of specificity of the analytical technique used in the

measurement of tryptamine, it is difficult to infer any correlation

between central tryptamine levels and behavioural activation. These

studies do, however, suggest a possible involvement of tryptamine in

this behavioural syndrome. r�oreover, the existence of specific trypt

amine binding sites in the brain (Kellar and Cascio, 1982; Br�ning and

Rommelspacher, 1984; Wood, 1984; l�cCormack et �., 1986; Perry, 1986)

may suggest a direct action of tryptamine in these behaviours.

Despite the structural and functional similarities between the

tyramines and dopamine, few studies have examined the behavioural

potencies of m- and £-tyramine. Costall and coworkers (1976b) observed

that bil ateral mi croi njecti ons of m- or .£.-tyrami ne into the nucl eus

accumbens induces marked locomotor acti vi ty in the rat. Si nce it has

been well established that the tyramines can release tissue catechola

mines (Smyth et �., 1977; Brandao et �., 1979), it has been postulat

ed that these amines elicit their locomotor activation through the

release of dopamine and/or noradrenaline from the nucleus accumbens.

The aromatic amino acid, m-tyrosine, in combination with a r�AO inhibit

or has been reported to elicit intense behavioural stimulation (And�n
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et �., 197Gb). Since the administration of m-tyrosine causes substan

tial increases in brain m-tyramine levels (Smyth et �., 1977; Dyck n

al., 1982), the behavioural effects of m-tyrosine have been attributed
-

-

to an increased accumulation of m-tyramine (And�n et �., 197Gb; Engel,

1971; Dyck et �., 1982). The mode of action of m-tyramine in elicit

ing these behaviours, however, is unclear. The behavioural syndrome

induced by the combined treatment of m-tyrosine and pargyline is found

to consist of behavioural components that have been associated with the

stimulation of central dopamine and 5-HT activity (Dyck et �., 1982).

Furthermore, since m-tyramine results in the release or displacement of

the catecholamines and 5-HT in vitro (Raiteri et �., 1977; Smyth et

�., 1977; Boulton and Dyck, 198G) it has been postulated that m-tyra

mine may act by releasing catecholamines and 5-HT from neurons (Dyck et

�., 1982). A number of studies, however, have suggested that m-tyra

mine may have a direct agonist action on dopamine receptors (And�n et

al., 197Gb; Ungerstedt et al., 1973). Consequently a direct action of
-

----

m-tyramine at 5-HT and dopamine receptor sites cannot be excluded.

A substantial body of evidence implicates a role for the trace

beha vi oura 1 effects of the trace ami nes may be re 1 a ted to thei r abi 1 i ty

amines, phenyl ethyl ami ne, tryptamine and m-tyramine, in locomotor

activity and other behaviours (see Boulton, 1982); however, the mechan

ism by which the trace amines mediate these behaviours has yet to be

elucidated. It has been postulated that the trace amines act as neuro

modulators in the mammalian CNS (see Boulton, 1976). Consequently, the

to modulate central catecholamine and 5-HT systems; however, the possi

bility that these amines may also influence behaviour directly cannot

be excluded.
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1.2. Deuterium Substitution

1.2.1. An Overview

The position of deuterium atoms in a drug molecule are described

according to the I.U.P.A.C. convention. In the text, however, for the

sake of brevity the position of deuterium labelling on the alkyl side

chain of a drug no l ecu l e has heen referred to in terms of tile (l- and

s-carbon atoms. Deuterium, the stable, heavy isotope of hydrogen, was

discovered and subsequently isolated and purified by Urey vs laboratory

in the 1930ls (Urey, 1933). Shortly after the discovery of deuterium,

the biological implications of deuterium substitution were realized.

Early studies showed that deuterium is toxic and that high levels of

deuterium attenuate cellular growth and reproduction (F1aumenhaft et

�., 1965). It is now recognized, however, that toxic effects are

observed only after 15-30% of body water has been substituted with deu

teri um and that death usually occurs above 30% deutera ti on (Thompson,

1963). The ultimate cause of death resulting from deuter-ium toxicity

is unknown; however , in animals cardiac arrest, renal impairment, CNS

disturbance, and alterations in enzyme activity have been reported

(Haskin,1982). The toxic effects observed after the extensive re

placement of hydrogen by deuterium have been attributed to the rela

tively large kinetic isotope effects that occur during the metabolism

of deuterium labelled compounds (see Blake ��., 1975; Baillie,

1981). Deuterium has twice the mass of hydrogen, and this large rela

tive mass difference appears to be responsible for the deuterium iso

tope effect (Flaumenhaft et�., 1965). In fact, this isotope effect

is very complex in nature and appears to involve many different
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factors. In most chemical reactions, however, the deuter i um isotope

effect is closely related to a difference in the zero point energy for

deu te r iuncon c .ining bonds. Tile l owe s t energy level for any bond, tile

zero point energy, corresponds to the vibrational euer qy of tile bonds

of a molecule at absolute zero. The zero point energy is generally

1.2-1.5 kcal/mole lower for a bond to deuterium than for the corre

sponding bonrl to hydrogen (Streitwieser, 1960) due to the effects of

the mass difference on the stretching frequencies of these bonds.

Consequently, deuterium bonds require a greater activation energy to

ach i e ve their transitional state, wher-e the energies of vibration are

sufficient to induce bond cleavage. The rate of reaction for metabolic

processes involving rupture of a carboll-deuterium bond are, therefore,

generally s l ower than for reactions involving scission of a carbon

hydrogen bond. Large isotope effects are apparent when cleavage of the

deu ter ium bond is rate-determining for the reaction. This kinetic

effect is known as the primary isotope effect and is usually expressed

as a ratio of the specific rate constants KH/KO for tile reaction of

protium and deu ter i um labelled compounds (Streitwieser, 1960). Experi

mentally, primary isotope effects of 1.2-5.0 have been observed.

f1aximur:1 possible theoretical ratios of 7-20, however, have been calcu

lated (8igeleisen, 1949; Wiberg, 1955).

In addition to the primary isotope effects, much smaller but si�

nificant kinetic effects can be observed in processes where the

deu ter l um-conta t nt nq bond is not directly involved in the reaction.

Since a carbon-deuterium bond is more electrophilic than a carbon

hydrogen bond, the location of deuterium atoms in close proximity to
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the reaction site may influence the activation energy for the transi

tion state of the molecule through an inductive effect (Shiner et �.,

1960). Secondary isotope effects may also be inverse in nature; that

is, where deuterium sUbstitution close to the reaction site augments

the rate of reaction. The nature of a secondary isotope effect depends

upon the type of reacti on or the adjacent bond. An inverse secondary

kinetic effect has been observed in the deamination of dopamine by r�AO

(Yu et �., 1982).

The availability of deuterium labelled compounds has provided a

highly specific and facile means of characterising drugs and their

metabolites. The use of deuterium labelling in pharmacological studies

has provided a wealth of information concerning the mechanism of drug

action (Belleau et �., 1960b) such as: the elucidation of metabolic

and biosynthetic pathways (Hoskins and Pollit, 1978; Anggard et �.,

1978; Foster, 1984), the determination of pharmacokinetics of drug

administration (Stokes et �., 1982; Eichelbaum and Somogyi, 1984), and

the existence and nature of deuterium isotope effects (Bachan et �.,

1974; Taylor et �., 1983; Yamataka et �., 1984). The replacement of

hydrogen atoms with deuterium in a drug has only a small influence on

the physicochemical properties or steric effects of this compound;

consequently, labelled drugs behave in a manner very close to their

undeuterated analogue.

The increased bond stability resulting from deuteration may,

however, result in changes in the metabolism of these drugs. As a

consequence, numerous studies have attempted to modify the metabolic

properties of a drug by specific deuterium substitution (see Blake et
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�., 1975; Baillie, 1981; Foster, 1984). The replacement of deu te r ium

for hydrogen in strategic positions on a drug molecule may s l ov down

the major route of metabolism of this drug, thus increasing its half

1 i fe. Furthermore, if the drug is metabo 1 i sed by t\1O or more pathways,

deuter tum substitution may effectively switch the metabolism of the

drug from one pathway to an alternative pathway (Foster, 1984). The

deuterium isotope effect in pharmacologically active agents has been

extensively studied. Deuteration on the N-methyl hydrogens of morphine

attenuates the rate of dealkylation of this drug with a primary isotope

effect of 1.4 (Elison !:!.�., 1961). Primary deu te r i um isotope effects

for the dealkylation of amphetamine have been demonstrated in rabbit

(Foreman et �., 1969) and man (Vree et �., 1971a,b). In addition,

deuterium isotope effects on the N-dernethylation of imipramine (Taylor

et �., 1983), the S-hydroxylation of phenylethylamine (l3achan!:!. �.,

1974) and dopamine (Kato et �., 1979), the trifluoroacetolysis of

2-propylarenesulphonate (Yamataka et �., 1984), the oxidative N-deal

kyl at ion reac t ion ca ta lyzed by tile cytochrome P-450 monooxyqenase

system (�liwa!:!. �., 1980), the oxidation of alcohols (Saljoughian,

1983), the oxidative deethylation of phenacetin (Garland et �., 1976),

and the ox i da t i on of butethal (Tanebe et �., 1969) have been reported.

t1any of these reactions involve oxidative inactivation by the.liver

microsomal system at a specific carbon-hydrogen bond. Deuterium

isotope effects on another oxidative system, amine deamination by ['lAO,

have also been observed (Belleau and Burba, 1960; 13elleau !:!.�.,

1960b; Yu et �., 1981, 1982).
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1.2.2. Deuterium Isotope Effects on Enzymatic Reactions

Enzyme catalyzed reactions often involve several steps. In the

example below these steps include the formation of an enzyme-substrate

complex prior to tile reaction (step 1), the conversion of the enzyme-

substrate complex to an enzyme product complex (step 2), and the subse-

quent dissociation of the product from this complex (step 3).

Since the measured rates of reaction, for an enzyme catalyzed reaction,

are seldom related to the rates of reaction of anyone individual step,

the step in which the actual chemical reaction occurs will be only

partially rate-determining. From the above reaction, using steady state

kinetics, the following equations can be obtained:

K =
k3 (k-1 + k2) = reaction constant
k1 (k2 + k3)

V =
k2 k3 [E] = maximum velocity, when all enzyme is bound to the
k2 + k3 substrate.

=
k1 k2 [E] = overall rate of reaction.V /K
k-l + k2

If the substrate is isotopically substituted then an analogous set

of equations can be derived. It is then possible to evaluate VH/VO,

KH/KO' or (VH/KH)/(VO/KO) from these reactions. \�hen the

rate constant k-1 is substantially larger than the rate constant k2, the

measured (VHJKH)/(VO/KO) value is equal to the primary isotope

effect on the rate determining step of the reaction. Otherwise much

smaller isotope effects are observ�d. Small observed isotope effects
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may in fact represent the true isotope effect for the rate determining

reaction. If, however, the chemical reaction is only partially rate

determining, then the true isotope effect will be larger than the

observed effect.

Since the measurement of V does not account for the rate constants

associated with the formation of the enzyme substrate complex, and V/K

eliminates those rate constants associated with the dissociation of the

enzyme-product complex, a comparison of the observed isotope effects on

V and V/K may help determine which step is rate limiting in this reac

tion. Thus, the use of an isotopically labelled substrate may help

elucidate the kinetics of enzyme reactions.

1.2.3. Deuterium Isotope Effect on the Oxidative Deamination by MAO

f1AO inactivates many biogenic amines through the formation of an

imine intermediate, which is then spontaneously hydrolyzed to its corre

sponding aldehyde. The production of the imine, which involves the

removal of a hydrogen from the a-carbon atom, is rate limiting for this

reacti on. HAD di spl ays absol ute R-stereospeci fi ci ty for thi s reacti on,

which suggests that MAO inactivates monoamines through cleavage of the

(R}-a-hydrogen (Belleau et �., 1960b). Substitution of deuterium for

hydrogen on the a-positions, in particular the (R}-a-position (see Fig.

1.6), in the alkyl side chain of various monoamines would be expected to

attenuate their rate of oxidative deamination by t1AO. Consequently,

deuterium substitution may be expected to result in an elevation in the

concentrations of these amines, and hence, increase their behavioural,

pharmacological, and functional actions. Deuterium kinetic isotope

effects have been observed for the deamination of dopamine, 5-HT (Yu et
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al., 1982), p-tyramine (Belleau et al., 1960b; Yu et al., 1981),
- - -- --

m-tyrami ne, phenyl ethyl ami ne (Yu et �., 1981) and N,N-dimethyl trypta

mine (Barker et �., 1982, 1984) by t�AO both j.!!_ vivo and j.!!_ vitro.

Moreover, an increase in the functional activity of some of these

amines has been observed following deuterium labelling of the a-hydro

gens. The physiological effects of tyramine and tryptamine on arterial

pressor responses and membrane contraction in anaesthetized cats are

greatly enhanced following deuterium substitution; deuterium labelling

in noradrenaline did not facilitate its physiological effects in this

paradigm (Belleau et �., 1960a). The replacement of hydrogen by

deuterium on the alkyl side chain of phenylethylamine is found to

augment the action of this drug on a number of different behavioural

paradi gms (Douri sh et �., 1983a). Deuterated phenyl ethyl ami ne induces

locomotion in rats that is comparable to that observed following the

combined treatment of phenylethylamine and a t�AO inhibitor. Similarly,

the replacement of deuteri urn for hydrogen on the a- and f3-carbons of

dimethyltryptamine potentiates the behaviour disrupting effects of this

drug using a food reinforced schedule. This effect is analogous to

that observed following pretreatment of dimethyltryptamine treated

animals with a r�AO inhibitor (Beaton et �., 1982).

In view of these findings it would appear that deuterium labelling

on the a-carbons of certain biogenic amines facil itates the effects of

these drugs in va ri ous experimental paradi gms. Thi s increased effi cacy

appears to be related to the deuterium isotope effect on the oxidative

deamination by MAO, since pretreatment with a r�AO inhibitor produces a

similar profile of drug action. Consequently, the replacement of
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hydrogen by deuteriulll ill the a-position on the alkyl side chain of

certain biogenic al11ines llIay provide a means by which the action of

these amines can be prolonged.

1.3. B-Phenyl ethyl hydraz i ne

1.3.1. An Overview

In the 1950's, the r�AO-inhibitors were found to possess antide

pressant proper t i es (Crane, 1957; Kl i net 1958). B-Phenyl ethyl hydrazi ne

(phenelzine, PLZ), one of the most widely prescribed "tAO-inhibitors, is

clinically effective in the treatment of atypical depression (Quitkin

!:!�., 1979) and phobic anxiety (Robinson � �., 19783). Since

phenelzine may interfere with a variety of enzymes in addition to ,·1AO

(Uubnt ck � Q., 1962; Andree and Clarke, 1982; Dyck and Devar , 1906),

its antidepressant effects may be related to enzyme systems other than

r�AO. The correlation between the percentage of inhibition of platelet

r�AO activity and clinical improvement, for phenelzine-treated patients,

suggests that the clinical efficacy of phenelzine is related, at least

in part, to inhibition of I�AO (Robinson et !l., 1970b). The side

effects associated with antidepressants of the r�AO inhibitor-type have

limited the use of these drugs in the treatment of depression. Careful

management and control, however, may help to alleviate some of these

side effects.

1.3.2. r10noamine Oxidase Inhibition

Phenelzine, an arylalkyl hydrazine derivative, is a potent irre-

versihle inhihitor of I1AO both � vivo and..!.!.!. vitro (Chessin et a1.,
---

1959). The structural similarity between phenelzine and the trace

amine phenylethylamine, differing only by the presence of an extra
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amino group on the alkyl side chain of phenelzine, suggests that

phenelzine may also act both as substrate and inhibitor of MAO

(Clineschmidt and Horita, 1969a). This hypothesis is supported by the

findings that phenelzine is inactivated by liver and brain homogenate

via an enzymatic reaction that is blocked by pretreatment with a vari-

ety of t1AO i nhi bi tors (Hori ta, 1965). Si nce hydrazi ne t1AO i nhi bi tors

appear to react at the same site of the enzyme as the amine substrate

(Zeller and Sarkar, 1962), it has been suggested that phenelzine is

dehydrogenated in a process analogous to that of amine oxidation

(Tipton and Spires, 1972). Tipton and Spires (1971) demonstrated that

phenelzine is oxidised by r�AO to its hydrazone derivative, phenylethyl

idenehydrazine. In the rat, phenelzine is dehydrazinated to phenyl

acetic acid both in vitro and in vivo (Clineschmidt and Horita, 1969a,

1969b), and this reaction is thought to proceed via the hydrazone

intermediate. The mechanism of conversion of the hydrazine to phenyl-

acetic acid, however, is unknown. An alternative pathway for the con-

version of phenelzine to phenylacetic acid via the intermediate phenyl-

ethylamine has been demonstrated (Dyck et �., 1985) (see Fig. 1.7.).

The hydrazine class of MAO inhibitors appear to compete for the

active site of the enzyme, where they are oxidised to form the corre-

sponding diazene derivative (Zeller and Sarkar, 1962). The mechanism

underlying the oxidation of the hydrazines is believed to involve a

reduction in the flavin component of 11AO, which effectively inactivates

this enzyme (Hellerman and Erwin, 1968). The resulting diazene deriva-

tives seem to inactivate MAO through a permanent alteration in the

flavin component, suggesting that the diazene compounds, in addition to
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a.

OCH, CH, NHNH,

d e.

OCH,CH=NH -----. OCH,CHO

fO� !J CH2 COOH

Fig. 1.7. Possible pathways for the catabolism of phenelz·ine.

a. phenelzine b. phenylethylidenehydrazine c. phenylethylamine

d. phenylethylimine e. phenylacetylaldehyde f. phenylacetic acid

-----------------
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their parent hydrazines, are effective irreversible inhibitors of I�I\U

(Patek and lIellerman, 1974). The exact mechanism underlying the inhib

itory effects of phenelzine on HI\O, however, is unclear. It has been

postulated that phenelzine is oxidised to its hydrazone derivative,

phenyl ethyl i denehydraz i ne (Ti p ton and Sp i res, 1972). De sp i te the

suggestion that this hydrazone may be responsible for the irreversible

i nhi bi t i on 0 f 111\0 produced by phene 1 z i ne, phenyl ethyl i denehydrazi ne has

proven to be inactive as an inhibitor of MI\O � vitro (Chessin ��.,

1959; Patek and Hellerman, 1974). Alternatively, Patek and lIellerman

(1974) postulated that phenylethylidenehydrazine may be formed from an

intramolecular rearrangement of a diazene product that was formed

initially. It is unclear, therefore, whether phenylethylidenehydrazine

is derived from the oxidation of phenelzine, or through some other

mechanism.

Since the enzyme MAO is responsible for the oxidative inactivation

of a variety of monoamtne s , inhibition of MAO would be expected to

increase the central concentrations of these amines (Pletscher, 1966).

The administration of phenelzine, a non-specific inhibitor of fMO

(Pletscher, 1966; Neff and Yang, 1974), is found to increase brain

5-11T, noradrenaline (Christll1as��., 1972), dopamine (Popov!:l�.,

1970), !!!-tyramine, E.-tyramine, phenyl ethyl ami ne, and tryp tamine

(Philips and Boulton, 1979) concentrations. In addition, phenelzine

has been found to augment central ami ne concen tra t i OI1S turouqu a 1 tera

tions in their reuptake and release (Dyck, 1984). Thus, the clinical

efficacy of phenelzine as an ant t depre s sent may be related, at least in

part, to its ability to elevate brain amine levels � vivo.
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1.3.3. Behavioural Effects of B-Phenylethylhydrazine

MAO inhibitors appear to exert a wide variety of pharmacological

and behavioural effects both in experimental animals and in man

(Pletscher, 1966). The central depressant effects of reserpine-like

drugs may be reversed by MAO inhibitors. Reserpine derivatives elicit

sedation, hypothermia, miosis and ptosis when administered to animals.

When these animals are pretreated with MAO inhibitors they exhibit

motor excitation, hyperthermia, mydriasis, and piloerection (Pletscher,

1966). The pharmacological effects induced � inhibitors of MAO close

ly parallel the restoration of endogenous monoamine content. When

administered alone, MAO inhibitors generally elicit locomotor activa

tion with increased irritability and aggression (Pletscher, 1966).

Phenelzine (30-50 mg/kg) induces a slowly developing hyperactivity

syndrome in mice (Spinks and Whittle, 1966). Dourish et�. (1982),

using a more descriptive measure of locomotor activity and stereotyped

behaviour, observed biphasic behavioural stimulation in rats. The

early phase of behavioural activation, which is evident during the

first hour after drug treatment, is comprised of behavioural components

that have been associated with activation of dopamine receptors (these

behaviours include rearing, sniffing, hyperreactivity, hyperactivity,

and headbobbing). The striatal concentration of phenelzine in the

first hour after drug treatment is believed to be sufficient to cause

the release of dopamine and 5-HT (Dyck, 1984) � vivo. Consequently,

it has been postulated that the initial phase of phenelzine induced

behavioural stimulation is mediated through the displacement or release

of endogenous monoamines from their nerve endings (Dyck, 1984).



1.4.1. An Overview

That dopamine is involved in extrapyramidal disorders, such as

Parkinson's disease, has been postulated from the observations that

reserpine, which elicits a Parkinson's-like syndrome in animals,

results in the depletion of brain dopamine stores (Carlsson et �.,
1958). In addition, central dopamine neurons are concentrated in the

corpus striatum (Bertler and Rosengreen, 1959), an area that is involv

ed in the control of motor function (Groves, 1983). The findings that

post-mortem dopamine concentrations in the corpus striatum and substan

tia nigra of patients with Parkinson's disease were reduced to 10% of

controls (see Hornykiewicz, 1972) further supports this hypothesis.

-59-

The behavioural components of the late phase of behavioural acti

vation, which is observed 2-12 hours after drug treatment, are qualita

tively different from those behaviours observed during the first hour.

The late phase of behavioural stimulation (wet dog shakes, splayed

hindlimbs, forepaw padding, stereotyped grooming and backward walking)

is comprised of behaviours that are thought to reflect central seroton

ergic activity (Jacobs, 1976; Sloviter et �., 1978). The wet dog

shake response, which dominates this phase of behavioural activation,

is reported to represent a quantitative model of central 5-HT receptor

activation (Bedard and Pycock, 1977), in particular activation of 5-HT2

receptors (Yap and Taylor, 1983); however, an involvement of tryptamine

in this behavioural response has also been postulated (Marsden and

Curzon, 1979). The biochemical correlates of behavioural activation

evoked by phenelzine has been further studied in this thesis.

1.4. DL-Dopa
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The realization that Parkinson's disease is associated with reduced

striatal function prompted the utilization of L-dopa in the treatment

of this disease (l3irkmayer and Hornykiewicz, 1961). L-dopa, unlike

dopamine, is able to cross the blood brain barr i er (Uldendorf, 1971).

Oral or intravenolls administration of L-dopa may, therefore, replenish

dopamine levels ill the basal ganglia of patients with Parkinson's

disease, and thus alleviate some of the neurological symptoms of this

disease (l3arbeau, 1970). L-dopa is the most effective and widely used

drug in the treatment of Parkinson's disease.

1.4.2. Oiochemical and Clinical Studies

It is generally assumed that the therapeutic efficacy of L-dopa

treatment in Parkinson's disease results from its ability to increase

dopamine levels in the corpus striatum towards normal (Lloyd ��.,

1975). The administration of L-dopa has been found to increase brain

dopamine concentrations both in experimental animals (Everett and

Oorcherd i ng, 1970) and inman (Hornyk i ewi cz , 1975). f.1oreover, a corre

lation between the clinical efficacy of L-dopa and post mortem brain

dopamine levels has been established (Hefti and Melamed, 1980). In

addition to increasing dopamine concentrations within the neuron,

L-dopa has been found to stimulate the release of newly formed dopamine

into the synaptic cleft (Ng ��., 1970; lIefti and �1elamed�·1981).

This release is short-lasting and does not appear to be governed by the

functional state of the receptor (Ponzio � �., 1983). Under patho

logical conditions, such as those occurring in Parkinson's disease,

L-dopa-induced release of dopamine may prove to be functionally

significant.
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Although a large body of evidence suggests that tile clinical

effects of L-dopa are 1l1edi,lted by dopamine, the influence of other

neurotransmitter systems in the therapeutic efficacy of this drug

cannot be excluded. Exogenous L-dopa is decarboxylated to dopamine

primarily within dopaminergic neurons in the CNS (Hefti et �., 1981).

Since L-I'\I\O is \'ddely distributed throughout the brain the conversion

of L-dopa to dopamine can occur within brain capillaries (Bertler �

a1., 1966), 5-HT neurons (Ng et a1., 1970; Hokfelt et a1., 1973a), and
- ----

noradrenergic neurons (lIokfelt et �., 1973b). Central noradrenaline

and 5-IIT concentrations may, therefore, be altered by L-dopa admini-

stration (Butcher et �., 1972; Everett and Borcherding, 1970; Chalmers

et �., 1971). The roles of these other amines in the beneficial

effects of L-dopa are equivocal. Treatment with high doses of L-dopa

attenuates 5-HT levels in the brain (Bartholini et �., 1968; Butcher

and Engel, 1969). It has been postulated that L-dopa is decarboxylated

\'/i th in serotonergi c neu rons, and the subsequently formed dopami ne

displaces endogenous 5-HT from its vesicular storage sites OJg et �.,

1972; Waldmeier, 1985). Dopamine formed within serotonergic terminals

may be released as a false transmitter, although the pharmacological

significance of this release is unclear. It has been proposed that

systemic L-dopa administration modifies brain noradrenaline metabolism

through transient increases in brain noradrenaline concentrations

(Chalmers et �., 1971) and increased turnover of noradrenaline, as

demonstrated hy elevation in tile levels of the noradrenaline metabo-

1 i tes 3-rnethoxy-tl-hydroxyphenyl glycol (t1HPG) and 3, 4-di hydroxyphenyl-

9 1 Ycol ( 0 II PG) ( E dw a r dsan d R ilk, 1 981 ) . The rea re, 11 0\" eve r ,
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inconsistencies in the literature concerning the effects of L-dopa on

noradrenaline metabolism (Doshi and Edwards, 1981) so that the import-

ance of noradrenaline in the therapeutic efficacy of L-dopa has yet to

be elucidated.

The clinical effectiveness of L-dopa treatment is facilitated by

the concurrent admi ni strati on of peri phera lly act; ng decarboxyl ase

inhibitors (Bartholini et �., 1967; Bartholini and P1etscher, 1968),

such as R04-4602 [N-(DL sery1 )-N1-(2,3,4-trihydroxybenzy1hydrazineJ.
Selective inhibition of peripheral decarboxylase activity has been

found to attenuate the peripheral decarboxylation of L-dopa, thus

increasing the amounts of L-dopa available for transport into the brain

(Bartho1ini and P1etscher, 1968). Consequently, central dopamine

levels are increased markedly by the administration of L-dopa plus a

peripheral decarboxylase inhibitor as compared to L-dopa treatment

alone (Butcher et a1., 1970; Bartholini et a1., 1971). The clinical
---

--

efficacy of L-dopa has also been enhanced by the combined treatment of

L-dopa and deprenyl, a MAO type-B i nhi bi tor (Bi rkmayer et �., 1977).

The ability of deprenyl to augment the clinical effectiveness of L-dopa

is thought to be derived from its specific inhibiton of MAO type-B

activity (Knoll and Magyar, 1972) for which dopamine is a substrate in

the human brain (Glover et �., 1977; O'Carroll et �., 1983). The

resultant inhibition of MAO produces specific increases in central

dopamine concentration without severe side effects. As a consequence

the administration of deprenyl would be expected to enhance the effec-

tiveness of L-dopa treatment.
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1.4.3. Behavioural Studies

As discussed previously (see section 1.1.4.1.), L-dopa elicits a

hyperactive and stereotyped behavioural syndrome in rats after pre

treatment with either a MAO inhibitor (Randrup and Munkvad, 1966a) or a

peripherally acting decarboxylase inhibitor (Lammers and Van Rossum,

1968; Bartholini et �., 1969; Butcher et �., 1972). Inhibition of

central decarboxylase activity, which attenuates the formation of brain

dopamine from dopa, abolished these behaviours (Bartholini et �.,

1969), suggesting that the behavioural effects of L-dopa are mediated

by central dopamine systems. The behavioural activity of L-dopa has

been correlated with an increase in dopamine, reduction in 5-HT, and

little or no change in noradrenaline concentrations in the brain

(Butcher and Engel, 1969; Butcher et �., 1972). It has been postulat

ed that L-dopa exerts its effect on central 5-HT systems through the

displacement of endogenous 5-HT from its neuronal storage sites (Ng et

�., 1970). Since L-dopa treatment alters brain dopamine and 5-HT

levels in experimental animals, it has been suggested that the behavi

oural effects of L-dopa may be mediated by these two amine systems

(Jacobs, 1974; Deakin and Dashwood, 1981). The role of noradrenaline

in L-dopa induced behaviours is unclear; however, noradrenaline may be

of some importance in the facilitation and modulation of these behavi

ours (Maj et �., 1972b; Dolphin et �., 1976; And�n et �., 1977).

In contrast to the behavioural excitation observed following the

treatment of L-dopa plus a peripheral decarboxylase inhibitor, l o»

doses of L-dopa have been found to suppress locomotor activity in rats

and mice. This apparently anomalous effect of L-dopa appears to be
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mediated by the stimulation of dopamine autoreceptors (St.rcmbom,

1976). Low doses of dopamine, formed from L-dopa, appear to activate

dopamine autoreceptors, resulting in the attenuation of dopaminergic

function. This hypothesis is supported by the findings that 3-{3-

hydroxyphenyl)-N-n-propylpiperidene, a selective dopamine autoreceptor

agonist also suppresses locomotor activity in rats (Svensson and

Ah l en t u s , 1983).

The effects of L-dopa on locomotor activity appear to depend upon

the dose of L-dopa uti 1 i zed. Low doses of the drug (1 ess than 200

mq/k q) produce a reduction in locomotor activity in the rat (Strombom,

1976), while higher doses elicit locomotor activation (Butcher et !!_.,

1972). Despite these differences in behaviour, it would appear that

L-dopa evoked behaviours are mediated through the activation of central

dopamine systems.

1.5. Purpose of This Study

The oxidative deamination of various monoamines by �IAO is believed

to proceed thr-ouqh the formation of an imine intermediate, I'/hich is

then spontaneously hydrolyzecl to its corresponding aldehyde. The

production of the imine, wh i ch involves the removal of a hydrogen atom

from the a-carbon atom, is rate limiting for this reaction and, conse

quently, the repl acement of deuteri um for the a-hydrogen may be expect

ed to retard tile rate of oxidative metabolism by tlAO. In fact, deuter

ium labell{ng on the a-positions of various monoamines has been found

to attenuate the rate of oxidative deamination of these amines in vitro

(Yu et i0._., 19B1, 1982). Since the t1AO inhibitor phene l z i ns appears to

be biologically inactivated by 111\0 in a reaction analogous to that of



-65-

amine oxidation (Tipton and Spires, 1972), deuterium substitution in

the a-positions of phenelzine may be presumed to have a similar effect.

The objective of this thesis, therefore, was to examine the

effects of deuterium substitution in DL-dopa, dopamine and phenelzine

using different behavioural and neurochemical paradigms. Furthermore,

we investigated whether deuterium substitution in the a-position on the

alkyl side chain of these compounds would slow down the metabolism of

these drugs by HAD, and hence, increase their functional activity.

Since phenelzine and DL-dopa are used in the treatment of depression

and Parkinson's disease, respectively, deuteration may provide a means

by which the clinical efficacy of these drugs can be enhanced.
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Description of stereotyped behaviours

Behavioural
Component Description

Backward Walk ing Backward locomotion or circling.

Forepaw Padding Clonic movements of the forepaws
- "piano playing".

Grooming Purposeful licking and cleaning of the
body .

Headbobbing Repetitive up and down head movements.

Headweaving Repetitive side-to-side head movements.

Hyperreactivity

Reari n9

Startle response to pencil tap on the top
of the cage.

Jumping at the edge of the cage.

Animal positioned with both front paws off
the ground.

J umpi n9

Sniffing

Splayed Hindlimbs

Sniffing accompanied by vibrissae movements.

Extension of the hindlimbs resulting in a

flattened posture.

Straub Tail Tail stiff and erect.

Wet Dog Shake Paroxysmal body shake.

, '

�""----�----�p� .4
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data were tabulated at thir� minute intervals throughout the test

session, which lasted for a total of four hours.

2.3.1.2. Phenelzine and [2H4]-phenelzine treatment. Animals were

placed in the plexiglass cages and habituated to the test environment

for thirty minutes prior to drug treatment. After this, the animals

were injected with either phenelzine (12.5, 25, or 50 mg/kg), [2H4]

phenelzine (12.5, 25, or 50 mg/kg), or the distilled water vehicle and

then returned to their cages for the remainder of the experiment.

Animals were observed for stereotyped behaviour continuously for the

first hour after injection and thereafter, for fifteen minute sample

periods, every hour for a further eleven hours. In addition, total

activity was measured at hourly intervals throughout the test period.

2.3.2. Stereotaxic Surgery

Rats were anaesthetized with Nembutal (50-60 mg/kg) and placed in

a stereotaxic frame (David Kopf Instruments, Tujunga, CAl. A small

hole was drilled through the exposed skull to allow the positioning of

a guide cannula (22 gauge, Plastic Products C313G, Roanoke, VA) in the

left substantia nigra (anterior-posterior = +0.3 cm, lateral = +0.2 cm,

vertical = +0.2 cm relative to intraaural zero, Konig and Klippel,

1963). Intranigral injections of 6-0HDA (8 pg in 4 ul injection

volume) were made through a 28 gauge internal cannula (Plastic

Products, C313I) connected by polyethylene tubing to a Hamilton syringe

(10 pl). The injection solution was infused at a rate of 1 ul per

minute, and the injection cannula was left in place for a further two

minutes after completion of injections, after �/hich time the injection

and guide cannulae were removed. Waddington and crow (1979) demon

strated that intranigral injections of the ascorbiC acid vehicle
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resulted in a small but significant depletion in striatal dopamine
levels (10-15% depletion). A small percentage of the striatal dopamine

depletion observed following 6-0HDA adminstration can, therefore, be

attributed to the action of ascorbic acid on nigrostriatal neurons.

This study, however, investigated the comparison between the effects of

dopamine and [2H2]-dopamine, on rotational behaviour and striatal

dopamine levels, in rats with unilateral 6-0HDA lesions of the nigro

striatal pathway. Thus, the effects of 6-0HDA lesions were not compar

ed to those of sham controls.

Some rats were also implanted with a permanent guide cannula

(Plastic Products, C313G) in the left corpus striatum (anterior-poster

ior = +0.2 cm, lateral = 0.2 cm, vertical = -0.5 cm relative to Bregma,

Konig and Klippel, 1963). The cannulae were fixed to the skull using

retai ni ng screws and acryl i c dental cement (Ortllocryl i c, Stratford

Cookson, Newman, GA). Stylets (28 gauge, Plastic Products C313 DC)

extending 0.5 mm beyond the guide cannulae were used to keep the guide

cannulae free from occlusions.

2.3.3. Intrastriatal Microinjections

All animals were tested one week following surgery, a time period

that corresponds to the development of dopamine receptor supersensitiv

ity resulting from destruction of the nigrostriatal pathway (Marshall

and Ungerstedt, 1977). Intracerebral microinjections of the drug

solutions or CSF vehicle were administered, to unanaesthetized lightly

restrai ned rats, by a 1 lJl Hamil ton syri nge connected through poly

ethylene tubing to a 28 gauge internal cannula (Plastic Products,

C313I) (see Fig. 2.1.). The injection volume was always 1 lJl infused
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Fig.2.1. Injection system used for intracerebral microinjectionso
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at a rate of 0.4 �l/minute. The injection cannula was left in place

for another minute after completion of the injection.

2.3.4. Rotational Behaviour

Rotational behaviour was recorded using an automated system that

was a modification of Ungerstedt and Arbuthnott's rotometer (Ungerstedt

and Arbuthnott, 1970) (Fig. 2.2.). Animals were placed in a stainless

steel bowl. A harness, consisting of velcro straps, was fastened over

the chest of the rat just behind the forelimbs, the velcro was adjusted

to fit the animal comfortably. A length of wire connected the harness

to a rotometer (built by Or. A.J. Greenshaw, U of S), which was com

prised of a ring of three photodetector cells connected to a central

swivel with a rotating arm. The circling behaviour of the rat was

translated into rotation of the swivel, so that the arm of the swivel

rotated around the ring of photocells interrupting individual photo

beams as the rat turned. Each photodetector was coupled to a separate

input line on the parallel I/O port of a Commodore 4032 computer. The

temporal occurrence of photobeam interruptions was recorded on line and

this was transmitted off line into the number of left or right 3600

turns using a BASIC program (written by Or. A.J. Greenshaw).

Animals were placed in the rotometer for 15 minutes prior to any

treatment. This allowed the animals to habituate to the test environ

ment and also provided a measurement of baseline turning behaviour.

Then the rats were removed and injected with dopamine, a,a-[2H2]-dopa

mine, or vehicle, and replaced in the rotometer for one hour. The

total number of left or right turns in each five minute interval of the
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Figo 2.2. Schematic diagram of the apparatus used to measure turning behaviour in
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hour session was determined. Animals were used only once; on comple

tion of the behavioural testing they were sacrificed and their brains

removed for histological analysis.

2.3.5. Hi s to logy

The positions of the implanted cannulae were verified by histolog

ical analysis. Animals were anaesthetised with Hembuta l (around 60

mg/kg) then perfused intracardially wi th 0.9% saline fo l l owed by 5 m1

of buffered formalin. Once the animals ceased to convulse, the cannu

lae were removed, the brains rernoved from the skull and stored in 10%

buffered formalin. Brain sections (50 �M thick) were sliced on a

freezing microtome (Damon Microtome); the sections were placed on

albumin-pretreated microscope slides and left to dry prior to staining

with cresyl violet (La Bossiere, 1976). The exact positions of the

implanted cannulae were determined under a light microscope and verifi

ed by comparing the tissue sections with coronal brain sections from

the rat brain atlas of Konig and Klippel.

2.4. Ana1ys is of Ami nes by t1ass Spectrometry and

High Performance Liquid Chromatography

2.4.1. Preparation of Samples for Mass Spectrometric Analysis -

General Outline

Bra in trace ami nes (£_-tyrami ne, m-tyrami ne, phenyl ethyl ami ne, and

tryptami ne), dopami ne, deuterated dopami ne, noradrena 1 i ne, and deu ter

ated noradrenaline concentrations were quantitatively analysed using

the mass spectrometric technique wi th selected ion monitoring as de

scribed by Durden (Durden et �., 1973; Durden, 1985). The 1m'l endo

genous tissue concentrations of the trace am;nes requires sensitive and
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selective analytical techniques, such as the selected ion moni tor i nq

mass spectrometric rnethod, for an unambiguous detection and identi fica

tion of these arnines. t1ass spect.romat r ic analysis vas also utilized to

measure dopamine and noradrenaline concentrations since the quantifica

tion of various dopamine and noradrenaline isotopes was required.

Tissues were homogenised in 0.05 or 0.1 N perchloric acid contain

ing a known amount of deuterated internal standard. The resulting

homogenate was then centrifuged using a clinical centrifuge (Uamon IEC

Clinical Centrifuge, Danon ) at room temperature for 15 minutes (2500

rpm), the supernatant was transferred to a clean culture tube, and sat

urated wi th (lJaHC03-Na2C03, 1:1 w/ ..I). The 1-dimethylaminonaptllalene-

5-sulphonyl (dansyl) derivative of the amine being analysed Has prepar

ed by the add; ti on of dansyl chl ori de reagent to the homogenate and

a l l owi nq the mixture to react overnight at room temperature. After

this, the dansyl-arnine was extracted, the extract was transferred to a

clean culture tube and dried under a stream of nitrogen gas, redissolv

ed in solvent and transferred to a 20x20 crn glass plate coated with

silica gel (Merck, Precoated TLC plates, Silica Gel 60). The extracts

from four tissue samples, as well as a dansyl-deuterated-amine stand

ard, were applied to a single TLC plate. After the chromatogram was

developed in the first solvent system, the plate Vias removed from tile

chromatography tank and left to dry. Then the plate was placed under

u1 travi 01 et 1 i ght (365 nm) and the f1 uorescent dansyl-ami ne vias located

us i ng the dansyl-deutera ted-ami ne standa rd as a reference. The dansy1-

amine zone was scraped from the TLC plate and eluted from the silica

gel with 2 m1 ethylacetate (x2). The eluate was then taken to dryness
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under nitrogen, redissolved in etl�l acetate (9 drops) and applied to a

second thin layer silica gel plate. The chromatogram was developed in

the second solvent system and the plate was removed from the tank. Tile

dansyl-amine lone was located under ultraviolet light as before, scrap

ed from the chromatogram and the silica gel sucked into a modified

capillary tube (Seiler, 1970; Philips et �., 1974) using suction from

a rotary vacuum pump. The capillary tube was partially constricted

approximately 30 rnm from one end and the sil i ca gel was prevented from

passi ng through the constri cti on by a pl ug of gl ass paper (Vlllatmans

GF/A). Once the column of silica gel was sucked into the capillary

tube, it vias held in place by a second plug of glass paper inserted

above the column. A small volume of ethyl acetate (around 50 �l) was

sucked through the s il i ca gel in order to extract the dansyl-ami ne and

the ends of the capillary tube were then sealed with sealant (miniseal

84 424-1, Dade). The tubes were then stored at -17°C until analysed

mass spectrometrically. Standard checks containing a known concentra

tion of the amine and deuterated internal standard, and tissue blanks

containing only the internal standard in 0.05 N perchloric acid were

prepared. These samples were dansylated, chromatographically separat

ed, and analysed in parallel with the tissue samples.

2.4.2. Outline of High Performance Liquid Chromatographic Analysis

Dopamine, noradrenaline, serotonin, OOPAC, IIVA, 3-�1T, 5-HlAA, and

E.-tyros i ne concentra t ions were measured using reverse-phase, ion pai r,

HPLC with ampherometric electrochemical detection (Kwok and Juorio,

1986). Tissues were homogenised in 0.1 N perchloric acid containing

0.1 mi� tla2S20s, 0.25 mr� EDTA, and 0.2 �g isoproterenol, and knovn
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amounts of deuterated amine internal standards which we re present for

the trace ami ne ana lyses. The concentratons of these ami nes were

sufficiently low (around 9 ng/sample) that they were not detected by

the ampherometri c el ectrode, and thus di d not interfere vii th the chrom

atographic separation of the other amines. The homogenate was centri

fuged for 15 minutes (2500 rpm) at room temperature and an aliquot (200

pl) of the resulting supernatant was removed and diluted up to 1 ml

with 0.1 N perehloric acid. A portion of the sample (usually 20-50 �l)

was injected directly into the HPLC system (Fig. 2.3.) using a Waters

WISP 710B automatic injector. Amines were detected on a glassy carbon

electrode (�10del TL-5, Bioanalytic Systems, West Lafayette, IN), set at

0.95 volts. An Ag/AgCl electrode (BAS-RE 1, Bioanalytical Systems,

West Lafayette, IN) was used as a reference. The mobile phase of this

system was composed of: 75 mN NaH2P04, 1 m�1 sodium octylsulphate, 0.5

mf1 disodium [DTA, and 1210 acetonitrile adjusted to pH 2.85 with phos

phoric acid. The mobile phase was pumped through the system with a

Wa ters i'145 pump (Haters, r�i 1 ford, t�A) at a flow rate of 1 101 /mt nute.

The mobil e phase was reci reul ated through the system and was replaced

with a fresh batch made once a week. The chromatographic column used

in this system was an Altrex Ultrasphere column wi th i .p . 25 cm and

particle size of 5 pm.

Standard solutions of dopamine, noradrenaline, serotonin, IIVA,

DOPAC, 3-tn, 5-HIAA, and p_-tyros i ne were prepared at concentrati ons of

0.1 uq/rnl . Cal i bra ti on curves for the standards were prepared at the

beginning of each experiment (see Fig. 2.4.) and from these curves the



-79-

Mobil e
.... Pump .... Injector Column

....

Phase ., ,.. ,.. Prefil ter

�,

Precolumn

.4�

�,

I Detector Ce 11 I .... I Ana lyti ca 1 Column
I I ....... 1

Fig.2.3. A schematic diagram of the HPLC system

Pump: Waters M45

Injector: Waters WISP 710B

Column Prefilter: SS! high pressure column prefilter, O.5um pore size

Precolumn: Brownlee OD-Q�, 3cmx4.6mm(i .d.), 5�m particles

Analytical Column: Altrex Ultrasphere I.P., 25cmx4.6mm(; .d., 5um
particles

Detector cell: BAS TL-5, glass carbon electrode

Reference electrode: BAS RE-l, Ag/AgCl

Flow rate: Iml/min.

Integrator: Shimadzu C-R3A
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correction factors for the amines or their acid metabolites were calcu-

lated with respect to the internal standard isoproternol. Tissue amine

concentrations (ng/g) were calculated according to the formula:

Peak Height l(s) • Peak Height A(B) x ng of I.S. x dilution x 1
Peak Height A(s) Peak Height 1(8) factor tlssue

weight

Peak Height 1(s) the peak height of isoproterenol in standard
solution.

Peak Height A(s) the peak height of amine or acid in standard
solution.

Peak Height A(B) the peak height of amine or acid in biological
sample.

Peak Height I(B) - the peak height of isoproterenol in biological
sample.

2.4.3. Analysis of Amines

2.4.3.1. Preparation of dopamine and noradrenaline for Mass

Spectrometric Analysis. Dopamine concentrations in the caudate nucleus

and noradrenaline concentrations in the hypothalamus were analysed

using a modification of the mass spectrometric selected ion monitoring

technique. Tissues were homogenised in 0.05 N perchloric acid contain-

ing a known amount of the deuterated amine internal standard, either

around 2000 ng of 2-(3,4-dihydroxyphenyl-2,5,6-[2H3]) ethylamine-1,1-

[2Hz] ([2Hs]-dopamine) or around 500 ng of 2-(3,4-dihydroxyphenyl-

2,5,6-[2H3]) ethanolamine-1,1,2-[2H3] ([2H6]-noradrenaline), plus 1

mg/ml EDTA and 5 mg/ml ascorbic acid to prevent the oxidation of these

amines during dansylation. The tris-dansyl-derivative of dopamine or

noradrenaline was prepared by the addition of 1 ml dansyl chloride

reagent (10 mg/ml in acetone). The dansyl amine was then extracted
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using cyclohexane (2 ml x 2). The acetyl derivative of tris-dansyl

noradrenaline was prepared from the dried extract by the addition of

ethyl acetate-pyridine-acetic anhydride (10:1:1, v/v) (Durden et �.,
1980). The acetylation reaction Has permitted to proceed in the dark

for 1 hour at room temperature. The acetyl-dansyl-derivative of

noradrenaline was dried under a stream of nitrogen to remove excess

solvent, then redissolved in toluene-ethyl acetate (1:1, v/v, 4-5

drops). Dansyl-dopami ne or dansyl-acetyl-noradrenal i ne were separated

in solvent systems 1 and 3, and 2 and 3, respectively, as described in

Table 2.2. The amines were prepared for mass spectrometric analysis as

described previously (see section 2.4.1.).

2.4.3.2. Preparation of trace and other amines for mass spectro

metric and HPLC analysis. The combination of HPLC and mass spectrom

etry has enabled the measurement of the amounts of the trace amines

(.E_-tyramine, m-tyramine, phenylethylamine, and tryptamine), the cate

cholamines (dopamine and noradrenaline), serotonin, their acid and

amine metabolites (DOPAC, HVA, 5-HIAA, and 3-MT), and the amino acid

precursors (E.-tyros i ne and tryptophan) ina si ngl e sampl e. Through

utilizing this procedure we have improved the existing analysis by

providing a means by which the interrelationship between a Hide variety

of amines, their precursors, and metabolites may be studied •.

Animals were given intraperitoneal injections of 25 mg/kg phenel

zine, 25 mg/kg [2H4]-phenelzine, or the distilled water vehicle.

Animals 't/ere then sacrificed at 0.5 and 6 hours after drug treatment,

their brains removed and the caudate nucleus and hypothalmus dissected

out on ice. Tissues from 2-4 animals were homogenized in 2 ml 0.1 N



Table 2.2

Solvent systems used in the chromatographic separation

of the dansyl derivatives of DA and NA

Solvent System

1/ Benzene-cyclohexane-methanol (17:2:1, v/v)

2/ Benzene-methanol (9:1, v/v)

3/ Cyclohexane-ethyl acetate (2:3, v/v)

Rf Values for Dansyl Derivatives of:

DA NA
- -

0.62

0.66

0.71

0.62

�
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perchloric acid containing 1 nt-1 Na2S20S, 0.25 01'1 EOTA, 0.2 I1g isopro

ternol, and known amounts (usually 90 ng) of tile deuterated internal

standards 2-(4-hydroxyphenyl )ethylamine-1,1,2,2-[2H4], [2H4J-E_TA;
2-(3-hydroxyphenyl )ethylamine-1,1,2,2-[2H4J, [2H4]-mTA; 2-(phenyl-

2,3,4,5,6-[21IsJethylamine-1,1,2,2-[2H4J; [2H9J-PE, 2-indolylethylamine-

1,1,2,2-[2H4], [2H4J-T. An aliquot (200 ul ) of the supernatant was

removed for HPLC analysis (see section 2.3.2.). The amines in the

remaining supernatant were converted to their corresponding dansyl

amines using 1 ml dansyl chloride reagent (5 mg/ml in acetone). The

dansyl ami nes were extracted and separated usi ng two coinb i nati ons of TLC

separations as described in Table 2.3. (see Fig. 2.5.). Amines were

prepared for mass spectrometric analysis as described previously (see

section 2.4.1.).

2.4.3.3. Preparation of B-phenylethylhydrazine for mass spectro

metric analysis. The ratio of [2H4J-phenelzine to phenelzine was

measured in the brain after i.p. injection of an equimolar mixture of

phenelzine and [2H4J-phenelzine (50 mg/kg of each). In addition, this

ratio was calculated fo l l owi nq pretreatment with pargyline (50 mg/kg,

16 hours prior to sacrifice). Animals were sacrificed 0.25, 1, 2, and

5 hours after phenelzine treatment and their brains were removed and

stored at -70°C until used for analysis.

Tissues �ere homogenized in 4 ml 0.05 N perchloric acid and

phenelzine 'was converted to its dansyl-acetone-imine derivative by the

addition of 4 ml dansyl chloride reagent (10 mg/ml in acetone). The

rlansyl derivative was extracted in 2 ml benzene (x2) and separated

using solvent systems 5 and 6 as described in Table 2.3.



Table 2.3.

Solvent systems used in the chromatographic separation of the
dansyl derivatives of PE, £-TA, m-TA, T and PLI.

l/Toluene-ethyl acetate (5:2, v/v)

2/Toluene-triethylamine-methanol (50:5:1, v/v)

3/Toluene-triethyl ami ne-methanol (50:5:7, v/v)

4/Toluene-triethylamine (5:1, v/v)

Rf Values for Dansyl Derivatives of:

PE pTA mTA T PLZ

0.66 0.55 0.55 0.47

0.37 0.42

0.35

0.49

Solvent System

5/Chloroform-ethyl acetate (4:1, v/v)

6/Carbon tetrachloride-triethylamine (5:1, v/v)

0.83

0.81

..
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I Tissue-Brain Region I

Homogenize with O.lN HC104 containing:
1mM Na?S?O� 0.2SmM EDTA; and 0.2ug
1 soprotereno 1

Internal Stan�
Deuterated ��

Centrifuge

Dansy1ate overnight
at room temperature.

[Supernatant 11-------------------'

��
I Mixture I

2 or 3 successive
unidimensional separations
on silica gel TLC plates.

I Separated DNS-Ami nes I

Extract into capillary tuhe
with ethyl acetate. 50u1 aliquot
for mass spectrometric analysis.

I t�S AnalYSi�
I Resolution 10,000 I

200u1 Ali�
of Supernatant I

Di reet
i njeeti on
into HPLC

Dilute up
to 1101
with O.IN

HC104

HPLC System

Mobile Phase:
7 SmM NaH2P04
1mM Sodi um Oetyl
Sulphate
O.5mM EOTA
12% acetonitrile
pH 2.85

E 1 ee trode':
TL-5 Carbon/Paste

Voltage:
0.95V
Flow Rate:
lml/min.
----------------

Fig. 2.5. Flow diagram summarlzlng preparation of amines, acids and
amino acids for mass spectral analysis and HPLC analysis.
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2.4.4. Mass Spectrometric Analysis

2.4.4.1. High resolution mass spectrometric analysis of the trace

amines and B-pheny1ethy1hydrazine with selected ion monitoring. The

dansy1 derivatives of the trace amines (i.e., dansy1-pheny1ethylarnine,

dansy1-tryptami ne, bi s-dansy1-.e_-tyrami ne, and bi s-uansy l-m-tyremi ne)

were quantitated using an AEI MS902S mass spectrometer equipped with a

direct insertion probe and mass master indicator. The mass spectromet

er was operated at 75 eV with a source temperature of 310°C and a

resolution of 10,000 (100 ppm). With a resolution of 10,000 small mass

di fferences (0.01 mass di fference) may be detected and the mass spec

trometer can distinguish between ions of similar mass. With the addi

tion of selected ion monitoring only the selected mass ions are analys

ed. Thus high resolution mass spectrometry with selected ion monitor

ing provides an analytical technique with great sensitivity and speci

fi ci ty of measurement. The use of deuterated internal standards in the

quantitative analysis of the trace amines enables the chemical loss of

amines during derivatization, extraction and separation procedures

prior to mass spectrometric analysis to be accounted for. In addition,

the variable sensitivity of the mass spectrometer can be corrected for

by the use of deuterated internal standards.

In the quantitative analysis of the trace amines (excluding

phenylethylamine) only the molecular ions for the endogenous amine and

its deuterated internal standard were measured. The magnetic field of

the mass spectrometer was adjusted so that the low mass ion (i.e., bis

dansyl-£_-tyramine, �1 = 603.1861; b t s-nansy l-m-tyrearl ne , H = 603.1861;

and dansyltryptamine, r� = 393.1511) would be detected at full accelera

tion potential and the high mass ion (i.e., bis-dansy1-[2H4]-.e_-
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tyramine, 11 = 607.2113; bis-dansyl-[2H4]-m-tyramine, 11 = 607.2113; and

dansyl-[2H4]-tryptamine, M = 385.1631) at reduced acceleration potenti-

al, set by the inverse ratio of the two ion masses. The mass spectrom-

eter switched alternately between these two molecular ions. The

magnetic field was adjusted using an external reference ion from the

spectrum of perfl uorokeros i ne or perfl uoro-tri -n-butyl ami ne .

In the mass spectrometric analysis of phenylethylamine both

dansylphenylethylamine and dansyl [2H4]-phenylethylamine were measured

using added dansyl [2Hg]-phenylethylamine as the internal standard (see

Table 2.4.). The mass spectrometer was adjusted as above; however,

three molecular ions (dansylphenylethylamine, M == 354.14U2; dansyl

[2H4] -phenyl ethyl ami ne, t� = 358.1648; and dansyl -[ 2H g] -phenyl ethyl -

amine, M == 363.1955) were selected. The mass spectrometer was arranged

to switch alternatively among these three molecular ions.

An aliquot (around 5 ul) of the dansylamine eluate was removed

from the capillary tube with a syringe and placed in the tip of the

direct insertion probe. The ethyl acetate was evaporated from the

probe tip and then inserted into the hot ion source of the mass

spectrometer. The ion current profiles of the dansyl amines were

recorded. The area of the ion current profile was used to calculate

the amount of endogenous amine present in the sample using the. formula:

Area (low mass)Amine (ng) =

Area (high mass)- x ng internal standard x c.f.

, % contribution low to high mass

where the c.f. is a correction factor, derived from the standard check

samp 1 e s , conpa ri n9 the amoun t of eini ne mea sured in tile sa.np 1 e to the

known amount of amine present in the standard check. The check factors



Table 2.4.

Mass Data Required For The Mass Spectrometric Quantification Of the Trace Amines.

Nondeuterated DNS-Amine Deuterated DNS-Amine % Contri but ionMolecular Ion Molecular ion Mass Rati 0 Low i�as sAmine
to Hi gh t1ass

I2 co
1..0

Tyramine C32H330SN3S2 603.1861 C20H2905N3S2[ H4J 607.2113 1.00667 1.5% I(meta and para)

2Tryptami ne C22H2302N3S 393.1511 C22H1905N3S[ H4] 395.1631 1.01022 0%

2�-Phenylethylhydrazine C23H2702N3S 409.1824 C23H2402N3S[ H4] 413.2074 1.00984 0%

h •
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for the trace amines were in the range of 0.80-0.98. TIle % contribu

tion of low mass to high mass for the dansyl am;nes are shown in Tables

2.4. and 2.5.

The dansYl-acetone-derivatives of phenelzine (M = 409.1824) and

[2H]4-phenelzine (M = 413.2074) were analysed using a resolution of

7,000. The ratio of [2H4]-phenelzine to phenelzine was determined by

measuring the areas under the low mass and high mass ion curves. A

check solution, an aliquot of the drug solution made up for injection

containing 250 �g of deuterated and non-deuterated phenelzine, was

analysed in a similar manner to that of the tissue samples. The check

solution provided a measure of the ratio of [2H4]-phenelzine to phenel

zine in the injected drug solution and was, therefore, used as a cor

rection factor for the tissue samples.

2.4.4.2. Low resolution mass spectrometric analysis of dopamine

and noradrenaline with selected ion monitoring. An AEI MS902S mass

spectrometer equipped with a direct insertion probe and mass master

i ndi cator Vias employed to record the spectra of tri s-dansyl dopami ne

and tris-dansYl-acetylnoradrenaline. The Illass spectrometer was operat

ed at 75 eV with a source temperature of 320°C for dopamine analysis

and 255°C for noradrenaline analysis and a resolution of 1000 (1000

ppm). Low resolution mass spectrometry was selected since we wi shed to

measure the mass ions of endogenous and deuterated dopamine (see Table

2.6.) and endogenous and deuterated noradrenaline (see Table 2.7).

Using low resolution mass spectrometry, ions of different m/z values

are separated by unit mass, and as a result it is not possible to

distinguish signals from ions of the same unit mass but of differential

elemental composition (i .e., 13C, 34S, 15N). For example, the ion

4



Table 2.5

t�ass data required for the mass spectrometric quantification of 8-phenylethylamine.

Low Mass DNS-amine High Mass DNS-Amine % Contribution
t�ol ecul ar Ion 1'101 ecul ar Ion Hass Ratio Low Nass

Amine to Hi gh i�ass

2

8-Phenylethylamine C2oH2202N2S 354.1402 C20H1302N2S[ H9J 363.1955 1.02557 0%

[2H4]-B-Pheny1ethy1amine C2oH1802N2S[2H4] 358.1648 C2oH1302N2S[2HgJ 363.1955 1. 01405 0%

I
I.D
I--'
I

� .



Table 2.6.

The mass spectral profile of tris-dansyl dopamine.

Molecular Ion Mass Ratio % Contribution
Low r�a ssT 0

Amine Ion Composition Mass Hi gh/Low High Mass

Tris-DNSdopamine 852.2321
I

M C44H4409N4S3 1.000000 1 00 �� 1..0
N

2 2 I

Tris-DNS[ H1Jdopamine M+1 C44H4309N4S3[ H1J 853.2384 1.001181 52%
2 2

Tris-DNS[ H2Jdopamine M+2 C44H4209N4S3[ H2J 854.2447 1.002362 26%
2 2

Tr;s-DNS[ H3Jdopamine M+3 C44H4109N4S3[ H3J 855.2509 1.003542 9%
2 2

Tr;s-DNS[ H4Jdopamine M+4 C44H4009N4S3[ H4J 856.2572 1.004723 3%
2 2

Tr;s-DNS[ H5Jdopamine M+5 C44H3909N4S3[ H5J 857.2635 1.005904 0.6%



Table 2.7.

The mass spectral profile of tris-dansyl-acetyl noradrenaline.

Molecular Ion Mass Ratio % Contribution
Low Mass To

Amine Ion Composition Mass Hi gh/Low High Mass

Tris-DNS-acetylNA M C46H46010N4S3 910.2376 1.000000 10 ° ��
2 2

Tr;s-DNS[ H1]-acetylNA M+1 C46H45010N4S3[ H1] 911.2409 1.001102 62%
2 2

Tr;s-DNS[ H2]-acetylNA N+2 C46H44010N4S3[ H2] 912.2502 1.002211 36%
2 2

Tr;s-DNS[ H3]-acetylNA M+3 C46H43010N4S3[ H3] 913.2564 1.003317 11%
2 2

Tris-DNS[ H4]-acetylNA t�+4 C46H42010N4S3[ H4] 914.2627 1.004422 3%
2 2

Tris-DNS[ Hs]-acetylNA M+5 C46H41010N4S3[ H5] 915.2690 1.005528 0.5%
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signal from a rnonodeu ter-a tsd compound would be indist"inyuishable from

that of the proteo compound with either a 13C or 15N constituent. Low

resolution mass spectrometry, therefore, results in flat topped peaks

due to the linear addition of peak heights when mass ions of different

composition are detected simultaneously. The use of low resolution

mass spectrometry enables the calculation of the intensity of each ion

speci es (tri s-dansyl dopami ne through to tri s-dansyl- [2H 5J -dopami ne) by

subtraction of the normal signals due to the isotopic contributions of

13C, 170, 180, 15N, 34s, etc. In order to estimate this low mass con-

tribution to high mass, the mass spectrum of a standard blank contain

ing only the non-deuterated amine was obtained. The sensitivity and

sel ect; v i ty of 10\'1 resol uti on mass spectrometry is not as grea t as that

for high resolution mass spectrometry since ions of the same nominal

mass, due to contaminants, are also analysed. Since endogenous dopa

mine and noradrenaline concentrations are large, interferences due to

other compounds may be assumed to be extremely small. In addition, the

mass ions for the dansyl products of dopamine and noradrenaline (m/z =

800-900) are high. Since the contaminants from tissues tend to be

found in a lower mass range, the contribution of tissue contaminants to

amine concentrations would also be extremely small. The loss of selec

tivity and sensitivity of low resolution compared to high reso.l ut t on

mass spectrometry, therefore, is relatively unimportant in the quanti

tative analysis of dopamine and noradrenaline.

Low resolution mass spectrometry with selected ion monitoring was

used for the quantitative analysis of dopamine and noradrenaline. The

magnetic field of the mass spectrometer was adjusted so that the low

mass position was centered on the molecular ion of the endogenous amine

1
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(M) and the mass ratio was set at 10000. The mass ratios for the

dansyl deuterated amines (i.e.t M+1t M+2t M+3t M+4t M+5) were set to

correspond to the ratio of the molecular ions of the deuterated amines

and the l ow mass non-deuterated ion (see Tables 2.6 and 2.7). The mass

spectrometer was then set to select sequentially the ions through a

relatively low mass range from i� through to M+5, and the relative

intensities of these ions were measured. The methods for calculating

the amounts of the various dopamine and noradrenaline isotopes are

described in Appendix C.

2.5. Statistical Analysis

Analysis of the data in this thesis involved the use of both para

metric and non-parametric statistics. In the parametric statistical

procedures utilised, differences across treatment groups were determin

ed by either a one-way or two-way analysis of variance. Following

one-way analysis of variance tests, the Newman-Keuls multiple compari

son test was employed to determi ne di fferences between treatment

groups. The two-way analysis of variance tests were followed by

Dunnett's t-test to compare differences between treatment groups and

their controls, and an a priori test to compare differences between

treatment groups. Non-parametric statistics were utilized in the

analysis of stereotyped behavioural scores since these data were

measured using a rating scale. The use of ordinal data of this type

precludes parametric statistical analysis. A comparison of the differ

ences across treatment groups was obtained using the Kruskal-Hall is

one-way analysis of variance, and differences between treatment groups

were analysed using the Mann-Whitney U test.

«
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3. RESULTS

3.1. Studies Comparing DL-Dopa and [2H3J-DL-Oopa
The behavioural and neurochemical effects of deuterium substitu

t ion in the al kyl side cha in of DL-dopa vere as s e s sed � �i vo through

the quantitative analysis of some aspects of central catecholamine

function. Stereotyped behaviours and locomotor activity were employed

as measures of catecholaminergic activity; in addition, brain dopamine

and noradrenaline concentrations were analysed following DL-dopa and

a,S,8-[2H3]-DL-dopa treatment.

3.1.1. Behavioural Activation Following DL-Dopa and [2113]-OL-Uopa
Both DL-dopa and [2H3]-DL-dopa (200 mg/kg), along with the peri

pheral decarboxylase inhibitor Ro4-4602 (50 mg/kg) injected thirty

minutes prior to druq administration, induced a stereotyped behavioural

syndrome in male Histar rats. As illustrated in Fig. 3.1, the behavi

oural components of this syndrome included: rearing, headbobbing,

hyperactivity, jumping, splayed hindlimbs, and for-epaw padding. The

intensity of splayed hindlimhs and jumping Vias less than that of the

other behaviours. The onset of behavioural activation occurred wi thi n

30 minutes to 1 hour after the drug treatment, with maximal stimulation

occurri ng between 1-2.5 hours. By the end of the tes t sess ion (4 hours

after drug administration) the behaviour of the animals had nearly

returned to normal, with the exception of the splayed hindlimbs and

hyperreacti vi ty components.

Fo l l owi nq e i ther DL-dopa or [2H3J-DL-dopa treatment, there was an

initial decrease in horizontal and ambulatory activity (P <0.01, tv/a

way analysis of variance fo l l owe d by Dunnett's t-test) in the first

4
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Fig. 3.1b. The effects of DL-dopa, [21131-0L-dopa, and vehicle on
the stereotyped behavioural component, headbobbingo
-.- 2DOmg/Kg DL-dopa -0- 2DDmg/Kg [2"3J -DL-dopa
Results are eXpressed as observational ratinus from eight animals

(Mean + S.E.M.)
Control rats did not exhibit headbobbing

1
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Hyperreactivity
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Fig. 3.1c. The effects of DL-dopa, t2H31-DL-dopa, and vehicle on the

stereotyped behavioural component, hyperreactivity.

-4t- 200mg/Kg DL-dopa
2

-()- 200mg/Kg [ H3J-DL-dopa
Results are expressed as observational ratings from eight animals

(Mean + S.EoMo)

Control rats did not exhibit hyrerreactivity
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Jumping

Fig. 3.1d. The effects of DL-dopa, [2H3J-DL-dopa, and vehicle

on the stereotyped behavioural component, jumping.

....- 200mg/Kg DL-dopa
2

-()- 200mg/Kg [ H3J-DL-dopa

Results are expressed as observational ratings from eight animals

(Mea n .::. S. Eo r�. )

Control rats did not exhibit jumping
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Splayed Hindlimbs
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Fig. 3.1e. The effects of DL-dopa, L2H3J-DL-dopa, and vehicle on

the stereotyped behavioural component, splayed hindlimbso

-tt- 200mg/Kg DL-dopa
2

-0- 200mg/Kg L H31-DL-dopa
Results are expressed as observational ratings from eight animals

(Mean + S.LMo)

Control rats did not exhibit splayed hindlimbs
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Figo 3.1fo The effects of DL-dopa, [2H31�DL-dopa, and vehicle on

the stereotyped behavioural component, forepaw padding.

-tt- 200mg/Kg DL-dopa
2

-()- 200mg/Kg [ H3J-DL-dopa
Results are expressed as observational ratings from eight animals

(Mean + S. E J1. )

Control rats did not exhibit forepaw padding
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thirty minutes after drug treatment, followed by marked increases in

horizontal, ambulatory, and vertical activities as determined by the

automated activity recording system. As shown in Fig. 3.2., tile time

course of locomotor activation closely paralleled that of stereotyped

behavioural excitation.

2
Both DL-dopa and [ H3J-DL-dopa elicited behavioural stimulation in

the rat; however, no qualitative or quantitative differences between

these substances were observed between any of the behavioural paramet-

ers studied (P >0.05, Kruskal-Wallis analysis of variance). Deuterium

substitution in the a,B,B-position of DL-dopa did not appear to enhance

the behavioural potency of this drug when assessed using this behavi-

oural paradigm.

3.1.2. Brain Amine Levels Following DL-Dopa and [2H3J-DL-Dopa
Treatment

3.1.2.1. Striatal dopamine levels. Striatal dopamine levels

after systemic administration of either DL-dopa or [2H3J-DL-dopa (200

mg/kg + 50 mg/kg Ro4-4602) are illustrated in Figure 3.3. and Table

3.1. Total dopamine (deuterated + nondeuterated DA) levels were sig

nificantly increased above control values thirty minutes after drug

treatment (P <0.01, two way analysis of variance followed by Dunnett's

t-test) and remained elevated until 4 hours after both DL-dopa and

[zH3J-DL-dopa administration. The maximal increases in striatal dopa

mine concentrations were approximately 4 times that of control animals

treated with vehicle plus 50 mg/kg Ro4-4602 (from 10.7 ± 0.09 �g/g to

42.4 ± 2.5 �g/g and to 40.6 ± 1.3 �g/g after DL-dopa and [2H3J-DL-dopa,

respectively). There was, however, no statistical difference between

•



-104-

Activity counts/

thirty minutes

400

I
0

200

J
•

):'O\T
!�0 iift-i-i/i--- II-i-

0 1 2 3 4

Time (Hours)

800

600

Fig. 3.2a. The effects of DL-dopa or t2H3J-DL-dopa (200mg/Kg)
on ambulatory activity in the rats.

-.- vehicle

DL-dopa

-.- 200mg/Kg DL-dopa - 0- 200mg/Kg L 2H3J-

Results are expressed as activity counts (Mean + S.E.M.)
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Fig. 3.2b. The effects of DL-dopa or [ H3]-DL-dopa (200mg/Kg)
on horizontal activity in the rat.

-11- vehicle - .. - 200mg/Kg DL-dopa -()- 200mg/Kg [2H31-
DL-dopa

Results are expressed as activity counts (Mean + S.E.M.)
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Activity counts/

thirty minute period
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Fig. 3.2co

vertical activity in the rat.
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2
The effects of DL-dopa or [ H31-DL-dopa (200mg/Kg) on

2
-.- 200mg/Kg DL-dopa -()- 200mg/Kg [ H3J-DL-dopa
Results are expressed as activity counts (Mean � S.E.M.)

Control rats did not display vertical activity.
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19, 3.3. The effects of DL-dopa or H3J-DL-dopa (200mg/Kg) on

rat striatal total dopamine concentrations.

2
-11- vehicle -41- 200mg/Kg DL-dopa -()- 200mg/Kg [ H3J-DL-dopa
Results are expressed as 1-I9/9 fresh tissue weight (Mean � S.E.M.)

*-P<O.OOI as compared with controlso
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the DL-dopa and [2H3]-DL-dopa treatments (P >0.05, two way analysis of

variance). The time course of striatal dopamine accumulation closely

paralleled that of behavioural excitation, suggesting that stereotypy

and locomotor activation following DL-dopa and [2�h]-DL-dopa adnri nf -

stration were correlated with an elevation in brain dopamine levels.

Oeuteration of the alkyl side chain of DL-dopa provided a metabo1-

ic marker from which the percentage contribution of deuterated dopamine

(formed frn� the exogenous precursor [2H3]-DL-dopa) to total striatal

dopamine concentrations could be estimated (Table 3.2.). Since the

[2H3]-DL-dopa used was not isotopically pure ([2H3]-DL-dopa was in fact

composed of 75% [2H3]-DL-dopa, 18% [2H2]-DL-dopa, 5% [2H1]-DL-dopa, and

2
2% [ H4]-DL-dopa), a number of different deuterated dopamines were

formed (i .e., [2H4]-dopamine, [2H3]-dopamine, [ZHz]-dopamine, and

[2H1]-dopamine). As shown in Table 3.2., a large proportion of striat-

al total dopamine was derived from the exogenous amino acid precursor.

The amounts of the various deuterated dopamines formed from deuterated

DL-dopa inceased with time, while the endogenous dopamine concentration

decreased over the 4 hour test period. As shown in Fig. 3.4., the

amount of endogenous dopamine present in the rat striatum 4 hours after

[2H3]-DL-dopa treatment was significantly reduced (U.6 ± 0.4 �g/g) in

comparison to control values (10.7 ± 0.5 �g/g) (P <0.001, one way

analysis of variance followed by Newman-Keu1s multiple comparison test)

(striatal dopamine values in rats treated with vehicle + 50 mg/kg

R04-4502). At this time period, 80% of the total dopamine concentra

tion was accounted for by [2H2]-dopamine and [2Hz]-dopamine. It would

appear, therefore, that the newly synthes i zed deu tera ted dopami ne

displaced the endogenous amine from its storage sites.



Table 3.2

The percentage contribution of deuterated dopamine and endogenous dopamine to
2total striatal dopamine levels following 200mg/Kg [ H3]-DL-dopa treatment.

% of Total Dopamine (deuterated plus non deuterated) I
.......
.......Time 2 2 2 2 a
I(Hours) H [ HI] [ H2] [ H3] [ H4] To ta 1

0.5 27.4% 3.7% 13.3% 52.8% 2.8% 100%

1 12.2% 4.8% 18.4% 59.8% 4.8% 100%

2 5.7% 4.7% 29.1% 57.1% 3.4% 100%

4 4.8% 4.8% 29.2% 58.0% 3.2% 1 00 �&

Results are expressed as % of total dopamine concentrations (Mean).
All subjects were pretreated with 50mg/kg R04-4602 thirty minutes priorto drug injection.

�
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Total H

Figo 3.40 The effects of DL-dopa, C2H3J-DL-dopa, and
vehicle on striatal total dopaminp levels and the prateo
and deuterated dopamine components four hours after drug

2

-bUd- 200mg/Kg [ H3J-DL-dopa

Results are expressed as �g/g fresh tissue weight (Mean + S.E.Mo)
* P<OoOOl as compared to controls.

1
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3.1.2.2. Hypothalamic noradrenaline levels. Ueu ter ium substitu

tion in the l3-position of dopamine attenuates its l3-hydroxylation by

dopamine-8-hydroxylase, subsequently decreasing the amounts of dopamine

lost to noradrenaline synthesis. Consequently, l3-deuterated DL-dopa

might be a better dopamine generating drug than DL-dopa since less of

the 8-deuterated generated dopamine might be hydroxylated. As shown by

Fig. 3.5. and Table 3.3., neither DL-dopa nor [2H3J-DL-dopa signifi

cantly altered total noradrenaline levels (deuterated plus non-deuter

ated H-NA) compared to controls (P >0.05 using two way analysis of

vari ance); consequently, there was no di fference between both drug

treatments on hypothalamic total noradrenaline concentrations.

As shown in Table 3.4., the percentage contribution of deuterated

noradrenaline formed from the exogenous precursor ([2tI3]-DL-dopa)
constituted 13.2, 28, 43, and 58% of total noradrenaline levels at 0.5,

1,2, and 4 hours after drug treatment, respectively. In contrast, the

amount of deuterated dopamine formed from [2H3]�DL-dopa was 72.6, 87.8,

94.3, and 95.2% of total dopamine concentration at 0.5, 1, 2, and 4

hours, respectively (see Table 3.2.). Compared to the amount of dopa

mine formed from [2H3]-DL-dopa, the exogenously formed noradrenaline is

quite small. As illustrated in Fig. 3.6., the concentration of endo

genous noradrenaline in the hypothalamus 4 hours after [2H3]-DL-dopa

treatment (0.6 ± 0.3 �g/g) was reduced compared to controls (1.50 ±

0.14 �g/g hypothalamic noradrenaline levels in rats treated wi th

vehicle plus 50 mg/kg Ro4-4602), suggesting that deuterated noradrenal

ine displaced around 50% of noradrenaline from its storage sites.

4



Table 3.3
2

The effects of DL-dopa and [ H3J-DL-dopa on rat hypothalamic total noradrenaline
concentrations (deuterated and non-deuterated).

Noradrenaline
Jlg/g

Time
(Hours) Vehicle 200mg/Kg DL-dopa

0.5 1. 44 ± 0.09 (6) 1.62 ± 0.15 (5)

1 1.88 ± 0.13 (6) 1. 56 ± 0.20 (6)

2 1.86 ± 0.08 (6) 1.62 ± 0.12 (6)

4 1.50 ± 0.14 (6) 1.69 ± 0.16 (7)

2
200mg/Kg [ H3J-DL-dopa

I
�
�

W
I

1. 46 ± 0.18 (5)

2.41 ± 0.30 (6)

1.83 ± 0.28 (5)

1.12 ± O. 37 ( 6 )

Results are expressed as �g/g fresh tissue weights (Mean ± S.E.M.).
Figures in parentheses represent the number of subjects in each group.

All subjects were pretreated with 50mg/kg Ro4-4602 thirty minutes prior
to drug injection.

�
I
I
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o 1 42 3

Time (Hours)

')

Fig. 3.5. The effects of UL-dopa and [LII3J-DL-dopa (200mg/Kg) on

ra t tota 1 hypolha 1 ami c norudrena 1 i ne concentra t ions.

-.- vehicle -.- 200mg/Kg DL-dopa
2 -)- 0 - 2001l1g/ Kg [ "3 - UL- dopa

Results are expressed as Jlg/g fresh tissue weight (r·1ean I S.E.t1.)



Table 3.4

The percentage contribution of deuterated noradrenaline and

endogenous noradrenaline to total hypothalamic noradrenaline

2
levels following 200mg/Kg [ H3J-DL-dopa treatment.

% of Total Noradrenaline I

(deuterated + non-deuterated) ,__.
,__.

Time 2 2
U'1
I

(Hours) H [ H1] [ H2J To ta 1

0.5 86.8% 5.0% 8.2% 100%

1 72.3% 12.0% 15.7% 100%

2 56.8% 19.7% 23.5% 100%

4 41. 5% 26.1% 32.4% 100%

Results are expressed as % of total noradrenaline concentrations (Mean).

All subjects were pretreated with 50mg/kg Ro4-4602 thirty minutes prior
to drug injection.

�

L
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Total H

NORADRENALINE

Fig. 3.6. The effects of DL-dopa, C2H3]-DL-dopa, and

vehicle on hypothalamic total noradrenaline levels and

the proteo and deuterated noradrenaline components
four hours after drug treatment.

•
..f7:1_
121r

Vehicle
2

200mg/Kg [ H3]-DL-dopa

� 200mg/Kg DL-dopa

Results are expressed as �g/g fresh tissue weight (Mean
+ S.E.M.)
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3.2. Studies Comparing Dopamine and [2H2]-dopamine
3.2.1. The Effect of Dopaminergic Agents on Turning Behaviour in the

Rat

To determine whether side chain deuterium substitution potentiated

the effects of dopamine within the CNS, it was necessa� to inject

dopamine or deuterated dopamine intracerebrally, since dopamine does

not readily cross the blood brain barrier. The efficacy of the inject

ed dopamine was assessed in rats with unilateral lesions of the left

nigrostriatal dopaminergic pathway. The left striatal dopaminergic

post-synaptic receptors in such animals become supersensitive. When

directly acting dopaminergic agonists are administered systemically,

the postsynaptic response of the left striatum is thus greater than

that of the right striatum, and the animals then turn to the right.

In order to assess the validity of our experimental procedure, the

dopaminergic agents, apomorphine and amphetamine, were used. As illu

strated in Fig. 3.7., amphetamine (2 mg/kg, i.p.) induced an ipsivers

ive circling, while apomorphine (0.5 mg/kg, i.p.) evoked contraversive

turning in rats with 6-0HDA lesions of the left substantia nigra. The

turning response following amphetamine (mean of 44.1 ± 12.3 left turns

minus right turns in 15 minutes) and apomorphine treatment (-26.1 ± 8.2

left turns minus right turns in 15 minutes) were significantly differ

ent from controls (5.6 ± 1.2 left turns minus right turns in 15

minutes) (p <0.02 related t test), and the animals turned in the

appropriate direction.
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I\pomorphine

Le ft turns
minus Hight turns

+60 - *

-20

**

-40

rigo 307. The effect of amphetamine (2mg/Kg) and apomorphine

(O.5mg/Kg) on turning behaviour in the rat.

Results are expressed as total number of left turns minus right·

turns in the 15 minute test period.

*-P<O.02 as compared to control

**-p<OoOl as compared to control
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3.2.2. The Effects of Intrastriatal Dopamine and [2H2J-Dopamine
Injection on Turning Behaviour in the Rat

In rats with unilateral 6-0HDA lesions of the nigrostriatal dopa

mine system, dopamine injected into the ipsilateral caudate nucleus

induced a dose-dependent contraversive turning response, as illustrated

in Fig. 3.8. (P <0.05 two way analysis of variance). The rotational

behaviour was expressed as the number of contraversive (riaht) turns

minus ipsiversive (left) turns for each five minute test period. The

maximum rate of circling (14.6 ± 9.2 right turns-left turns/5 minutes)

was observed following 100 �g dopamine; an injection of 10 �g dopamine

evoked a turning response that was not significantly different from

controls (P >0.05 two-way analysis of variance). Turning behaviour

occurred immediately after injection (i.e., within the first 5-10

minutes) and the duration of the response varied wi tn the dose of

dopamine applied; animals treated with 100 lJg dopamine continued to

exhibit turning behaviour one hour after intracerebral microinjection.

The effect of a,a-[2H2]-dopamine on this behavioural paradigm was

assessed. Deuterium labelling appears to potentiate the efficacy of

amines at their lowest effective doses (Philips, 1986); consequently,

since 10 ug dopamine did not elicit turning behaviour and 30 ug dopa

mine was the lowest dose at which contraversive rotation was observed,

10 �g and 30 ug of [2H2]-dopamine were selected for this study. As

shown in Fig. 3.9. and Fig. 3.10., no statistical differences were

observed between the rotational behaviour following either 10 or 30 lJg

of dopamine or [2H2J-dopamine (P >0.05 two-way analysis of variance).

The maximal turning response observed with 30 lJg dopamine was 3.6 ± 0.4
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Figo 3.80 The effects of intrastriatal dopamine injection on

turning behaviour in the rat.

Results are expressed as number of right turns minus left turns

for every five minute test period (Mean). SoE.Mo's were omitted

for the sake of clarity; however, they were approximately 50-70%

of the mean.

-.� Artificial CSF -.- 10�Jg dopamine - A- 30�g dopamine
-.- 100l)g dopamine

a-Significant difference from controls with 100�g and 30�g

dopamine P<0005

b-Significant difference from controls with 100 9 dopamine P<0.05

c-Significant difference from 30�g dopamine with 100�g dopamine

P<0.05
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Right turns minus
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- • - 30�g dopami ne

Fig. 309. The effects of intrastriatal dopamine or [2H2J-dOpamine
injection (30�g) on turning behaviour in the rato

Results are expressed as number of right turns minus left turns for

every five minute test period (Mean! SoE.M.)



-122-

Right turns minus
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Figo 3.100 The effects of intrastriatal dopamine or t2H2J-dopamine
injection (lG�g) on turning behaviour in the rato

Results are expressed as number of right turns minus left turns for

every five minute test period (Mean + SoEoMo)

-.- 10�g dopamine
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right turns-left turns/5 minutes compared to a maximal response of 2.8

± 1.5 right turns-left turns/5 minutes with 30 �g [2H2J-dopamine.
Neither 10 �g dopamine nor 10 �g [2H2]-dopamine induced turning that

was significantly different from controls (P >0.05 two-way analysis of

variance) as shown in Fig. 3.8.

3.2.3. Striatal Dopamine Concentrations Following Intrastriatal

Dopamine or [2H2J-Dopamine Injection

Striatal dopamine concentrations were measured following intra

cerebral microinjections of either dopamine, a,a-[2H2J-dopamine (30

ug), or the ascorbic acid vehicle in animals that had unilateral 6-0HDA

lesions of the left nigrostriata1 pathway. Drug solutions were inject

ed into the ipsilateral (left) caudate nucleus. As shown in Table 3.5,

Fig. 3.11 and 3.12, total striatal dopamine levels {deuterated plus

non-deuterated} were significantly increased from controls (6-0HDA

treated animals that were injected with 0.1% ascorbic acid in artifici

al CSF) at 15 and 45 minutes after drug treatment. Striatal dopamine

levels were increased to approximately 50 times that of controls 15

minutes after cerebral microinjection (from 0.36 ± 0.10 �g/g to 17.1 ±

1.29 �g/g and 18.5 ± 4.16 �g/g after dopamine and [2H2]-dopamine,

respectively, while by 45 minutes striatal dopamine concentrations were

approximately 20 times that of controls (from 0.34 ± 0.09 �g/g to 8.08

± 1.59 �g/g and 5.79 ± 0.97 �g/g following dopamine and [2H2J-dopamine,
respectively). There was, however, no significant difference between

the two drugs wi th respect to thei r abil i ty to el evate total dopami ne

levels in the striatum at either 15 or 45 minutes after the dopamine or

[2H2]-dopamine microinjection. Since the [2H2]-dopamine utilized was
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not isotopically pure, total dopamine levels measured in the striatum

after microinjection of [2H2]-dopamine were comprised of H-dopamine,

[2H1]-dopamine, [2H2]-dopamine, [2H3]-dopamine (as illustrated in Fig.

3.11. and 3.12.). The contribution of [2H1]-dopamine and [2H3]-dopa
mine was, however, very small (around 4-5 and 8-9%, respectively);

[2H2]-dopamine accounted for most of the total striatal dopamine con

centration. The concentrations of H-dopamine measured following

[2H2J-dopamine microinjection were similar to striatal dopamine levels

in control animals.

Since there was no difference in total dopamine levels in the

striatum following either dopamine or [2H2]-dopamine microinjection, it

would appear that at this dose of dopamine, deuterium substitution did

not enhance the biochemical effects of this compound.

The placement of the cannulae in the striatum were verified histo

logically using Konig and Klippel's rat atlas, as illustrated in Fig.

3.13 and Fig. 3.14, and it can be seen that the cannula placements are

found in the ventral anterior striatum in close proximity to the

nucleus accumbens.

3.3. The Effects of �-Phenylethylhydrazine and

[2H4]-6-Phenylethylhydrazine on Behavioural Activation in the Rat

3.3.1. Behavioural Activation

Acute administration of phenelzine (50-150 mg/kg) has been shown

to evoke a biphasic behavioural syndrome in male Wistar rats (Dourish

et �., 1982). The early phase of behaviour, which was evident during

the first hour after drug treatment, appeared to be related to the

ability of phenelzine to release amines and consisted of headbobbing,



Table 3.5

The effects of intrastriatal dopamine microinjection on striatal total dopamine
concentrations (deuterated and non-deuterated).

Striatal Dopamine concentrations (ng)

Time
(�inutes) Vehicle 30 l1g Dopami ne

2
30 l1g [ H2]-Dopamine

I
........

N

� a U1
I

15 24.1±11.6(5) 491t23.8(5) 569t50.0(5)
a a

45 19.6±9.0 (5) 189±16.2(5) 221±48.8(5)

Results are expressed as ng (Mean ± S.E.M.).
Figures in parentheses represent the number of subjects in each group.

All animals had 6-0HDA lesions of the ipsilateral nigrostriatal pathway.

a-Significant difference from controls using Newman-Keuls multiple comparisons test
P<O.OI.
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Fig. 3.12. Total dopamine levels and proteo and deutero

components in the striatum 45 minutes after intrastriatal

injections of 30ug dopamine, 30Ug [2H?J-dopamine, or
"-

vehicle •

•- V e h i c 1 e, -11- 3 0 � 9 do pam i n e, -Ftl- 30 J.I 9 [2 H 2 ] - d 0 pam i n e _.

Results are expressed as Ug/g fresh tissue weight (Mean +

S.E.M.)
*-P<OoOl as compared with controls
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Co�pus callosum

Figo 30130 Serial sections through the rat brain taken from the
atlas of Konig and Klippelo Cannula placements are shown by black
dots and are indicative of unilateral placemento

A 9650 IJ

A 9410 IJ

A 8920 IJ

A 8620 lJ
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Cannula tract

Cannula tract

A 9410w

Figo 30140 Representative photomicrographs of unilateral cannula

placements in the caudateo C�nnula were located in the left caudate

nucleuso
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sniffing, and grooming. The second phase of behaviour, which was

apparent 2-12 hours after phenelzine administration, has been

attributed to the accumulation of amines following MAO inhibition. The

behaviours associated with the second phase or phenelzine-induced

stereotypy include: locomotor activity, wet dog shakes, forepaw pad

ding, backward walking, splayed hindlimbs, grooming, and sniffing. In

this thesis the effects of deuterium sUbstitution of the alkyl side

chain of phenelzine on its ability to elicit behavioural activation

were examined.

Total locomotor, horizontal and vertical, activity of rats during

the first hour after phenelzine (12.5, 25, or 50 mg/kg) or [2H4J

phenelzine (12.5, 25, or 50 mg/kg) treatment were not significantly

different from controls (P >0.05, two way analysis of variance) (see

Fig. 3.15 and 3.16).

In addition, deuterium substitution on the a,a,B,B-positions of

phenelzine did not substantially influence stereotyped behavioural

activity in the first hour after drug treatment. As illustrated in

Fig. 3.17 and 3.18, both phenelzine (50 mg/kg) and [2H4]-phenelzine (50

mg/kg) significantly enhanced sniffing and headbobbing compared to

controls (P >0.01, Kruskal-Wallis analysis of variance followed by

Mann-Whitney U test). Sniffing was not differentially affected by any

of the doses or drugs tested, however, 50 mg/kg [2H4]-phenelzine induc

ed a significantly greater incidence of headbobbing than did 50 mg/kg

phenelzine (P <0.01, Kruskal-Wallis analysis of variance followed by

Mann-�Ihitney U test). Grooming behaviour in the first hour was signif

icantly attenuated by [2H4J-phenelzine (25 and 50 mg/kg) and phenelzine
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Figo 3.15. The effects of phenelzine and [2H4J-Phenelzine on

total horizontal activity during the first hour after injectiono

control

Results are expressed as total activity counts (Mean + SoEoMo)

DRUG DOSE

-. vehicle -lit phenelzine
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Total Vertical

Activity
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o
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1111111111111111111»»
25mg/Kg 50mg/Kg

Figo 3016. The effects of phenelzine and C2H4J-Phenelzine on total

vertical activity during the first hour after injectiono

Results are expressed as total activity counts (Mean � SoEoMo)

• vehicle ... phenelzine
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2
Fig. 3.17. The effects of phenelzine and [ H4J-phenelzine on

sniffing during the first hour after injection.

Results are scores (observational ratings) from five animals

(Median ± S.E.M.).

-
2
[ H4J-phenelzine_ vehicle phenelzine

a-P<O.Ol as compared to controls.
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2
Fig. 3.18. The effects of phenelzine and [ H4]-phenelz;ne on

headbobbing during the first hour after injection.

Results are scores (observational ratings) from five animals
(Median ± S.E.M.).

_ Vehicle u- _rB_
Bill

2
[ H4]-phenelzinephenelzine

a-Significant difference from controls P<O.Ol
b-Significant difference from phenelzine treatment P<O.Ol.
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2
Fig. 3.19. The effects of phenelzine and [ H4]-phenelzine on

grooming during the first hour after injection.

Results are scores (observational ratings) from five animals
(Median ± S.E.M.).

-.- vehicle -00II- phenelzine
2

'

{]8} [ H4]-phenelzine
a-P<O .05 ,as compared to control s ,
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(50 mg/kg) compared to controls (P <0.05 Kruskal-I�allis analysis of

variance fo l l owe d by f1ann-\'Jhitney U test) (see Fig. 3.19). The deuter-

ated drug and non-deuterated drug decreased grooming to the same ex-

tent. Overall, deuterium labelling appeared to have only a relatively

weak effect on the early phase of behavioural activation elicited by

phenelzine.

During the second phase of behavioural activation, phenelzine

(12.5-50 mg/kg) did not significantly increase horizontal activity

compared to controls. The horizontal activity of rats receiving 25

mg/kg and 50 my/kg [2H4]-phenelzine, however, was increased signifi

cantly more than controls at 6-12 hours after drug treatment (P <0.05,

two way analysis of variance with repeated measures on time followed by

Dunnett's t-test). Furthermore, [2H4]-phenelzine (25 mg/kg and 50

mg/kg) significantly increased horizontal activity compared to rats

receiving the same dose of the non-deuterated drug (P <0.05, two way

analysis of variance with repeated measures on time followed by an �

priori t test) (see Fig. 3.20.). Compared to controls, ambulatory
2

activity was significantly elevated in rats receiving 25 mg/kg [H4]-

phenelzine (at 8-12 hours) or 50 mg/kg [2H4]-phenelzine (at 12 hours)

(P <0.05, two way analysis of variance with repeated measures on time

followed by Dunnett's t-test), while phenelzine did not significantly

elevate ambulatory activity at any of the doses tested (P <0.05, two

way analysis of variance wi th repeated measures on time) (see Fig.

3.21.). The increases in horizontal and ambulatory activity in rats

recei vi ng [2H4] -phene 1 z i ne treatment were dose-dependent wi til ttle

greatest incidence occurring after 25 mg/kg [2H4]-phenelzine.
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Fig.3.20. The time course of total horizontal activity in rats

2
treated with phenelzine or [ H4]-phenelzine.

Results are expressed
S.E.M.'s that are not
the sake of clarity.

as scores from five subjects (Mean ± S.E.M.).
shown on the diagram have been omitted for
S.E.M.'s are around 20-30% of the mean.

2
-v- Controls, -0- 50mg/Kg phenelzine, -e- 12.5mg/Kg [ H4]-phenelzinE

2 2
-A- 25mg/Kg [ H4]-phenelzine, -.- 50mg/Kg [ H4]-phenelzine

a-Significant difference from controls P<0.05.
b-Significant difference from phenelzine treatment at the same

dose P<0.05.



Ambulatory

-138-

2
Act i vi ty (x 1 0 )

ab

II..35

10

ab

30

25

20 ab

15 T
•

1
5

o

2 4 6 128 10

Time (hours)

Fig.3.21. The time course of total ambulatory activity in rats

2
treated with phenelzine or [ H4]-phenelzine.

Results are expressed as scores from five subjects (Mean ± S.E.M.

2
-v- Control, -0- 50mg/Kg phenelzine, -.- 12.5mg/Kg [ H4]-phenelzi:

2 2
-11..- 25mg/Kg [H4]-phenelzine, -.- 50mg/Kg [ H4]-phenelzine
a-Significant difference from controls P<O.OS.
b-Significant difference from phenelzine treatment at the same
dose P<0.05.
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The higher level of locomotor activity occurring after 25 mg/kg

[2H4]-phenelzine compared to 50 mg/kg [2H4]-phenelzine appears to be

due to the finding that rats receiving 50 mg/kg [2H4]-phenelzine dis

played a higher incidence of stereotyped behaviours (see below). The

behavi oural competi ti on between locomotor acti vi ty and stereotyped

behaviours, therefore, would result in rats receiving 50 mg/kg [2H4J
phenelzine displaying a lower incidence of locomotor activity than

those rats receiving 25 mg/kg [2H4J-phenelzine.
In addition, deuterium substitution enhances stereotypy induced by

phenelzine 2-12 hours after drug treatment. The wet dog shake response

was the most prominent behavioural component observed during the second

phase of behavioural stimulation. [2H4J-Phenelzine (12.5, 25, or 50

mg/kg) induced wet dog shakes in male Wistar rats in a dose-dependent

manner (see Fig. 3.22.). In contrast, this response was observed only

after the highest dose of the non-deuterated drug (50 mg/kg phenel

zine). Control rats did not display wet dog shakes. The wet dog shake

response was apparent 3-4 hours after drug treatment and reached maxi

mum intensity by 5-9 hours post-injection. The highest incidence of

wet dog shakes were observed in animals treated with [2H4J-phenelzine
at a dose of 50 mg/kg; moreover, this response was significantly great

er than that seen in rats receiving the same dose of phenelzine (be

tween 6-12 hours after injection) (P <0.05, two way analysis of vari

ance with repeated measures on time followed by an � priori t-test).

The other behavioural components observed 2-12 hours after phenelzine

treatment included: forepaw padding, backward walking, splayed hind

limbs, repetitive grooming (particularly of genitals), and sniffing.
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Fig.3.22. The time course of wet dog shakes in rats treated with

2
phenelzine or [ H4]-phenelzine.
Results are expressed as scores from five subjects (Mean)
S.E.M.'s are not shown for sake of clarity. The S.E.M.'s
are around 10-15% of the mean.

2
-0- 50mg/Kg phenelzine, -.- 12.5mg/Kg [ H4J-phenelzine,

2 2
-A- 25mg/Kg [H4]-phenelzine, -.- 50mg/Kg [ H4J-phenelzine,

b-Significantly different froml�phenelzine treatment at the same

dose P<0.05.
Controls and rats treated with phenelzine (12.5 and 25mg/Kg) did
not exhibit wet dog shakes.
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As illustrated in Fig. 3.23, [2H4]-phenelzine (12.5, 25, and 50 mg/kg)

induced dose-dependent forepaw padding that was significantly different

from controls (3-8 hours after drug treatment, P <0.05, Kruskal-Wallis

analysis of variance followed by t�ann-Whitney U test). Forepaw padding

was not observed following either phenelzine (12.5, 25, or 50 mg/kg) or

vehicle treatment. In addition, backward walking was observed in rats

receiving [2H4]-phenelzine treatment (12.5, 25, and 50 mg/kg). This

response was dose-dependent and reached maximum intensity 4-6 hours

after treatment as shown in Fig. 3.24. Controls and rats treated with

phenelzine did not exhibit backward walking. [2H4]-Phenelzine (50

mg/kg) elicited backward walking that was significantly different from

rats receiving the same dose of phenelzine 4-6 hours after drug treat

ment (P <0.05, Kruskal-Wallis analysis of variance followed by Mann

Whitney U test).

As illustrated in Fig. 3.25., rats treated with phenelzine (50

mg/kg) or [2H4]-phenelzine (12.5, 25, and 50 mg/kg) exhibited splayed

hindlimbs which were evident from 2-3 hours after 25 and 50 rng/kg

[2H4]-phenelzine until the end of the test period. A significantly

higher incidence of splayed hindlimbs occurred after [2H4]-phenelzine
(50 mg/kg) than after the same dose of the undeuterated drug (P <0.05,

Kruska+-ual l i s analysis of variance followed by t1ann Whitney U test).

Rats treated with vehicle or phenelzine (12.5 or 25 mg/kg) did not

display splayed hindlimbs.

Phenelzine (50 mg/kg) and [2H4]-phenelzine (12.5 and 50 mg/kg)

significantly increased the frequency of total grooming behaviour

compared to controls, as shown in Fig. 3.26. Total grooming behaviour
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Fig.3.23. The time course of forepaw padding in rats treated with
2

phenelzine or [ H4J-phenelzine.

Results are summed scores (observational ratings) from five
subjects (maximum score = 20)

2 2
-.- 12.5mg/Kg [ H4J-phenelzine, -A- 25mg/Kg [ H4J-phenelzine,

2
-.- 50mg/Kg [ H4J-phenelzine

a-Significant difference from control and phenelzine treatment
at the same dose P<0.05.
Controls and rats treated with �on-deuterated phenelzine did

not exhibit forepaw padding.
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Backward walking
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Fig.3.24. The time course of backward walking in rats treated
2

with phenelzine or [ H4J-phenelzine.

Results are summed scores (observational ratings) from five
subjects (maximum score = 20)

2 2
-e- 12.5mg/Kg [ H4J-phenelzine, -A- 25mg/Kg [ H4J-phenelzine,

2
-.- 50mg/Kg [ H4J-phenelzine

b-Significant difference from phenelzine treatment P<0.05
Controls and rats treated with non-deuterated phenelzine
did not display backward walkingo
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Splayed Hindl imbs
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Fig.3.25. The time course of splayed hindlimbs in rats treated
2

with phenelzine or [ H4]-phenelzine.
Results are summed scores (observational ratings) from five
subjects (maximum score = 20).

-0- 50mg/Kg phenelzine, -.-
2

-.- 25mg/Kg [ H4]-phenelzine

2
12.5mg/Kg [ H4J-phenelzine,

2
-.- 50mg/Kg [ H4J-phenelzine

a-Significant difference from
P<0.05.
Controls and rats treated with
not exhi bi t spl ey e d hi ndl imbs.

-

controls and phenelzine treatment

phenelzine (12.5 and 25mg/Kg) did

\
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Fig. 3.26. The effects of phenelzine and [ H4]-phenelzine on

grooming 2-12 hours after injection.

Results are scores (observational ratings) from five animals
(Median ± S.E.M.).

-. vehi cl e
2
[ H4]-phenelzine- phenelzine

a-Significant difference from controls P<O.Ol
b-Significant difference from phenelzine treatment P<O.Ol
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(the sum of the score for the test period 2-12 hours after drug admini

stration) was measured since this behaviour did not appear to have a

significant time course. [2H4]-Phenelzine caused significantly higher'

incidences of grooming than the same dose (25 and 50 mg/kg) of phenel

zine (P <0.1, Kruskal-Wallis analysis of variance fo l l owed by r�ann

Whitney U test). The intensity of sniffing behaviour was significantly

increased compared to controls (P <0.01, Kruskal-Wallis analysis of

variance followed by Mann Whitney U test). As vdth grooming, total

sniffing (the sum of the score for the test period 2-12 hours after

drug injection) was measured. The effects of [2H4]-phenelzine on

sniffing were dose-dependent. In contrast, phenelzine (12.5, 25, and

50 mg/kg) did not significantly alter sniffing compared to controls (P

>0.05 Kruskal-Wallis analysis of variance, as shown in Fig. 3.27.).

In summary, it can be stated that the initial behavioural effects

of phenelzine were not facilitated by deuterium substitution on the

alkyl side chain of this drug except for headbobbing, the incidence of

which was increased by 50 mg/kg [2H4]-phenelzine compared to the same

dose of the undeuterated drug. In contrast, the second phase of behav

ioural activation following administration of phenelzine was profoundly

affected by deuterium substitution. The deuterated drug was more

potent than the unsubstituted drug in terms of eliciting wet dog

shakes, backward walking, forepaw padding, splayed hindlimbs, repeti

tive grooming, sniffing, and locomotor activation.

3.3.2. Brain Amine and Amine Metabolite Levels

The effects of intraperitoneal administration of phenelzine or

[2H4]-phenelzine on striatal and hypothalamic concentrations of

\
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Fig. 3.27. The effects of phenelzine and [ H4]-phenelzine on

sniffing 2-12 hours after injection.

Results are scores (observational ratings) from five animal s

(Median ± S.E.M.).

.- vehicle -11- -EIJ-phenelzine
2
[ H4J-phenelzine

a-Significant difference from controls P<O.OI
b-Significant difference from phenelzine treatment P<O.OI
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dopamine, the metabolites of dopamine (HVA, DOPAC, and 3-MT), noradren

aline, serotonin, 5-HIAJ\, and the trace amines (E.-tyramine, .!!!-tyramine,

phenylethylamine, and tryptamine) were assessed at 30 minutes and 6

hours after drug treatment. These time periods represent the peak

periods of behavioural activation of the first and second phases of

phenelzine-induced stereotypy, respectively.

The amine and amine metabolite levels thirty minutes after drug

treatment are shown in Tables 3.6. and 3.8. The following paragraph

describes only the effects of phenelzine and [2H4J-phenelzine at this

time period. Both phenelzine and [2H4J-phenelzine resulted in small

but significant increases from controls (as expressed as percentage of

control) in striatal dopamine (around 130%), 5-HT (around 125'70), .E.-tyr
amine (around 210%), m-tyramine (around 220%), and phenylethylamine

(around 210%) concentrations (P <0.05, one way analysis of variance

fo l l owed by Neuman-Keu1s multiple comparisons tests). Striatal nora

drenaline concentrations were not measured since they were below the

minimum detectable level of the HPLC system used. Hypothalamic 5-HT

levels were also elevated compared to controls (150%) after treatment

with either of these two drugs (P <0.05, one way analysis of variance

followed by Neuman-Keuls multiple comparisons test). No significant

changes in the other hypothalamic amines were observed (P >0.U5, one

way analYsis of variance). The trace amines were not detected in the

hypothalamus in this study since their endogenous tissue concentrations

in this area were below the minimum detectable level for the high

reso 1 uti on mass spectrometri c techni que util i sed. As expected, both

MAO inhibitors, phenelzine and [2114J-phenelzine, reduced striatal DOPAC

\
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STRIATUM HYPOTHALAMUS

2 2
AMINE CONC. CONTROL 25m g/K 9 P LZ 25mg/Kg[ H4]PLZ CONTROL 25m 9 I Kg P L Z 25mg/Kg[ H4]PLZ

a a

DA I1g/g 10.1 ± 0.24 12.9 ± 0.51 12.6 ± 0.45 0.34 ± 0.03 0.47 ± 0.04 0.49 ± 0.03

NA. �g/g n.d n.d n.d 2.13 ± 0.06 2.52 ± 0.13 2.50 ± 0.16
a a a a

5-H T \Jg/g 0.47 ± 0.02 0.59 ± 0.04 0.59 ± 0.02 0.83 ± 0.02 1.29 ± 0.09 1.43 ± 0.11
a a

E_- T A ng/g 6.83 ± 0.91 16.7 ± 0.62 14.2 ± 0.78 n.d n.d n. d
a a

m- T A n gig 2.34 ± 0.44 5.82 ± 0.28 5.12 ± 0.41 n.d n. d n.d
-

a a

PE n g/ 9 1.62 ± 0.31 3.81 ± 0.48 3.38 ± 0.72 n. d n.r:l n . d

T n g/ 9 1.85 ± 0.56 4.16 ± 0.97 2.44 ± 0.58 n.d n. d n . r:l

I
�

..c.
1.0
I

l

Effects of phenelzine(PLZ} and
amine concentrations 0.5 hours

Table 3.6

2 2
[ H4]-phenelzine([ H4]PLZ)
after drug treatment.

on rat striatal and hypothalamic

Results are expressed as ng or �g amine per gram fresh tissue weight (Mean ± S.E.M.).
n.d-amines not detectable
The data were analysed using one-way analysis of variance followed by Newman-Keuls multiple
comparison test.a-Significant difference from controls P<0.05.
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(to around 20% of controls) and HVA (to around 50% of controls) concen

trations compared to controls, while 3-MT levels were significantly

elevated (to around 200% of controls) thirty minutes after drug treat

ment (P <0.01, one way analysis of variance followed by Newman-Keul s

multiple comparisons test). Since the animals were killed by decapita

tion 3-MT concentrations were elevated compared to the literatijre

values from rats killed by ml crovave irradiation. Animals sacrificed

at this time period did not, however, display any significant differ

ences between phenelzine and [2H4J-phenelzine on any of the neurochemi

cal parameters studied (P >0.05, one way analysis of variance followed

by Newman-Keuls multiple comparisons test).

The amine and amine metabolite levels 6 hours after drug treatment

are described below. As described in Table 3.7., phenelzine treatment

significantly increases the striatal concentrations of 5-HT (to 150% of

control), _e.-tyramine (2000%), m-tyramine (550%), tryptamine (800%),

3-MT (300%); and in the hypothalamus, noradrenaline (140%) and 5-HT

(200%) concentrations were also increased compared to controls (P

<0.05, one way analysis of variance followed by Neuman-Keuls multiple

comparisons test). In addition striatal DOPAC, HVA, and 5-HIAA concen

trations were significantly decreased from controls following 25 mg/kg

phenelzine (to around 16%, 34%, and 45% of controls respectively) (see

Table 3.8.) (P <0.01, one '1lay analysis of variance followed by Newman

Keuls mUltiple comparisons test). Very similar neurochemical changes

were found after [2H4J-phenelzine; unlike phenelzine, however, [2H4J
phenelzine significantly elevated striatal phenylethylamine and hypo

thalamic phenylethylamine and tryptamine levels compared to controls (P



Table 3.7

2 2
;Effects of phenelzine(PLZ) and [ H4J-phenelzine([ H4]PLZ) on rat striatal and hypothalamic amine
concentrations 6 hours after drug treatment.

L

-

STRIATUM HY POTHALA�1U S

2 2
AMI NE CONC. CONTROL 25m g/K 9 P LZ 25mg/Kg[ H4]PLZ CONTROL 25mg/Kg PLZ 25m 9 /Kg [ H4] P L Z

DA J.lg/g 10.6 ± 0.41 11.9 ± 0.72 13.0 ± 0.82 0.45 ± 0.04 0.51 ± 0.05 0.50 ± 0.05
a a

NA �g/g n. d. n. d. n. d. 1.98 ± 0.16 2.82 ± 0.29 2.98 ± 0.22
a ab a ab

5-H T �g/g 0.52 ± 0.03 0.76 ± 0.04 0.93 ± 0.03 0.88 ± 0.04 1.92 ± 0.11 2.68 ± 0.08
ab a

E._-TA ng/g 9.95 ± 0.50 198 ± 19.6 121 ± 9.24 0.50 ± 0.47 3.61 ± 1.39 4.14 ± 1.99
a a

m- T A n g/ 9 4.19 ± 0.35 23.0 ± 2.96 30.0 ± 3.38 n . d n. d n. d
-

ab ab

PE ng/g 1.48 ± 0.32 2.92 ± 0.36 26.5 ± 3.31 0.53 ± 0.22 1.65 ± 0.31 15.4 ± 3.22
a ab ab

T n g/ g 1.26 ± 0.16 10.6 ± 1.20 45.8 ± 3.71 0.32 ± 0.20 1.34 ± 0.18 15.7 ± 2.98

......... 1
,

Results are expressed as ng or ug per gram fresh tissue weight (Mean + S.E.M.).
n.d-amines not detected.

-

The data were analysed using one-way analysis of variance followed by Newman-Keuls multiple
comparison test.

a-Significant difference from controls P<0.05.
b-Significant difference comparing [2H4]-phenelzine and phenelzine treatment P<O.05.



Table 3.8
2 2

Effects of phenelzine(PLZ) and [ H4J-phenelzine{[ H4JPLZ) on the concentration of dopamine and
5-HT metabolites ;n the rat striatum 0.5 and 6 hours after drug treatment.

0.5 HOURS 6 HOURS

2 2
ACID CONC. CONTROL 25mg/Kg PLZ 25mg/Kg[ H4]PLZ CONTROL 25mg/Kg PLZ 25mg/Kg[ H4]PLZ

OOPAC ng/g
-+ +

a
+

a

1230
+

114
+

a
+

a

1540 ...:... 68.0 266 - 88.9 151 - 10.2 189 - 40.6 49.3 - 22.2

+
a

+
a a

+
a

HVA ng/g
+

795 + 27.5
+

775 - 15.8 323 - 46.5 307 - 46.5 191 - 30.2 157 - 41.1
-

+
aba

+
a

+ +
a

3-MT ng/g
+ 586-�51.0231 - 41.7 658 - 25.7 246 - 50.6 740 - 84.5 1330 - 91.5

5-HIAA ng/9
+ + + + +

a
+

ab
553 - 38.5 439 - 28.7 457 - 22.4 451 - 22.9 200 - 23.7 29.2 - 5.13

Results are expressed as ng/g fresh tissue weight (mean � S.E.M).
Data were analysed using one-way analysis of variance followed by Newman-Keuls multiple comparison
test.

a-Significant difference from controls P<O.Ol
b-Significant difference comparing [2H4]-phenelzine and phenelzine treatment P<O.Ol.

I
I---'
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N
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<0.05, one way analysis of variance followed by Newman-Keuls multiple

comparisons test). No significant changes in dopamine were observed

following either [2H4J-phenelzine or phenelzine administration (P

>0.05, one way analysis of variance).

The concentrations of 5-HT (see Fig. 3.28.), phenylethylamine (see

Fig. 3.29.), tryptamine (see Fig. 3.30.), and 3-MT (see Fig. 3.31.) in

the striatum of rats that had been injected 6 hours previously with

[2H4J-phenelzine were significantly greater than the respective amines

in rats treated with phenelzine (P <0.05, one way analysis of variance

followed by Neunan-Keu l s multiple comparison test). In addition,

striatal 5-HIAA (see Fig. 3.32.) levels were significantly reduced

following [2114J-phenelzine compared to phenelzine treatment (P <0.01,

one way analysis of variance followed by Neuman-Keuls multiple compari

son test). Similarly, the concentration of hypothalamic 5-HT (see

Fig. 3.28.), phenylethylamine (Fig. 3.29.), and tryptamine (see Fig.

3.30) in rats treated with [2H4J-phenelzine were significantly increas

ed compared to the same dose of the undeuterated drug (P <0.05, one way

analysis of variance fo l l owed by Newman-Keuls multiple comparisons

test). No significant differences were apparent between the effects of

dopamine, noradrenaline, m-tyramine, HVA, and DOPAC concentrations (P

>0.05, one v'Iay analysis of variance followed by Newman-Keuls multiple

comparisons test); however, phenelzine resulted in a significantly

greater increase in striatal p_-tyramine levels as compared to [2H4J

phenelzine treatment (p <0.05, one \,,,ay analysis of variance followed by

Newman-Keuls multiple comparisons test) (see Fig. 3.33.).

z • \
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Figo 3.28. The effects of phenelzine and [2H4J-Phenelzine on brain serotonin

concentr�tions 0.5 and 6 hours after drug treatment.

Results are expressed as �g/g fresh tissue weight (t1ean + SoEoM.)

-111- vehicle � 25mg/Kg phenelzine iJ]J- 25mg/Kg [2H41-Phenelzine
*-Significant difference from controls P<Oo05

a-Significant difference between C2H4J-Phenelzine and phenelzine treatment

P<Oo05
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Figo 3029. The effects of phenelzine and [2H4J-Phenelzine on brain

phenylethylamine and [2H4J-phenYlethylamine concentrations at 005 and 6 hours

after drug treatmento

0.5

Results are expressed as ng/g fresh tissue weight (Mean � S.EoMo)

-111- vehicle � 25mg/Kg phenelzine 2� 25mg/Kg [2H4J-Phenelzine
o [2H4J-PhenylethYlamine following 25mg/Kg [ H4J-phenelzine
*-Significant difference from control P<0005

a-Significant difference between phenelzine and [2H4J-phenelzine treatment

P<Oo05 t
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Fig. 3.300 The effects of phenelzine and t2H4J-phenelzine on brain tryptamine
concentrations at 0.5 and 6 hours after drug treatment.

Results are expressed as ng/g fresh tissue weight (Mean � S.EoM.)

� vehicle � 25mg/Kg phenelzine 1:>(:r 25mg/Kg C2H4J-Phenelzine
*-Significant difference from controls P<O.05

a-Significant difference between [2H41-Phenelzine and phenelzine treatment

P<O.05
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Figo 3031. The effects of phenelzine and [2H4J-Phenelzine on

rat striatal 3-methoxytyramine concentrations 0.5 and 6 hours

after drug treatmento

Results are expressed as ng/g fresh tissue weight (Mean � SuE.M.)

1111- vehicle � 25mg/Kg phenelzine

1[]]- 25mg/Kg C2H4J-phenelzine
*-Significant difference from controls P<O.05

a-Significant difference between [2H41-phenelz;ne and phenelzine

treatment P<O.05
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Fig. 30320 The effects of phenelzine and L2H4J-Phenelzine on

striatal 5-hydroxyindoleacetic acid concentrations 0.5 and 6 hours

after drug treatment.

Results are expressed as ng/g fresh tissue weight (Mean � S.EoM.)

II- 25rng/Kg phenelzine.- vehicle

1[[J- 25rng/Kg L2H4J-Phenelzine
*-Significant difference from controls P<0.05

a-Significant difference between L2H4J-Phenelzine and phenelzine
treatment P<0.05
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Figo 30330 The effects of phenelzine and L2H4J-Phenelzine on brain tyramine

concentrations 005 and 6 hours after drug treatment.

ng/g fresh tissue weight (Mean + S.E.Mo)
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Since phenelzine can be transformed metabolically into phenyl

ethylamine, we measured the levels of [2H4]-phenylethylamine in the

corpus striatum and hypothalamus thirty minutes and 6 hours after

[2H4]-phenelzine treatment. As illustrated in Fig. 3.27., the concen

tration of [2H4]-phenylethylamine present in the striatum and hypothal-

amus thirty minutes after [2H4]-phenelzine treatment was 79.9 ± 10.2

and 81.9 ± 7.5 ng/g, respectively. Six hours after [2H4]-phenelzine

administration central [2H4]-phenylethylamine levels in the corpus

striatum and hypothalamus were 38.9 ± 3.5 and 32.8 ± 2.01 ng/g, respec

tively. The decline in [2H4]-phenylethylamine levels with time sug

gests that [2H4]-phenylethylamine is further metabolised or transported

out of the brain. In addition, since the concentration of [2H4]

phenelzine is decreasing presumably less [2H4]-phenylethylamine will be

formed. The concentration of total phenylethylamine (deuterated plus

non-deuterated) in the brain 0.5 and 6 hours after [2H4]-phenelzine

treatment was substantially greater than that following treament with

the unlabelled drug.

3.3.3. A Comparison of the Effects of 8-Phenylethylhydrazine and

[2H4]-8-Phenylethylhydrazine on Brain Tyrosine and p-Tyramine Levels

As shown in Fig. 3.34. both phenelzine and [2H4]-phenelzine (100

mg/kg) significantly elevated brain tyrosine levels above its control

value (from 8.1 pg/g to 21.6 ug/g 12 hours after phenelzine and 21.1

ug/g 2 hours after [2H4]-phenelzine treatment) with a concomitant

increase in striatal ..e.-tyramine concentrations (see Fig. 3.35.). There

was no significant difference between either drug treatment on their

ability to increase brain tyrosine levels (P >0.05, two way analysis of

\
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variance); however, striatal E.-tyramine concentrations were signifi

cantly elevated at 12 hours in rats receiving phenelzine compared to

[2H4]-phenelzine (100 mg/kg) treatment (597 ± 92.3 ug/g compared to 342

± 87.8 �g/g). This paradoxical effect, where phenelzine was more

potent than [2H4]-phenelzine in elevating E.-tyramine levels vas only

apparent after high doses of this drug. Low doses of phenelzine or

[2H4]-phenelzine (5 mg/kg) did not significantly increase brain E.-tyro

sine levels compared to controls (P >0.05, two way analysis of vari-

ance) (see Fig. 3.34.). Striatal E.-tyramine levels, however, we re

significantly increased following phenelzine or [2H4]-phenelzine treat-

ment (5 mg/kg) (see Fig. 3.35.). Furthermore, deuterium substitution

enhanced the ability of phenelzine (5 mg/kg) to elevate striatal

.E.-tyramine levels 2,12, and 24 hours after drug treatment (34.2 ±

4.36, 67.7 ± 10.4, and 136 ± 4.28 ng/g compared to 63.0 ± 9.29, 140 ±

3.93, and 124 ± 5.81 2, 12, and 24 hours after phenelzine and [2H4]-

phenelzine treatment, respectively).

3.3.4. The Effects of Deuterium Substitution on the Penetration and

Persistence of Phenelzine into the Brain

As mentioned earlier, substitution of deuteriulll for hydrogen on

the a,a,B,B-position of phenelzine has been shown to increase the

behavioural and biochemical potency of this drug � vivo. Deuterium

labelling of the I-positions of phenelzine may reduce its enzymatic

i nacti vati on by I1AO, subsequently i ncreasi ng the apparent potency of

phenelzine in vivo. If deuterium substitution of the a-position of

phenelzine protects it from peripheral MAO, then more deuterated

phenelzine than phenelzine should be available to penetrate the brain

\
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following systemic administration. Furthermore, pretreatment with a

MAO inhibitor should attenuate such an effect of deuterium substitution

on the half-life of phenelzine.

After injection with an equimolar mixture of [2H4]-phenelzine and

phenelzine (50 mg/kg of each), the ratio of [2H4]-PLZ/PLZ in whole

brain was increased from 1.0 in the drug mixture to 1.32 ± 0.01, 1.36 ±

0.05, 1.39 ± 0.06, and 0.97 ± 0.12 (mean ± SEM) at 0.25, 1, 2, and 5

hours after drug treatment, as shown in Fig. 3.36. and Table 3.9.

Pretreatment with pargyline (50 mg/kg) 16 hours prior to sacrifice

abolished this effect so that the ratios of [2H4]-PLZ/PLZ in whole

brain returned towards 1.0.

• \



1.6

1.4

1.2

1.0

0.8

-165-

T
,.

.

�-----.
Whole Brain

+ par gy 1 ineT
T T � T •
0------0--------0---------------- 0

.L
----------------------------------------------------

drug mixture

1
/

o 1 2 3 4 5

Time (Hours)
2

Fig.3.36. The ratio of [ H4]-phenelzine to phenelzine in rat

brain after treatment with an equimolar mixture of phenelzine
2

and [ H4]-phenelzine (50mg/Kg of each).

2
Results are expressed as [ H4]-PLZ/PLZ for whole brain (Mean ±

S.E.M.).
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Table 3.9

2
The ratio of [ H4]-phenelzine/phenelzine in rat brain after administration of

2
an equimolar mixture of phenelzine and [ H4]-phenelz;ne (50mg/Kg of each).

2
Ratio of [ H4]-Phenelzine/Phenelzine

Time
(Hours) 0.25 1 2 5

Drug Treatment
2

Ratio of [ H4]-PLZ/
PLZ in drug sol n.

2
PLZ + [ H4]-PLZ
(50mg/Kg of each)

+ Pargyline (50mg/Kg)
Pretreatment

1. 0 oto .0 1( 9 ) 1.00tO.01(9) 1.00tO.OI( 9) 1.00tO.OI(9) I
I-'

0'\
0'\
I

1.32±O.Ol(8) 1.36±O.05(8) 1.39±O.06(8) O.97±O.12(8)

1.04±O.Ol(6) 1.06±O.OI(6) I.06tO.01(6) 1.04tO.02(6)

2Results are expressed as ratio of [ H4]-phenelzine/phenelzine (Mean ± S.E.M.).Figures in parentheses represent the number of subjects in each group.

�
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4. DISCUSSION

4.1. Deuterium Substitution in the a,S,B-positions of DL-Dopa;

Behavioural and Neurochemical Effects

DL-Dopa, a metabol i c precursor for the catechol ami nes, is rapi dly

decarboxyl ated by L-AAD to dopami ne whi ch may be further S-hydroxyl ated

to noradrenaline. Dopamine and noradrenaline are further metabolised

by r�AO and COi1T to their acid and alcohol metabolites. Since tile

synthe s is of dopami ne from dopa does not i nvo 1 ve tyros i ne hydroxyl ase,

the rate limiting enzyme for catecholamine synthesis, the administra

tion of dopa results in an elevation in central catecholamine levels

(Carlsson and Hillarp, 1962; Everett and Borcherding, 1970). This is

the basis of L-dopa therapy in Parkinson's disease. Dopamine formed

from DL-dopa will, however, inhibit further amine synthesis through

feedback inhibition of tyrosine hydroxylase (Javoy et �., 1972).

Consequently, following the initial rise in dopamine levels, striatal

dopamine content will decline towards control values. In accordance

with this hypothesis, we found that following 200 mg/kg DL-dopa, plus

50 mg/kg Ro4-4602 administration striatal dopamine levels were elevated

until 4 hours after drug treatment (see Fig. 3.3.).

Pretreatment wi th a peri pheral extracerebra 1 decarboxyl ase i nh l bi

tor, Ro4-4602 (50 rng/kg), effectively enhances the penetration .of dopa

into the hrain with a resultant increase in central dopamine concentra

tions (Bartholini et �., 1967). Brain decarboxylase activity fo l l ow

ing peripheral administration of Ro4-4602 was not significantly inhib

ited by up to 100 mg/kg of tile drug, whi 1 e a dose of 50 mg/kg Ro4-4602

resulted in an 83% inhibition of peripheral decarboxylase activity
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(Bartholini et �., 1967). Since 50 mg/kg R04-4602 appears to selec

tively inhibit extracerebral decarboxylase with little effect on the

brain enzyme (Bartholini et �., 1967; Bartholini and Pletscher, 1968;

Bartholini et �., 1971), we chose this dose of R04-4602 in our

studies. Our results are consistent with the previous findings

(Barthol ini et�., 1969; Butcher et �., 1970; 1972) that DL-dopa (200

mg/kg) plus an extracerebral decarboxylase inhibitor {R04-4602 50

mg/kg} elicits behavioural activation in rats with a concomitant in

crease in brain dopamine levels. DL-dopa elicited a stereotyped behav

ioural excitation {see Fig. 3.1.} and locomotor activity {see Fig.

3.2.} in the rat that appears to be associated with the activation of

central dopaminergic systems. Furthermore, the time course of behavi

oural activation closely approximated that of striatal dopamine accumu

lation (see Fig. 3.3.), suggesting that DL-dopa induced stereotyped

behaviour and locomotor activity were correlated with an increase in

striatal dopamine concentrations. Behavioural excitation induced by

dopa appears to be related to an extensive outflow of catecholamines

from their neurons, resulting in a direct activation of dopamine recep

tor sites {Butcher et �., 1972}. Since 100 mg/kg DL-dopa does not

elicit behavioural activation, despite an elevation in central dopamine

concentrations (Butcher et �., 1972), it would appear that a threshold

concentration of dopamine is required to elicit behavioural activation.

Deuterium substitution of the a-position of DL-dopa did not appear

to potentiate the behavioural or neurochemical potency of this drug ..!_r!_
vivo (see Fig. 3.1. and 3.3.). The replacement of hydrogen by deuteri

um on both a-positions of dopamine decreases its rate of oxidative
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deamination by t1AO � vitro, with a deuterium isotope effect of about

1.61 (VH/VD) being evident (Yu et {!_., 1981). We thouqht because

of this that a,B,B-[2H3]-dopamine, formed from [2H3]-DL-dopa, would

exhibit a primary deuterium isotope effect on the oxidative deamination

by r�AO.

Very recent studies from this laboratory have, however, indicated

that MAO is a stereoselective enzyme that displays absolute (R)-stereo

selectivity (Yu et a1., 1985a); only the (R}enantio01er of a-[2H1]-dopa-
_--

mine exhibited a significant isotope effect in the oxidative deamina-

tion by MAO. Furthermore, Belleau has reported a configuration depend

ent deuterium isotope effect on the enzymatic oxidation of asymmetri-

cally labelled tyramine for {R}-a-deuterotyramine (Belleau and Burba,

1960; Belleau et {!_., 1960b; Belleau and Moran, 1960}. The racemic

mixture of a,8,8-[2H3]-DL-dopa is composed of an equimolar amount of

dopa with a deuterium label on the (R) and on the (5) positions of the

a-carbon; however, since L-AAD is a stereospecific enzyme that decar-

boxylates only the (5)enantiomer of dopa (i.e., L-dopa) and the config-

uration of the substrate is retained in the product (Belleau and Burba,

1960), a,B,8-[2H3]-OL-dopa is converted to the (5}enantiomer of a,B,B

[2H3]-dopamine. This enantiomer does not exhibit a deuterium isotope

effect on oxidative metabolism by r�AO. Our data are consistent with

the findings of Yu and coworkers (1985a) that deuterium sUbstitution in

the a-position of DL-dopa does not protect the subsequently formed

( S ) -a-dopami ne f rom me ta bo 1 ism by r�AO.

Despite the inability of deuterium labelling in tile a-position of

DL-dopa to influence the rate of deamination of dopamine by t1AO,

,_
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deuterium substitution in the S-positions may be expected to attenuate

the rate of a-hydroxylation, and subsequently protect a,a,S-[2H3J

dopamine from metabolism by dopamine a-hydroxylase. Substitution of

deuterium for hydrogen on the a-positions of B-phenylethylamine and

dopamine has been found to markedly decrease their rates of a-hydroxyl

ation � vitro (Bachan et �., 1974; Kato et �., 1978). The Vmax

for the B-hydroxylation of 8-deuterated phenylethylamine is approxi

mately 0.2 that for phenylethylamine and for 8-deuterated dopamine

approximately 0.4 that of dopamine. Since the Km's for the hydroxyl

ation of dopamine and S,a-[2H2J-dopamine are not significantly differ-

ent, deuteration appears to attenuate the rate of hydroxylation without

altering the affinity of the enzyme for its substrate (Kato et �.,

1978). Our results, however, appear inconsistent with this hypothe

sis. If deuterium substitution in the B-position of dopamine decreased

its rate of 8-hydroxylation to noradrenaline, then the administration

of [2H3J-DL-dopa would be expected to slightly elevate dopamine and

reduce noradrenaline concentrations compared to the same dose of DL-

2
dopa. We found, however, that [ H3J-DL-dopa did not significantly

increase striatal dopamine levels nor substantially decrease central

noradrenaline concentrations as compared to the undeuterated drug.

Dopamine concentrations, however , are controlled by feed back inhibi-

ti on of tyrosi ne hydroxyl ase. Thi s mechani sm may compensate for i n

creased striatal dopamine levels following [2H3]-DL-dopa treatment.

Thus, any isotope effect on the 8-hydroxylation of dopamine may be

masked by feedback inhibition of dopamine synthesis.

he

,

\
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Previous studies that have examined the effects of L-dopa on

central concentrations of noradrenaline and its acid metabolites are

equivocal. Early studies demonstrated that central noradrenaline

levels were elevated following DL-dopa treatment (Bartholini and

Pletscher, 1968) and that central [3H]-noradrenaline concentrations

following intracisternal [3H]-dl-noradrenaline injection 5 minutes

prior to L-dopa treatment (100 mg/kg) were increased above controls

(animals receiving [3H]-dl-noradrenaline infusion followed by an injec

tion of 0.05 N HC1) (Chalmers et �., 1971). Using more selective

analytical techniques for the measurement of central noradrenaline

levels, such as mass spectrometry or gas chromatography, recent studies

have failed to replicate these findings (Freed and Murphy, 1978; Doshi

and Edwards, 1981), suggesting that the early studies may not have been

selective for noradrenaline. Edwards and Rizk (1981), however, have

reported that the administration of L-dopa results in a significant

elevation in the alcohol metabolites of noradrenaline, MHPG and DHPG.

Furthermore, these authors demonstrated that a sUbstantial portion of

the increases in MHPG and DHPG was derived from the conversion of

exogenous L-dopa to noradrenaline. In contrast, Freed and Murphy

(1978) found that long term L-dopa infusion does not influence hypo

thalamic noradrenergic neuronal activity. Using deuterated noradrenal

ine as a metabolic marker, these authors demonstrated that total nora

drenaline concentrations were unchanged following L-dopa infusion and

that the rate of noradrenaline synthesis was not significantly altered

by this treatment. In addition, endogenous noradrenaline was continu

ously produced despite the infusion of L-dopa, so that the contribution

\
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of noradrenaline formed from the exogenous precursor was quite small.

These findings are in concordance with our data, which shows that

DL-dopa treatment did not significantly alter total noradrenaline

levels in the brain; however, the deuterated exogenous precursor did

contribute towards noradrenaline synthesis. Consequently, since a

relatively large portion of noradrenaline was derived from a,B,B

[2H3]-DL-dopa, the apparent deuterium isotope effect on the B-hydroxyl

ation of dopamine may have been qualitatively insignificant.

Since we cannot distinguish between dopamine and noradrenaline

synthesized from the administered proteo-DL-dopa and the dopamine and

noradrenaline previously synthesised and stored in the brain, we cannot

directly compare the amounts of amines formed from DL-dopa and those

formed from [2H3J-DL-dopa. Thus, we compared the amounts of total

dopamine and noradrenaline (deuterated and undeuterated) after DL-dopa

and [2H3]-DL-dopa treatment. No differences between the two treatments

were observed. While this finding may be interpreted to suggest that

deuterium substitution had no effect on the metabolism of DL-dopa, any

isotope effect may have been masked � vivo by displacement of endogen

ous amines. Newly synthesised amines (deutero- and proteo-) formed

from [2H3J-DL-dopa or DL-dopa appear to displace endogenous amines from

their storage sites. Following [2H3J-DL-dopa treatment more endogenous

dopamine may have been displaced by the exogenous amine than following

DL-dopa; however, the total amount of dopamine (exogenous plus endogen

ous) would remain unchanged. Thus no differences in central dopamine

levels would be apparent following either [2H3J-DL-dopa or DL-dopa

administration.

•• \
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4.2. Intrastriatal Dopamine Infusion, Behavioural and

Neurochemical Effects

4.2.1. Turning Behaviour After Dopamine

Systemic administration of directly acting dopamine agonists

(i.e., apomorphine) elicit a contraversive rotation in rats with 6-0HDA

lesions of the nigrostriatal pathway. In contrast, the systemic admin

istration of indirectly acting dopaminergic agents (i.e., amphetamine)

induce ipsilateral turning. In order to assess the effectiveness of

the 6-0HDA lesions and the validity of this behavioural paradigm, we

tested the rotational response of lesioned rats to systemic amphetamine

and apomorphine administration. Since the animals rotated in the

appropriate direction (see Fig. 3.7.), it would appear that this model

provides a reliable measurement of striatal dopamine function.

Intrastriatal microinjection of dopamine to rats with 6-0HDA

lesions of the nigrostriatal pathway induced contraversive turning

behaviour (see Fig. 3.8.). Our results are consistent with previous

findings that intrastriatal administration of dopamine produces a long

lasting contraversive rotation in both lesioned (Costall and Naylor,

1974; Setler et �., 1978) and non-lesioned rats (Ungerstedt et �.,

1969; Joyce et �., 1981). The potency of dopamine to elicit turning

behaviour, however, appears to vary between these particular studies.

These differences in potency are probably related to the placement site

of the cannulae in the striatum (Joyce and Van Hartesveldt, 1984), the

degree of destruction of the nigro-striatal system (Hefti et �.,

1980), the degree of development of post-synaptic dopamine receptor

supersensi ti vi ty (Ungerstedt, 1970), the shape of the surface of the

\
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test cage, whether animals were tested on a flat or spherical surface

(Glick et al., 1976), and whether animals were selected for rotation
-_

pri or to drug treatment (Setl er et �., 1978). In our study a concen

tration of 30 �g dopamine in 1 �l was required to elicit turning behav

iour in rats with 6-0HDA nigrostriatal lesions (see Fig. 3.8.). This

dose ;s comparable with that of the Costall and Naylor study, where 100

ug of dopamine was required to elicit rotation in rats with unilateral

lesions of the nigrostriatal pathway (Costall and Naylor, 1974).

While it was originally postulated that rotational behaviour

reflected an imbalance of striatal dopamine activity (And�n � �.,

1966; Ungerstedt, 1971c), it is now thought that other dopamine con-

taining areas, such as the nucleus accumbens, are also involved in this

behaviour (Kelly and Moore, 1976; Pycock and Marsden, 1978; Freed and

Yamamoto, 1985). Intrastriatal dopamine infusion elicited turning

behaviour in the rat; however, due to the close proximity of the

nucleus accumbens (see Fig. 3.14), dopamine injected into the caudate

may diffuse into this area. It is, therefore, possible that intrastri

atal dopamine infusion also influences dopamine receptor sites in the

nucleus accumbens.

The rotational response of rats to intrastriatal dopamine injec-

tions is accentuated by unilateral lesions of the nigrostriatal pathway

(Costall et �., 1976a; Setler et �., 1978). This increased respons

iveness is accompanied by a decrease in the threshold and a simultane-

ous shift in the dose response curve for dopamine. Nigrostriatal

lesions appear to facilitate the rotational response of dopaminergic

agonists because striatal post-synaptic dopamine receptors have become

\
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supersensitive (Ungerstedt, 1971b) as demonstrated by increased [3HJ

haloperidol binding (Creese et �., 1977; t�ishra et �., 1978) and

striatal cell sensitivity to dopamine agonists (Schultz and Ungerstedt,

1978). The resultant increase in receptor sensitivity has been associ

ated with a concomitant increase in behavioural supersensitivity

(Marshall and Ungerstedt, 1977). Staunton and coworkers (1981), how

ever, found that behavioural supersensitivity precedes the appearance

of striatal dopamine receptor alterations. Despite the considerable

body of experimental evidence which suggests a role for dopamine recep

tor supersensitivity in rotational behaviour (Ungerstedt, 1971b;

Costall et �., 1976; Setler et �., 1978; Ungerstedt et �., 1978;

Creese and Snyder, 1979), the exact mechanism of this effect has yet to

be defined.

4.2.2. Striatal Dopamine Levels

Lesions of the nigrostriatal pathway resulted in the depletion of

striatal dopamine levels to approximately 4% that of intact controls.

Our data were in agreement wi th those of Agi d et�. (1973) who found

that unilateral 6-0HDA lesions resulted in an 87% reduction in striatal

dopamine concentrations compared to unlesioned controls. Intrastriatal

dopamine injection was found to significantly elevate dopamine levels

in the striatum. Despite the high amount of dopamine in the injected

volume (30 �g), the final amount of dopamine in the striatum dopamine

was only around 2 and 5% of the injected drug (around 0.2-0.5 �g) at 45

and 15 minutes after drug treatment, respectively. Similarly the

amount of [2H2]-dopamine was only 1 and 5% of the injected drug solu

tion (around 0.2-0.6 �g) at these two time periods after injection.

\
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Despite the low recovery, the amounts of dopamine and [2H2]-dopamine

remaining in the brain were not significantly different. These find

ings are consistent with those of Wolfson and Brown (1983) who demon

strated that after intrastriata1 injection of dopamine (20 �g/0.5 �1),

the final tissue level of this amine was only 1-10% that of the drug

solution. These authors found that only 26-59% of the [3H] injected

dopamine was recovered from the brain, suggesting that a substantial

portion of the drug solution remained in the injection cannula follow

ing injection. In this study total [3U] radioactivity was measured.

Since all the animals were pretreated with the MAO inhibitor pargyline,

only a small portion of the [3HJ measured would include [3H] dopamine

metabolites. In fact Wolfson and Brown found that [3HJ-dopamine con

stituted at least 80% of the total [3UJ recovered. Myers and Hoch

(1978) also reported only a 50% recovery of [14CJ-dopamine injected

into the substantia nigra. Following [3HJ-dopamine microinjection into

the dorsal striatum, small amounts of the tracer was detected dorsally

in the overlying cortex and anteriorly in the globus pa11idus. The

spread of trace into more distant areas, however, was negligible

(Wolfson and Brown, 1983). It can be postulated from these findings

that following intrastriata1 dopamine microinjection, dopamine remains

mainly within the corpus striatum. Consequently, the behavioural and

neurochemical effects elicited by intrastriatal dopamine and [2H2J
dopamine infusion are presumably related to the action of these drugs

in this brain area and not some more distant site.

___!11.. \�------�
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4.2.3. The Effects of Deuterium Substitution in thea p -Positions of

Dopamine

Despite the findings that dopamine elicited a dose-dependent

turning in the rat, deuterium substitution in the a,a-positions of

dopamine did not enhance the ability of this amine to induce rotational

behaviour. Furthermore, deuterium labelling did not enhance the abil

ity of dopamine to elevate striatal dopamine levels � vivo. Rotation

al behaviour induced by dopamine agonists in animals with unilateral

nigrostriatal lesions apparently reflects the activation of supersensi

tive striatal dopamine receptors (Ungerstedt, 1971). The similarity

between deutero- and proteo-dopamine in evoking turning behaviour

suggests that the affinity of the receptors for [2H2]-dopamine was

similar to that for dopamine. Consequently, the conformational re-

quirements for dopamine receptor activation did not appear to be

affected by deuterium substitution. Since deuterium substitution

results in only a slightly shorter C-D bond length, compared to that

o 0

for the C-H bond (C-H = 1.09 A, C-D = 1.05 A) and the size of the deu-

terium atom is not that much different from that of hydrogen, it is not

surprising that very small or negligible steric effects are observed in

a molecule following the replacement of hydrogen for deuterium. In

concordance with these data, Perel et�. (1972) demonstrated that

a,a-[2H2]-dopamine has similar effects to its undeuterated analogue on

cardiac contractile force and blood pressure. These authors interpret

ed these findings as evidence that deuterium substitution does not

alter the steric requirements for dopamine receptor activation. This

study further indicates that the replacement of deuterium for hydrogen

\
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on the a,a-positions of dopamine does not enhance the pharlllacological

actions of this drug in this paradigm. Deuterium substitution on the

a,a-positions of adrenaline (Clemo and Swan, 1942) and noradrenaline

(Bell eau � �., 1960a) does not si gni fi cantly al ter the abil i ty of

these compounds to elevate blood pressure or to influence the arterial

pressor response and nicititating membrane contractions in anaesthetis-

ed cats, respectively. These findings are consistent wi til our data,

and may be interpreted to suggest that deuterium substitution on the

a,a-positions of the catecholamines does not influence the activity of

these amines on a number of different behavioural and pharmacological

pardigms. Such deuteration does attenuate the enzymatic oxidation of

dopamine and other biogenic amines � vitro (Yu ��., 1981,1982).

The metabolism of the catecholamines.:!1!. vivo, however , is not necessar-

i 1y the same as tha tin vi tro

The oxidative deamination by MAO may not be a major path'l'/ay for

dopamine inactivation in vivo. Thus, the apparent discrepancies be-

tween in vivo and in vitro studies may be related to a difference in

dopamine inactivation in these two situations. Dopamine is removed

from the synaptic cleft by an active reuptake process. If reuptake is

the major pathway for the physiological inactivation of dopamine,

deuterium suhstitution would not be expected to influence the amount of

dopamine present in the brain. The reuptake of dopamine may not be

affected by deuterium substitution, thus deuteration would not influ-

ence central dopamine levels.

In additfon, the affinity of f11\0 for dopamine is very low in

comparison to that for other substrates. For example, the affinity of

• \
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MAO for phenylethylamine is approximately 60 times greater than that

for dopamine. The half life of dopamine, calculated following inhibi

tion of tyrosine hydroxylase, is around 110 minutes (Brodie et �.,

1966). Consequently the rate of dopamine metabolism is relatively slow

in comparison to that of other amines (Philips, 1984). The combination

of these factors may contribute to the apparent lack of a deuterium

isotope effect � vivo.

Alternatively, if MAO was saturated by the injected dopamine, the

ability of deuterium substitution to reduce the rate of dopamine metab

olism by MAO would be masked. In order to evaluate this hypothesis, an

examination of the effects of intrastriatal infusion of varying doses

of dopamine and [2H2]-dopamine on striatal dopamine, HVA, and DOPAC

concentrations could be carried out. Such an experiment would provide

a measurement of dopamine turnover and thus the amount of dopamine

metabolised by MAO.

When the metabolism of a drug proceeds via two or more different

pathways, deuteration may suppress one pathway with a parallel accentu

ation of an alternative pathway (Foster, 1984). Such metabolic switch

ing may be an important consequence of deuterium substitution (Haskin,

1984). The major metabolic pathways for dopamine involve the oxidative

deamination of dopamine by MAO (Carlsson and Hillarp, 1962) and the

O-methylation of dopamine or its deaminated metabolite DOPAC by cate

chol-O-methyltransferase (Axelrod, 1966) to 3-methoxytyramine and HVA,

respectively. If deuteration on the a-positions of dopamine suppressed

the inactivation of this amine by MAO, then in response the metabolism

of dopamine may be switched from deamination to that of a-methylation,

with a subsequent increase in the formation of 3-MT.

\
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Rutledge and Jonason (1967) demonstrated that in slices of rabbit

brain, dopamine is metabolised mainly to DOPAC and IIV/\ with only a

small portion being converted to 3-MT. These data are consistent with

the earlier observation that DOP/\C and HVA are the main metabolites Of

dopamine in the brain (Carlsson and Hi l l arp , 1962). UOPAC is thought

to be formed within dopamine neurons (Carlsson and IIillarp, 1962;

Roffler-Tarlov et al., 1971; Zumstein et al., 1981) since drug treat-
--

--

ments that alter intraneuronal amine concentrations selectively affect

the formation of DOPAC (Zumstein �!!.., 1981). On the other hand,

COMT is believed to have an extraneuronal localization. Since 6-0110/\

lesions of dopaminergic neurons do not substantially alter corn immuno

fluorescence, catecholamine neurons appear to contain little, if any,

COMT (Kaplan � �., 1979). Consequently, both 3-I�T and IIV/\ appear to

be formed ex traneurona11y (Kehr !!:�.• 1972). Due to the different

cellular localizations of MAO and COMT it may be postulated that the

metabolic switching of catecholamine metabolism from deamination to

O-methylation would not be quantitatively important. In our studies,

however, dopamine was injected intrastriatially and would have access

to the extraneuronal corH first. /\s a result. O-methylation may be an

important route of metabolism for intrastriatally injected dopamine;

thus, the metabolic switching of dopamine me tabo l i sm from de'ami na t i on

to O-methylation may be significant. Central 3-ln levels were not

measured in this study since the analytical technique for the measure-

ment of 3-11T was not available at the time.

Dopamine metabolism may also proceed through sulphoconjugation

(Jenner and Rose, 1973) or glucuronidation (Wang et �., 1983).

\ '
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Despite the findings that dopamine sulphate is released from rat stri

atal slices (Tyee and Rorie, 1982), it is unclear whether dopamine

sulphate is formed in the brain. The enzyme responsible for the trans

fer of a sulphate group from 31-phosphoadenosine-5-phosphate to various

phenol acceptors is found in rat brain (Yu et �., 1985b); however,

dopamine sulphate is detected only in small quantities in rat brain

(25-80 ng/g) (Buu et !l., 1981) and these levels do not apear to in

crease following L-dopa treatment (Buu et �., 1985). \�hether the

inactivation of dopamine through conjugation would compensate for a

decreased rate of metabolism by r�AO, through metabolic switching, is

unknown. Inhibition of MAO, however, does not substantially alter the

release of dopamine sulphate from brain slices (Tyce and Rorie, 1982).

If the replacement of hydrogen by deuterium on the a,a-positions of

dopamine has a similar effect on dopamine metabolism as MAO inhibition,

it would appear unlikely that sulphoconjugation could compensate for

the attenuation of dopamine deamination.

In summary deuteration on the a,a-positions of the alkyl side

chain of dopamine did not influence the behavioural or neurochemical

activity of this drug. In contrast, a deuterium isotope effect is

observed on the oxidative deamination of dopamine � vitro (Yu et �.,
1982). The di screpancy between these data may be rel ated to di ffer

ences in the � vivo and � vitro metabolism of dopamine. In addition,

dopamine metabolism may be shunted from oxidative deamination to

O-methylation or inactivation by other enzyme systems.

It is unlikely that the inability of deuterium substitution to

enhance the behavioural effects of dopamine was related to the animal
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model used. If turning behaviour in rats with unilateral 6-0HDA

lesions of the nigrostriatal pathway was not dose-dependent, no differ

ences would be expected to be observed between dopamine and [2H2]
dopamine treatment on this behaviour. Dopamine, however, induced a

dose-dependent contraversive turning response; therefore, if deutera

tion attenuated the metabolism of dopamine by MAO, it would be expected

that [2H2]-dopamine would be more potent than the non-deuterated drug.

Furthermore, MAO activity is not significantly affected by nigrostriat

al lesions (Uretsky and Iversen, 1970; Wagner and Trendleburg, 1971;

Agi d et �., 1973; Van der Krogt � �., 1983), thus (despi te the

extensive loss of dopaminergic neurons) sufficient MAO exists to ensure

the oxidative deamination of dopamine. It would appear, therefore,

that the behavioural paradigm used provided a reliable model of striat

al dopamine function.

4.3. Deuterium Substitition in the

a,a,S,S-Positions of S-Phenylethylhydrazine

4.3.1. Effects on the First Phase of Behavioural Excitation

Phenelzine induces a biphasic behavioural syndrome in male Wistar

rats (Oourish et �., 1982), with the initial phase being characterized

by dopamine mediated behaviours such as headbobbing, sniffing, rearing,

and hyperreactivity. The early onset and rapid disappearance of these

behaviours suggests that they may be mediated through phenelzine-induc

ed amine release. Phenelzine (100 �M, 1 mM) stimulates the release of

both 5-HT and dopamine from rat striatal slices � vitro (Dyck, 1984);

moreover, striatal phenelzine concentration (approximately 200 �M)

following intraperitoneal phenelzine treatment are sufficient to cause



-183-

amine release during the first 15 minutes after drug treatment. While

one hour after drug treatment striatal phenelzine levels (8 �M) are

insufficient to cause amine release (Dyck, 1984), this first period

corresponded to the time of behavioural activation. Thir� minutes

after phenelzine or [2H4]-phenelzine (25 mg/kg) treatment we observed

small but significant elevations in the levels of 5-HT, dopamine,

£-tyramine, m-tyramine, phenylethylamine and 3-MT. Since 3-MT levels

are believed to be an accurate index of dopamine release (Kehr, 1976),

the observed elevation in the concentrations of 3-MT and dopamine is

consistent with the hypothesis that phenelzine stimulates the release

of dopamine in the first hour after phenelzine injection. Furthermore,

since 5-HT concentrations were also elevated, it could be postulated

that phenelzine also caused the release of 5-HT during this time

period. Phenelzine has been found to stimulate the release of

£-tyramine to an extent similar to that of dopamine (Dyck, unpublished

data), therefore, the observed increases in £- and m-tyramine levels

may also be related to phenelzine-induced amine release. Phenelzine,

however, is a MAO inhibitor so that the observed elevations in brain

amine concentrations may be accounted for by inhibition of MAO activ

ity. The accumulation of monoamines following inhibition of MAO,

however, would have a longer time course than that of amine release.

Thus, the elevations in brain amines, occurring in the first hour after

phenelzine treatment, would appear to be related to the release or

displacement of these amines by phenelzine. These data, therefore,

support the hypotheSis that the initial phase of phenelzine-induced

behaviour is due to the displacement or release of dopamine and 5-HT.
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In addition, these data may further indicate that phenelzine stimulates

the re 1 ea se of _e_-tyrami ne and m-tyrami ne ..!.!!.. vi vo.

Deuterium sUbstitution in the a,a,8,8-positions of phenelzine did

not enhance the ability of this drug to elevate amine levels in the

first thirty minutes after drug administration. Furthermore, deuterium

substitution had little or 110 effect on the early phase of behavioural

activation. It would appear, therefore, that the ability of phenelzine

to release amines � vivo is not affected by deuterium substitution in

the a,a,8,8-positions of this drug. Deuterium labelling did, however,

increase the apparent penetration of phenelzine into the brain in the

first fi fteen minutes after drug treatment (see section 3.3.4), so that

the concentration of [2H4]-phenelzine in the brain was approximately

130% that of the proteo-drug. 5i nce there was no apparent di fference

between phenelzine or [2H4]-phenelzine on any of the behavioural or

neurochemical parameters studied, it would appear that the increased

penetration and persistence of deutero-phenelzine into the brain fol

lowing [2H't]-phenelzine treatment did not significantly influence the

amount of amines released.

In addition to the elevation in central dopamine, 5-HT, .e_-tyra-

mine, �-tyrarnine, and 3-rn concentrations following phenelzine and

[2H4]-phene1zine administration, both drug treatments significantly

increased striatal pheny1ethy1amine levels. r�oreover, it appears that

phenelzine was converted to phenylethylamine, while [2H4]-phenelzine
was converted to [2H4J-phenylethylamine. 2

Following 25 mg/kg [ H4]-

phenelzine large concentrations of [2H4J-phenylethylamine were detected

in the corpus striatum and hypothalamus (see Fig. 3.29). These data

\
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support previ ous fi ndi ngs that phenel zi ne is converted to phenyl ethyl a

mine in the brain after both acute (Dyck et �., 1985) and chronic

(Baker et 2.l., 1982) drug treatments. Substanti ally greater increases

in central phenylethylamine (deuterated or undeuterated) levels were

found following [2H4]-phenelzine as compared to phenelzine treatment.

Since deuteration increases the penetration of phenelzine into the

brain, the concentration of [2H4]-phenylethylamine derived from [2H4]

phenelzine would be expected to be greater than that derived from the

undeuterated drug. Furthermore, [2H4]-phenylethylamine formed from

[2H4]-phenelzine may not be as rapidly metabolized by MAO as its proteo

analogue (Yu et !!.., 1981) during this time period. The net effect of

these two mechanisms would be to increase the central concentrations of

[2H4]-phenylethylamine compared to the undeuterated amine. Despite the

elevation in central total phenylethylamine levels following [2H4]

phenelzine compared to phenelzine treatment, no differences were

observed between the behaviours elicited by these two drug treatments

thirty minutes after drug administration. It would appear, therefore,

that phenylethylamine does not play an important role in the behaviours

associated with the first phase of this behavioural syndrome.

4.3.2. Effects on the Second Phase of Behavioural Excitation

The second phase of behavioural activation, 2-12 hours after

phenelzine treatment, has been attributed to an accumUlation of endo

genous amines following inhibition of MAO. These behaviours, which are

characterized by stereotyped behavioural stimulation associated with

the 5-HT syndrome, were preferenti ally increased by deuteri UfO subs t i tu

ti on. Phenel zi ne is thought to act both as a substrate and i rrevers

ible inhibitor of t1AO (Clineschmidt and Horita, 1969) in a reaction
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that is analogous to that of amine deamination (Tipton and Spires,

1972). Consequently, deuteration in the a,a-positions of phenelzine

would be expected to attenuate this enzymological inactivation and as a

result [2H4]-phenelzine may appear to be a more effective MAO inhibitor

in vivo. A recent study by Oyck et�. (1983b) provides support for

this hypothesis. Striatal t�AO activity is reduced to a greater extent

following [2H4]-phenelzine compared to phenelzine treatment; however,

the potenci es of these two drugs in i nhi bi ti ng stri ata 1 r�AO .:!.!:!. vi tro

were comparable (Dyck et �., 1983b). It appears, therefore, that the

increased effectiveness of [2H4]-phenelzine as an inhibitor of MAO �

vivo cannot be attributed to a direct action of this drug on the enzyme

itself, rather that deuterium enhances the potency of phenelzine

through the attenuation of its metabolic inactivation, which leads to

an increase in central [2H4]-phenelzine levels. Our findings that

deuterium substitution increased the penetration of phenelzine into the

brain, while pretreatment with a MAO inhibitor abolished this effect,

are consistent with the above hypothesis.

4.3.3. Correlation of Monoamine Levels and Animal Behaviour

[2H4J-Phenelzine (25 mg/kg) elicited behavioural stimulation in

the rat, whereas the equivalent dose of the undeuterated drug was

behaviourally inactive. In an attempt to correlate changes in cerebral

monoamines with behaviour, we measured the brain amine levels at the

two peak periods of behavioural activation after treatment with the two

drugs and compared them with the behaviour of the animals at those

times. The most pronounced changes in amine levels were observed 6

hours after drug treatment, the time period that corresponded to the
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[2H4]-Phenelzine was also more effective than phenelzine in

increasing pheny l e thy l amt ne and tryptamine levels in the brain. Both

phenylethylarnine and tryptamine have been implicated in various behavi

oural effects (Dourish, 1984; Jones, 1982) and thus they may playa

role in phenelzine-induced behavioural stimulation. Phenylethylamine

induces a behavioural syndrome in rodents that is qualitatively similar

to that of 5-HT behavioural excitation (Sloviter et �., 1980; Dourish,

1981). Furthermore, tryptamine appears to exert a weak excitatory

effect on behaviour (Marsden and Curzon, 1978, 1979). Marsden and

Curzon (1978) have implicated the involvement of tryptamine in the

behavioural response to the administration of tryptophan plus the NAO

inhibitor tranylcypromine. This behavioural syndrome is characterized

by behavi ours that are associ ated wi th 5-HT receptor acti vati on

(Jacobs, 1976). Due to the similarity between the second phase of

phenelzine-induced behaviours and the 5-HT behavioural syndrome it

seems feasible that tryptamine and phenylethylamine were involved in

these behaviours.

The time course of phenylethylamine and tryptamine accumulation

following phenelzine (100 109/kg) treatment (Philips and Boulton, 1979)

closely approx imates that of behavioural stimulation (Dourish et �.,
1984b). In addition, as shown in Tables 3.8 and Figs. 3.29 and 3.30,

our data demonstrated that [2H4l"Phenelzine was more potent than

phenelzine 'in elevating phenylethYamine and tryptamine levels 6 hours

after drug trea tment . j'·1oreover, the percentage changes for tryptami ne

(43n in the striatum and 1170'%, in the hypothalamus) and phenylethyl

amine (911% in the striatum and 936% in the hypothalamus) following

[2H4] -phene lz i ne compared to pnene l z t ne treatment was milch qrea ter than
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those for 5-HT (122% in the striatum and 139% in the hypothalamus) at

this time period. Since the behavioural activity of phenelzine is

greatly increased by deuteri um substi tuti on 6 hours after drug admi ni

stration, it would appear that tryptamine and phenylethylamine are more

important in this behaviour than either the catecholamines or 5-HT.

It is unclear at present whether tryptamine and phenylethylamine

are acting directly or indirectly to elicit this behavioural excita

tion. Using several different behavioural paradigms, Broadbent and

Greenshaw (1985) demonstrated that tryptamine and 5-HT have similar

effects on behaviour; however, the dose of tryptamine required to

elicit behavioural stimulation is substantially higher than that of

5-HT. It has been concluded from their studies that tryptamine may be

acting indirectly through activation of 5-HT systems. Boulton (1976,

1979) has suggested that the trace amines may modulate the activity of

IIconventionalll amine neurotransmitters either through the release of

the classical amines from their storage sites or by a continuous activ

ation of synaptic membranes resulting in the depolarization or hyper

polarization of the post-synaptic neurons. Whatever the mechanism of

action, it would appear that tryptamine and phenylethylamine play an

important role in phenelzine-induced behaviours.

4.3.4. The Effects of S-Phenylethylhydrazine on Brain Tyrosine Levels

Substitution of deuterium for hydrogen on the a,a,S,S-positions of

the alkyl side chain of phenelzine did not enhance the ability of this

drug to elevate central E.-tyramine levels above those seen by the

proteo drug 6 hours after drug treatment; in fact, [2H4]-phenelzine was

significantly less effective in this regard than the undeuterated
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drug. This anomolous result may indicate that with respect to

.e.-tyramine, phenelzine was inhibiting enzymes other than MAO. Compared

to other MAO inhibitors, phenelzine (100 mg/kg) caused a much greater

increase in striatal E.-tyramine content; moreover, this elevation in

.E.-tyramine levels was substantially greater than that of the other

trace amines (Philips and Boulton, 1979). It has been suggested that

the metabolic transformation of phenelzine to phenylethylamine and

subsequently to E.-tyramine could account for this unusually large

increase in .E.-tyramine levels. Following [2H4J-phenelzine treatment,

however, the amount of [2H4J-.e.-tyramine formed was quantitatively

insignificant (Dyck et �., 1985). It would appear, therefore, that

the ability of phenelzine to elevate brain E.-tyramine levels to such a

great extent cannot be attributed to the metabolic transformation of

this drug to .E.-tyramine. The finding that the administration of

.e.-tyrosine plus a MAO inhibitor elevates .E.-tyramine levels in a manner

similar to that of phenelzine alone (Juorio and Boulton, 1982) suggests

that phenelzine treatment may influence brain tyrosine levels. In

support of this hypothesis, our studies demonstrated that high doses of

both [2H4J-phenelzine and phenelzine (100 mg/kg) elevated striatal

tyrosi ne 1 evel s wi th a concomi tant increase in E.-tyrami ne concentra

tions. Thus, it can be postulated that the large increases in .E.

tyramine levels observed following phenelzine treatment may be due to

an increased synthesis of central .E.-tyramine, as a result of the eleva

tion in central E.-tyrosine concentrations, accompanied by a decreased

catabolism through inhibition of MAO.

\
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The control of plasma tyrosine levels is believed to be regulated

by the enzyme tyrosine aminotransferase (TAT) (Fellman ��., 1974;

Di ckson et {1_., 1981), the enzyme that catalyses the trans fer of an

a-ami no group from tyros i ne to 2-oxygl u tera te, to form _E.-hydroxypheny 1 -

pyruvi c aci d (Knox and Le f1ay Knox, 1951). Pyri doxa l phosphate is a

cofactor in the transamination of tyrosine. It is believed to act as a

carrier of the amino group through the formation of a Sch i f f base

between the a 1 r:iehyde group of the coenzyme and the ami ne. Despi te the

finding that tyrosine aminotransferase is present in the brain (Fonnum

et �., 1964; !�ark et �., 1970), the activity of brain TI\T towards

tyrosine has been found to be negligible when measured at physiological

tyrosine concentrations (Ohisals et {1_., 1982) and in comparison to the

activity of TH (Badawy et {!_., 1982). Brain TAT activity, therefore,

does not appear to play an important role in the regulation of tyrosine

metabolism. The regulation of liver TAT activity, howeve r , may influ

ence brain tyrosine concentrations through alterations in plasma tyro-

sine levels. Inhibition of liver TAT activity would be expected to

decrease the systemic transamination of tyrosine, thereby increasing

the concentrations of E.-tyrosine available for transport into the eNS.

Phenelzine has been shown to inhil)it rat liver TAT activity ..!_!l_ vitro

wt tn an IC50 of 50 llr� (Dyck and DeHar, 1986). Since both phenelzine

and eH4]-phenelzine \'Iere found to increase striatal _E.-tyrosine values

to a similar extent (see Fig. 3.• ),it appears unlikely that deuterium

substitution influenced the ability of tile drug to inhibit TAT.

It has been postulated that the decarboxylation of f-tyrosine to

E_-tyrami ne, hy the enzyme L-AI\D, is a major pathway for E_-tyros i ne
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metabolism in mammals (David et �., 1974). E.-Tyrosine, howeve r ,
is a

poor substrate for L-AAD (Km = 1.9 x 10-4 M and Vmax = 8900 M/g/h)

and its rate of decarboxylation is slow (Awapara � �., 1962;

Lovenberg et �., 1962; Boulton and Dyck, 1974; Fellman et �., 1976).

Furthermore, Fellman et�. (1976) found that only a small amount of

E.-tyros i ne is di rectly decarboxyl ated to E.-tyrami ne. Si nce .E.-tyrosine
is not a good substrate for L-AAD, inhibition of this enzyme would

probably attenuate E.-tyramine synthesis (Juorio and Boulton, 1982).

Phenelzine inhibits brain L-AAD activity with an 1C50 of 25 111� (Uyck

and Dewar, 1986). Since these levels are obtained after injection of a

large dose of phenelzine, phenelzine might inhibit E.-tyramine formation

in vivo. Furthermore, since deuteration in the a,a,B,B-positions of

phenelzine increased the penetration of this drug into the brain,

[2H4J-phenelzine might inhibit brain L-AAD to a greater extent than the

non-deuterated drug. The potency of phenelzine to inhibit MAO is

around 25-50 times greater than its potency to inhibit L-AA[) or TAT;

thus phene l z i ne would tend to increase central E.-tyramine levels

through inhibition of catabolism by r·1AO. The ability of phenelzine to

inhibit brain L-AAD, however, would tend to decrease E.-tyramine levels.

After the administration of a high dose of phenelzine (100 mg/kg), the

levels of �lis drug in the brain are found to decrease with time (Dyck,

1983). During the early time periods after drug injection, central

levels of phenelzine would be sufficient to inhibit L-AAO, TAT, and

t1AO; however, since the potency of phenelzine to inhibit t1AO is greater

than that for TAT or L-AAD, �1AO woul d be inhibited to a greater extent.

Since deuteration increases the penetration of phenelzine into the

\
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brain, higher concentrations of the deuterated drug would be present in

the brain. Consequently, [2H4]-phenelzine may inhibit central L-AAU,

and possibly TAT, activity to a greater extent than the non-deuterated

drug. As a result, the elevation in ..e.-tyramine levels following

[2H4]-phenelzine may be significantly lower than .e.-tyramine values

after phenelzine treatment. The ability of phenelzine to inhibit L-AAD

and TAT, as well as MAO, therefore, may explain the anomalous result

that eH4]-phenelzine vas significantly less effective than phenelzine

in elevating striatal .e.-tyramine levels.

\
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5. CONCLUSIONS

1. Deuterium substitution in the a,B,B-Positions on the alkyl

side chain of DL-dopa did not significantly influence the behavioural

or neurochemical activity of this drug. Deuterium labelling did not

appear to protect the subsequently formed [2H3]-dopamine from metabol

ism by r·1AO or DBH. Consequently the repl acement of deuteri um for

hydrogen on the a,B,B-positions of DL-dopa would not be expected to

increase the clinical efficacy of this drug in the treatment of

Parkinson's disease.

2. The inability of a-deuterium labelling on DL-dopa to protect

the subsequently formed deuterated dopamine from deamination appears to

be due to the stereoselectivity of r�AO. MAO displays absolute (R)

stereospecificity for the oxidative deamination of amines. Since the

decarboxylation of [2H3]-DL-dopa results in the formation of the (S)

enantiomer of [2H3]-dopamine, no dopamine isotope effect on MAO was

possible.

3. Deuterium substitution on the a-positions on the alkyl side

chain of dopamine did not enhance the ability of this drug to elicit

turning behaviour in the rat or to elevate striatal dopamine levels,

though it has been found to protect the oxidative deamination of dopa

mine in vitro. Thus, the oxidative metabolism of dopamine by r�AO is

probably not an important pathway for the catabo 1 i Sin of dopami ne �

vivo.

4. Substitution of deuterium for hydrogen did not appear to alter

the conformational requirements for the activation of striatal post

synaptic dopamine receptors, as assessed using an animal model of

rotational behaviour.

\
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5. The replacement of hydrogen by deuterium in the a,a,I3,B-posi-

tions of the alkyl side chain of phenelzine profoundly enhanced tile

behavioural and neurochemical potency of this drug. This apparent

increase in the ability of [2H4]-phenelzine to inhibit t�AO .!!!. vivo

seems to be related to an attenuation of the metabolic inactivation of

[2H4]-phenel zi ne by MAO. Consequently, the concentrati on of [2H4]

phenelzine available for transport into the brain was considerably

greater than that of the non-deuterated drug.

6. Deuterium substitution in the a,a,�,B-postions of phenelzine

did not increase the potency of this drug to elevate amine levels

thirty minutes after drug injection. If the first phase of behavioural

activation following phenelzine injection is caused by a displacement

or release of endogenous amines, then, it may be postulated that deu-

teration did not influence the ability of this drug to induce the

release of amines in vivo. In accordance with this hypothesis, it has

been demonstrated that phenelzine and [2H4]-phenelzine are equipotent

in releasing radiolabelled dopamine, 5-HT, and p_-tyramine 2.!!. vitro,

from rat striatal slices (Dyck, personal communication).

7. The later phase of phenelzine-induced behaviour, 2-12 hours

after drug treatment, was profoundly enhanced by deuterium substi tu

tion. This period of behavioural activation apparently reflects the

effects of MAO inhibition; i.e., increased brain amine levels. In

particular these behaviours seem to be associated with increases in

centra 1 5-HT, phenyl ethyl ami ne, tryptami ne and poss i b ly 3-r�T concentra

tions. The observation that the time course of behavioural excitation

closely parallels the elevations in tryptamine and phenylethylamine

\
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levels in the brain, strongly suggests that these amines are involved

in phenelzine-induced behaviours. Moreover, since the percentage

changes in phenylethylamine and tryptamine levels, after [2H4J-phenel
zine compared to phenelzine treatment, were substantially greater than

that for the other amines, the importance of phenylethylamine and

tryptami ne in thi s behaviour was further suggested. Further studies

such as receptor identification are warranted.

8. In this study an acute dose of phenelzine was utilized in

order to compare the behavioural and neurochemical effects of this

drug; however, data derived from studies using chronic administration

of low doses of phenelzine support our findings that deuterium substi

tution increases the ability of this drug to elevate amine levels in

vivo (Juorio et �., 1986). Since chronic treatment with low doses of

phenelzine (around 1 mg/kg) is used clinically, deuterium substitution

in the a-positions of phenelzine may effectively increase the clinical

efficacy of this drug in the treatment of atypical depression and

phobic anxiety.

9. The administration of high doses of phenelzine and [2H4J
phenelzine (100 mg/kg) increased brain £-tyrosine levels with a concom

itant increase in central £-tyramine values. This alteration in brain

I-tyrosine levels appears to be related to mUltiple enzyme inhibition

by phenelzine and [2H4J-phenelzine; furthermore, the ability of these

drugs to inhibit enzyme systems other than MAO seems to account for the

paradoxical observation that phenelzine elevated striatal �-tyramine

values to a greater extent than did the deuterated drug.
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APPENDIX A

List of Drugs

Amphetamine. Sulphate Smith, Kline, and French, Onto

Apomorphine' HCl

Benserazide (R04-4602)

Sigma Chemical Co., MO

Hoffman La Roche, Que.

Dansyl chl ori de Sigma Chemical Co., MO

Sigma Chemical Co., MODL-dopa . HCl

DL-dopa-l,2,2-[2H3] • HBr Merck, Sharpe �nd Dohme, Que.

Dopamine' HCl

Dopamine-l,1-[2H2] . HCl

Sigma Chemical Co., MO

Synthesised by Dr. B.A. Davis,

Psychiatric Research Division

2-(J,4-dihydroxyphenyl-2,5,6- Synthesised by Dr. B.A. Davis,

[2H3])-ethylamine-l,1-[2H2] • HCl Psychiatric Research Division

6-0HDA . HCl Sigma Chemical Co., MO

2-(3,4-dihydroxyphenyl-2,5,6-[2H3]- Synthesised by Dr. B.A. Davis,

ethanolamine-l,1,2-[2H3] • HCl Psychiatric Research Division

Synthesised by Dr. B.A. Davis,

Pargyline· HCl Abbott Labs., IL

Phenelzine· Sulphate I.C.N. Pharmaceuticals Inc., NY

Phenelzine-l,1,2,2-[2H4]-sulphate Synthesised by Dr. B.A. Davis,

Psychiatric Research Division

2-(phenyl-2,3,4,5,6-[2Hs]-ethyl
amine 1,1,2,2-[2H4] • HCl

Tryptamine-l,1,2,2-[2H4] • HCl

Merck, Sharpe and Dohme, Que.

Psychiatric Research Division



p-tyramine-l,1,2,2-[2H4] • HCl

�-tyramine-l,1,2,2-[2H4] • HCl

Appendix A (continued)

Synthesised by Dr. B.A. Davis,

Psychiatric Research Division

Synthesised by Dr. B.A. Davis,

Psychiatric Research Division
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APPENDIX B

Preparation of Artificial Cerebrospinal Fluid

Artificial CSF was made up in 250 ml double distilled water with:

1.828 9 Sodium Chloride

0.049 9 Potassium Chloride

0.441 9 Sodium Bicarbonate

0.153 9 D-Glucose

0.048 9 Calcium Chloride

0.046 9 Magnesium Chloride

0.168 9 Sodium Phosphate Dibas;c • 7H20
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APPENDIX C

The Calculation of Dopamine and Noradreanline Levels

from Low Resol uti on i1ass Spectrometri c Traces

In order to determine the amounts of dopamine and deuterated

dopamine present in the tissue samples, the ion intensities of the

mo l ecul ar ions 0·1 through to �1+5} were calculated by measuring the peak

height of the mass ion curves (see Table 1). The ion intensities of

the molecular ions in the [2HsJ dopamine (high mass) blanks (containing

only the [2HsJ-dopamine internal standard), the dopamine (low mass)

blank (containing only dopamine), standard check solutions (containing

known amounts of dopamine and [2Hs]-dopamine), and tissue samples

(containing known amounts of [2Hs]-dopamine and unknown amounts of

dopamine) were measured (see Table I). The percentage contribution of

low mass (M) to the high mass ion intensities (M+1 through to M+5) was

calculated from the internal dopamine blanks (see Table 2) and the high

mass (M+5) contribution to low mass (M+4 through to �1) vas calculated

from the [2Hs]-dopamine blanks (see Table 3). The height of the mass

ion curves of the molecular ions in the tissue samples and standard

checks were converted to a percentage of the low mass (t1) ion (see

Table 4) and the percentage contribution of low mass to high mass from

the low mass dopamine blank was subtracted from these values (see

Example 1.1., step 1). In turn, these resulting values were then

converted to a percentage of the M+1 ion and the low mass M+1 contribu

tion to the higher masses (M+2 through to M+5) were subtracted from

these values (see Example 1.1., step 2). This sequential calculation

was continued until the low mass contribution to high mass of each ion

species had been subtracted (see steps 3-5).
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The low mass (M) contribution to higher masses arises due to the

use of low resolution mass spectrometry. Ions of the same unit mass

but of differential elemental composition cannot be distinguished using

low resolution mass spectrometry. The signals due to the isotopic

contributions of 13C, 170, 180, lsN, 34S, etc., therefore, contribute

to the molecular ions (rHl through to M+5). The low mass contribution

to high mass obtained from the low mass dopamine blanks provides an

estimate of these isotopic contributions. The adjusted values for the

molecular ions (M through to M+5) were recalculated in terms of the

peak height of the mass ions using the height of the H-dopamine molecu

lar ion (1) as a standard (see Example 1.1., steps 6-7). The corrected

peak heights of the molecular ions were converted to a percentage of

the high mass ion (M+5) and the percentage contribution of high mass

(M+5) to lower masses (M+4 through to M), as calculated from the high

mass [2Hs]-dopamine blank, was subtracted from this value (see step

8). These values were then converted to relative peak heights using

the corrected height of [2Hs]-dopamine as the standard. From the

standard check samples a correction factor was obtained using the

formulae:

Co r rec t ion Fa c to r = _n_g�o_f......--H_-D_A_(_a_d_de_d_)_
ng of [zHs]-DA (added)

M+5

n

Where M+5 = the corrected peak height of the M+5 ion

M = the corrected peak height of the M ion

The standard check provides a measure of the relative sensitivi

ties of tris-dansyl dopamine and tris-dansyl-[2Hs]-dopamine ions. As

shown in Example 1.1., despite the addition of approximately equivalent
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amounts of dopamine and [2Hs]-dopamine in the standard check samples,

the sensitivity of the [2Hs]-dopamine ion was only around 50% that of

dopamine. In addition, standard check samples are used to determine

whether there was any appreciable kinetic isotope effects that would

cause errors during the chromatographic separation prior to mass spec

trometric analysis.

To calculate the amounts of dopamine in the tissue samples the

peak heights of the molecular ions were corrected in the same way as

for the standard checks (see Example 1.2.). The concentration of the

various dopamine isotopomers (deuterated or proteated) in the tissues

was calculated (see Example 1.2, step 9) using the formula:

dopamine (ng) = [2Hs]-DA (added) • c. f. . ML
rT-F5"

where ML = corrected peak height for low mass ion (M through to M+4)

M+5 = corrected peak height for M+5 ion

The concentration of noradrenaline and deuterated noradrenaline

([2H1J-NA, [2H2]-NA, [2H3]-NA) present in the tissue samples was calcu

lated as described above.
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Worked Example

Table 1

The Ion Intensities of the Molecular Ions (r� thr'ouqh to 11+5)
. -

Sample Height of t1ass Ion Curves for 1,101 ecu1 ar Ions (mm)

�1 �1+ 1 IH2 tH3 r·1+4 iH5

[2Hs]-dopamine
blank 0 0 0 0 4.6 73.8

dopamine blank 93 47.2 27.2 9.4 2.8 0.4

standard check 123 63.8 38.0 14.9 8.8 61.2
.---

tissue sample 26.5 18.0 23.2 66.2 46.2 118.8

Table 2

Percentage Contribution of Low Mass Ion (M) to High Mass Ions (M) to

Hi gh 11ass Ions (r1+ 1 through 11+5) from Low �1ass Dopami ne Bl anks

Sample % of Low Mass (r�)

M+1 M+2 M+3 t�+4 11+5

dopamine blank 51% 29% 10% 3% 0.4%

Table 3
Percentage Contribution of High Mass Ion (M+5) to Lower Mass Ions

(M+4 through M) from High Mass [2Hs]-Dopamine Blank'

Sample % of High Mass Ion (rH5 )
,

M lHl 11+2 fH3 IH4

hS]-dopami ne
blank a 0 a 0 6. 3'�
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Table 4

Percentage of Low Mass Ion (M) in Standard Checks and Tissue Samples
�

Sample % of Low r�ass (r�)

M+1 r�+2 t�+3 f�+4 11+5
f--.

Standard checks 52% 31% 12% 7% 50%

Ti ssue sampl es 68% 88% 250% 174(X, 448%

Examp 1 e 1.1. Calculations of Correction Factors

Sequential Correction of Percentage Low Mass Contribution to High r1ass

M+1 tH2 tH3 t·1+4 t-1+5

Step 1.
% M in Standard 52 31 12 7 50
Checks -51 -29 -10 -3 -0.4

1 2 -2 4" ll9."6

Step 2.
% M+l 100 200 200 400 4960

-100 -51 -29 -10 -3
--0 m ill J9TI' 4957

Step 3.
%M+2 100 115 262 3326

-100 -51 -29 -10
--0 64 233 TI1'b

Step 4.
%M+3 100 364 5181

-100 -51 -29
--0 m "5'ffi

Step 5.
%M+4 100 1646

-100 -51
-u T595'



Step 6. The Corrected Percentage of Low Mass Ion (M)

M+1 t·1+2 t�+3 IH4 t�+5
x 0.01 x 1.49 x 0.64 x 3.17 x 15.95

100 1 1.49 0.95 2.98 47.6

Step 7. The Corrected Peak Heights for the Molecular Ions of the

Standard Checks

Corrected Peak Hei gilt = Peak hei gilt of t� x corrected % of Low Mass Ion
100

M t1+ 1 11+2 11+3 11+4 t1+5

123 1.2 1.8 1.2 3.7 58.6

Step 8. Correction of Peak Heights (expressed as % of 11+5) for High

r1ass to Low r�ass Contribution

t1 M+1 11+2 M+3 1·1+4

209.9 2.0 3.0 2.0 6.3
-0 -0 -0 -0 -6.3
209.9 2.0 T.O 2.0 -0-

Corrected Peak Heights = Peak Heights of 11+5 Ion x % of 11+5 Ion
100

M M+1 11+2 r�+3 11+4 11+5

123 1.2 1.8 1.2 0.0 58.6

Step 9. Calculation of the Correction Factor for the Internal Standard

Correction Factor = 119 of H-DA (added)
n9 of [zHsJ-DA (added)

• M+5

11

= 1949.45 58.6
1857.88 1TI

Correction Factor = 0.5
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Example 1. 2. Calculation of I\mounts of DA, [_2111J-DI\, [2HzJ-U/\,
2

and [2H4J-DA in Tissue Samples[ H3J-DA,

Sequential Correction of Percentage Low Mass Contribution to High 11ass

r1+ 1 t�t2 M+3 f4+4 tH 5

Step 1.
% M in Tissue 68 88 250 174 448

Sample -51 -29 -10 -3 -0.4
17 """""5"9" "24{J TIT 447.6

Step 2.
% t1+ 1 100 347 1412 1006 2633

-100 -51 -29 -10 -3
--0 29b rrsr 9% 2630

Step 3.
%M+2 100 467 336 888

-100 -51 -29 -10
--0 m 107 8'nJ

Step 4.
%t1+3 100 74 211

-100 -51 -29
--0 2J 182

Step 5.
%M+4 100 791

-100 -51
--U I4U

Step 6. The Corrected Percentage of Low Mass Ion (M)

r1 t,1+ 1 t�+2 t1+3 11+4 1'1t5
x 0.17 x 2.96 x 4.16 x U.23 x 7.40

100 17 50.3 209.3 48.1 356.3

Step 7. The Corrected Peak Heights for the Molecular Ions of
'

the

Tissue Samples

Corrected Peak Height = Peak height of M x corrected % of Low Mass Ion
100

M r,1+ 1 r�+2 M+3 M+4 rv1+5

26.5 4.5 13.3 55.5 12.8 94.4
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Step 8. Correction of Peak Heights (expressed as % of M+5) for High

i�ass to Low ttass Contribution

t.1 1·1+ 1 IH2 IH3 1·1+4

28.1 4.8 14.1 58.8 13.5
-0 -0 -0 -0 -6.3
28.1 4.8 14.1 58.8 "r:

Corrected Peak Heights = Peak hei gilt of '·1+5 i on x % of t1+5 ion
100

t1 M+1 11+2 t�+3 11+4

26.5 4.5 13.3 55.5 6.8

Step 9. Calculation of Amount of DA, [2H1J-DA, [2H2]-DA, [2H3]-DA, and

[2H4]-OA in Tissue Sample

Dopamine = ng [2HsJ-DA added c.f. Low Mass Ion

(ng) M+5

H-DA = 1857.88 x 0.5 x 26.5
(n9) �

= 261 ng

2
[ Hl]-DA = 1857.88 x 0.5 x 4.5
(ng) W:tr

= 44.3 n9

[2H2]-DA = 1857.88 x 0.5 x 13.3
(ng) 94.4

= 131 n9

[2H3]-DA = 1857.88 x 0.5 x 55.5

(ng) 9lr.4
= 546 ng

[2H4]-DA = 1857.88 x 0.5 x 6.8

(ng) �
= 126 ng

11+5

94.4
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