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LOCAL CONTROL OF DopAMINE SYNTHESIS 

IN 11-IE BRAIN 

ABSTRACT 

Administl"ation of y-hydroxybutyrate (GOBA) has been shown to" 
. . 

block firing of dopaminergic cells in brai'n, wj th a concomi ttant increase , 
-

in dopamine (DA). Th!! increase of DA after GOBA. was employed as an 
., . '\ 

indexdof tyrosine 
1 

hydroxylase acti vi ty in vi VD.' lhe reputed DA agonis t 

apomorphine inhibited the rise of DA after GOBA, an inhibItion which'was 

antagonized by haloperidol. The action of anomorphine was foun~ not to 

be due to inhIbition of monoarnine oxidase or of catechol-O-methyl-

transferase, .but was similar to that of amp.h~tamine. The DA .agonists 
o 

piribedi l, apocodeine ,"'M7, ergocornine and 2-Br-a-ergocryptine inhib.i ted' . 

the rise of DA af~er GOBA. The last four, however, were not antagonized 
, . " 

in their inhibition by halop:ridol. ·Ergocornine, M7 and piribedil also 

differed from apomorphine in that the y elevated DA levels in controis. 

These resuJ ts provide strong 'evidènce fo.r the presence of a dopamine 
, " 

f receptor which"acts.locallxfto inhibit dop~ne'synthesis. In addition, 

the results suggest that' DA agonists do not have a common mode of action . 

.. 



t 

\ 

, , 
.' 

C. ADRIAN HANOFORTH 

CONTROLE LOCAL DE'LA SYNTHÈSE DE LA 

DOPAMINE DANS LE CERVEAU 

J 

L'Administration de y-hydroxybutyrate (GOBA) bloque la 

décharge des cel l,les dopaminergique danswle'cer~eau, avec une' 

~ augmentation concomittante de d'opaJ.lline (DA), L'Augmentation de 

dopamine après GOBA fut util isée cômme' un index de l' acti vi té 

de la tyrosine hydroxylase !.!l., vi vo, • L'Apomorphine, generalement 

considerée' comme agoniste de la dopamine, inhibe l'augmentation 

de dopamine après GOBA, inhibition antagonis~e par le Haloperidel. 
'\ 

L'Action) de l'apo~orphine n'est pas due à l'inhibition de la MAO 
J 

ni de la CQMT mais est similaire à celle de l' amphetaJl'j ne', Les 

agonistes, de l,a dopamine, piribedil, apocodeine 1 Mt, ergocornine 

et 2~Br-a-ergocryptine inhibent l'augmentation de dopamine après 

",GOBA. Les quatres ,doerniers cependent, ne sont pas antagonisés dans 

leur inhibition par le halop,e'ridol. L' Ergocornine, le M7, ~t lé 
; 

, piribedil diffèrent égalemellt de l'apomorphine en ceci qu'ils, 

élêv~nt le ni veau de dopamine chez les contrÔle's. Ces résultats, 

fournissent sérieuse évidence pour )a présence d'un recepteur ~our la 

dopamine qui agit localement pour inhiber la synthèse de la dopamine, 

De plus. ces résultats suggèrent que le's agonis tes de la dopa'inin; 
" ' 

nt ont pas un mode d'action commun . 
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DOP:l:-;llOL' 10; .J. neurotransmitter ·found in l,1ra1n. First found in 
1 

the. striaturr., JopaJ'line is now known to be wùdely distributed throughout 
1 • 

1 • 

the bta1n, bClng present in low concentratIons tnroughout the limbic 

system and ~arts of the' cortex. partlcu~r atientlo~ has been foc~SS~d 
l' 

, 

on dopamIne in Vlew of i ts invol vement rn clinical syndromès. A deficiency 
, ! 

of dapamlTle 1S involved in parkinson'S/disease, which is treated b:y . 

administration of a dopamine precursot. Drugs employed in the treatment 
1 

of psychosis have been' found experi~ntal1y to block the dopamine receptor. 
1 

1 
Animal studies have shown dopamine ,to be impUcated in· a wide variety 

! 

of behaviaurs, including .~otor acil vit y , learning, aggùss ion and 
,l i 

1 

/ 
, ' 

sexual behaviour. 
{l l 

ln view of the clinical-.i;etevance of this neurotransmi tte:t;' , the 
< 1 

1 

stU?y of factors controlling tht metabolism of dopamine hnlds particular 

Interest. The rat~-limiting e~zyme in dopamine synthesls is tyrosine 

~ydroxylase. The regulation qf tyrosine nydroxylase activity is complex 

and invol ves pterin cofactor I~oncentration J oxygen level, end-product 

inhi'bi tion ·by dopamine and t~e rate of fi ring of the dopaminergic neuron. 
• f 

Ap~morphinèJ whi~q, reputedly stimulates dopamine receptor~J decreases 

,~oparni~e turnover j and inhiblts. d~paminergic neuronal firi~V Agents J 

.' suc~ as halope~idal, which :block dopamine r~ceptar~, have ~~,' :everse 

:, .effect. The activi ty of the neuron is b-elieved ta influence tyrosine 
\ ' . 
1 

" hyd:roxylation by a mechan~ which is as yet l\nknown. 

'Apomorphine has also been shown to decrease dopami,ne metabolism in 

the, absence of neuronal firing. ~owever, doubts have been raised as 

to whether apomorphine / décreases dopamine metabolism by acting on the 
1 

receptor. The aim of this thesis was to resolve these doubts and to 

---,.;...----_ .. _-- -' 
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study""t-hè effects of other agent~ that activate d0p,aminc receptors. 

The results of these investigations provide strong evidence for 

the existence of a receptor that irihibits dopamine synthesis,by a 
.... ''\; " 

mechanism whi.ch does, not depeml. on dopaminergic neuronal. firing for 
l 

its action. 
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I. INTRODUCTION 

A. Dopamine 

Dopamine, 3,4-dihydroxyphenylethylamine, is one 

of several physiologically irn~ortant 3,4-dihydroxy der±va-

tives of pHènylethylamine. The others are norepinephrine 
, ù 

and epinephr.ine. Together they ar~ termed catecholamines 
-~ 

and they are widely distributed throughout the animal 

ki,ngdom, usually in nerve cells. They are found in adrenal 

medulla, the peripheral and ,central nervous system, and in 
" 

small amounts 'in chromaffin cells throughout the body 

(1,2,3). Epinephrine (also known as adrenaline) serves 

mainly as a hormone but sma11 amounts have been found in 

brain (3) and in heart (4). The first evïdence for " 

involvement of catecho~mines in neurochemical transmission 

was obtained in 1921 by Loewi (5) who found an active 

principle re1eased by heart after stimulation of the vagus 

nerve. The action of adrenaline was shown to be simifar 

to that of. the active princip1e. Von Euler finally 

isolated norepinephrine frorn'splenic nerves (6) and nore-
\ 

pinephrine was shown to be releaséd on stimulation (7). 

Sensitive fluore~cence~histochemical methods (S) have 

showI'\. norepinephrine (NE) to be present throughout the 
~ l 

sympathetic nervoûs system. Gradient Centrifugatipn, 

. ' 

1 
J 

i 
1 



.. 
c 

Ut 

2 -

autoradiographie and electromicroscopic techniques (9,lO,11) , 

showed ' t1].at NE is locali,zed wi thin vesicles ins'idé the nerve , , 

endings. Synthesis occurs in the synaptic terminal and the 
, 

vesicles serve as storage sites. After the contents of 
" 

vesicles are released by the action potential. 'the catecho-

lamine acts on" the receptor, ieadinq to depolarization o~ 

hyperpolarization. Sorne' is metabolized, but ~~st i5 taken 

up by the releasing neuron ann stor~d in vesicles until 

used ~gain. In,the brain. dopamine (DA) and norepinephrine 

are found in separate nerve tracts. Doppmine is pres~nt in 

noradrenergic neurons only as a precursor of NE. 

\ 

Li2 AJAt , 

• 
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,1 .. 
, (i) Biésynthesis and Metabolism' 

The general' scheme for the synthesis and meta

bolism'of dopamine is shown in Table 1. The dashed line5 

refer to minor reactions. The metabolism and alternate 

pa~hways of synthesis and metabolism of norepinephrine 

and epinephrine are not shown. The first reaction in the 
"~ 

sequence to be studied was decarboxylation (12), which 

was shown to occur in tissue extracts with the substrates 
~--- , 

phenylalanine and tyrosine (13)~ HaIlé then proposed in 

1906 that tyrosine is ~he--precursor of epinephrine (14), 

which is correctÎ but thr6ugh the intertnediate epinine, -- , , 
which is-incorrect. HaIlé' s"proposal was rdispu,ted by 

_./ 

~/ 

~ins and Laidlaw (15). In 1939 Blaschko proposed the 
. 

correct pathway, from tyrosine to epinephrine (16). The 

pathway was confirmed fina11y with the aemonstration in 

1964 of: tyrosine hydroxylase (17). 

Tyrosine hydroxylase CEe 1.l4.3-j, also known 

as tyrosine 3-monooxygenase, hydroxylates the 3 o~ 5 

'position of the ~yrosine phenyl ring, and'thereby forms 

L7dopa. rsot9pic studies demonstrated this in vivo in 

1953 (18,19), and it was directly shown b~ Nagatsu et 
-

al. (17): The enzyme is found i~ spleen, heart, adrenal A 

medu11a, vas deferens al\d brain (l8, 19). Reduce'd pteridine 



... 
~ 

",j 

.; 

·1 
1 

1 
r 

, 

aGI JE l1li 1 a • di JI Atih5lJ & I~·fr,",,~ ... ~ .~'''l';~'~~I'JU;~~~ ~-~".. \;"~~ 

e < ... 

TABLE 1 

PATHWAYS OF DOPAMINE METABOLISM 

Phenylalanine _ Phenylalanine lIydroxylase --t Tyrosine..........:yrQsine ùccarbox)'la.::;:.--=? t)'l'.II:III11' 

. /1 EPINEPHRINE ... {.rosine hydro;ylasc 
/' _ ""_ _ _ ep~~une /ty 

___ - ~ 3-0-Mc-dopa 

~
henethYlamine '" N.methyl 3~4-dihydroxyphenylalanine (L-dopar - COMI'. 1-

fe-tase - Dopamine .... _ . ,van1 acetl.C ac~ ," JI ' 
, B-H dro lase ..... ... Dopa _ r " coMT' 

N-methyl trans- \~ transferase j \. Il -J-. . d 

, y xy , decarbùxylase transaminase ~Dihydroxyphenylpyruvate 
N:>rep~ ......... 

~DOPAMINE 
/ " 

'" , Catech;l-o-methy~ 4-hydroxy 3-methoxyphenyl-

L-tyrosine methylester '" 
sulphotransferas~ '" '" / 

,. transferase (COMT) 'ethylamine 

. , 
3-and 4-sulphodopamines f - _.' 1 Monoamine 

Oxidase (MAO) 

condensation { 
_ _ _ _ 3, 4-dihydroxy~ _ _ _ COMT_ _ }> 

salsolsinol~ - -+ ;cetaldehyde phenylacetaldehyde 

1 ,'- ~ dehydrogenase 

l~o. 
4-hydroxy 3-methoxy
phenylacetaldehyde 

~ ! 
1 aldehyde 

3,4 dihydroxy- 3~4-dihydroxy 4-hydroxy 3-methoxy-
phenyl- - l 'phenylacetic acid CdMT ~ phenylacetic acid 
acetaldehyde ~ (DOPAC)' (INA) -,J ~ ~ aldehyde . 

te,trahydr,?- _ .• - -,.-'- 3) 4-dihydroxy ;;:::::==:- reductase ~ 4-hydroxy '3-methoxy 
papaverol~ phenylethano1 If t I_phenylethanol .. ____. su a es, __ 

->- glucuronate conjugates 

.~ 

, 

l' 

i 

'+ 

/' 
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TABLE II 

" , 

Drugs commonly used to affect dopaminè €DA) metabolism 

- Drug Action 

Apomorphine Stimulates rrA receptor (agonist) 

Halôperidol Blocks D~ receptor 

Amphetamine IHoëks uptake-, releases DA 

Parg.yline I~~ibits monoarnine oxidase 

6-Hydroxydopamine Destroys DA neu~on 

a-methyl-~-tyrosine Inhibits tyrosine Qydroxylase 

,Reserpine Depletes DA Trom vesicles 

• 

.. 

:œb _ :t, s.= iRRIta 
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++ . is re~uired as a cofactor (20), Fe and 02 are required 

'for maximal activity (17). The enzyme is usually assayed 

with.3,5- 3H-tyrosine as substrate. The tritiated water 

re1eased by the hydroxy1ation is ~eparated from the tyrosine.

-and dopa by an ion-exchange co1umn (17). In 1956 Udenfriend 

and Wyng~arden (19) suggested that tyrosine hydroxy1ase is 

the rate-limiting ~nzyme in the pathway. Much evidence 

has been adduced ta support this statement (21,22,23,24, 

25,26,17). A cornmonly used inhibitor of tyrosine hydro-

xy1ase is a-rnethyl-E-tyrosine (AMPT), which competitively 

inhibits the enzyme. Fo11owing administration of this. 

drug/c~echolamines decline throughout the body, the rate 

of dec1ine related to the rate of utilizat·ion (27). 

'. -~yrosine hydroxylase .is thought to be mainl~ . 

soluble,' despi te the original repoft-to-th~- contrary (017). 

Particu1~té fractions ~o not contqin mu ch activity (26) 

but the supernatant fractions of adrenal and brain do (30, 

3!l.,29). The enzyme tends to adsorb and become sedi rnentab1e 
( 

{32) • In the brain tyrosine hydroxyl<;t'se and dopa àecarbo-

xylase are localized completely intraneuron?lly (3J,34,35), 

and are found in high côncentrations in the synaptosornes. 

Dopa decarboxylase (EC 4.1.1.26), which converts 
\' 

• 
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L-dopa to dopamine, was first discovered in 1938 by Holtz 

(36). It acts on a wide variety of substrates, such as 
l, 

tyramine, histamine-and serotonin, leading to the suggestion 

that i 1! be cal1ed L-ar.omatic ami,no;'--a-cid ~;CarbOXY1a~-

DOpa decarboxylase i5 wide1y dist~~ntra1 ' 

------------nervournrsyste~-d±sEf1bution of activity i~ similar to 

that of the catecholamines. The prod~ct of the reaction-

~~ found in low amounts if it i5 simp1y going to serve as 

the precursor of norepinephrine in, for example, the 

?drenal. Where dopamine is ~tself the end of the biosyn-
, .' ~~-

thetic pathway it is found in high &fuounts su~~~~~~ 
) , 

,j- - -

sstriatum(38,39,40) . "i 

---------->-- ---

ln vivo by Hagen (41) in 14Q6. It has been shown to be 

present throughout the sympathetic nervous systém, in Drain 
. 

(42,43) and especial1y in adrenal (44,45) which is the 
. , 

major site of norepinephrine synthesis. Here the enzyme 

is found to be associated with the chromaffin granule of 

.the adrenal medu11a (46). DBH i5 also associated with 
. .., ~ 

noradrenergic vesieular elements in other parts of the 

body (47,48;49)~ ,It does not, however, oceur in dopamine-

containing granules (50,51). 

,--
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---- ----- ------. 
In the adrenal and in small amounts in the brain 

(52,53,54) the enzYme phenylethanolamine N-methyltransferase 

(Ee 2.1.1.-) 'transfers a methy1 group from S-adenosy1 

methionine (55) to norepinephrine to forro epinephrine. 

In the metabolism of "dopamine, two pairs of, . , ) 

l 'i"'"-

enzyme are ,invo1ved. The first pair consists <?f_InOfleanffne_ 

'oxidase (MAO)· and catechCl-~hyttraI1;f~r~-se (COMT) •• ' ---. 
Each can~t-Gfl~e product of MAO or on the pïoduct 9f 

~O and ~OMT. This pair Gonsists of aldehyde dehydro-

-----~-
~ase and aldehyde reductase.- The main metabolic products 

of, dopamine are hornovanillic acid (HVA) and 3, 4-dd. hydro-

xypheny1acetic acid' (DOPAC) .. These pathways a~e outlined 

in rable 1. The corresponding pathway,s for norepineph~.ine 

and epinephrine are similar. 

., 
... 

,J 

MAO ·CEe 1.4.3.4) was fïrst described'in 1928 by 
\ 

Hare' (~,6). It acts' on aIl the catecholamines, converting . ~ 

\ 

the ~m~re moi~ty to an aldehyde (57)'. Multiple form~ exist, 
, . 

as shown by electrophoresis (58,59) and inhibitor studies , . , 

(60). ~pe A and Type B enzymes, as the y are cal1ed, both 

a~.:{on dopamine. At the sUbce,llular ,level; MAO is. local

if1a on the out~r rnitochondrial membrane (61). Sorne have 

re,orted a decrease in striatum of MAO after lesions of the, 
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, 
nigrostriata1 tract (the main dopaminergic tract in'brain, 

see section A iii) (62), but other~ have not (63,64). MAO ----- --:----- . 
is rnost 

-----~ ~ 
.-------. h 

_-"~-- Wlt out 

probab1y ~ali.zed . on mi tochondria both wi thin and 

catecholamine nerve endings in the stria~um. MAO 

is the predominant enzyme catabo1izing dopamine (DA) in 

brain (65,66) and when MAO inhibitors such a~ pargy1ine 
~ 1'.1'" 

or pheniprazine are' administered to rats, DA 1eve1s in 

brain rise rapid1y (67,68). 

COMT (EC 2.1.1.6) was first described in 1957 in 

rat 1iver (69), a1though its existence had been inferred 
. , 

previously from the existence of 3-0-meùhy1catecho1amines 

(70,71). It transfers a methy1 grdup from S-adenosy1-

methionine to the meta'position of'catechols (71). 

Tropolones inhibit COMT (72). ,COMT is present main1y dut

side the syrnpat:hetic neuron, in contrast to MAO (73) .. COMT 

does not dec1ine in the striatum after nigrostriata1 

lesions (74). 

The a1dehyde. of de aminated dbpamine is main1y 
~ . 

oxidi~ed by a1dehyde dehydrog~nase (EC 1.2.1.3) rather th~n 

reduced (75,~6). On1ya sma1l amount of the~a1dehyde of. 

dopamine is reduced in vivo to a1cohols (77,78) ,by aldehyde 
1 

reductase CEC 1.1.l~2). Neither a1dehyde dehydrogenase 

, ' 
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(7,9,80) nor aldehyde reductase (81) appear tQ be highly 

concentrated in synaptosomal fractions. Aldehyde dehydro-

genase decreased in the striatum after nigrostriatal 
/ 

lesions of an~electrolytic nature in cats (64) or chemical 

, 1 
nature ln 'the rat (62). However, ~lectrolytic lesions in 

(-

~ats did not have this effect (80). Aldehyde reduction 

'did not diminish after nigrostriatal lesions (80). Duncan 

et al. (80) suggested that dopamine js not necessarily 

taken up by the nerve terminal prior to catabolism. 

; 
In addition to the~~ajor pathways outlined here, 

other minor reactions have been discovered which may be 

important under certain conditions. These are shown by 

dotted lines in Table 1. When L-dopa is administered in 

conjÜnction wi th a peripPteral deca'rboxylase inhibJ.,tor (as , 
in treatrnent for Parkinson's disease) sorne of the L-dopa 

1 

is O-methylated (82), but much is ~iverted to a pathway 

which is no~rnally trivial, transamination (83). Thus 4-
-

. hydr~-3 rnethoxyphenyl. Iactic acid (vanillactic acid) is 
,./ 

fQrmeq. 

1 
An apparently ·'new pathway which has. been reported 

is the conversion of dopaminè to epinine by an N-methytrans

ferase in rat brain which -uses 5-methyltetrahydrofolic acid 

r 
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as the methyl donor (84,8~,86). Sulfo-conjugates of dopa-

mine have also been found recently and have been suggested 

ta represent metabolic intermediate, or convenient forms 

for transport (87). The amine mGie~y of dopamine may 
... 1 

condense with a1dehydes, such as aceta1dehyde or 3,4-dihydro-

xyphenylacetaldehyde to form salsolsino1 and tetrahydropa
J 

paveroline respectively (88,8~r90). 

1 
These two products,have been 'found in man by 

Sand 1er (91,100). 
, 
1 

> 

'\, 

(ii) Storage and Uptake of Dopamine 

The Falck~Hillarp technique ~veals that mono-

amines are present ,in low concentrations in the cell body 

of the ne ur on (92), very low in the axons, and very high 

in the so .. called variçosi ties (93) 'especiëilly in the 

caudate nucleus' (94) and certain other regions of the brain. 

The vari~osities have been identified ,as true' synaptic 

terminals (95). Where the terminaIs are pre!ent" small 

granular vesic1es are also present. Administration of 

AMPT abolishes the small granular vesic1es. Addition of 
. 

catecholamine to brain slices will cause appearance of 

granules in areas known ta be monoaminergic, but not if 

reserpine, which is known to deplete ménoaminergic, 

~-~,..------:-:-.;::--~-------~ -- ,-----
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is present (96). These ,observations indic~te that monoqmines 

in general, and dopamine in particular, are stored in vesi-

cles, and released from vesicles as neurotransmitters. 

Vesicles are found in aIl parts of the dopamine neuron and 

are considered to be synthesized in the cell body and trans-

ported down the axon, along with the enzymes involved in DA 

metabolism, to the nerve terminal. The small granules seen 

in various preparations are the synaptic vesicles, which 

release transmitter into the synaptic cleft. After release, 

dopamine is mostly taken up again into the neuron and into 
, 

the vesicle. Sorne may be'metabolized, wi th formation\ of 

HVA and DOPAC as the main metabolites. 

In addition to the weIl estanlished presence of 

dopamine granules in the terminal boutons of the nigro-

striatal pathway, it has recently been shown that the 
, 

dendritic arborizations of the substantia nigral cells 

'store granular DA. 'Dopamine rnay be a neurotransrnitter in 

dendro-dendritic synapses (97). 

The postsynaptic receptor ~ay be associated with 

adenyl cyclase. A dopamine-sensitive adenyl cyclase has 

been located in the caudate nucleus whic~ is activated,by 
i 

agents that activate dopamine receptors, and is blocked 
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by agents ~~lch block dooamine ~eceptors (98). Like the 

dopamine rece;nor, it becomes "supersensitive" under 

conditions 0: chronic lack of dopamine (99). 

(iii) Localization of Dopamine in the.Central Nervous 
System 

The introduction of the Falck-Hillarp fluorescence 

histoche~cal rnethod made pos~ible detailed mapping of 

monoamine neurons in the brain (101,102). Essentially the 
~ 

method is based on the fact that when tissue slices' from 

-brain are treated with hot formaldehyde ,gas, neuronal 

monoamines are converted to high-intensity fluoropho~es. 

Examination of dopamine neurons in brain reveals that the 

DA cell bodies are 'exclusively located ~n the mesencephalon 

and the hypothalamus~ DA fibres, unlike N~ fibres, do not 

possess collateralsi unlike the diFfuse innervatio~ of NE 
t 

systems, where a single cell can project to the cerebellum 
, , 

and- cereoral, cortex, the projection of DA fibres is orderlY .. 

DA terminaIs form a meshwork of very fine te~minals (103). 

One dopamine cell body can give rise to 500,000 terminaIs 

in the striatum tl04). Classical1y there are three main 

DA systems in brain. 

(IL Large amounts of dopamine'~ere discovered 

.' 
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by Carlsson to be located in the striaturn (40). ,Most of 

thè DA in brain is located here. The striaturn ls a co:'Î-

lective terrn that refers to the caudate nucleus and puta-

men. An associated basal ganglion is the globus pallidus. 

The- main' input to striaturn is from the cerebral cortex, 

parts of the thalamus and; ~ubstantia nigra (in the mesen-
. 

cephalon). The output from striatum is to the sUDstantia 

nigra and to the globus pallidus" \<1hich sends most of i ts 

efferents to parts of the thalamus. Initially the exist-

ence of an ascending DA pathway was inferred from the 

reductions in striatal, DA seen after lesions in substàntia 

·nigra at points in :t).etween ,<lOS-Ill}. ...t.empts to demon-

strat~ fibers from substantia nigra to striaturn using 
l , 

. conventional staining techniques failed (112,11~). The 

Falck-Hillarp technique confirrned, the existence of the 

pathway. The axon fibres stain ver.y poorly-, but the axons 

may be traced from 'the' substantia nigra to the striatum 

under certain conditions, such as early on ~n development 

(l03,114), after injection of DA into substantia nigra 

(fIS) or after dopa, treatment (116). _A.nother way of demon

strating the,nigrostriatal pathway utilizes axoplas~ic 

~ranspor~. Followlng the injection of labeled leucine or 

dopa into <the substantia nigra, 'selective accumulation 

• 

:1-

~~-----------------
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Qf radioactive !=lrotein or dopamine ,can be observed in the 

striat~: This type of, study has a1so revealed that there 

may be a paralle1, nondopaminergic pathway (117,118). 

Further evidence for the existence of a dopaminergic nigro

striata1 tract is provide,d by the finding that' ele~trical 

stimulation of the substantia nigra causes release of DA 
, 

or its ~etabolites from the striatum (119,120). The sub-

stantia nigral DA nuclei are known as AS and Ag. AS i9 
, c 

actua11y located in the lateral reticular formation. 

(2) Thè rnes~limbic DA nerve tracts arise from 

ce11 bodies of group AIO near the nucleus interpeduncularis 
, 

in the mesencepha10n and innervate the nucleus accumbens 

u 'and tubefculum olfactorium (121,122,1,23). The'.l.imbic 

nuc1éi ,knowr.l as nûc1eus amygdaloideu~ centralis and inter

stitia1is striae términa1is are innervated partly by group 

(3) A third system is thè tuberoinfundibular 

system which courses from the arcuàte and anterior periven-

tripu~ar nucleus of,the hypothalamus to terminaIs in the 

1 
which . 

grimary capillary p exus ~upplies the 'pituitary gland 

(124,125,126). 

" 
More'recent1y other dopaminergic nerve te~ina1 .. 

, . 

E. JiUWiL _" S . .. 

" 
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si tes have been :ound in the brain. Dopamine i,s llke1y to 

he of great ~~?ortance at these s{tes despite its low 

concentra tion. Dopamine i~ present in all 1imb'ic nucle,i 

(127). Dopanine was shown by Thierry et al. to be present 

in cerebral cortex (128,129). There DA terminaIs occur 

in the lirnbic cortex, a.g. in the anteriôr~ingu1ate gyrus, 

the entorhinal "-cortex and th~ amygdalo1d cortex, as weIl 

as the frontal cortex (130). Thus dopamine appears to be 

invo1véd in the 1imbic system. Lesion' st,udies suggest 

that th~ frontal cortex is supp1ied by the AIO cel1 group 

(rnéso1imbic) whereas the anterior cinqu1ate is sllPp1ied by 

the substantia nigra (131). 

(iv) Actions of Administered L-DOPA and DA 

The sys~emic administration of L-dop~, the pre-
. ~ 

curso+ of dopamine, causes in rats and mice aggression, 

hypertensipn, pi1o-erection, transpiration and catatonie 

.posture~ (132,133). Reserpine, which dep1ètes the mono-
, 

amines, causes akinesia- and rigidity and this ~s antagonized . 

by L-dopa. The administration ~f L-3,4-dihydroxyppenylserine, 

which forros NE, has no effect (133-135). 

Implantation?f dopa intoothe neostriatum causes 

a compulsive gnawing behaviour, similar to that seen when 
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amphetamine .or apomorp'hine is given (136). Intracaudata1 

injection of dopamine antagonizes carbachol-induced tremor 

(137) • 

If a rat is subjected to acute ablation of orrè 
, 

striatum, the administratio~ of L-dopa will cause the 
o 

'animal to turn its head, and tai1 to the operated side, 

becorn~ excited and rotate vigorously to~ the operated side 

(138). This is interpreted as stimulation of DA receptors 

in the intact peostriatum, a reasonable assumption, as 
" 

injection of DA into the neostriatum of normal rats causes 

turning to the con~ra~ateral side (139). If amphetamine 

or apomorphine are given in this nucleus.they result in an 

action similar to that of L-~o~a (140). The asymmetry , 

produced by amphet.tine can be abolished by AMPT, but no.t 

that produced by' apomorphine., This in1icates that arnphe~ 

t~nè. -acts by releasing endogenious DA, while apornor-

phine acts directly onto th'e receptor. 

If'these drugs are'given to a rat whose nigro-

striatal tract has been interrupte~ ~ few days before, 

a different situation ariseq. The difference stems from 

the fac~ that in chronic axotomy, the recep~ors a~e ,still 

present on tne operated side~- L-Dopa and apomorphine cause 
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turning to the unoperated side. This effect has been 

interpreted as due to denervatio~ supersen~itivity. The 

receptors qn the operated side become more sensitive, so 

that when apomorphine or L-dopa is given, they are more 

effectivr at producing turning than the no~mal receptors 

on the unoperated side (141). Amphetamine does not act 

like apomorphine in the chronica11y axotomized animal but 

causes turning to the operated side (142). Ha1operido1 

prevents the effects of apomorphine, L-dopa or amphetamine, 

probably by blocking the dopamine receptor (143). These 

observations are important as they provide evidence for 

dopamine receptor stimulation (agonism), blocking actions 

or réleasing actions by drugs. 

- When dopamine is"applied microiontophGretical1y, 

it is generally found t9 inhibit unit firing. Krnjevic' 
il 

and Philli. first showed this with cortical neurons' (144)~ 

Inhibition has a1so be~n seen in thalamus (145), hippocampus 

(146) and especially t~e striatum (147,148,149). Stimulation 

of the substantia nigra can inhibit firing oi caudate ce11 

(150). However, thesé findings that dopamine has an inhi-

bitory nature are 'contradicted by other evidence. Lesions , 

of thé nigrostriata1 pathway do not alt~r the ra,te of spon

taneous neuronal firing in the caudate (151).; they resu1t 
" . 

, 
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in increased firing in the ~tamen. Hull et al. reported 

that there is no corre'lation betwèen caudate unit flring 

and the 1eve1 of dopamine, as altered by lesions (l52). 
~------~ 

However these 1esions may have a1tered other pathways. 

L-Dopa Increases evoked potentia1s e1icitect by c1ick'stimuli 

in the caudate path~ay, globus pa1li~~'and substantia nigra, 

instead of decreasing potential as/expected of an inhibitory . / 

neurotransmitter (153,154). T~ at'the cellular 1eve1, 
... / 

the action of dopamine is no / weIl understood. 

(v) The RaIe ne in Patholo ~cal States 1 

i 
~ 

In Parki on's disease there i5 a severe def icienê'hri 

of dopamine in 1 parts of the nigrostriatal complex (15~ 

157). Norep~ephrine and serotonin (a biogenic amine neuro

transmitte6,are also low, 'but these two can be elevated by 

MAO inhibi ttù·r-s, unlike dopamine (,157). The los s of dopamine' 

in the disease is related to the 109S of ce11s from the sub• stantia nigra (158). In animaIs lesians of the ventromedial 

tegmentàl area result in experimenta1 Parkinsonism, with 

10ss of 'cells in sùbstantia nigra and of dopamine, in the 

striatum (106,159-161). Drugs which deplete or b10ck do~a-

mine produce in man reversible Parkinsonian symptoms (162, . , 
163). The syndrome i5 treated by administration of L-dopa" 

1 
l', 
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the biosynthetic precu~sor of dopamine (164,165). HVA and 

dopa decarboxy1ase are 10w in Parkinson's disease (166,167). ...., 

These defiCiencies are seen after nigrostriata1 1esions in 

anima1s. 

Thus there is very'good evidence that a deficiency 

of dopamine is implicated in Parkinson's disease. There 

are a nurnber of other syndromes where dopamine patho1ogy 

is imp1icatea, but in these the evidence is sugges~ive 

rather than conclusive. 
,', 

The most important of these is schizophrenia. 

Amphetamine, which releases DA, can elicit a condition in 

man resemb1ing paranoid schizophr~nia (168). Antipsychotic 

drugs, such as the phenothi~zines and butyrophenomes in~rease 

DA turnover (169-171), probab1y by increasing DA neuronal 

. firing (see section B (H) b). "Among the many biochemical 
, . 

actions of antipsychotic drug's, the most potent is the 

blockade of dopamine-sensitive adenyl cyclase (98). -Anti~ 

psychotic drugs block the inhibitory effect of iontophoresed 

dopamine on unit firing (172) and block the release of dopa

mine from the dopamine neuron (173). It has been suggested 

that dopamine in the limbic cortex ois involved in schizo-

phrenia (174). 
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The primary defici~ncy in Huntington's chorea 
'fi 

appears to be a lack of the inhibitory neurôtransmitter 

Y-aminobutyric acid (GABA) in the substantia nig~ 1 puta-

men Glutamic acid , globus pallidus and caudate (175). 
( 

decarboxylase, which catalyses the synthesis of GABA, is ,") 

also deficient in these areas (176,177); the 'dopamine 

s~stem remains intact (158). In view of evidence that 

"GABA neurons inhibit the activity of dopamine neurons 

(see section C (iii») and the 105s of GABA in the nigro-

striatal system, it has been postulated that there is an 
, . 

imbalance in ijuntington's chorea in favour of dopamine, 

leading to hyperkinesia and choreiform activity, Le." 
,-

the reverse of Parkinson's disease. L-Dopa ~xacerbates 
, 1 

choreiJorrn. movements, while phenothia:zines and butyro- ." 
j, 

phenoqes suppress them (178). 

The most effective treatmènt for Gilles de la 

,Tourette (rn~ltiple tic)syndrome i5 treatruent with the 

butyrophenome haloperidol (179). The similarity of . , ' 

i -.. 

Tourette's 5yn~e :0 ~tereotyped movements seen in 

animals after ~etamine or in parkinsonian patients after 

L-dopa therapy has led to the proposal by Snyder of involve-

~ent of dopamine in the striata of patients .with multiple . 
tic syndrome' USO). Agent~ that inhibit DA· ... synthesis or 
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disrupt DA stores aiso al1eviate the syndrome (181). 

The treatment of ayperactivity in chilqren by 

arnphetamine has led to speculation that this syndrome is 

mediated pa~tly by deficiencies in dopamine metabolism 

(182) . 

Abnormally high HVA (indicative of DA turnover) 

in cerebrospina1 fluid of patients with personality dis-

orders has recently been reported (183) in a preliminary 

report. 

1vi) The, Role of Dopamine in the Functioning Brain, . , 

Dopamine app~ars to be_inv.olved in many of the 

activities engaged in by the brain as it reacts with the 

externa1'or internaI environment. 

Dopamine probabiy plays a role in affeetive 

aggression, as apomo.r'phine, which is be1ieved to be a DA 
(' 

agonist (184) causes fighting in rats (185). Similarly, 

L-do~a (186), amphetamine and MAO inhibitors 'induce 

affective agg~ession (187). 

tory aggression ~18,8, 18'9) • 

~ 
These same drugs block predta-

Q 

Amphetamine-induced aggression , 

,ca,n be blocked by neuro1eptics (l90). 

',\ 



t 
'1 
t,> 

~ f 
'; ( ;.. 
," 

}, 
t· 
if 

f 

) 

. 'as; .~iri 

\ 
-23-

The ability o~ an animal to learn a conditioned 

avoidanoe response (where it has to act to avoid noxious , 

stimulation when a warning bell is heard) apparently 
J 

depends on the presence of ~ normal functioning dopa~ine 

system (191,192). Electrical stimulation of the substantia 

nigra does not affect learning, but impairs the memory 

-retention of a passive avoidance response ~where an animal 

has to learn not to step off a Pf·~tform) (l93). 
" 

Dopamine may play an impprtant role ~n endocrine 

function. L-Dopa incréases growth hormone release from the 

pituitary (l94( as does apomorphine (195,196). L-Dopa 
. 

10wers prolactin in serum (197). Infusion of dopamine into 

portal hypophyseal.vessels inhibits prolactin'secretion 
., 

(198). The finding'that agents which inhibit prolactin 

secretion, such ~s 2-Br-a-ergocryp.~,ine '(199), are also 

.dopaminé agonists (200) has led to the use of inhibition 

of prolactin secretion a~ 'a ~creening test for drugs of 
l , 

anti-parkinsonian efficacy (iQl). 

" . ,Dopam~ne appears to be important in the regulation 
1 U • 

of food intake. , Lesions of the nigrostriatal pathway (292) 

~~'of 'the substantia nigra (203) produce aphaqia (lack of 

ea,ting) and adipsia (lack of drinking) identical to that 

M55% ( , 
!:- ~ .. 

.r 
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• 

saen,in the classicaf lateral hypothalarnic syndrome as -

descriPed by 

hypothalarnié 

Te~telbaum and Stellar (204). The lateral 

lesion a{so ~ts the nigro~triatal pathway, 

and the subsequent,effect on consurnrnatory behavlour rnay 

largely reflect the loss of.dop~ine (205,. Food depr i -. , 
, . 

vatio~ incredses doparni~e 

hypothalamus, (206). 

The system in brain p\ays a crucial 

role in 
,t 

rnotor activity in laboratory 

animp.'ls. motpr activity is a direct rneasure of the 

ory or depressant effects of a drug. Apomorphine 

(184 207), ampl).etamine' (208,209) and L-dopa (20'8) stimulate 

or activity by activating dapaminergic mechanisms. 
S> 

Dopamine 'itself, injecfed intraventricularlY(368) or into 
, . 

the nue leus accumben's (210) increases motor acti vi ty . 
, 

Lesions of< the, nigrostriatral pathway block the locomotor 
" v 

r'esponse due to amphetamine (211). 

Apomorphine and L-dopa increase male sexual 

behavio~r in 'rats, thes~ effects can be antagoni~ed by· 

haloperidol (212,213). 

Dopamine may play a minor role in sleep (214) and 
'i 

lift' self .... stimulat~on (21~)'~ Dopamine neurons in the caudate 

" 

" 

... 
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--------------------------------nucleus may play a mo~tory r~le in thermoregulation 
~~-

(216,217). 

It should be emphasized that dopamine is only 

one of many neurotransmitters and that each of the brain 

functions surveyed here requires the complex interaction 

of several transmitters. J 

.B. Regulation Df Dopamine Synthesis 

Given that the machinery of the dopamine synapse 

consists of: 

1) a rate-limiting e~zyme in dopamine synthesis, 

tyrosine hydroxylase, 

2) Vesicles which release DA into the synaptic t-left 

under the influencelof an action potential, 

3) a receptor on, the dendrite or cell body of the 

post-synaptic cell, and, 

4), mechanisms for reuptake and ~or metabolism of' 

dopamine, 

one can readily see that there are a number of theoretical 

ways in which the machine can be controlled, so that not 

too much or too little'dopamine is received.at the receptor, 
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not too much.or too little is synthesized. 

If too much dopamine is released into the synap-

tic clef t, the hyperpolarized.receptor may respond by inhi

biting the firing of the dopamine cell through a neuronal 

IOOPi or the released dopamine may inhibit its own releasei: 

or inhibit its own synthesisi or there may be a combination 

of these mechanisms. rf too littie dopam~ne is released, 

the reverse may occur. If there is a chronic insufficiency, 

the post -synaptic receptor may becorne more sensitive. There 

has to be a balance between the rate of release, as moder-

atéd by neuronal firing, and the rate of synthesis, so that 

if the neuron is firing rapidly, more dopamine is synthesized 

to keep ~p with demand. If the situation is chronic, more 
" tyrosine ~~xylase may be synthesized. On the other hand, 

the released dopamine rnay inhibit dopamine synthesis or 

releas.e. If the neuron is ,not firing i 1ess DA synthesis is 

needed, but there aiso rnay be a release from inhibition of 

synthesis. 

The following sections will show that the regu

lation of dopamine synthesis is fully as cornplex as these· 

-considerations permit. 
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(i) Control of Tyrosine Hydroxylase 

a} Activity 

Tyrosine hydroxylase is an enzyme which requires 

molecular oxygen, a reduced pterin factor and ei ther iron 

or cata1ase for optimal activity (17). The affinity for 

oxygen i5 low, and hypoxia can inhibit tyrosine nydroxy1ase 

in vivo (218,219). The enzyme exists in two mqre or less 

inteFconverti~ie states: particulate (membran'ê) and soluble 

(cytoplasmic) . 

In the adrenal, the Km for tyrosine is between 

4 lJM (particulate) and 15. lJM (soluble) (220) whereas tyrosine 
1 

leve1s are 50-100 Jo'M (221). In brain tyrosine is about 

80 II- M. Patl;'ick and Barchas obtained a Km of 6 'lJM for 
, 

tyrosine in synaptosomes from brain, but they noted that 
, 

the Km for tyrosine uptake is much higher (222). However 

~uczenski, also working with synaptosomes reported that . 
tyrosi~e concentration kS not-limiting (223). ~pplication 

of exogeneous tyrosine does not affect tyrosine hydro-

xylation, indicating that tyrosine hydroxylase is normally 

saturated with its substrates (224). 

Of the pterin cofactors, tetrahydrobiopterin 

(BH
4

) is prQbably the natura~ one; the affinity of the 
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enzyme for its substate and product is higher in the 

presence of BH4 than in that of others (225). The concen

tration of cofactor is lim~ ting in vivo. r..n_t,raventricu1ar 

injection of BH 4 acce1erates DA formation in s·triatum (226). 

An early suggestion of end-product inhibition 

was made on the basis of the temporary rise of biogenic 

amines after m6noarnine 6xidase inhibition (227). Partially 

purified preparations of tyrosine hyoroxylase have been 

used te show that catecholamines inhibit the enzyme, and 

do so by ç;rnp~tin~with cofactor (228,229). Patrick anq 

Barchas fOUhd that DA inhibits its own synthesis in striatal 

synaptosQmes, and that this inhibition is antagonized by 

co~aine which, in turn, inhibits dopamine uptake (222). 

Kuczenski found that reserpine which releases DA from 
j 

ves icles into the cytoplasm, inhiï)i ted tyrosine hydr xylase 
, 

in .synaptosomes, whereas amphetamine,.which relea~s DA 

from the synaptosomes, enhances formation (230)~ In 

striatal tissue sUces (231) dopamine in the 'medium inhh' 

bit~ DA formation. The inhibitory effect is partly antago-

nized by benztropine, which inhibits DA uptake (232). 
, . 

These resu~ts indicate the importance of dopamine which 

has been newly taken up for end-product inhibition • 

L.4' 

,( 

/ 
/ 
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It was observed that stimulation of the vas 

deferens results in an increase in synthesis rate,'which 

could be prevented by adding NE t6 the medium (234). It 

was suggested.that·release of transmitter by nerve firing 
, -

could free tyrosine hydroxylase from end-product inhibition 

(234). Release of dopamine from striatal synaptosomes or 
" 

slices by high K + concentration increases DA synthesis (222, 

231). However end-product inhibition does not explain 

aIl the data, as cofactor added to stimulated vas deferens 

increases biosynthesis just as much.as in non-stimulated 

vas deferens (235), and synaptosomes from amphetamine-

treated animaIs show a decreased piosynthesis capacity 

(230) . 

b) Quantity of enzyme 

~the .~ount of tyrosine hydroxylase enzyme present 

in pathways of th~ peripheral nervous system and in chro-
. , 

maffin cells i increased by: brain stimulation (236), 
'i) 

application 0 stress (237), inject~on of reserpine (238). 

or 6-hydroxy opamine (239). It.is widely believed that the 
, 

effect of t ese agents i8 correlated with their influence 

on neuronal firing. Agen~s which increase nerve firing 

can increase synthesis of biosynthesi.s enzyme. Changes. 

) 
1 
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in.enzyme level are not as easily obtained in brain, but, 

an effect has been seen after som~ chronic treatments • . 
These inc1ude a~ incr~ase 1) of midbrain tyrosine hydro-

xylase after 8 tlays of reserpine administration (2~O); 

2) of caudate tyros~ne hydroxylase in offspring of al co

hoUe mother rats (241).. A decrease Of striatal tyrosine 

hydroxylase is seen after 36 hours of chronic treatment 

with methamphetamine (242), and after 21 days pf treatment 

with L-dopa (243) •. Thes,e changes may be related to vari-

. ation in the levél of neuronal firing. 
!l" 

(iit The Relationship of Dopamine Turnover to Neuronal 

Firing 

Dopamine tu~nover appears to de pend partly on 

the rate of neuronal firing. However, the rate of neuronal 

ffring ~s itself influenced by the amount of dopamine 

reaching the postsynaptic receptor. ,Thus understandin~ one , , 

relatio,nship depends on undefst~nding the other. 

al ,Tqe relationship of n~uronal firing to synthesis 

rate ) 

As m~nti~ned in i.a. of this section, neuronal 

firing increases tyrosine hydroxylation in the vas deferens, 

.> 

ot' , 

\ 
\ 

<\ 
\ 

.. 

J . , 
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~f -
1 

This was at first thought to aGt by a mechanism ~hich is 

dependen~ on reduction Of, an end-product, cofacto'r-competi'" 

tive inhibition. However later evidence did not agree with 

the predictions of this hypothesized mechanism (235). 

Therefôre the activation of tyrosine hydroxylase mu~t 

proceed by other mechanisms. Moreover these mecha~îsms 
, . ~ . 

may differ f.rom tissue to tissue. 

The activation of tyrosine hydroxylase in vas 

deferens involves calc'ium, according to evidence.obtained 

by Morgenroth et al. (244). These workers found that the 

Km for substrate and cofactor is reduced and the Ki for 

end-product inhibitor is inCteaS~ by'both Ca++ and elec

triçal stimulation. The effe~ of the latter is aboli shed 

by EGTA, which che lates calcium. Ipasmuch as there is an 

influx of calcium into the neuron after stimulation, 
1 

neuronal firing may activate tyrosine hydroxylase through 

C ++ a . 

The same laboratory has found that eiectricai 

sti~ulatio~ of the locus coeruleus (very rich in NE-con-

taining cell bodies) results in a lowering of Ki of hippo-

campaI tyrosine hydroxylase for 'the end-product inhibitor 

NE, andothat this effect cân be mimicked by adding ca++ 

., 

'A **8* Of""·', ..... ..-
-y,:;. 
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or cyclic AMP (245)'. 

However the activ~ting raIe of ca++ may not be 

applicable to stri~tal tyrosine hydroxylase. Removal of 

this ion, rather than its addition, activates striatal 

slice enzyme (246,247). 

Wh~n dopamine receptor blockers are administered 

to rats, the Km of striatal tyrosine hydroxylase for 

pteridine cofactor is reduced. Apomorphine, wh±ch stimu-

lates the DA receptor, antagonizes this action of the 

blockers (248,249). It is known that receptor blockers 

lncre?se, and agonists decrease, th~ firing rate of the DA 

nigrostriatal neuron (Se~' below). Evidence will be dis

cussed in' section iii that the activation of dopamine, 

synthesis py neuronal firing may be through a locally acting 

receptor in the synaptic region. 

f 

b) Fa~tors influencing the rate of neuronal firing -

By recoFding the ~lectrical activity af ,single 

DA neurons it is possible to determine the effect of drugs, 

applied systemically'or micraiontophoretically, on impulse 

flow in the nigrostriatal system. 

Antipsychotic drugs, which are believed tG block' 

" , 

.. 
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the dopamine receptor (See secti.on·s A(iv) and D(ii» cause 

~n increase in DA cell firing if app1ied systemically (250) 

but not if app1ied microiontopho~etica11y cnte the cell 

body (251). As ~he classical ant~psychotic drugs, the 

phenothiazines and butyrophenomes, increase DA tuinover 

(252,253), an action prevented by sectioning the nigro-

striatal pathway '(254), it has been accepted that the 

increase in DA turnover is consequent upon increased 

neurona~iring causêd by the activation of a feed-back 
• 

loop fol1owing the blockade of DA rec~ptors in the striaturn 

(252) . 

Apomorphine, which is tnou~ht to stimulate DA 
. • or 

receptors (140,18~) depresses the.firing of DA neurons when 

applied systernically (250) or locally by rnicroiontophoresis, 

as does dopamine (251). These findings indicate that dopa-

mine receptors ~reclocated on the dopamine neuron, and 

moreov~r, that the',receptors are similar enough tç:> the 

post~ynaptic receptor ,to he acti v~ted by, the sarne drug. 

~s apomorphine decreases dop~mine turnover, the not unrea

sonable conclusion has been that the decrease in turnover 

" related to the reduced neuronal firin9. One of the 

c.ri teria for new dopamine agonists is that th,ey decrease 

DA turnover (See section D(i». 

• 
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Amphetamine'applied systemically but not~icro-

iontophoretically also.depresses flring of DA neurons. 

Ongoing DA synthesis is necessary for amphetamine te be 

effective, but not for apomorphine. A lesion just anterior' 

to ~he substantia nigra results in a rapid firing of,DA 

neurons whicn is not antagonized by amphetamine (251). 

These results provide additional evidence that amphetamine 

is not an'sgonist but acts by releasing DA, and that there 

is a neuronal feedback loop. 

/ 

(iii) Local Receptor Control of Dopamine MetaboXism 
/ 

a) Inhibition of Release • / 
, // 

// 
It is now weIl established tha1~/in the peri-

,) / 

/ 0 

pheral noradrenergic system, there is ~Jiedback control of 

the release of NE from tne terminal. //NE inhibi ts i ts o'wn 
1 

rèlease in two ways:by acting thrqÛgh prosta~landins and 

by activation of a-adrenocePto;~ (See Langer ,for review 

and references, 255). Evide,{ce suggest~ that the rec~ptor 
/ 

'controlling release is pr~~ynaptic (256). There aIse 
/ , 

/ 
appear to be dopamin~sensitive r~ceptors (257) and rnus-

carinic receptors ({S'S) that inhibit NE release, and lÛCO-
,f 

tinic re~ptors/ibat stimulate release (259). 
/ / 

" 

,( 

/ 1 

Not as rnuch york has been j6ne w:i, th brain, but 
/ / 
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similar iz:1~luences on catecholamine' release appear to be 

, operating., If slices of cerebral cortex are preincubated' 
-- 3 

with H-NE and then electrically stimulated, the release 

of tri tiurn is ùiminished by agents which stimulate o(-adre-

nergic receptors and increased by agents which black 

a-adrenergic receptors or inhibit prostaglandin synthesis 

(260,261). Little)work has been done with central dopamine 

neurons. Prostaglandin E2 reduces slightly the release of 

3H~DA from striataf slices (26-2). Apomorphine and anti-
, 

psychotic drugs have been reported by Farnebo and Hamberger ... 
1 

to decrease and increase, respectively, ~ H-DA release from 
'0 

striatal slices (263,264). However Seeman and Lee, using 

the sarne method, obtained the opposite result witn anti

psychotic drugs--an inhibition of release (173). Nicotine 

promotes release of DA from striatal slices (265). 

While the evidence obtained with neuroleptics i5 

" contrad~ctory, the effect of noradrenergi~ drugs on NE 

rel~ase and of apomorphine on DA release indicate a prece

dent for the existence of receptors in the region of the 

synapse which' can influence aspec'ts of neurotransmi tter 

metabolism. In section ii(a) evidence was described which 

indicates the presence of dopamine-sensitive receptors on 
-< 

the surface of the dopamine neurone Two types of dopamine-
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sensitive~eeeptors at the synaptie site have been postu-
. 

lated: one that stirnriates DA synthésis, and another that 

inhibits DA synthesis. In the next two sections, the' 

literature on this topie will be surveyed. 

b) Local Reeeptor stimulation of Dopamine Synthesip 
, ., 

As discussed in section ii(a) ~erve stimulation 

activate~ tyrosine' hydroxylase. The question'is how the 
. 

action potential is related to the enzyme aetivity. For 

h 'fI f ++ d' h' . 1 NE neurons t e ln ux 0 Ca urlng t e actl~n po~entla 

may possibly activate tyrosine hydrox);"lase.. For dopa-
-

minergic neurons the 'possibility is'now emerging that 'DA 
l 

released following the appearance of the act,ion potential 

activates the enzyme through a second messenger, cyelic 

AMP. 

, "-
Dibutyryl cyclic AMP"when added ta the medium 

. . 
bathing slices of striatum (266) or striata1 s,naptosomes 

, (267) aetivates tyrosine hydroxyl~tiQn in the tissue. 

Beth nerve stimulation: and cyc"lic AMP i,ncreas~ the affinity 
. . 

of tyrosine hydroxylase for substrate and cofactor, and 
1 

bath decrease the affinity for the end-product, whieh 

inhibits (268). High concentrations'of K+ also actJvate 

d~pamine synthesis in slices (231), but t4ese do not-appear 

'4 .. ' . 

'> ' 
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" to act through cyclic AMP (269). Dopamine agonists 

enhance the stimulation by cyclic AMP of tyr?s<~.ne hydro

xylase in "~ynaptosomes (270) ,. It thus appears' possilHe 

that tRe dopamine released by the action potential ~cti-
, , 

, .' vates its own synthe sis through the intermediaCY of an 

adenyl cyclase receptor. The activation of tyrosine 

hydroxylase by cyClic AMP May, in turn, be mediated by. a 
;-

protein kinase (271). 

c) Receptor mediated inhibition of doeamine synthesis 

This thesis attempts ~ answer the question 

whether there is a dopamine receptor which fe~ds back to 
. ' . 

cause inhibition of dopamine formation. The literature on 
" 

·this question will be reviewed up to the beginning of the 
, ' 

projec~. Papers relevant'to the work published auring the 
\ 

course of the work will'be discussed in Section IV. 

Axotomy of thel/nigro'stri~t~ tract results in a 
, . 

'sharp increase in DA in the forebrain (272). Levels ri se 

about 80-100%', and then reach a plateau which is constant 

until the axon begins to degenerate. The, increased concen-
< 1 

tra~ion suggests that tyrosine h~droxylase is released from 

receptor inhibitiqn. 

tracts do not give rise to 

" , 

Transsectionsof NE or serotonin , . ~ 

this effect (273). Kehr et al . 

/ 

,1 

/ 

' .. 
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(274) found that the synthesis rate after transsectton of , 
the nigrostriatal pathway was not influenced by haloperidol, 

but was inhibited by apomorphine.Haloperidol given ln con-

junction with apomorphine was able to antagonize the inhl

bltion bi the latter. The measure used by Kehr et al. 

(274) was the rate of increase of dopa in rats that had 

received a dopa decarbo~ase inhibitor. The same result 

was seen when the accumulation of dopamine was used as the 

measure (275). Moreover amphetamine also antagonized the 

increase in·,dopamine. The same results were seen if 

l-hydroxybutyrlc acid (GOBA) was used instead ofaxotomy 

to block the flow o~ impulse (275). GOldstein'et al •. 

(266) found that haloperidol in~eased dopqmine synthesis 

in striatal sl~ces, while p,i rlbedil (a DA agonist) decreaSed 

synthesis.· These results have been interpreted as'evidence 

for the 'presence qf a recepto':r which i5 activated by the 

agonist apomorphine with the result that synthesis i5 0 

inhibi ted. A reputèd blocke.r of DA receptors, haloperidol, 

has no positive effect by it~lf, but prevents stimulation 

by agonists. 

The above hypothesis dld not appear to be'com-

,pletely convincing or to answer aIl questions, 50 that 

alternative explanations for th~ biochemical actions of 
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apomorphine and haloperidol have been put forward. The 

approach used in the present research to deal with this 

problem was two-fold: 

\ 
\ 

1) experimental testing of various explanations 

of the biochemical actions of apomorphine, and 

" 
2) the use of recently discovered dopamine 

agonists to determine whether they, like apomorphine, , 

inhibit dopamine synthesis in the absence of neuronal firing. 

In order to study the question of local receptor 

control of dopamine it is necessary to eliminate the con-

founding influence of neuronal firing and the feedback loop 

that influences it (see section ii). Y-Hydroxybutyric acid 

(GOBA) was employed to prevent neuronal firing. Section C 

reviews the actions of GOBA in brain, while section D deals 

with the pharmacology of the dopamine agonists and anta-

gonists. 

c. The Action of GOBA on the Dopamine System 

(i) General 

GOBA is a ce~tral nervous system depressant which 

produces slerP and has analge sic and anesthetic properties 

~~~--:::-~~-------- -~ - ----
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(276) . The sleep produced by GOBA is of the physiological 
, ./ 

type, but with facilitation of rapid eye movement sleep 
l 

(277). It does not inhibit the reticular formation as 

other d~pressants do (278). Th~ action of this drug i8 

interesting because hig~ doses produce deep anesthesia 

behaviourally, yet the EEq is activated. 

~ike other depressants, GOBA elevates brain 
/ 

glucose (279). Alterations of glucose metabolism have 

been suggested to underl-ie the mechanisms of sleep (278). 

GOBA also causes marked increases in brain acetylcholine 

(280) and dopàmine (28lj. 

GOBA is present nâturally in small amounts in 

brain (282). When injected in an anesthetic do~e its half

life. is about one hour . (-283) . The principal ,,mode of meta-
1 

bolism is oxidation to succinic acid, which then enfers 

the tricarboxylic ac}d pathway. Small amounts of Krebs

cycle-related amino acids such as asp.artic 'acid, glutamic 

acid and GABA can be derived from GOBA (284). 

(ii) Parallelism petween, GOBA Administration and Lesion 

of-the Nigro-Striatal Tract 

There are a number of parallels between the effects 

HUJ11fJ.LG&lSa 'tl" • $~, 
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of GOBA and transsection of the nigrostriatal tract. After 

both .treatrnents there is a sharp ihcrease in dopamipe. 

After injeQtion of GOBA, DA ascends to a pe~k, after which 

the amine level decreases as the -arug is metabolized (272, 

281,275,285:286). Both prevent firing of the dopaminergic 

neuron (287). Intrastriatal ~njections of Kel prevent the 
. 

increase in DA after hemisection or after GOBA (288). The 

rise in DA is in each case inhibited by apomorphine and 

unaffected. by haloperidol alone, although haloperidol will 
'-

antagonize the effect,of apomprphine (275). GOBA, as does 

axotomy, prevents the- rise in HVA fOllowing neuroleptic 

treatment (289). Amphetamine prevents the ri se in DA after 
~ 

axotomy and aftèr GOBA (275). AMPT blocks the GOBA-induced 

increase in dopamine, as it does with axotomy (290,291). 

GOBA or transsection reduces or abolishes the decrease in 

DA seen after AMPT (292.'288,293). 

The pharmacological profile of GOBA closely 

resembles that seen with acute axotomy. The best exp1anai 

tion for this is that GOBA acts,on DA metabolism the same ~ 

---- \ J " 
way that axotomy does-tby preventing firing of the DA 

neuron. " 
~~ 

\ 
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(iii) The site and Mode of Action of ~OBA 

GOBA does not inhibit COMT or MAO in vitro or 
t 

in vivo (281,290) 1 thus inhibition of catabo~izing enzymes 

is not responsible for the increasé in DA. In fact, if 

MAO is inhibited in vlvo sa that DA is elevated, GOBA is -- ---- .~ 

able to produce a second elevation on top of the first 
. . 

(281). Whereas an enhanced diffuse fluorescence is seen 

in formaldehyde-treated slices of brain taken from pargyline-

treated animaIs, GOBA increases DA in varicosities and it 

is thought that this reflects ~n i~rease of DA in nerve 
~, 

'endings (294). 

Addition of GOBA to the incubation medium doe5 

not produce increased conversion of }4c-tyr to 14c_DA by 

striatal tissue slices, nor does GOBA block or potentiate 

the K+-induced' increase in formation of 14C_ DA . Tyrosine 

uptake is unaffected (295). 

The levels of y-.aminobutyric acid(GABA) and the 

enzymes that synthesize and degrade it,glutamic acid decar-

boxylase (GAD) and GABA-transaminase (GABA-T), respectively, 

are particularly high in substantia nigra (296), There is 
, 

a GAD-containing nervous pathway which runs from striatum 

to substantia nigra (297),' A lesion .in this pathway cause s 

2&1. _t&I!!ttS = -
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a 1055 of GAD ïn the substantia nigra (298). GABA applied 

microiontophoretically inhibits nigral cell firing (249). 

Treatment with a GABA-T inhibitor, which increases GABA 

in the synaptic clef t, inhibits DA turnover (300). GABA, 
" 

if injected into the substantia nigra, increases brain DA, 

as does GOBA (301). Injection of GABA into the striatum 

has nô effect. Given these data and the analogous struc-

tures of GOBA and GABA, 'the suggestion that the action of 

GOBA on DA neurons is through an inhibitory GABA mechanism 

in the substantia nigra (275) is not unreasonable. 

(iv) Effect OfAxotomy or GOBA on DA Synthesis , 

After axotomy or GOBA, the ability of AMPT to 

deplete DA is reduced (293,288). Moreover, 'the concentra-

tion of DOPAC is reduced (287). At the same"time there is 

increased synthesis. The incorporation of ~abel from 

3 ' 
H7tyr into DA is increased three-fold following lesions 

of the nigrostriatal pathway or administration of GOBA 
1 

(293,302). The decreased ~~bolism 'and increased ~ynthesis 
combin~ to yield a sharp increase' in brain dopamine. 

Thus, the same~reatment that prevents. the 

dopamine cell from firing, thereby removing the influence 

of fiDing on DA metabolism)also provides the measure with 

" 
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which to study receptor feedback on dopamine synthesis, 

.. narnely an increase in dopamine levels. If agents known to. 

stimulate DA receptors inhibit the rise of,DA after GOBA, 

then eyidence has been obtained that a recept~r exi~ts 

which acts independently of neuronal firing. At the tirne 

this' project was initiated, Anden et al. (275) had shown 

t~at apomorphine inhibited the rise of DA after GOBA, and 

that haloperidol seerned to antagonize the inhibition by 

apomorphine. However, the idea that ap~orphine produces 

i ts biochemical actions through receptors has 're'cently been 

disputed (311,312). Therefore it was decided to study 

further the problem of t,he existence of the hypothetical 

receptor . . 

D. Drugs Acting on the Dopamine System 

(i) Agonists 

a) Apomorphine 

The classical dopamine agonist is apomorphine. 

Apomorphine,produces turning in rats with unilater~l 

lesiods of the nigrostriata1 pathway, as does L-dopa (see 

Section A(iv). Inj.ection of DA into the striatum' (303) or 

stimulation of the substantia nigra (304) results in l' 

.. 
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asymmetric behaviour. Thus turning action induced by 

apomorphine is related to the dopamine receptor. 

Systernic administration of apomorphine or amphe-

tamine has long been known to cause stereotyped gna~ing 

behaviour (305). L-Dopa injected into the striaturn does 

the sarne (184). Thus, drugs which cause stereotyped 

behaviour bear a relation to DA and may,be ~rnplicated in 

dopamine receptor activity. 

Apomorphine reduces the turnover of DA, as mea-
.~ 

sured by the arnount of HVA (306) and rate of dep1etion of 

DA in brain following administration of AMPT (140). The 

protection afforded by apomorphine against AMPT depletion 

rnay result from de.pressed firing of dopamine neurons, 

owing ta neurona1}feedback inhibition (140). Apomorphine 

slows firing of DA neurons, however, it is unknorn whether 

this is due to activation of dopamine receptors on the DA 

cell' (See Section B(ii)). As neuronal firing is slowed 

and as DA turnover is atfected by the rate of neuronal 

firing, it is logical to assume that apomorphine decreases 

DA turnover ~hrough its actions on the -dopamine rerceptor. 

Another model for determining agonist actio~ is 

that of dopam~ne-se~sitive adenyl cyc1ase from homogenates 

>.'4"#. v.""" . ' ~ .. 
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of striatum or retina (98,307). Apomorphine activates 

D,A-sensi tive. adenY,l cyclase (98, 30S') . 

The actions o.f apomorphine in ~nducing stereo

typed behaviour, in causing turning in unilaterally 

lesioned animaIs, in'decreasing DA turnover, and stirnulating 

DA-sensitive adenyl cyclase are now regarded as the charac-
. l 

teristic properties of DA agonlsts. 

~ 

Recentl~ alternative suggestions have been made 

as to the mode of action of apomorphine on dopamine meta-

bolism. 

McKenzie has arguèd that apomorphine may decrease 

DA turnover through inhibition of COMT. He 'haB reported 

that apomorphine is a substrate inhibitor of COMT (309) 

and has drawn a nurnber of parallels between the effect of 

tropolone, which inhibi ts COMT, and the effect of apomor-
, 

phine on behaviaur and on DA metabolism. COMT inhibitors 

pralong the ,s tereotypy produced by apomorphine (310). The 
3 3 1 • 

incorporation of label from H-tyr ïnto H-dopamine is 

decreased by both. Apomorphine and tropoh ne retard the 

disappearance af 3H- DA . Both antagonize chlorpromazine-

induced increases in DA synthesis. 'As tropo~ne,ddes not 

induce stereotypy or antagonize chlorpromazine-induced 

" . 
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depression of rats, it was suggested that apomorphine 

'decreases DA turnover by inhibiting COMT, and that there 
\ 

is, in fact, ,no connection between the behavioural and 

biochemical effects bf apomorphine (31-1). , , 

A second alternative interpretation of apomor· 

phine 1 s biochemical actions ha's been suggested, involving 

the inhibition of the other main DA metabolizing enzyme, 

MAO (312). Di Chiara found that apomorphine innibits dopa-

mine deamination by rat brain mitochondria in vitro. In 

favour of their hypothesis that ~orPhine inhibits MAO in 

" 
v~vo, they found that DA levels in brain were elevated by 

apomorphine (as after MAO inhibitors), that HVA and DOPA 

were'decreased, that apomorphine prevented the rise of 

-HVA and DOPAC after reserpine and protected dopamine 

agai.nst the depletion produced by this drug, antl that apo-
< 

morphine de~reased the rise of HVA and DOPAC produced by 

L-dopa administratiQn. It 'was suggested that other workers 

failed to detect a rise in DA after'apomorphine as methods 

had been used in which apomorphine ~nterfered with the assay 
• 

of dopamine. It was argued that 10wering o~ HVA 1evels 

after apomorphine was due to inh~bition of DA deamination 

and that the 10wer rate of biosynthesis of DÀ ~as due to 

end-product inhibition fo11owing e1evated DA 1eve1s (312). 

/ 
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b) Other agonists 

Piribedil (ET 495, Trivastal) produces contralateral 
fi 

turning in rats with a unilateral les ion of the nigro-

striata1 pathway, as does apomorphine (3l3). Ampheta~ine 

causes turning in the opposite direction in -this mode1 

(see section A(iv»). Piribedl1 reduces DA turnover, as 

measured by the rate of dep1etion after AMPT (313) or by 

. HVA concentration in rat brain (314) or cerebrospinal fluid 

of man (3l5). 8tereotyped behaviour ~n rats is seen after 

piribedil (316) and the effect i8 enhanced if the anima1s 
given . 

ha~e beenL6-hydroxydopamine (which causes the DA system to 

degenerate) as neonates. This is true if apomorphine is 

substi tuted for- piribedil, but not so for amphetamine-

(317). These resu1ts indicate that piribedi1 acts postsy-

naptical1y on the DA receptor. However Costa11 ~nd Nay10r 

(316) found that abolition of DA stores by drugs or 1esions 

prévents the ster~otypy elevated by ET 495, suggesting that 

piribedi1 may a1so act by causing re1ease of DA from the 

presynaptic site. , ' (J 

r( ~7ears 1 that the metabo1i te of' pirib~di1 
known as 8584 is the active agent, bec~use it, but not ET 

495, is able ta increase cyc1ic AMP in striatal synaptosomes 
1 

(318). A1so 85'84, but not piribedi1 causes asymmetry -and 

. ..,. 
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stereotyped behaviour when injected into the striatum 

. (319) . 

Piribedil reduces tremor in monkeYi with lesions 

of the ventral tegmenta1 area (containing the DA nuclei) 

(320) and has been reported to be of sorne benefit in 

Parkinsonian patients (321). 

Piribedi1 reduces DA synthesis in ·striata1 s1ices 

(266) • 

Another class of DA agonists includes the ergot 

alkalolds, (see section A(vi). Ergocornine and 2-bromo-a-

ergocryptine,CCB 154), cause sterotypy, induce turni~g to 

the cont~alater~l side 'after unilateral transsection of the 

nigrostriatal tract, and reduce DA tUrnover {322,323}. 'CB 

154 possesses long-lasting 'anti-trernor activi~y in monkeys 

with lesions of the ventromedialtegrnenta1 region (324). 

5,6-Dihydroxy-2-dimethylarnirio tetralin (M-7} 

consists of the lower portion of apomorph~ne. Llke apornor-

phine, it has powerful e~etic action~ in èogs, anà causes 
, ' 

stereotyped behaviour (325). Like dopamir.e, l~ inhibits 

sciatic nerve stimulation of the heart (326). 

Apocodeine (lO-O-rnethylapornorp!1ir.e '1 : :".C:..lces 
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r 
J 

stereotyped behaviour, ~everses reserpine-induced sedation, , 

and reduces dopamlne t~rnover, as~measured by the concen-

tration of HVA in the brain (327). 

(ii) Antipsychotic drugs 

Blockade of dopamine receptors has been suggested 

as the mechanism of action of antipsychotic drugs in schi-

zophrenia (328,329). An action of these drugs on dopamine 

metabolism was flrst found by Carlsson and Lindqvist in 

1963, who observed an increase in the concentration of 
"; , 

.dopam~ metabolites in brain (329). It was suggested that 

an increase of DA turnover results from neuronal feedback. 
, ; 

Various indieators of turnover, 'such as levels of aci'die 

_ metabolites (330), depletion of DA after AMPT (331) ànd 

incorporation of label fram labelled precursors (3~2) indi-

cate an increase in dop~mine synthesis and me~bolisrn after 

neuroleptic treatment. As interruption of neuronal impulse 

flow prevents the increase in turnover (254) ,·Snd as neuro-
V 

lepti~s increase the firing of DA ne~ons, (section B(ii) , 

the increase in turnover may be rela ted to an inductiop of·; 

increased neuronal fi ring mediated by feedback, from the 

postsynaptic rece~tors. 

Neuroleptic drugs antagonize the turning produced 

, " 
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by L-dopa or apomorphine in striatectomized rats with ,~ 
lesions in the striatal area (333). Jhe classical neuro~ 

leptics, such as na1operidol and chlorpromazine antagonize 

the turning behaviour produced by met~ylamphetamine in 

unilaterally lesioned rats, and also the stereotypy pro-

duced by amphetamine or apomorphine (334). However sorne 

antipsychotic drugs, such as clozapine and thioridazine, 

do not antagonize stereotypy or turning induced by agonists 

(335,336), leading to doubts as to whether the antipsychotic 

efficiency of these drugs ~s correlated with thei! act~on 

on dopamine receptors. However it has recently bèen shown 

that the atypical effect of these neuroleptics in these 

behav~oural paradigms may be ~xplained in terms of their 

antimuscarinic action (331,338). Many neuroleptics induce 

in animaIs a form of dépression known as catalepsy. The 

te~~ncy to induce catalepsy appears to be correlated with 

a'nti-turning" poterlCy (338).-

~ Neuroleptics, incIUd:ng clozapine, are powerful 

blockers ,of stimulation of cycl~c AMP by DA in stria tal 

homogenates '(for review see 339). Furthèr Evidence for 

blockade of dopamine receptors i8 indicated by the confor-
J 

mational similarity be~ween dopamine and antipsychotic 

drugs (340), ~tagonisro of the depressant effect of 

SM* _-" 1" -~;,.".... t , • • 
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microiontophoresed dopamine in striata1 neurons by chlor-

promazine (341) and the antagonism of dopamine's effect on 
-4 

- rn011uscan neurons by haloperidol (342). 

Another the ory concerni~g the action of neuro-
élit 

1eptics, proposed by Seeman and Lee, states that they inter-

fere with the amount of dopamine reaçhing the receptor by 

interfering with impulse-coupled release. Seemah and, Lee 

have found a good correlatïon between the clinical efficacy 

of neuroleptics and the concentration needed to inhibit 

stimulation-coupled release (173). 

Seeman and Lee's hypothesis cannot fit aIl the 

data, such as antagon~sm of agonists or blockade of adenyl 

cyclase to dopamine. It is probable that neuroleptics 
/-~ 

interfere wi th dbpamine tran'smission by both blocking the 

receptor and blocking impulse-coupled r~lease. One 'or the 

other of the actions 

~ . 
the. neuroleptl.c. 

important, depending on 

.. 
Haloperidol was the neuroleptic selected·fo~ use 

in this study. 

" 
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II. METHODS 

A. AnimaIs 

Sprague-Dawley male. rats of 130-160g body weight 

were used. They-were kept 2 or 3 to a metal cage in a 
" 

room thermostatically controIled at 22'C and relative 
, 

humidity'45%. They had free access to food and water on a 

regular 12 hours light, '12 hours dark cycle. After being . , 

received from the supplier, animals4were allowed at least 

24 hours rest before use. 

B. Dopamine Measurement 

(i) Tis~ue preparation 

. The extraction and 

based on the method of Anton 

modifications. 

a) 

, 
Striaturn 

purificatioJ o~pamine was 

and Sayre (t43), with minor 

"" -' 
.... ~~ . 

1 ln an initial experiment, dopamine was measured 

in the striatum. The whole brain of,rat was cooled in ice-

cold saline (0.9% NaCl) !mmediately after removai from the 

animal. The striaturn was d1ssected over ice: the cortex 

C) was stripped from the anterior forebrain and a cut made 

Jdd+ J • &liS aiL 4Œt ~ ••. lU au.u· 
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through the Iaterai ventricie to expose the striatum, 

which was readiIy recognized because of its dark co1our 

and striated appearance; surrounding tissue was then eut 
. 

away. After weighing, each striatum was homogenized in 

4m1 O.4N perch10ric ~~id. The dopamine in each striatum 

from rat brain was measured separateIy . 

b) Whole brain 

In most exp4riments, the whole brain was used. 

It was coo1ed in ice-cold saline. After drying the organ 

on filter paper and removing blood vessels, the brain stem 

caudal to the cerebellum was excised, the brain,weighed, 

and placed in 10mi of cold O.4N perchloric acid,' with 0.2 
( 

ml 10% EDTA added. After homogenizatiQn with a Teflon 

pest1e, the suspension was allowed ta stand for a few 

, minutes in order to, complete the process of .deproteinization. 

Samp1es were then frozeh. In a typical run, where drugs 

were administered and animaIs sacrificed at specifie times, 

10 min elapsed between sacrifice and homogeniza~lon. 
'-,1 

(il) Purification of Dopamine 

iZ!!; 

a) 
~ , 

Glassware and Reagents 

Glass tuhes, centrifuge tubes and reagent solution 

, 
• 
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bott1es were soaked in 2 N HCl then rinsed and a110wed to 

stand with deionized disti11ed water. The 1ast step was 

repeated severa1 times to leach out ïnterferin"g fluorophores. 

Beakers a~d pipettes u!ed during the assay were not acid-

washed, but rinsed several times wi th deionized water. 

~ll solutions were prepared in double-4i?til1ed water. 

b) Preparation of alumina columns 

Woelm A1 20 3 , 300 grams, was suspended in 1.5 1. ,;t 
< 

of 1 N HCl and heated for 2 hours at 60°C with constant 
. 

stirring. After the alumina had settled, the supernatant 

'~wa~iscarded. The alumina' was washed and fine particles 

eli~i~ted in one or two ways. The alumina was either 

bacKwashed with at 1east 10 1. of deionized water in a 

column, or washed and decanted at least 15 times in a large 

beaker. The second method is less time-consuming. The 

prepared alumina was stored in deionized water. 

Before preparation of columns, the flow rate of 

a-large number of "Pasteur pipettes, with glass beads " 
l' 

inse~ed, was examined. Those with a flow rate of approxi-

mately 4 ml/min were selected and alumina was ad~ed to a 

height of 2.5 cm above the bea~. Plastic funnels, with a 

capacity of rppr,oximatelY 15 ml, wer: attached to the top 

, 
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, 
of the columns and filled with double-distilled water in 

order to wash the columns. The f16w rate was again exa-

mined, and about a third of the columns rejected for spèeds 

too fast or slow. The remaining columns were then washed 

with a tunnel-full of 10 mM mercaptoethanol, 10 mM EDTA 

solution whi~ had been·adjusted to, pH 8. 

c) . Purification of dopamine 

The homogenates were thawed and centrifuged at 

O°C at 12,000 ~ for 15 min. Care was taken to ènsure that 

thawing.did not procèed too long, as prolonged exposure of 

r homogenates to room temperat,ure was found to dec'rease 

recovery. Following"c~ntrifugation~ the pr~cipitate was 

discarded and the supernàtant was adjusted at room temper~ 

ature to P~ 8 with 2.75 N NaOH, 0.25 M EDTA. The sample 

was immeaiately placed on the column. The column was 

washed, first with ·1 ml of ,10 mM mercapto-ethanol 10 mM 

EDTA pH 8.0 solution, then two funnels-full i.e. about 

30 ml of double~distilled water. The sample was then 

eluted"with 4, ml 0.1 N perchlPrtc acid. The sample was 

"' frozen in the acidic state before or after passing through 

the columns. 

.. 
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(iii) 'Oxidation of Dopamine 

The oxidation st~p i's based on the procedure of 

Laverty and Taylor (344). From each 4 ml sample, 2 ~l 
, 

was withdrawn to be used as the blank. Sarnples were ad'jus--• 
te'd to pH 7.0 at room tempetature Wl. th 1.0 N NaOH, O. 5 M 

KH 2P0 4 . Oxidation was performed by mixing in 0.1 ml of ' 

0.02 N 12 in 5% NaI, followed exactly 3 min. later by O.~ 

ml 2.5% Na S02' 1% EDTA, 2.5 N NaOH solution, again followed 

exactly 5 minutes later by 0.2 ml of glacial ace tic acid. 

Reagents were added in reverse order to blanks. Samples 

were then heated in an oven for 40 min. at 1000 

Following cooling to room temperature in a water 

ba th, the fluorescence of eaçh sarnple: was read in an Aminco-

Bowrnan spectrofluororneter. The activation and the emission 

wavel,eng,ths were 315 and 375 nrn, respectively. The sample 

cdmpartrnent slits and'ph6tornultiplier slit were set at a 

width of- 2 nun. The sensi tivi ty wa's set at 100% and readings 
~ 

/ 

made on a ratio setting (where the intensity of excitation 

and the sensitivity of detection are in a constant ratio) . 
.... 

Ïnitially aIl blanks were read. In later experiments every 

\ 
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(i v) Calculations for dopamine co~tent 

In order to convert relative fluorescence readings 

into abEiolute values of dopamine content, and to c.alculate 

recovery, internaI and external standards were used. At 

least 4 internaI standards were used in every experiment. 

Typically, 4 surplus brains were homogenized in 40 ml of 

0.4 N perchloric acid, 0.8 ml of 10% EDTA. The homogenate 

was divided into 8 equal portions of S mIr To one-half of 

4 pairs, l.OO~ of DA-Hel was added. Dopamine standard 

solutions were made by dissolving 10·. Q mg of dopamine 

hydrochloride in 10 ml of 0.01 N Hel to form a stock 

solution, then diluting.-0.20 ml to 10 ml to form a standard 

solution, from which o.bso ml portions were taken for inter-

nal and external standards. 

The internaI stand~rds were distributed in pairs 

at regular intervais among the sampIes, so that any arti

factuàl order effect would' pe detected. After r\ading, ,the 

fluoresc~nce of 1.0 ~g DA-Hel was determined bys~tract~ng 
the reading of one member of each pair from the other, then 

taking the average. The dopamine content of aIl the samples 

was determined by multiplying (1000 ng ~ average fluorescence 

of 1. Q., ng DA-HC~ and di viding by the brain -weig'ht in gral 

to give doprumine content in ng/g. usua~ly, normal rats 

1 
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were found to have a dopamine content of BOO ng/g brain 

(as dopamine base) . 

To calcu1ate recovery, 1.0)Ug DA-HCI was aadecl· 

to 4 ml 0.1 ~ HCI04 and adjusted to pH 7.0 just before the 

oxidation step. The fluorescence of this standard, after 

5ubtraction of blank, was tHvided into the mean ~terna1 

standard fluorescence for 1.O.)1g DA-OC1 to give the 

recovery. Where whole brain was assayed, the rec<;>very 

norma11y ranged between 60 and 70%. 

C. Tyrosine Hydroxylase in vi t,ro 

(i) ,Purification 

Purification of tyrosine hydroxylase was perforrned 

by M. Quik of this laboratory anà is based on the rnethod of 

Nagatsu et al. (17). The general procedure was as follows. 
, 

Minced bovine adrenal medulla was homogenized in sucrose, 

spun dO\>ln, the pellet discarded and the 'supernant .enzyme 

solution partially purified by ammmonium'sulfate precipi

tation and passage through a Sephadex G-25 column. The 

partially puri~me was diluted in Tris-acetate-sucrose 

buffer pH 7.6 fO that t!te final concentration of protein _ 

was 2 mg/ml. !(Yielding an acti~ty of 0.15 nmoles dopa hr l 

r 
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-1 mg ). The enzyme was stored frozen. 

(ü) Assay j 
/ 

./ 

The assay 1S ba~d on the method of Nagat~ et al .. 

a) Reagent solutions\and glassware 

Tubes used in the incuba~ion were acid-washed 

and scrupulously rinsed with deionized water as were tubes 

in the dopamine assay. Vials and beakers used in prepa-
~/ 

ratio~y'sôlutions were rinsed several times with deion·-
/ 

ized water. 

The following reagents were purchased: 6,7-

dime'thyl tetra'hydropterin (DMPH'4,) from Calbiochern (Los 

Angeles, CA); ~-tyrosine -3,5~3~ (58 Ci/rnrnole) from New 

Ensland Nuclear Corp. (Boston, MA); tropo~,ne from'Regis 

(Morton Grove, IL);~catalase from Sigma (St. Louis, MO) 

) 

and Dowex 50 W~X8 from Bio-Rad (Richmond, CA). Brocresine ) 

(~-hyroxY-E-brornobénzyloxyamineL was a gift of Lederle 

Laboratories (Pearl River, NY). 

All solutions were prepared in qoubly distilled 
• 

water. A few solutions were not kept for use . longer,\. than 
~ 

one week: 3M s~dium acetaté buffer pH 6.1; 0.3 M potassium , 
.. 

1 
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phosphate buffer pH 6.1, 4mM tyrosine; lmM brocresine, 10% 
• 
sucrose solution. The scintillat'ion cocktail ,used consisted 

! 
of 700 ml. toluene 300 ml Triton X-IOO and 5 g PPO. 

\1 

The radioactive tyrosine was purified before us~ 

by, passage through ~Dowex ~O W-X8 column, 0.5 cm. by 30 cm, 
) 

and diluted by O.OlN' Hel ta appro~imately 4 x 10 6 cpm/ml. 

Just before the incubation an aliquot of 3H-tyrosine 

solution was dried 'i.n a rotary evaporator at 30° ,and the 

3H-tyrosine redis olved in ~,volume of 4 mM tyrosine 3 or 

4 times that of he original aliquote 

On t e day of the incubation a buffer mixture\ 

consisting of 

buffer, 3 ml 

ml ~f aceta1:e buffe,r, l ml o'f phosphate 

brocresine and 0.2 ml of batalase was pre-

pa~ed. Imm diately before the incubation 10 mM DMPH 4 in, 

25 mM asc bate solution was prepar~d. From this solution • 

more dilute DMPH 4 ,solutions were made in ascorbate if 

necessary. 

J 

" 0 "'1' b) Preparation of Dowex c~lumn' 

DO,wex 50 W-X8 H+ (200-400 mesh) cation ex change 

resin was prepared for columns by M. Quik of this laboratory. 

1 The resin was prepared by baékwashing in ,a 20;.,oy 500 mm 
, . 

/ 
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calumn 1 1. of distil1ed water, wa,shing'with 2 ~. of 

l N~Cl, 3 1. of disti11ed water and backwashing 1 1. 

distilled water. 

Dowex columns (4x20mm) were prepared in pasteur 

pipettes and the resin was washed with water followed by 

1.5 ml of trichloroacetic acid solution (TCA) pH 1.8. 
11 

c) Incubation 

To centrifuge tubes in ice, 0.1 ml of buffer, 

0.2 ml. of trop61one or wa"ter, 0.02'5 or Q. 050 ml of sucrose, 

0.075 or 0.050 ml: of enzyme were added. The enzyme was 

preinc\lbated with shaking no longer' than 15 min. in a water-
. , 

bath at 30° after addition of 0.050 ml of 3H-tyrosine .. 
solution. The reaction was started with 0.050 ml.of DMPH 4 

and allowèd 1 t.o pioceed for 20n:in at. ~hich time 0.1 ml of 
25% trichloroacetic acid was added. 

T~e reaction mixture in~ach tube was passed 

through a Dowex co lurnn , followed by O. 5 ml TCA pH 1 .. 8 

which had been used to wash the ~entrifuge tube. The 
~( 1 

eluate was collected in a vial containing 10 ml of scintil-

lation cocktail. The sample'was then co~nted for its 

content of tritium. 

, , 
/ \ 

m , .. 



, , 

~. 

a 

, 

o 

" i' , 
1 

\ 

• 

" 

, 
Blanks had, everything added except cofactor~ 

which was substituted by wate~. To internaI standards 

tritiated water was addœd instead of 3H-ty(osine .. In order 

: " to provide a measure of recovery the same amount oi tri
Il' 

tiated water as used, for internal standard was a4ded 

direct'ly to two scintillation vials, providing external 

standards. The ratio of internal to external'standard 

counts provided the measure of recovery. In order to .. 
determine the amount of 3H-tyrosine added ta ea~ ~aêtid~-

-~~ 

tube, 0.050 ml \t(as added to tw5 scintillation vials. 

1 -
1- ... 

Activi ty in nmoles -1 -1 protein hr calcu-mg was 
"'-

la ted,. The cbunts per mi!J,u te '('CPM) of each -sample were <;t 

measure of tritiated water forrned. As. tyrosine hydr~xyl~se 

hydroxylates either a normal or tritiated hydrogen,the 

CPM!s were multiplied by two to provide a measure of 

number of tyrosine rnolecules acted upon. In fact only 90% 

of the theoretical maximum, ?f t~itium protons a{e acted 

upon, due to hydrogen interchanges within, the tyrbsine ring, 
o 

50 CPM was further rnultiplied by a correction factor of 
1 

100/90. In arder to ~onveit CPM units into n 
.-,/11 

acted upon, another maltiplication factor was 

where Tyr was the nurnber of n moles tyrosine 

, 
moles tyrosine: 

1 
Tyr/CPMtyr ' 

added to the 

incubation mixture, and CPMtyr the number of coynts ~dded, 
',' 

, 
( 
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, 1 

as shown by external standards .. A correction for r~covtfY 

was made ~y qividin~ by the recovery, as calculated fY the 

counts of tritiated watar in the ~nternal standard divided l' 

by tho~e in the external standard. In order to express the 

results in terms of protein' added, CPM was divided by mg 

protein added. , Finally CPM was multiplied by 60/t, where 

t was the le~gth of r~action in minutes, 50 that the 

resurt was expressed in terms'of hours. 
:L1 

Thu'$ the acti vi ty in n moles/mg protein/hr was 

deterrnined'by·multiplying CPM by 
( . 

100 T:lr ~ .~ 2.100 • 60 
R • 0 . 

P CPM ' "mg protein ~ 90 • t 
,tyr 

" 

.......... '---

or> ) 
D. Monoamine Oxida~ vitro 

(i) Prepa~ation of tissue sample 

4ë Mitochondria from brain were prepared by a mpdi. 

~. 

e r- /, 

.\ 

fication of the meth~ of French and Toderoff (345). Rat 

'brains,were homogenized with a Teflod pestle to form 10% 

homogenate in~_c __ old solut!on c'onsisting of 250 mM suc rose , 

1 5
•· 

DTA, mM tr~s 
'il ' 

pH, 7.4. The homogenate was spun 

for 10 min. at 1000 ~ pellet discarded. The 

1 . 

\ 
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1 
~ supernatant was spun for 15,000 ~ for 5 min. The resulting 

supernatant was d~scarded and the pellet was resuspended 

in 25 ml of 250 mM sucrose, 5 mM tris buffer pH 7.4. The 

sarne step was repeated f after spinning again at 15\f 000 S: ;for , 

5 min. , 
l 

1 
! 

if· • After centtifuging 15,000 ~ for a third tim~ the 
. ," .. 

pellet was resuspended in 0.07 M phosphate buffer pH, 7:t 2, " , , 
50 that' 1.2 ml of suspension was obtained for each brpin. 

',~J.J 

The suspension was stored frozen. 

The crude mitochemical fraction obtained likely 

contalned cell fragments of similar density, such as synap-

tosomes. The protein content was determined by the method 
/' 

of Lowry et al. {346} . 
• 

(ii) MAO assay 

The assay for brain mitochordrial MAo,emplqys 
14 .. 

DA-l- C as the s~bstrate. Products of d~amination are 

collected in ethyl acetate. The methoÀ was based on that 

of Neidle et al. (347). A total incubation. volume of 1.5 
• 

ml,was employed. AlI tubes were acid washed. To 0.9 ml 

• , f 

of' iee-cold D.1M potass~urn phosphate buffer pH 7.2 was 

added 0.4 ml water or 0.1 ml q mM apomorphi~e ~olution and/ 

• 

", 

.. """"'-~---~~_._.--~-""--~"--- - '. , 
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or 0.3r ml haloper~dol solution and/or water to make up the 

difference. preincubatl.on wi th shaking at 37° for no 

longer than 15 min. was ini tiated after ,the- addi tian of 
1 _ 

0.10 ml of enzyme. Th~~~acti6n was started after addition 

of 0.100 ml of 0.1 M phosphate buffer pH 7.2 containing 

J.4 -
oC-DA and cold DA. The àmount of DA varied sa as to ~ive 

, 
a final concentratioQ bet~en ~.8 and 0.08 nM (0.6 to 0.06 

uCi 14C_DA ). 

The rJaction was terminated after 15 or 20 min. 
-~ 

with 0.1 ml of 3 N HC1. Each sample w~s mixed -with 3.0 ml 

1 of ethyl acetate for 30 sec. After spinning in a centri-
~, 

fuge to effect phase separation, the ethyl .acetate layer 

was transferredpto a second tube cont~i~ing 2 ml 0.3 N HC1. 

After 'mixing for 15 sec., 0.5 ml of the ethyl acetate layer 

WqS added to a vial conta.,ining 10 ml scintillation cocktail, 

and the sam~le counted. 

~lanks consisted of all the reagents except 
,> 

enzyme. It was found that thé counts in-blanks depended 

on the amount of label added, thus a blank for each substrate 
. 

concentration was employed. Internal stqndards consisted 

of a fixed amount of DA solution added to vials. 

'" 
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E. Drug Scheiules and Dos~s 
" 

(i) Drugs 

0' 
The following drugs were purchased: sodium 

Y-hydroxybutyrate and a-methyl-p-ty~osine methyl ester 

from Sigma (St. Louis, MO) and pargyline, pheniprazine 

and tropolone from Regis (Morton Grove, IL). Thé fol~owing 

drugs were gifts and are gratefully acknowledged: apomor-

1 • D 
ph1ne Hel and apocôdeine Hel from Merck-Frosst Laborataries 

(Kirkland, Quebec), piribedilfrom Servi~r (Neuil!Vrr-• • 

Seine, France), DL-5,6-dihydroxy-2-dim~thylamino te ralin 
-' 

HBr (M7} (Professor J.G. C~nnon, u. of Iowa, Iowa City, 

Iowa),ergocorni~e hydrogen mileate and 2-bromo a-ergocryptine 

(CB 154) (Sandoz A.G., Basel, Switzer1and), haloperidol 

(McNeil Laboratories, Don Mill's, Ontario) and amphetamine , 

(Smith, KI~e and French, Philadelphia). 
fi 
{I 

AlI drugs were injected in saline except GdBA, 

wfiich was dissolved in water. eB 154 was injected as a 

suspension. ,In arder to ensure stability and' to facilitate 

" disso~ving, M7, apomorphine, apocodeineand ergocornine were 

dissolved ir. slightly acidic ~olutïon. ... 
Haloperidol was 

àissolve9 ir. a =ew drops of glacial aaetic aciè, which 

" was then <'lil:.:::€-": \-:itp,saline, anë' the pH a~justec'l to 

approxima tel:- AlI drugs were injected intra~eri-

toneally .;- ~ .. -e t. O% of the volume of the animal'except 
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, 
apomorph::-:~ , · .... :;:.ch ",...)""",. d' 1 0 "'1% f h was lnJecte ln a vo ume . 0 t e 

animal . 

(ii) G03~ and haloperidol 

In an ini~ial experiment GOBA was injected in/the 

'dose of 1. S, 1. 75"and' 2.0 g/k1 (as ... the SOdi~' s'aIt) and the 

brains tak~n for analysis at yarious times. In other experi-
-'------. 

-~.-., 

merts GOBA was given in a dose of about 2.2 g/kg, and the 
, 

animal sacrificed 40 min. later. Whether the drug was 

penetrating satisfactorily was gauged by the anaesthetic 

effect, if an animal responded to a tail pinch it was not 

used in the experiment. 

In all experiments haloperidol was inje~ted in 

the dose of 5 mg/kg, 2 hr before sacFifice, except in one 
r 

tropo!une experiment, where haloperidol was injected l hr. 

50 min. before sacrifice. 

\ ' 

(iii) O~her n9n-agon~st drugs 

,Tropol;.one, wh~ tested for" the abili~y to inhibit 
'/ 

the rise .of DA after GOBA, was ,injected in ~ dos~ of 50 

mg/kg 2 .hr befor.~o sacr~fice. :When tested for ef~ctl? 

depletion ""bf DA after AMPT, two dosage schedules w~re 
on 

- ~ " ' employe,d. In one case 100 mg/kg was injected 110 min"~efore 
'~ 

, , 
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- . ' 
sacrlfice, in another case 2 doses of, 40 mg/kg were admi-

"nistered 4 hr and 110 min before kliling. 

AMPT (250 m~lkg as ,ester)was injected 2 hr before 

sacrifice. 

~wo monoamine oxidase inhibitors were tested for 

their ability to inh~bit ~he rise of DA after GOBA. Pheni

prazine (4 mg/kg) and pargyline (75 mg/kg, doses refer to 

base) were given imm~diately after GOBA, 40 min before ~ 

sacrifice. 

In one experiment various doses of amphetamine 
, 

,varying from 0.3 to 10 mg/kg (as sulfate salt) were tested 
\ ( . . 

for their ability, to inhibit the rise of DA after GOBA. 

Amphetamine was given 1 hr' befbre sacrific~. When tested 

against GOBA and haloperidol in a 2x2x2 design' in which 

animaIs received or did not receive each of the 3,drugs, 

3 ~nd 5 mg/kg of amphetarnine were used in'separate experi-

ments. 

(iv) Apomorphine and otner agoniqt drugs 
1 

In one experiment apomor~e was ~ested for its 

aoility to inhibit the rate of~~letion of DA after AMPT. 

Apomorphine was injected in /wo doses of 5 mg/kg (as base, 
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ip volume 1% of rat) at 110 and 60 min before sacrifice. 

In aIl other experiments apomorphine and the otner 

agonist drugs were tested in connection with ability to 
~ ~', 

inhibit the rise of DA after GOBA. The main expe~iments 

consisted ~f 2x2x2 designs where every rat received either 
, \ 

GOBA or saline, agonist or no agonist, haloperidol or no 

haloperidol. Thus the ability of haloperidol to aritagonize 

the agonist in its ,inhibition of the rise in DA after GOBA 
,,' 

~ was tested as weIl. In sorne cases various doses of agonist 

were tested against GOBA before the main experimeht was 

conducted. If the agonist was effective in inhibiting the 

rlse of DA after GOBA, a dose was selected so that the rise 

of DA afte~ GOBAwag> inhibi ted' approximately 50%., 11/ this 

way the poss~0~lity for ant~gonism of the agonist by halo-

peridol was maximized. \ 

Apomorphine was administered two ways when testeù 

again~t GOBA and haloperidol. Qne group, designated apomor-. . 
phine "beforé"'received the drug (0.5 mg/kg, as salt) 30 min 

before injection ~. th saline or GOBA, <and a second dG se 

apomorphine (0.5 g/kg) 30 min before being killed .. . 
Another grc~~, apoMorphine "after" 

of 

.. 
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receiveà :-~ ::rst injection jvst after GOBA, and the 

second dCSè 20 ~1n later. 

,,~?o~orphine was ~ested against GOB~ in doses of 

40, 2~, 10 and 5 mg/kg, injected at minus 50 min (wher~ the 

time of sacrif1ce w~s zero time). Subsequently, 15 mg/kg 

(as salt) was tested against GOBA and haloperidol. 

1 

~q was tested agains t GOBA i.n doses of 10, 6, 3, 

2', l mg/kg ( as salt) injected at - 60 min. Subsequently 
) , 

4 mg/kg of ~17 was tested against GOBA and haloperidol, 

inj~cted at - 50 min. 

P~ribedil was at first tested a~ainst GOBA and 

haloperidol in a dose of 10 mg/kg. In another experimen~ 

20' -mg/kg was used. Piribedil was injected irnrnediately 

after GOBA, 40 min before sacrifice. 

Ergocornine was first tested against GOBA in 
'IIJ 

doses. of 0.2, 0.5,' 1.0, 3.0 and 5.0 "mg/kg (as base). Subse-

_quently 3 mg/kg was employed against GOBA and haloperidol. 

Ergocornine was injected ïrnrnediately after GOBA, 40 min 

before sacrifice. 

C3 154 was tested in a pilot experiment agai~st 

GOBA in dS3?S of 5 and 2 mg/kg (as base). Subsequently 
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CB 154 was tested against GOBA and haloperidol in a dose 

of 10 mg/kg. CB 154 was injected 110 min before sacrifice. 

(v) Statistical tests 

Diffe~ence between groups were evaluated by 

Student's t-test. 

Dunnett's multiple range comparisons tesy was 

~sed to evaluate the difference between flu~resce~e seer 

in a control group and that seen in each of s~al e~péri-
Il},ental groups (see below) (348). / 

( 

f~ Quenching of dopamine fluorescence by drugs 
/ 

It was necessary to deterrni~e whether catecho~ic 

d~~gs might be carried through the as say and quench DA 

fluorescel1cer thereby leading to artificially l'ow values. 

Homogenates from control animaIs were divided and 1.0 ng 

DA-Hel add'ed to one-half of each homogenate. In'one 

experiment the homogenates from' animaIs treated with sa mg/ 

kg tropolone 2 hr before sacrifice were treated simjlarly. 

In,another experirnent, in adqition to the control group, 

5 experimental gtoups were ernployed. These~consisted of: 

apomorphine, 2 x 0.5 mg/kg, at -40 and -20 ~in; apomorphine, 

\ 
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10 mg/kg - '" :7:1n; piribedil, 20 mg/kg at -40 min; M7 - - -:;J" 

4 mg/kg a-: -3-J :::Hi. ; a.nd apocadeine, 15 mg/kg at -50 min. 

Th~ ergot ci ::::-''':S! s were not tested, as they are not ~at- ( 
"" echols, and -... -o"Jld not bind ta alumina. 

., 
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III. RESULTS 

A. Effect of GOBA on dopamine Levels 

The effect of different doses Of GOBA, 1.5, 1.75, 

and 2.0 gikg on dopamine content of rat striatum at varioùs 

times was exarnined. See Figure 2. Each point refers ta 

the méan of two striata fram one animal. The figure indi

cates .thaJ dopamine in the striatum io~reased after the 

administration of GOBA to a maximum at approx~mately 45 min, 

after whieh,the dopamine level returned to normal by 3 hr. 

The response depended on the dqse used. When 1.5 g/kg 'was 

.... :.~-. "'., ....... , 'üsea'/ some"'animaTs"dicf-not los'è the righting reflex and 

these animfls were characterized by normal or near normal 

dopamine levels in the striatum. At 3 hr aIl the surviving 

animaIs were awake, and normal DA levels prevailed. The 

. maximum effect was seen ~ith 2.0 gjkg. However 2 of 8 

animaIs giv~n this dose died of anaesthBtic-induced respi

ratory failÙ,re. 

In subsequen~ experiments whole brains were taken 

40 min after GOBA injection •. Initiall'y 1. 75 g/kg was used, 

and the' dose was'gradually incceased to 2.2 g/kg. AlI 

\tinimals given GOBA were tail-pinched; if a rat respo~ded 

àt 40 min, it was rejected and not usêd in the experirnent. 
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Fig. 2. Ef:e.::ts of various dcses of GOBA on the dopamine 

1evel in st.T1atum at varia,us times. Doses of 1.5 (0). 1.75 

(.:\) and 2,::! gjkg (0) were given. Closed squares indicate 
Il; 

animaIs gh-en 1.5 gjkg that did not lose the righting reflex. 
1 • 

The line refers ta the mean of 1.75 and 2.0 g/kg values. 
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B. The Action of Apomorphine on the Increase in DA After 

GOBA v 

(i) The Effect of ,Apomorphine on the Increase in DA 

after GOBA, with or without Haloperidol 
1 

Apomorphine was tested against GOBA in two time .. 
schedules in order to deterrnine whether aporoorpJ1ine was as 

effective if given after GOBA as when given before GOBA. 

In onS, 0.5 mg/lc,g was,injected·70 and 30~-before.sacri-
, ',1 ' 

fice ("before") ~ and. in ~he other, 0.5 mg/k~ was injected. 
1 

after GOBA," 40 a'lI1d '20 min beforeo sacrifice. Tab-le 3 shows 

that ap\morPhinè;was as effective in i'rihibiting the rise 

of DA after GOBA in either schedule (p<O.dOl). Apomorphine 

by i tself did not \f.fect the DA level in saline controis. 

Haloperidol lowered DA level significantly in 
,1 

both ~ontrols '(p<O • .o25) and in apomorpHîne-inj,ected saIin~ 

controls (p<O.OOl).1 When aIl the agonist-GOBA-haloperidol 

- experiments are considered it was generally found th'at 

haloperidol lowered DA slightly,~on average, 13% (p<O.OOl). 

See Table 4. 

after GOBA. 

Haloperidol did n~~ affect the rise in DA 
, 1 

\ 
ave~,age of 77% after GOBA. 

.' 
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TABLE III 

E(fect of apOmOr?nlne on DA levels (ng/g ± S.E.M.), in rat whole brain 

in saline 'and GOBl. treated animaIs, \~i th or wi thout haloperidol. 

Rats received apomorphine (2 x 0.5 mg/kg) either 70 and 30 minutes 

before sacrifiçe, apomorphine "before'''; or 40 and 20 minutes before 

sacrifice, apormophine 'lafter." In this and subsequent experiments 

GOBA (2.2 g/kg) ,-las given 40 minutes before sacrifice and Iiaioperidoi 

(S' mg/kg) at -2hr. Numbers in brackets refer to sampfe si ze. 

Compari~ons are wi th controIs. 

Treatment 
t 

Control Apomo rph i ne . 

~ , "before" "after 

Saline 842 ± 16 {9) 

GOBA 

853 :!: 41 (7) 

1471 ± 35 (7) 

734 ± 25 (9) 

1174 ± 35 *** (7)' fl40 ± 36*** (7) 

Haloperido1 

Italoperidol 
+ GOBA 1387 ':!; 49 (5) 

Student's t-tests: *** p<O.OOt 

698 ± 24 

1381 ± 51 

\ 

(S) 

(7) 

~ , , 
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TABLE IV 

, . 
Effect of haloperidol on DA levels (ng/g.:t S.E,~M.) in 
rat whole brain in saline and GOBA treated animaIs. 
Data are compiled from six experirnents. Nurnbers in 
brackets ref~r ta sarnple size. Cornparisons are with 
contraIs. " 

Treatrnent Control Haloperidol 

Saline 845 ± 13 ( 31) 738 ± 14*** (27) 

GOBA 1493 ± 25 (32) 1446 ± 21*** (29) 

~\ 
~ 

Stùdent's t-tests: *** p<O.~OI 
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The action of COMT inhibitors on the increase 

i~ DA after GOBA 

(af 'T~e e'ffect of tropolone on the increase in 
• 

DA a f ter GOBA 

ln order to determine wQether,the effect of apo

morphine could be mirnicked by a COMT inhibitor, tropolone 

wa~tested against GOBA and haloperidol. Pyrqgallol was 

tested but found to quench dopamine fluorescence. Table 5 

indicates thac tropolOne" by itself, lowers the dopamine 

content in rab brain'~p<O.OOl). Comparisons in Table 5 

are made with controls in the left ,hand column. Tropolane 
. ' 

completely prevented any inèrease in DA after GOBA (p<O.OOl). 

This action was not antagonizeA,bY haloperidol. 

(b) 
//----- -- '" /' / 
. '" \ FluoreScence quenc;hing by tr?pQ10rle 

/ . 
Small amounts of tropol?ne added'to 'DA-derived 

... 
fluorescence were found to qu~nch fluorescence. 'In order' 

1 0 

to determine w,hether enough trctr>olo.n.e entered the, ~rain to 

interfere wi th the assay, 3 'imima1s we~e injected wi th ' '. 

50 mg/~~ and.tHe fluoresc~ce of a known amount of DA added 

tô' one-half of each homogenate compared, with that add'ed to 
- .~ ,. 

each of horno;e~at~ Gompared with that added to each of .4 

control saI'".p_es. The relative fluorescence of 1.0 jJ9. 

\ 
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TABLE V 

Effeet of tropl)lon~ on DA Ievels Jn~/g ± S .E.~I.) 'in 

rat" .... hole brain in saline and GOBA' treated animaIs, 

wi th or wi thout haI<?peridol. 

,TropolQne (50 mg/kg) was given 1:50 before sacrifice: 

Numbers in brackets refe~ ta sarnple size, 

Treatment - Control Ifropolone ., 

.... ~ 
Saline 854 ± 18 (9) 683 ± 28*** (6) 

( 
GOBA 1524 ± 62 (8) 848 ± 44*** (7) 

. 
Haloperidol 744 ± 33 (6) 60S'± 50* (5) 

HaIopèridol 
+' GOBA '1375 '± 40 (6) 7&0 ± 57*** ,(7) 

Student's t~4ests: *p<O.05; ***p<O.OOl 

• , 
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DA-Hel in 4 controls was 153.2 ±4.8, while that of the 
- - . 

tropolone samp1e was 158.7 il.8i indicating that the lo~ 

values of DA seen aftér tropolDne were not due to quenching 

of DA fluorescence . . ' . 

. , 

(cl Inhibition of tyrosine hydroxylase in vivo 

by tropo 10. ne 

lri order to de termine whether the lQ,w values after 

tropo1one could be attributed to inhibitipn of tyrosine 

hydroxylase, the effect of~tropolone on depletioh of DA 
/; 

after AMPT was examined and compared with that of appmor-

phine. Fig. 3 shows that when the tyrosine hydroxylase 

inhibitor AMPT is give~, dopamine declines about 48% . 
. 

Apomorphin~ protected DA from depletion, so that DA dropped 

orily 21%. Long-term exposure to, tropolone, in two doses 

of 40 mg/kg, 'one dose 4 hrs before sacrifice and the other' 
" . 

llO-min before sacrifice, failed to result in protection 

of DA. If a very high Qose of tropolone, 100 mg/kg, was 

given, DA ~ecreased 38%. If AMPT was given in conjunction. 

there was a very small protection of DA, 50 that DA 

decreased by 4~%. It is thus apparent that the action of 
,. 

tropolone,is not similar ta that of apomorphine and may 

best be expla~~e~,by inhi~ition of tyrosine hydroxylase. 

. \ . . 
.- . 
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Fig', 3. Ef::ect of t'ropolone on the decrease in dopamine 
J 

~ . 
after A\IPT in whole brain of rat. Tropolone was' injected 
, . , . . 

at the dose of 100 mg!kg 110 min befcre sacrifice, or in 

2 doses of 40 mg/kg. 4 hr 'and 110 min befo~e sacrifice. 

For pu~pose of compàrison. sorne animaIs received apamorphine 
m 

(2:x'5 mg/kg, as base) 110 min and 60 I!I~ 'befo're sacrifice. 
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(d) Inhibition of tyroSinehydrOXYlasJ bY' 

tropolone in vitro' . -
{ 

- .. 

Fig. 4 shows that tropo]one inhibits adrenal' 

tyrosine hydro~ylasè in vitro. "The IjV against (Inhibitor] 

plot is unusual in that the. lines are' curved rather tpan 

straight. 'Similar s~udies of tyrosine hldroxylase in 
\ .II 

striatal- homogenates were performed. While it was clear 
, 

tha~ tropolOne inhibited Zhe) enzyme 1 the results were 

qui te variable and a~e' not:siown here. 
't 

fig: 5 shows a Lineweaver-Burk plot in which 
v 

the amount of co factor added to adrenal',tyrosine hydroxylase 

, ... was varied. Tropoloné inhibited the enzyme in a cooperative. 

fashion .' 

. , 

li 

1 Eih! 

\ 

. ... 
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Fig. ,4. Effect of various concentr1tions of tropolone on 

.. 
the activi ty of bovine adrenal tyrosine hydroxylase CUV) 

in vitro. Assay conditions were as described in "Methods" . 

at 0.4 mM tyrosine. Velocity i5 in nmoles dopa/mg ptotein/hr . 
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,Fig. 5. Effect of tropolone ,on adrepaJ. hydroxylase activity 

1 

(l/V) as a functi~n of DMPH
4 

concentration (l/S), double 

reciproçal plot: Assay conditions were as described in "Methods'.' 

at, 0.4 mM ~~ine. Velocity i$ in nmole~ dopa/mg proteinfhr. 
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(iii) Apo:norphine as ,a MAO inhibitor 

(a) The effect of MAO inhibitors on the rise 

of DA after GOBA 

In o'rder to determine whether apomorphine would 

be inhibl~ing the rise of DA after GOBA through an in~ibitory 

action on MA,o, the effect of MAO inhibitors pheniprazine 

and pàrgyline on the rise of DA after GOBA was examined. 
. r 

Table 6 shows that neither pargyline nor pheniprazine, 

when,given irnrnediately after'GOBA, inhibited the rise of 

DA cifter GOBA, in co,:trast to apomorphine. The MAO inhi

bitors were a~ting, as DA 'Ievels rose in saline controls; 

- - .,,-.-

(b) Inhi~ition of MAO'~ apomorphine in vitro 

Fig. 6 shows that apomorphine in a concentration 

of 0.4 mM inhibits monoamine oxidase in v~tro. Haloperidol, 

at a concentration of 5 x 10-5 M did not affect th~ inhi-

bitio~ by apomorphine of monoamine oxiàase. 
'1 

(iv) The effect of amphetamine on the rise in DA,after 
u ' 

GOBA, as opposed by haloperidoi 

(a) The effect of various doses of amphetamine 
- \ 

on' the "-increase in DA after' GOBA \. 
\ 
\ 

In O~=~~ to determine whether the action of 

,J 
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TABLE VI 

, 
Effect or.monoamine oxidase inhibitors on the 

o , 

rise of N. (ng/ ~~~t ?.-~: M.) ln rat whol$ brain .. , 
after GQ3\ treatment. 

Phenipra:ine (4 ~g/kg) or pargy1ine (75 mg/kg) . . 
was injected immediate1y after GOBA, 40 minutes 

before sacrifice. Nurnbers in brackets refer to 
" 

samp1e size' . 

Treatnent Saline GOBA 

Control 891 ± 43 . (4') ,. 1499 ± 72 (4) 
, 
1 

P.argrline 110-1 ± 47* (4) 1499 ± 51 (4) 

Pheniprazine 1030 ± 33* (4) 1601 ± 87 (4) 

1 

----- 1: 
Student's t-tests: * p<O.~~ 

! 

\J 

--------.-------
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Fig. 6. Effect of apomorphIne an~alOpeTldOl on monoamlne 

oxidase activlty. Double reClprocaL plot of imtIal MAO 

actl vi ty Cl/V) as a function of dopamme concent,ration OIS) 
, -4 

in the presence of water (.), 4 x 10 M apomorphine (.), 
"' -5 

5 x 10 M haloperidol (0), or apomorphIne + water (0). 

14C-Dopamine was incubated with washed mitochondna as t 
J 

descnbed in "Methods". Protein concentration was 1.0 mg1ml. 
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apomorphl~e :~ ~~e-GOBA-halaperidal paradiçm could be 

" 
mimicked b~ ~ ~~n-ag6nist, DA-releasing drug, the.effect 

',af ampheta.-::i::e ;·;as examined. Fig. 7 shaws the ef,fect af 

various doses of ~rnphetamine sulfate on the increase in DA 

after GOBA. ~axirnal inhibition was abtained with 6 and 

kg, while 0.3 mg/kg was ineffective. Fifty percen't 

inhibi ion was obtained with 3 mg/kg~ 

(b) The effect of haloperidal on the i~bition 

by amphetamine ot the rise in DA after GOBA 

Table 7 shows that 3.0 mg/kg arnphetarnine, by 

itself raised DA levels by approxirnately 22% .(p<O.OOl). 

Haloperidol, which lowered DA in saline controls (p<O.025) 
, ' 

failed ta antagonize th~ increase in DA due to amphetamine 

in contraIs. The inhibition af·the increase in DA after 

GOBA by 3.0 mg/kg amphetamine was, haweve~, antagonized by 

haloperidol. Thus DA levels rose more in animaIs treated 
, ',1;. 

with GOBA, amphetamine, haloperidol than in~OBA, amphetarnine 

treated animals ,(P<O. 01). Thus a known non-agonist, 
, 

amphetamine, is able to mimic apomorphine in this respeçt: 

it inhibits the rise of DA ~fter GOBA, and the inhibition 

is antagonizeè by haloperidol. 

~'lhen t'he amphetaminedose was increased to 5 mg/kg 

: 

.. -
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, . 

Fig. 7. Percent inhibition by various doses of amphetamin~ 

of the rise in DA after GOBA. Amphetamine sulphate'was 

injected l hr beJore s'acrifice. GOBA (2.2g Ikg) was 

given 20,rnin later. 
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'1'ABLr VII ' 

, 
Eff.ect 0: amphetamine (3 mg/kg) on DA levels 

• ' Do • 

(ng/g ~ S.E.M~) in rat, wno1e brain in saline' and 

GOBA treated animaIs, with or without haloperidol. 

Animais ',,'ere givel'l am~hetamine l hOur be~ore sac'ri-
--T------------------------------

fice. ~~ïbers in brackets refer to sarnple size. 

Comparisons are made with controls. 
1\ 

Treatment Co~trol Amphetamine 

Saline 1884 ± 20 (9) 1080 ± 29*** (8) 

GOBA lSS6/z 3S (7) 1281 ± 25**~ (13) 

Haloperidol 783 ± 32 (4) 1048~± 33*** (7) 

GOBA + 

haloper:idol 1475 ± 48 (6) 1391 ± 27 (13) . 

Student's t-tests: ***:p<O.OOl 

, . 

0, .. 

, 

• 
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, 
(ser Table 8), arn~he a~~ne still increased DA levels in 

saline con~rols (p<O. but only by 9%. Amph~tamine 

(5 mg/kg) inhibited the ise of DA after ~OaA by 71% 

(p<O.OOl) and haloperidol failed to antagoniz~ the inhibition 

by amphetaJnine. 

c. ~he Effect of DA Agonists on the Rise of DA after' GOBA. 

with or without Haloperidol 

( i) Apocodeine 

Apocodeine (15 mg/kg as salt) did'net 'affect DA 

levels in salinê controls (;ee Table 9). L~ke its p~rent 

compound, apomorphine r apocodeine inhibited the rise of DA , , . 

after GOBA (p<O.OOl), in this Case 43%. Haloperidol lowered 
, . 

DA in saline controls (p<O.025) and in apocodeine çontrols 

(p<O.025). However, haloperidol did not antagon~ze apocodeine 

in its inhibitory action on the rise in DA after GOBA, 50 

that dopamine levels in brains of GOBA~apoco;oeine-halPperid~l 
.' . 

, rats were not significantly different from those in GOBA-

apocodeine brair.s and significantly lower than those in 

GOBA-ha16pe~ièol-brains Cp 0.05) or in GOBA,brains Cp 0.025). 

• -,~~' .. ~> ... , ~, ; ,. ..... -. 
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':'ABLE VIII 
• 

Effect 'of amphetamine .(S mg/kg) on DA levels 

(ng/g = S.E.M.) in rat whole brain in salin~ and 

GOBA t!'eated anima.ls, wi th or wi thout h.aloper~dol. 

Aiülj1als I,ere given amphetamine 1 hour b'efore sacri-

fice. ~umbers'ln brackets refer to sample size. 

Comparisons aré made with controls. 

Student's t-tests: * p<O.05; ** p<O.OI; *** p<O.OOI 

, . ' 

• __ , . Jf!,.~ "'< '"'; t 



TABU\ IX 

Effect of apocodeine'on DA 1eve1s in rat who1e brain 

(ng/g:!: S.E.N.) in saline ~d GOBA treated animaIs, , , 

with ~r without ha1operido1. 

Rats rece~ved apocodeine (15 mg/kg) 50 minutes before 
" 

'sacrifice. Numbers in.brack~ts refer to sample size. 

Comparisons are made with contro1s. 

Treatment Control Apocodeine 

Saline 809. ± 27 (4) 823 ± 28 (4) 

GOBA 1340 ± 26 (4) 1110 ± 18*** (5) \. 

" 
Halope~ido1 -688 ± 18 (4) 681 ± 8 '(3) 

Haloperi.dol 
24 .. + GOBA 1324 ± (4) 1138 ± 56* -(6) 

.. 
<, 

Student's t-tests: *p<O.OS; ***p<O.OOl 

y ,,: 
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(ii) 

rt~ ~~alogue of apomorphine, M7 , behaved differently 
" 

from ,apo:::or:;:~:,.ne in that' it raised DA levels in saline -con':' 

troIs (p<O.COl) in dose used (4 mg/kg as salt;> by 22%. Mi 
inhibited tha rlse of'DA after GOBA by 44% (p<0".02,5). Halo,;", 

peridol antagonized M7 in its t~ndency to raise DA in controls, 
. . 

but did not antaganize M7 in its inhibition of the rise of • 

DA after GOBA, so that anima~ given GOBA,M7 , haloperidol 

had ·lower DA levels in the brain th an animaIs given GOBA, 

and haloperidol (p<~.025)~ See Table 10. 
/ . 

(iii) Pir{bedil 

Piribedil (20 mg/kg) raised DA levels in saline 

controis slightly (p<0.025) (see Table Il). Like apomor-' 

phine, piribedil inhibited the rise in DA after GOBA, by 

43% (p<O.OOl) ,and, 'as ~ith ~pomorphine this effect was 

antagonized by haloperidoi. .-

(iv) Ergocornine 

Ergocornine, 3 ~g/kg" like M.7-and piribedil.l 

'raised DA i~ saline controls (19%, p<O:OO'l). See Table 

12. Haloperidol prevented this effect in controls .. Ergo-. . 
cornine inhibited the increase in DA after GOBA by,only 27\ 

.. 
" 

., 
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Effect of M7 on DA 1eve1s (ng/g ± S.E.M.) in ra~ 
D 

whole brain in saI!ne and GOBA treated ahimaIs, , 
, 

wi th or ~it:hout ha~operidol. 

f\f7 (4 mg/kg) was gi ven 50 minutes before sacri fiee, 

Numbers in brackets' r~fer 'to' salnple size, Compar-' 

,isons are wi th contraIs', 

?;;. 

Treatment Control M7 
" 

Saline 839 ± 43 (4) 1033 ± 20'** (4J 

GOBA 1625 t 87 (4) 1279 t 62* (6) 

Haloperidol 796 ± 44 (4) 763 ± 6 (4) 
, 

Haloperidol "If 
+ GOBA 1475 ± 4S (4) 1248 ± 50* , (5) 

- St,!dent's t-t'e's'ts: *p~0.05; **p<O,Ol 
~ 
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'm\BLF XI 

:: ?iribedil on DA levels in rat whole brain 

(ng / s = 5.E.M.) in saline and- GOBA treated 'animaIs, 

with J::' .. ithôut haloperidol. 

Piri:,edil (20 mg/kg) was administered 40 minutes 

~ before sacrifice J inunedi~tely after ,GOBA. -l. Numbers. 

in brackets refer to sample size. C~rnparisons are 

with controls'. ... 

Treatment Control Piribedil 

Saline 845 ± 20 (4) 968 ± 35* (3) 

GOBA 1475 ± 30 (4) , 1207 ± 3S**~ (5) 

Haloperidol 762 ± 43 '(2) 809 :!: 36 (3) 

Haloperidol -~~, 
"v 

+ GOBA 1456 ± 48 (4) 1357 ± 42 (5) 

',' 

Student 's t-tests: *p<O.OS; ***p<O.OOl 

''"' 

.' 
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'rABLE XII 

Effect of ergocornine on DA leveis in rat whole 

hrain ,(ng/g ± S.E.M.) in sal1ne and roBA treated 

animaIs, with or without haloperidol. 

Ergocornine (3 mg/kg) was given i~diately after 

GOBA. Comparisions are m'ade with controls. 
0, 

Treatment 
. 
Control Ergocornine 

Saline 882 ± 23 (7) 1052 ± 19*** r4 ) 

GOBA 1577 ,± 43 on 1390 ± 30** (8) 

Halope.ridol 753 ± 47 (4 ) 809 ± .17' (4) 0 ~ 

Haloperidol 1536 ± 35 (9) 1427 ± 29* ... (9) 
J • 

b ~ 
Student's t-tests: *p<0.05; **p<O.Olj ***p<O.OOI, 
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(p<O.005, - ~- ~~ioperidol was unable to overcome the 
,1 

inhibitic~, 3= :nat DA levels in_brains of rats ~iven GOBA, 

ergocorn~~e a~~ halperidol were lower than DA levelsin 
Cl 

br~ins fro~ rats given GOBA and haloperido1 (P<O.05). 

(v) CB 154 
o 0 

CB,154, 10 mg/kg, unlike its sister ergot a1kaloid, 

did not al~er DA levels in saline controls. See Table 13. 

CB 154 inhibited the ri se in DA after GOBA about 36%. 
. , 
(p<O.005). Ha1operidol did not antagonize the inhibition 

; 
by CB 154 in GOBA-treated a~imals. Thus, if haloQeridol 

Jo 

was given, CE 154 still inhibited the rise of DA after GOBA 

. by 2 7 ~ (p< 0 . 0 l) . , , 

1 
\ , 

D. Quenching df DA Fluorescence by Agonists 

1 . The effect of catechol-containing agonists on 

the fluorescence of assay,ed DA was examined. The dose and 
If-

o schequle of agonists were the same as in agonist GOBA 
,"'---

~ 

expe~iments. _ In addition 4 rats were injected with 10 mg!kg 

of ~bomorPhi~e 50 min before sacrifice. Statistical signi-

ficance or the difference between controls.and experimental 
s> 

groups was 'evaluated by means of Dunnett's multiple range 

, 
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r 
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TABLE XIII 

Effect of CB 154 on DA 1evels in rat whole brain . 
(ng/~ ± S.E.M.), ln saline and GOBA treated 

~lm~ls, with or wit~out ~~Ioperidal. , 
CB 154 (la mg/kg) was given l hour and 50 minutes 

befate sacriflce. Compansons are made with contraIs. 
, , 

Treatment 

SalIne 

GOBA 

Ha1operidol 

Haloperidoi 
+ GOBA 

Control 

815 ± 20 (5) 

1379 ± 32 (4) 

711 j: 29 (4) 

1385 ± 29 (3) 

CB l'54 

850 ± 51 (4) 

1177 ± 30** (5) 

702 ± 34 (4 ) 

1229 ± 2@'~ (6) 

Student's t-tests: *p<0:05; **p<O.Ol 

1 



-~-

~ 

, 
{ 

'1 -109-

comparison~ test (348). \ 

As Table 14 indicates, none of the agonists altered 

DA fluorescence significantly, including apomorphine in a 

high dOSé of 10 mg/kg. The latter result is in contrast to 

report of Di Chiara et al. (312), who claimed that apomor-

phine quenched dopamine fluorescence. 

, , 

.... 

'. • ,,".rI! ~_ ~..... ~ "<, 
.... . ~~ 1 b .. 



l' 

f 

1 (. ~ 
j, 
~ r ,.. 
1 , 
1 
t' 
t 
~ . 
1 

J 
t 

1 t 

, I~ • 

o 

-( ._-~--:-: 

~ , :;i" ;">iJ,;i:fBf. 

-- -

TABLE XIV 

J 
/ 

.' Effect of agonists on rel~tive fluorescence aI 1.0 ~g 
dopamine hydrochloride. Low dose of apomorphine and other 
agonists were administered as in GOBA-agonist experiments. 
High dose of apomorphine was injected 50 min before . 
sacrifice. Numbers in brackets refer to sample size, 
statistical significance was evaluated by Dunnett's 
multiple range test. 

Treatment Dose Relative -Fluorescence 
(mg/kg) (uni ts ± S .• E. ) 

M 

Control 40.5 ± 0.3 (3) 

~pom6rphiQe ',10 40.3 ± 1.1 (4), 

Apomorphine 2 x 0.5 37.3 ± 0.7 (3) 

Piribedil 20 39.6 ± 2.1 (4) 

M7 4 37.1 ± 2.7 (3) 

Apocodeine' 
\ 

15 39.8 1.7 (4) ±' 
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IV. !DISCUSSION 

A., The I:t.':.::..:l':' ':10n by armorPhine of the rise in ·DA after 

GOBA 1 

/ 

T:"e aim of i~i~ work was to examine whether dopa-
, 

mine receptors control DA recepto~s by a mechanism which 

does not require neuronal firing. Kehr et al. (274) showed 

that apomorphine inhibited dopa formation in striatum 

isolated by transsection, and Anden et al. (275) have shown 

that apomorphine inhibits dopamine. formation in rat brain 

in which striata have been isolated by either transsection 

or admini.stration Qf GOBÀ. However, ;l~~pretations'of the 

biochemical action of apomorphine, aJrnative to the 

receptor theory have been proposed., Jf it can be'shown that 

the aiternative explanations are invalid, or that a number 

of dopamine agonists different in structure from apomorphine 

behave similarly, then the hypothesis of an impulse-inde

pendent receptor controlling'DA synthesis remains tenable. 

(i) 

i~jected 

tration. 

" Effect of Pre-GOBA Metabolism 

Both Kehr et al. '(274) and 1\.nden et al:- . (275) 

apo~orphine before transsect~on or 7~A adminis-

It seemed possible that the change in DA , 

metabolism-inè~ced byapomorphine (see Introduction, section 

" 
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D(i)a) C~_:~ =a~ry over into the impulse-~ree periode 
, 

Cheramy e~ a:. (349) found that striatal slices trom 
- . 

neurolept~= --:=eated rats e,?Chibited increased DA. synthesis, .. 
whereas the :leuroleptic had rto _effect ~f added directIy to 

the médium. Conceivably, a message or "carrier" which 

controis DA synthesis was involved (~or example, cyclic 

'AMP) which could alter kinetic properties of tyrosine 
ç 

hydroxy~ase. If apomorphine gave rise to,soch a long

lasting messenger through its inhibition of neuronal 

firing, then the inhibition of dopamin~ increase after 

GOBA could be interpretea as due to the continued presence 

of the messenger rather than due to an action on a? impulse

independent re6eptor. 

~aDle 3 shows that when both doses of apomorphine 

are given after GOBA, apomorphine ~s as'effective in inhi

biting the ris~of DA after GOBA as wnen one dose is,given , . 
before GOBA. Moreover, haloperidol, as~ndep et al. found 

; (275) has no-effect on the increase in DA after GOBA, despite 
0. 

its weIl known acceleration of DA ~etabolism normally. It 

th~s appears th~t dopamine synthesis-during GOBA is inde

pe~dent of the synthesis rate that prevailed prior ta GOBA 

administratio:1.. The. "carryqver," hypothesis cannot explain 

the action 0: a?ornorphine in inhibiting DA formation after 
, ' 
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The finding that apomorphine inhibits DA biosyn-

thesis after GOBÀ is in agreement with feports of apomor-
" 1 

phine inhibition of tyrosine hy.droxylation in vitro in " 

striatal slices (Goldstein et al. 350) and in synaptosqmes 

(351,270) . 1 

(ii) Apomorphine as COMT inhibit0r 

Recently it has been suggested t,qat -the"beQa

vioural actions of, apomorphine, which are very likely m~d-

iated through a receptor (see Introduction, sections A(iv) 

and D(i)a), are dissociable from ~ts biochemical actio~~, 

which according to MoKenzie (311) and Di Chiara et al. (312), 

may not be through receptors. 

(a) Tropolone tested against GOBA, haloperidol 

McKenzie suggested that apomorphine 'is tropolone~ 

like. If this i6 true, then tropolPne should be apomorphine-

like. Table 5 shows that, whi!e tropolone prevented the 
B 

increase in DA after GOBA, this' inhibition was not antagonized 

by haloperidol, unlike the case of apomorphine. Moreover 

'urtlike apomorphine, tropolone decreased DA levels in controls. 
• ' <II 4. 

Thus tropolone was not found ·to be apomor~~ine~like in this 

paradigm 

y~~:'l "'''''''' ~'r"'" • ""'W::-<"tJ!~~ _ ~, ..... , ...... ,,' :,,"'~Jo;f""l. • .\~ ... . . ' 
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. , 

. (b) Inhibition of Tyro:sine Hydroxy1ase by Tropolo ne 

One way to expIa in tropo~ ne' s actions in the 

GOBA-haloperidoi paradigm is to,postulate a partiaIIy 

inhibiting action of tropolone on tyrosine hyàroxylase. 

McKenzie .;r;-ejected this possibili-ty as he found that 40 mg/ 

kg tropo]One decreased DA in 2 cat c~udates by only 23'%. , 

If tropolone were apomorphi~e-like, it should 

protect DA from depletion after ~T. If't~opoione were 

'an inhibitor of tyrosine hydroxy~ase it should have no 

.. 

effect. Fig. 3 shows th~t 40 mg/kg tropolone, given in , 
.Jj 

two doses" ~s ineffective in protecting DA from depletion 
, 

after AMPT. A high dose of tropo1one depletes DA substan-.. . 
tia11y, as would an inhibitor of tyrosirie hydroxylase. 

Fig. 4 and 5 show that tropolOne inhibits TH in vitro, 

apparen tly coopera ti vely, 50 thà t' inhibi tian by tropolo ne 

is especial+y marked at high' tropo~o ne or low cofactor 
, 

concentrations. 

, 
The first to show ~hat tropolDne ~;.~~bits tyrosine 

') 

, 
hydroxylase were Ozawa and Suzuki (352), ~h? re?orted 93% 

and 

1 x 

. 
49% inhibition of adrenal tyrosine hyë=cx:':ase at 5 and 

-5 0 

10 M respectively. At optimal conce~~=a~~ons of 

tyrosine- and DMPH4 tropo.1Pne was found tç '::-."'._;:':'-: tyrosine 
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l)y,droxylase =--= :-::-.centrations of the order of 10-1) r~, as 

shown in Fig,~. In vivo, where cofactor levels are 
~ 

1imiting, grea~e= in~ibition could be expected. Broch 

,(353) reported that after IO~ mg tropolone, tropolone 
o -5 

levels'in striatUG decreased from 21 ng/g (17 x 10 M) 

at 30 min to 3.5 ng/g (2.9 x 10-5 M) at 2.5 hr. These 

values are wi thin the, inhibi tory range of tropolone and 

,wÇ)uld eY:Olain th@ depleting effects of tropolone. It is 

therefo~e surprising that Broch repcrted an initial increase 

of DA in brain after 100 mg/kg tropolone f follm'1ed by 

normal levels. Fowever lower brain levels of NE were found 

after tropolone (354) and after 5-'arninotropolone (352). 

Inhibi'tion of tyrosine hydroxylase by tropolone 

can explain aIl McKenzie's data, with ~he exception of the 

decrease of disappearaI'\ce of 3n- DA (311). Possibly tropolone 

inhibits dearnination as weIl as O-methylation and tyrosine 

hydroxy~ation. 

(iii) Apomorphin~ as Inhibitor of MAO 

Dl Chiara'et al. have adduced evidence that.apo

morphine inhibits ~~0 in vitr6 and in vivo (312). They' 

reported that apc~orphine results in protection of dopamine 

./' 

1 
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and prevention of increases in metabolites afte~ reserpine 
\ 

as weIl a's prevention of dopamine metabàli te increases 

after L-dopa adrninistratlon. An increase in dopamine 

levels was found after ~pomorphine, and it was sug~ested 

that,the failure of o~her groups to report a simi1ar 

increase was due to quenching of dopamine fluo~escence in 

the methods used. Di Chiqra et ai. suggested that the 

biochemical actions of apomorphine on dopamine metabol.ism 

rnay be explained as due to inhibition of deamination.- lf 

this explanation is correct, then the inhibition by apomor

phine'of the increase in dopamine after GOBA is due.to 

end-product inhibition of tyrosine hydroxylase following , 

a buildup of cytoplasmic dopamine. More~ver the antagonism 

of apomorphine by ha~operidol should be'due to rantagonism/ ' 
• 0 

of apomorphine" s inhibi tory action on MAO. 

" 

ff' apomorphine is acting ~s a MAO inhibitbr, then 

other MAO inh~bitors." should inhibi_he rise of DA after 
.., 

GOBA. In fact, as Table 6 shows pheniprazine and pargyline, 

two potent MAO inhibitors, have no effect on the rise of 

DA after GOBA. 

Moreover the inhibi tion of MAO by apomorp.hine 

ia ~pt antagonized by haloperidol as F.ig. 6 indicates. 
~# 
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:~e~ching of DA fluorescence b~ 10 mg/kg apomor

phine was ~O~ =ouncl (Table 14) contrary ta Di Chiara et al.'s 

report (312). 

These aata indicat;.e that an "i.nhibi tory. action of 

apomorphine on MAO,is not a sufficient expIa nation of the 

affect of aponorphine in the GOBA~haloperidol paradign 

(iv) Apomorphine as Relea~er of Dopamine 

Apart from its postsynaptic agonist actions, it 

is conceivable that apomorphine has non-agonist presynaptic 

actions as w,ell. Such suggestions have been made after • 

findings of reduced induction of stereotyped behavlour after 
" \"' 0 

lesions of the sub$tant~a nigra (355,356). It seemed con-

ceivable, that in a~dition to'its postsynaptic actions, 
, 

apomorphine possesses releasing actions. Apomorphine could 

thereby prevent an increa.se in DA. after GOBA simply by 

releasing sorne of the DA. If this i~ the case, then the 

behaviour of apomorphine in the GOBA-haloperidol paradi9m 

should be mimicked by amphetamine, which is known to release 

d6pamine, but not act on receptors. Anden et al. (275) 

determined that amphetamine prèvented the rise of DA after 

GOBA, and ~hat haloperid9l did not antà~onize amphetamine., 

However the âose used was high (10 mg!kg) and was 100% 

~J..'., .... 
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effective. In order to compare amphetamine ~lth apomor-

ph~ne, a dose should be employed which inhiblts the rise 

of DA after GOBA by approximately 50%. 

Table 7 shows that a low dose of amphetamin~ 

inhibited the rise of DA after GOBA 41% and this action 

was àntagonized by haloperidol. Thus a low dose of amphe-

tamine was similar to apomorphine in .this regard. Amphe-

tamine differed from apomorphine in th~ the former élevated' 

brain DA levels of saline controls, an increase which was 
., 

not overcome by haloperidol. The e1evation of DA May be 

due to another property of amphetamine, -inhibition of uptake 

of dopamine Inhibi tors of uptake,' s'-:lch as benztropine 

can accelerate DA srnthesis (233). An acceleration of DA 

synthesis in saline controIs by amphetamlne could account 

for the elevated levels of DA and the lack of antagonism. 

by ha,lopèrido-l. 

There are at least three ways in ~)ich amphetamine , 
.. ' 

could inhibit the rise of DA after GOBA. ?:rstly amphetamine 

,May simply re8 50' m~ch DA that 'the ir.crease i.s attenuated .. 

This exp1~nation requires that the releaseè ~~ be mostly 

me~aboiized or removed. Another interpre~at!:~ is that 

amphetamine irtcreases.the pool of DA res?c~s_~:= for end-

... , 
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product ~~~~~l~10n. Third1y, the receptor theory po~its 

that the ~~ released by DA acts on'a dopamine-sensitive 
, 

reéeptor i~~ibit,biosynthesis. 

Recently Kuczenski (230) has found that amphetamine 

added to striatal synaptosomes increa~es DA synthesis. 

This argues against an ~ncrease.. in the po,?l of end-product 

inhibitor DA. Kuczenski also found that synaptosomes from 

amphetamine treated animaIs exhibited a lower rate of tyro-

sine hydroxylation. This finding may be interpreted as 

indirect evidence that DA released by amphetamine influences 

..- tyrosine hydro'IC ila tion. 

Because of the uncertainty whether apomQrphine 

was acting as a DA releasing agent, and if 50, whether the 

released DA was acting on a receptor, it seemed fruitful 

to employ a second approach to the problem of impul~,e

independent re~eptor control of DAbiosynthesis. 

\ 

B. Agonists other than apomorphine 
) 

·A number of agonists other than apomorphine were 
\' 

tested fàr thei~ capa~ity to inhibit doparnine'biosynthesis 

in tbe absence of neuronal flow. Two were derivatives of' , 

• ,~ .. t:"~ /~:.;:' !;.~:·1~~'~ _........ ,,;. "~"":";..{ itl;-.~;·''''';",":,,'''' '~" 1 • ,.,..\. ~ • 
---'-,-.,.-;..-.--~-~-

:. ~~ )r- ... ' .. 
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\ 
apomorpr1l.::-2, ~ut tre other three were quite different in 

structure. 

-
(i) T~e Effect of Various Agon,ists on ,DA Concentration 

The data obtained with the DA agonists are sum-

marized in Ta~le 15. In contrast to the findings of sorne 

other investigators (302,322), piribedil and ergocornine 

eleva ted DA ~levels in saline con troIs , as didr.17. The other 

DA agonists àid not affect DA levels significantly. ,A fi 

reduction of depletion at nerve endings by reductioQ in 

neuronal flow, seen after agonists, may tend to cause DA 

level to increase, as it in fact does after complete 
. 

cessation of neuronal flow. _Agonists may also act through 

a. receptor to inhibi.t, biosynthesis, tending to decrease DA 

levels (see below). Agonists may ~so activa te cyclic 
-

AMP, and thereby DA synthesis ~hrough a recepto! (s~e 

Introduction section B(iii)b). The final OA leve! would 

represent a balance between these factors. Other mechanisms , 

of increasing DA rnay be posèulated, ~uch as inhibition of 

MAO or inhibition of uptake. However in view of the anta-

gonisrn by haloperidol of agonist-induced increases in DA, .. 
these mechanisns are unlikely. 

T~e, view that DA leveis represent a balance 

", 

1 / 
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1 
TABLE XV 

Effect of Dopamine Agonist& in Rats on Dopamine Cane en
tr~tion in·Brain. 

Apomorphine 

Apocodeine 

M7 

Piribedi1 

'fl 
Ergocornine 

CB 154 

Ag@nis~ increases 
brain dopamine in: 

Agonist inhibits 
'" GOBA-induced 
Decrease of DA in 

ContraIs Ha1operido1- Contro1s 
treat~d rats 

Haloperidol
treated rats 

+ 
1;1 

+ + 
" 

" 
.+ J + '. + 

+ + 

+ + + 

+. + 

\ 
1 

• 

------,..--~ '--,--~-
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1 
.... 

between ~:::e=e~t dopamine r~èeptors implies that 'the 
" 1-

.receptors =:::~~ .in structure or sensitivity, or that the 

- agonists a::::-e =::.stribut~!/ unevtn1Y. There have been few 

studies on :.::e distri)6ution of agonists in brain. However " 
! 

it appears t~at agogists may be ~ifferentia11y distributed. 

Butterworth eL al. (1975) found that apomorphine is low in 

striatum cOiiL?ared 'to other parus of brain, whereas ._piribedil 

is even1y distributed t~roughout the.brain after injection 

(357) . 

(ii) The effect of Various Agonists on the Increèse 
1 

in -DA after GOBA 

AlI the DA agonists examined inhibited the rise 

in DA after GOBA. 

Th~omorPhine der i ~a ti 'le." M7 and apocodefne 

inhibited the rise of DA after GOBA. Howevec the action 

of each was different from apomorphine, in that the inhi-

bit ion by neither was antagonized by haloperiqol. Moreover 

M7 and apomorphine differed in that one ,~increased the level 

of DA in saline controls, whereas the other did note These 

differences are surprising, in view of the.close structural . . 
similari ty arong these agonists. It is not known whether 

~7 br apoco=èi~e have any releasing action. 

o 

. , 
li 

~ , 
____ ,...L-......:;.-:. __ --- ; 
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:~e lnhibition of the,rise in DA after GOBA 

caused,b~r ?l~lbedil is ~irnilar to that noted by Walters 

and Roth, (302) and is consistent wo.i th the reported reduc,

tion of tyrosine hydroxylation in slices by piribedil (320) 

and in synaptosomes by S 584 (270). In view of findings 

that the stereotypy produced by piribedil can be aboli~hed 

by depleting stores of DA by treatrnent with AMPT and 

reserpine (316,358), the inhibiting action of piribedil may 
l ' 

be regarded as secondary to release. 

, 
CE 154 and ergocornine, on the other hand, do not 

r~lease DA (323). Both d~ugs inhibit the rise of DA'seen 

. after GOBA. Their actions ..on DA met'abolism are not iden-

tica11 as ergocornine, but not CB 154, elevates DA in saline 

contraIs. 
~-

The inhibi~o~y action,of aIl the agonists on dopa-

mine formation after GOBA admini~tration, despite their 

difference in struct~res, strongly suggests that the 
% 

proposed receptor exists. 

\ 

, 
(iii) The Antagonisrn pf ~~onists by Ha~operidol 

Ha~operidol antagonized the inhibi ~ion by apomor-. 

phine of tyrosine hydroxylation as-reported 'by others (275) 

Il 
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and as 1:: .s:·.:-.~ptosomes (351). This neuroleptib antagonizes 

the inhio~~lJ~ by piribedil of the rise in dopa in decar-" 

boxylase ~::.::.:.;):. tor-:-GOBA trea ted animaIs (,359). HaloperidoI 

was reported to·antagonize the inhibition by piribedil of 

tyrosine hyd=oxylation in striatal slices (266). 

- , ~ 
Ne~=oleptics antagonlze M7 (326) in its peripheral 

actions and the ergot alkaloids in their ability to cause 

circling in rats witn a unilateral 6-hydroxydopamine-

induced degeneration of the nigrostriat~l pathway (322). 

Yet it was 'surprising to find that haloperidol was unable to 
" 

antagonize the inhibition b~ M7, apocodeine, ergbcornine 

or C~ 154 of the ipcrease in ,DA after GOBA. 

Evidently the presynaptic (assuming for tqe sake 

of argument that the receptor inhibiting DA biosynthesis is 

loc~ted presynaptically) receptor is not acted on in the 

,sarne fashion as the postsynaptic receptor. One explanation 

oÎ these results is that the presynaptic receptor is 50 

5truc·tured that halop.eridol is able to block sC?me\ but not 

all of the agonists. However it is difficult to v~sualize 

how apomorphine may be blocked bu t not apocodeine or 1<'.7, in 

view of their structures. 

A~o~~er explanation takes into account haloperidol's 

-" .. ~ ". J "'''';' MMd 
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relative potency in b10cking adeny1 cyc1ase and in b10cking 

rel~ase. Butyrophenomes, such as ha1operido1, are among the , 
.... 1 

most potent antipsychotics known, yet pO,ssess, compared to .. 
other antipsychotics, low potency in b1ocking qdopamine-

sensitive adenyl cyclase (360,361,362). However butyro-

phenomes are very.pot~nt in blocking impulse-coup1ed re1ease 

of dopamine from presynaptic t~rmina1s (363). The~efore 

~, the latter action may be the most important aspect in halo-
1 

perido1 1 g action (~9). If ha1operido1 does not b10ck the 
, \ ' 

ptesynaptic reèeptor but interferes with release of DA 

caused by ,apomorphine or piribedi1, then the observed 

failure to b10ck the other dopamine agonists rnay be expected. 

The sarne exp1anation~may ho1d for in vitro.resu1ts'observed 

with neuroleptics ,and agonists in slices and synaptosomes 

(364,351,266,270). This hypothesis wou1d predict that 

agen~s which are very potent in b10cking receptors. in the 

adenyl cyc1ase model, such as, fluphenazine are most 1ike1y. 

to antagonize agonist-induced inhibition of the ~ise in DA 
\ ~ 

after GOBA. This hypothesis also ho1ds that the presynaptic 

action Qf a~o~orphine and piribedi1 ~s primarily through 

release of do?amine, which then acts on the receptor. If 

this is true, ~~en agents which b10ck uptake of dopamine 

shou1d pote~~~~~e the presynaptic action of apomorphine 

10 
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(iv) Conclusions 

The unanimity of the agonists, in inhibiting the 

rise of DA,after GOBA strongly suggests that a receptor 

exists on which dopamine, most probab~y dopamine released 

by ~he action potential, acts to inhibit dopamine biosyn-

thesis, by a mechanism which does not involve neuronal 

feedback. The action of the agonists on DA ~etabolism ls, 
not uniforrn however, as' is suggested by their diver~effects 

on DA leveis in saline. controls, ·and the abili 'ty of halo-

peridol to antagonize agonist-inhibition of DA synthesis. 

~he differing structures'of the agonists indicate that it is 

unlikely that these agonists. share another property, in 

addition to thei~ agonist function, which would account for' 
, 

the inhibition of the rise in DA after GOB~. 

There i5 i~creasing evidenoe.that, in addi~ion ta 

the reaeptor inhibiting DA biosynthesis, there is a receptor 

Wh~Ch aètivates DA synthesis through adeny~~e (see 

Intr:oduction section B (iii),b) • Upon initial considerat·ion 

it m~y ·seem'o,àd that receptors exist which have opposite 

actions. Ho~e~e~.the receptors c~ncel out at aIl dopamine 

concentratic::s :::::.!.y if identical Vmax' s. and Km • sare shared 

.. 

/ 
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by the two reoeptors. No oné has perforrned a study corre-

lating rate of dopamine synthesis over aIl rates of neu

ronal firing, but fragrnentary evidence suggests that the 

rate of DA synthesls is high when neuron~l firinq is zero . '. 

(as after transsection), low when neuronal firing is low (as 

".after apomorphine) and high when neuronal firing is high 

(as after halop'eridol administration). Assuming that the 

two recepto~s exist in the synaptic region, and that the 

concentration of dopamine in the synaptic clef~ which acts 

on the receptor~, is directly proportional to the 'rate of 

'neuronal firing, then the theoretical considerations 
C· 

suggest that the Km of inhibitory receptor for dopamine 
. 

is.lower ~han that for ~ctivating receptor. The Vmax's 

are probably about the sarne or Vrnax for aètivating receptor 

greater than that for inhibitory receptor. Figure 8 indicates 

the expected rates of DA synthesis'as a function of DA con-
r. ' 

centr~'bion in the synaptic clef t, when Km 1 sand Vmax 's 

are ~aried. The curve in thé lower right is probably the 

normal .one. 

The function of an activating receptor rnay he a 

link between the rate of synthesis and the rate of neuronal 
C 

firing and uti~~zation. If th~ DA concentration 'is high 

enough howeve:::- -::~is receptor w(ll be saturated, and the 
" 

1 
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Fig. 8: Dopamine srntl1esis CY ,axis) as a function of DA 

concentration in the syn3ptic cleft (x axis). theoretical consid-

erations. The superscriptS\ "i" and "a" refer to maximal 

veloéity CV ) and K of receptors that inhibi t or acti vate DA 'max m 
synthesis, respectively. 
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rate of ::;.. s::·:1~hesis r.,each a maximum. If the neuron is 

firing very :-a?idly there rnay be a slight depletion, as is 

in tact 'see:1 after halo~~idOl admin~str~tion. Other 

'" limiting fac~ors are end-pro~uct inhibition by newly reup-
\. 

taken DA, and possibly inhibition of release of DA. 

If the Km of inhibi ting receptor is very low then 

the inhibitory receptor may serve td inhibit DA synthesis 

when nerve firing i's low. On the other hand if the newly 
~ , 

synthesized DA is preferentially released, then increased 

synthesis at very low firing rates rnay provide.more dopa-

mine for the receptor when.the leve~ of dopamine in the 

synapse is very low. 

The situation is made more complex by the probable 

existence of other p~esynaptic rèceptors. It'appears to b~' 

a general principle thab neurotransmitters inhibit their 
, 

own relea,se, and dopamine appears ta be no exception (See 

Introductio~' section B(iii)a). 'Evidence for a nicotinic 
o ~ '. 

- . 
receptor which ca~ses dopamine release from slices hps been 

Qescribed (255). Possible releasing action by other neuro

-- transmitters ~as not been studied. It is possible that 

certain receptors fulfillmultjple functions. In particuIar, 

() the, recepto= i:1~ibiting DA sy~thesis may also inhibit DA 

;f • 
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release. 

, One way to examine the latter question is to 
/. profiles 

cbmpar~ pharmacological of agonist and antagonist 

activity and compare the similarity of effect on release 

and synthesis. ~other way is to examine receptor super

sensitivity. Trèatments such as chronic ~T or haloperidol 

res~lt in supersensitivity of the postsynaptic dopamine 
. \ 

receptor (365,366). It remains to be determined whether 

the receptors controlling DA ~ynthesis and release also 

becorne supersensitive. 

.' . While the-action of the agonists in activating. 

the impuls~-independent inhibitory feeqback receptor 
u 

suggests that th,is receptor is not wholly dissimilar from 

he postsynaptic recepto~, it is possible tbat agents can 

block or bind to the former but not' the la,tter. One pos-

sible candidate is perlapine, a derivative of clozapine, 

,which has no anti-psychotic activity but increases DA ' 

'turnover (367). 

The eventual isolation and characte~izatiqn of 

the receptor inhibiting DA biosynthesis May be anticipated. 

" 
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v. SUMMARY 

Dopamine (DA) i5 a cent~al nervous system'neuro- , 

, transmitter. Most DA terminals in brain are located i~,the , . t . 
striatum, while most DA cell bodies are located in the sub-. 

stantia nigra. Alterations' in DA metabolisrn are involved 

i?- p~rkinson's disease and a~e believed to be i~plicated 

i~ schizophrenia. 

The regu1atd"on of DA biosynthesis and rnetabolism 

is cornplex., The activity of the enzyrne,which is rate-

limi ting in the synthesis of DA, tyrQsine .)ly'droxylase, is ~ 

subject to end-prod~ct inhibition by DA. The amount of 

enzyme protein is a1so regulated. Evidence indicates the 

presence of ~ neurona~ feedback from the striatum to the 

substanti~ .nigrq so that the rate of DA cel1 firing is 

inverse1y related to the degree of ,activation of the post-

synaptic .DA receptor. Increased DA synthesis and'metabolism , , 

15 r~lated to an increasé in DA celi firing. An increase 

in the rate of DA synthesis, but not that of metabolism has 

been observed after prevention of., tranf;lmission of the action 

potential ta the DA nerve'terminal. ·It was suggested that 

t~ere existp a DA-sensitive receptor which acts to inhibit 

DA, synthesis =::- a mechanism which is not dependent on 

i 

----~-------------- ~ . " 
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neuronal -tiiring. ,This study was conducted in order to 

examine this hypotheris: 

y-Hydroxybutyric acid (GOBA) was employed'in a 

dose of 2.2 g/kg in order to prevept the firing of the DA 

cell/ The increase of DA in whole brain of rat seen after 

40 min expo'sure to GOBA was the measure. It was found, as 

has been reported by others, that apomo'rphine (2 x 0.5 tng/ 

kg), a dopamine agonist, inhibited the rise of DA after 

GOBA, and th~t haIoperidol (5 mg/kg), which blocks DA 

receptors T antagonized the inhibition by apomorphine. 
'\., . 

-
Despite evidence that'apomorphiné acts on receptors 

t~oduce behavioural changes and inhibit DA cell firing, 

suggestions have been made that the inhibitory effect of 

apomorphine on DA metabolism is not due to receptor action 

but due to ~hibi tion of monoamine oxidase (MAO'> or of 

catechol-O-methyl-transferase (COMT). 
1 

MAO and COMT meta-

bolize DA. It'was of interest whether the idtibitory action 

of apomorphine on the rise of DA after GOBA was due ta inhi-

bition ofoCOMT or of MAO. 

TropolOne (50 mg/kg), which inhibits COMT ,1 

preNented the rise of DA after GOBA. However, unlike the 

case with apomor,phipe, the inhibition was not anta~onized 

.\ ' 
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by halo~~~~~~l. Tropolone was found to be a pote nt inh~-

bitor 0= 3~~e~al.tyrosine hydroxylase in vitro. In high 

doses (lOO =~/~g) tropolone depleted DA in brain. Unlike 

apomor'phine ~2« 5 mg/kg), tropolone (2 x 40 mg/kg) did 
'-, 

. not protect DA from depletion after" admin.istra tion of an 

1.nhibi.tor of tyrosine hydroxylase'. It was 'concluded that 
, 

aporno~phine is not tropolone-like, and that the action of 

the latter on/DA ~etabolism may be explained by inhibition 

.of tyrosine hydroxylase. 
, ~ 

~he MAO .inhibi tors phenipraaine (4 mg/kg) and 

pargylt'ne {75 mg/kg} dia not inhibit the rise of DA after 

GOBA. Moreover the inhibition by apomorphine of brain 

mitochondrial'NAO in vitro'was not ântagonized by halo-
" -

peridol. \It was concluded' that inhibition of MAO by 'apo

morphine was not responsible for the inhibition of the ri se . ,\ 

of DA after GOBA. 

r· In arder to determ~?e whether the action of 
. , 

apomorphine CQuld be attri~uted ta· a hypothetical relea~in~ 
,,' 

action on DA .. the effect of a 'known DA releas~g agént, '; 

. amphetamine, was exàmined. I,t was found that a low dose 
" 

of ampheta~i~e sulphate (3 mg/kg) inhibited the rise of DA 

after GOBA, and the inhIbition was antagonized by haloperidol. 

,'"' 
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,~ actl:~ == ~?omorphine on DA after GOBA was indisting-
1 

uishable :=~~ ~~at of a releasing agent . 

. ~~o~~er approach to the prob1em of she hypothesized 

receptor was ~o test the ability of various DA agonists to 

inhibit the rise of DA after GOBA. The ability of ha1o-. {" 

perido1 to a~~agonize the agonist was also examined. Each 

agonist was tested in a 2 x 2 x 2 experiment in which rats 

received either GOBA or saline, halope~idol or no haloperido1, 

agonist or no agonist. The agonists employeâ in add~tion 

to apomorphine were M7 (4 mg/kg), apocodeine (15 mg/kg), 

piribedil (20 mg/kg), ergocornine (3 mg/kg) and CB 154 

(10 mg/kg) . 

Piribedil, ergocornine and M7 were found to increase - . 
slightly the DA level in salin'e controls, whereas the other 

agonists had no effect. The increase of DA seen after sorne 

ago~ists was interpreted as due to-an imbalance between the 

tendency to decrease DA metabolism by inhibiting cell firing 

and the tendency to inhibit DA synthesis through a receptor . ., 
, ' 

AIl agonists tested inhibited the rise of D~ after 

GOBA. In v~ew of their differing structure it was unlikely 

that a non-receptor rnechanism was~responsible for the 

unanimous e=:ec~. This result was therefore regarded"as 
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• 
strong evide~çe for the existence of the hypothesized 

rec~ptor. Haloperidol, contrary to expectation~ antagonized 

the effec,t of only two of. the agonists, apomorphine and' 

piribedil. Th~latter result indicated tha~ the action of 

the agonists was not uniform. 

In conclusion, the unanirnity of the agonists in 

inhibiting the rate of DA synthesis after the administration 

of an agonist known to inhibit impulse 'flow stron;l~indi~ 
cates the presence of a dopamine sensitive\,~eceptor which 

\ 
inhibit~ DA synthesis by a mechanism which d~es not depend 

i 
on cell firing. However the differing action of thé agonists 

on DA levels in cont~ols and in animaIs given GOBA and 

haloperidol indi·cates that the action of the agonists is 

not, uniform . 
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