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ABSTRACT 

This work concerns the GABAergic mechanisms involved in the regu!ation 

of adrenomedullary ornithine decarboxylase and tyrosine hydroxylase. These 

enzymes play important raIes. in the bios!nthesis of polya~ines and 

~catecholamines, respectively. Theyôare regulated by central dopaminergic 

and cholinergie pathways, with net excitatory influence, as weIl as by a 

tonie serotonergic inhibitory one. It has now been determined that certain 

GABA analogues are also able to elicit increases in both of these enzyme 
" 

acti vi ties by means of a centr.al mechanism. These GABAergic drugs appear .. 
to aa~ inçlependently of the dopaminergic, serotonergic and choline~gic 

pathways. The similarity of the inductive eff~cts of the dopamine (DA) 

agonist, apomorphine, and GABA analogues such as O-hydroxybutyrate (GOBA) 

and HA-966 suggests that these transmitter systems sh~re a common mecha~sm 

in the regulat~ry process. Because GABA, HA-~66 and apomorphine prevent the 

f-iring of dopaminergic fibres (a11 three through inhibitory action at the 
. 

nigral cell bodies, the last one at the nigrostriatal terminations also) it 

is proposed that this mechanism involves a pre-synap'tic action of dopamine 

and GABA agonil;fts, preventirig' the release and subsequent post-synaptic 
'., 

~ inhibitory action of DA in the striatum~ This hypothesis has been verified 

by the administration of the DA autoreceptor-selective agonist (+)3-PPP: 

this drug caused a significant increase in the activities of the two 

en~ymes. It has also been shown that D-l and D-2 specifie antagonists are 

equally efficacious in bringing about an attenuation of the apomorphine-, . 
elicited increase in ornithine decarboxylase, but the D-l site seems to be 

. more efficient in the case of tyrosine hydroxylase. The results il1 this 

thesis thus serve ta define a'role for a GABAergié system in the central 

'regulation of adrenal enzymes and provide insight into the mechanism of the 

inductive process as initiated by,dopamine agonists. 
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RESUME 

Ce travai 1 porte sur l~nismes GABAergiques qui. inte;vfennent 

dan~ la règu1ation de la(tyrosine hydroxylase et de l'ornithine 

"" "'-de,carboxy1ase de la medu11o-surrena1e. Ces enzymes jo'uent un r'61e 

, ~ J 

i~portant dans la bi_osynthese des polyamines et déS catecholamines, 
"'l 

re s pec t i v ~men t. Elles sont r~gies par les voies cholinergiques et ., , 

dopaminergiques centrales et soumises ~ une influence excitatrice nette 

ai nsi qU'uJe 
.,. 

i nf 1 uence inhi bit ri ce sero toni ne,rgi que tonique: On° a , . , 

.... - ./' determine que certains analogues du GA BA sont egalement capable(.de 

"" provoquer une augmentation de ces deux acti vi tes enzymatiques par le biai$ 

d'un m-ecanisme central. Ces drogues GABAergiques semblent agir 
l 

i n d ê' pen dam men t des v 0 i ,e s • ch 01 i ne r ~i que s , 
./ , 

serotonine,rg.iques et 

. , u"" _ 
dopaminerglques. ,;La similari te d~s effets de declenchement par l'agoniste . 
de la dopamine (DA) comme l'apomorphine et des analogues du GABA tels que 

.,. 
1 'hyd~_oxybutyrate (GOBA) et le HA-966 laissent entend're qu'ur mecanisme 

./ , 
cOt'QJnun int,erviendrait dans le processus de regulation par ces systemes de , 

transmission. 
.... 

Puisque le GABA, le HA-966 et l'apomorphine'empechent la 

".. to .t.. \ 

de charge de's fi bres",dopami ne rgiques (tous troi s en exe rcant une acyon 
, ~ 

1 
inhibitrice au niveau d,! corps cellulaire du locus niger, l'apomorphine 

/ / . 
agissant egalement aux terminaisons 'nigrostrieesJ, on croi t que ce .... 

....... ;' .... ~,. du' mecanisme serait associe a une action pre-synaptique des antagonistes 

GABA et de la dopamine, ce qui emp~cherait la lib~ration de la DA dans le 

striatum et;'par la suite) son action inhibitrice post-synaptique. On a 
~ - / , ./ verifi'e cette hypothese en administrant l'agoniste (+ )3-PPP, autorecepteur-

_ A~ 

selectif de la DA; cette substance a entraine u~ acc,roisseinent significatif 

..... 
des activites des deux enzymes. On a ,... "'-egalement demontre que les 

. b..... '0 /' " 

antagon1stes spe.cifiques de D-l et D-2 reussi.?sent· tout aussi efficacement 

" ,.. /,/ 
.a attenuer l'accroissement du ta.ux d 'orni thine decarboxyl as~ provoque par 

.... ~, i ~ _,r \ 
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l ~Îp<Jmorphine; toutefois, le si te de D-1 semble plus eff,fcace dans le cas . 
de la tyrosipe hYdroxy1ase •• ," 0 " , Les resul tats de cette these servent ainsi a 

,\ ....... 
" "~L"") ,. 'def1.nir le rol~ œu systeme GABAergi'que dans~'la regulation centrale des 

, 1 
• • • ..,..----- ... ". ! / 

enzymes surrenal es et a ecl.airci r le mecani sme du processus 1nduc t if t~l' 

.r -qù'11 'est amorce par les agonistes de la dopamine. 
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. 1. GABA -
(a) Introduction 

(f-amino~tyric acid (GABA) wes ~ynthesized in 1883 and was known "for 

Many years as a product of plant and microbial Metabolisme Roberts and 

Frankel (1950) were the first to find this substance in the mammalian 

central nervous system, over thirty fi ve years ago. During the ensuing 

cyears i t has become apparent' that this chemically s'impIe material May serve 

an -important neurotransmitter function 'r~berts e.t 

ls considered to be the most important0Pnhibitory 

al., 1976). In fact, i t 

neurotransm1ttter in~the 
\~ 

nervous system. °Over one third of aIl nerve endings within the brain May 

re l eas e GABA as a t ransmi t ter (Fonn um and Storm-Mathis en, 1978). 

Defiè1encies in GABA function have been associated with such neurological 

, gisorders as Huntington's cho,rea (Perry et aL, 1973), Parkinson'~ disease 
".~' .' 

(McGeer et aL, 1971(and epilepsy (Lloyd et aL, 1984). Excellent 

evidence exists 1inking the development of d~b1litating anxiety to the GABA 

system (Olsen, 1982; Williams, 1983). In fact, today's most prevalent , 

Medication for anxiety is Valium\(dlazepam), a drug which interacts with 

the GABA-receptor complexe GABA~has also been implicated in the regulation 

~ of b100d pressure (Defeudis, 1983). The data aecumulated .. ~o support a 

neurotransmitter role for GABA have been crucial for the development of the 

g'e~era 1 concept of ami no ac:Ld neuro transmission. The important findings . 
with GA BA have become the impetus for studies which have suggested that 

1 

~gents ~uch as glutamic aeid, glycine and taurine May also act as 

neurotransmi tt~rs in the central nervous system (eNS) (Enna, 1979). 

(b) Syn thes~ s ,uand"".tl\ tabol i sm 

GABA does not readily penetrate the blood-brain barrier (Rober~s, 

1962); hence, 
;' 

thetranBmjtte~ must b~ sYntheSjze~ovo 
, 

wi thin the 
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neurone The major portion' of cerebral GABA i9 de ri ved by the 0<.­

decarboxylat1on of glutamic acid catalyze~ by L-glutamic ac!d 

decarboxy1ase (GAD:EC 4.1.1.15; Roberts and Franke1, 1951). This 
• 1 

conversion requires pyridoxal 5-phosphate.(PLP) as cofactor (Rober,ts et 
If 

al., 1964). A significant amount of GABA i5 stored in nerve terminaIs, and' 

numerous st~(IVer~en 7t al., 1971; Ryan and Roskoski, 1975) have shq~ 
that it i8' re1eased by a calcium-dependent process. GABA is taken up in~o 
, 

synaptic terminaIs by an active, high-affinity, Na+-dependent transport. 

sys tem~ Thus, 1 ike other neurotransmi t ters, the terlllina t ion of the 
, 

synaptic actio~f GABA May be brought about by a~ efficient'recapt~re _ 
" 0 

mechanism (Szerb, 1982). lt eventual~· undergo8s. metabolic degradation by~ . , 
.' 

~ ,~ ~ 

tne action of the mit~a1 enzyme 4-aminobutyrate o(-ketog1 utarate 

'aminotransferase .('GABA-T; EC ~.1.19). This PLP-dependent enzyme produc:s-

glutamic ac1d, thereby prov1ding-a continuous supp1y of the GABA precursor. 
, 

The rate-limiting step in GABA met·àbolism is at its point of synthesis 
o 

(Roberts and Kuriyama, 1968). The regulation o( steady-state 

concentrations of G~BA is thus, for the most par,t, the regulation of GAD 
(. . 

acti vity. A possible mechanism for the control of the production of GABA , , 

o -

at nerve endings might be the inhibition of synthesis of its biosynthetic 

enzyme. Evidence for a feedback repression of GAD has been advanced (Sze, 

1970) on hhe basis of the demonstration that when GA~A level~ are elevated 

in developing mouse brain, GAD activity i8 concomitantly reduced. 

(c) Distribution ............ , 
. 

GABA ls widely distributed in the nervous system of vertebrate 

species •. Although its presence is almost exclusively confined to the brain 

and spir,al cord, there is évidence ror the presence of GABA in peripheral 
~~ 

tissues a1so (Wu et a!., 1986). Furthermore, GM3Aergic neurons have been 
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foun,d in the ettteric nervous syste,m (Jessen et aL, 1986). The 

cU stri butioI). of GABA in m~nkey, "rabbi t and rat brai ns, descri bed by Fahn 
\ 

and ~6té' (1968) and others, reveal\that there are regional differences ib 

GABA concentrations within the CNS. \The highest concentrations are found 

\ ~ 
in the substantia nigra, globus pailidus'," hypc)thalamus and other celi body-

rich brain.areas, whereas the lowest concentrations are found in white 

'matter. Nevertheless, GABA is more extensive1y and more evenly distributl:!d 

in brain tissue than acety1èholine or the monoamines (Fonnum and Storm­
\ 

Mathisen, 1978)~ Moreover, unlike the monoamines, the concentrations of ... \ 

GABA fo.d-in the CNSiis of the orde; ,of }Jmoles/gm rather than nmo1es/gm 

(Cqoper et al., 1982). 
,~ 

'(d) GABA Receptors , 

Al though the ear1y biochemical studies suggested that CABA behaves 

1 ike a. neurotransmi tt"er, the evidence for such a function was not 
" 

\ il 
compelling until e1ectrophysiologis'ts were, able to demonstrate a ~pec1fic 

.J. 

response for this substance. The most imp?rtant ftnding in this regard was 
\ 

the discovery that the convulsant drugs picrotoxin and bicuculline 

selectively' Slock the electrophysiological action of 'GABA (Curtis et aL, 
J • 

, 
1971). These data indicated the presence of physiologically active 

l'eceptors on mammalian neurons,' 'firmly estab1ishing GABA as a 
• 

neurot-ransmi t ter. 

GABA receptors are generally classifi~eïng' bicucul1ine-sensitive 

or bicuculline-insensitive. The former c.ategoI:Y defines the GABA-A site 

while the latter refers to the GABA-B site. GABA-A receptors are present 
~ 

( 

on celi bodies, dendrites a~d axÔ"n terminaIs whereas GABA-B receptors are. 

found only on the nerve terminaIs containing neurotransmitters other than 

CABA (Enna, 1983). 

4 
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Iont~phoretic studies have shown that GABA inhibits the firing of 

neurons in mammal ian CNS ln prac ti calI y every area tested (Fe 1dman and 
(J 

Quenzer, 1984). GABA seems to be involved in two types of inhibitory 
,) . 

process: postsynaptic inhibition ... and presynaptic'; inhibition. 

Electrophyslological studies indicate that GABA-A receptors are coupled to 

a ch10ride ion channel. Activation of the recognition site triggers a net 

influx or eff1ux of chloride ion, depending upon the prevailing 

c~'ncentrat1on gradient (Enna élnd Gallagher, 1983). GABA can ind.uce 

postsynaptic, inhibition by hyperpo1arizing the Pos.tsynaptic membrane. This 

18 achleved by a~tlvating GABA-A receptors located on ,the soma or dendrites 

of the 'postsynapt'1c neurone AcÇi vation at ,these, si tes a110ws for the 
\ . 

passage of chloride ions down its çoncentration gradient in~o the neuron, 

caus! ng hyperpolarlzation and a decrease in ce Il u1 ar act! vi ty. If the . . 
, 

chloride concentration of the surrounding medium is ~ubstantially lowered 

GABA's hyperpolarizing effect can be blocked. The other form of GABA-

mediated inhibition, presynaptic Inhi bi tion, is c'ommonly found in sensory 

systems and serves to, modu1ate sensory input (Feldman and Quenzer, 1984). 

Acti vation of GABA-A reëeptors at presynaptic si tes, i.e. at nerve 

ternrinals, leads to a net efflux of chloride ion caJ.~ing a partial 

depolarization. VWhen a nerve impulse reaches the slightly depo~arized 
l. 

~ 

terminaIs, there is a relatively small influx of calcium ion and a smaller 

amount of transmitter ls released (Fe1dman and Quenzer, 1984). This 
1 

resu1ts in a sma1ler excitatory effect at the postsynaptic site. ' 

Much 1 ess i s known about the mec hanisms assoc i ated wi th GABA-B 

receptor activation. ln contrast to GABA-A receptors 1 binding to GABA-B 

sites Is ca1cium-dependent and is not blocked by bicuculline (Hill and 
\ 

Bowery, 1981). Because this receptor i5' -'coupled to the neurotransmitter 
" ' , 

l 
release pro.cess (Bowery et aL, 1980), i t would seem 1ikely that GABA-B 
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receptors may influence intraceilular leveis of calcium. 
, j 

v In general, de8pi~e the differences between the GABA-A and GABA-B 

reeepto~ subtypes, c~llular activity is diminished following GABA-receptor 

a:cti vat:(0n. 'terefore" _ GABA is desig.nated an inhibi tory neurotransmi tter. 

Tl}e stud~iried 'out in this thesis are based on this premise; however, 

al though GABA i s considered inhi bi tory at the neuronal leve l" the 

• possibility thB;!. GA BA ean have net excitatory effects ,as a r~:~uIt_ of . 

complex interneuronal connections cannot be excluded:-

! 

2. - GABAergic Agents Used In This Work: 
, \ . ~ 
The emerging· importance of GABA ia the neuropathology of Huntington's 

chorea and epilepsy has been the impetus for a great dea! of research: 

devot~d to the developlllent' of GABAmimet!c agents. Several have been 
, 

synthesized 'or isolated to date, but for $he purpose of studying, the 

GABAergic mechanisms presentecl in this thesis, on1y fi ve GABA ana1ogu!=!s 

were used (see Figure 1). What fo1!ows in tnis seCf:ion is a brief review 

of some of the physiologiea! a,nd biochemical pro-perties of these 

compounds. 

(a) Muscimol, Progabide and Bièucul1ine 

Q Muscimol: 

Muscimo1 (3-hydroxy-5-aminomethylisoxazole,) isolated from the 

mushroom Amani ta muscaria, has a striking structural similari ty to .GAB~ 

(Curtis and Watkins, 1965). Iontophoretic application of muscimol to 
• 

selected neuronal cell populations reveals that muscimol has a pronounced 

GABA-like inhibitory'activity which can be antagonized by bicuculline but 

no t s t r y c h n i ne ( Jo h n s ton e t al. ), 1 9 6-8 ) q Re cep t 0 r - b i n d i n-g and 

electrophysioiogi~al tests suggest that ruuscimol 1s a GABA-A agonist (Hill 

\ , 
" 
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o 

and Bowery, 1981). In fact, ~ vitro studies have indicated that 
~ , • 

muscimo1's affinity for GABA receptors fs greater than that ôf'GABA itse1f 

. 
(Enna et al., 1977). The higher affinity of muscimol has been attributed 

to its structure; the distance between the two ~harged groups on the 

isoxazolol Jeri vati ve has been shown to be Ideal for' agonistic action on 
\ 

GABA receptors (Krogsgaard-Larsen et aL, '1975). Furthermore the rigid 

structural ~onfigurati~n prevents an interaction between muscimol and GABA 

reuptake (Krogsgaard -Larsen et al., 197,:'). The lack àf a recapture 

mechanism prolongs the synaptic action of muscimol; tbis is in accord with 
J 

the views of Naik et al. (1976), who suggest that muscimol has a potent and 
(') 

long-lasting GABA-like action. 

As opposed to other GABA agonists, muscimol manifests central necvous 

system activity in man after systemic administra,tion, causing lethargy in, 

low doses and hallucinations at high doses (Waser, '1967). SimilarlYyNaik 

et al., (1976) have shown t~at intravenous1y injected muscim01 acts oJ the 

rat brain as a potent GA BA agonist. In genera1, conformationa1ly 

restricted analogues of GABA, like GABA itself, do oot cross the b100d-

brain barrier to inf luence central GABA receptors aft~F-.. systemic 

administration. The excepbions appear to he those analogues, such as 

muscimol, which contain 3-isoxazole moieties as masked carboxy1 groups 

(Johnston: 1~78J. After intravenousrinjection, muscimo1 enters the 

brain 'and is distributed unevenly to various regions. According to Bara1di 

et ai. (1979), the regions with the highest concentrations are substantf.k 

nigra, the co Il i cul i and the hypo thal amuse Howe ver, onl y 0.02% of 

authentic 'muscimol ls found in rat brain 30 minutes after Lv. i nj ection of 

a pharmacologica1ly active dose (8 pmole/kg or <1 mg/kg; Baraldi et aL, 
". 

1979). T.le drug disappears rapidly from tlle hlood and this is paralleled 

by a rise ln plasma levels of various Metabolites (Baraldi et aL, 1979). 

7 
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These o~servations appear to suggest two factors that are responsible for 

the relatively low levels of muscimol in brain. (1) The tirst 18 the slow 

diffusion of muscimol through the blood-brai n barrier.' Studies by Maggi 

and En.na (1979) indicat'e that muscimol accumulation in brain after Lv. 

1 
administration is not significantly greater than that of GABA itself • 

. 
Thus, while museimol does enter the brain, it does so at a very slow rate. 

Ne verthe I ess, some of the pharmaco l ogieal actlons of muscimol following 

systemic administration are probably attributable to the uptake of 

authentic muscimol by the ~rai~. 

nmol, of muscimo1 directly- in10 the 

For example, the injectiotLQ.f 0.8-1.6 
" ., \ 

brain has an effect on the ha~perido1-
/' 

induced activation of the nigrostriatai system which is compar~le to that , ~ 

obtained by i.v. injection of 4-8 pmole/kg of this drug (Gale et al., 

1978) •. Thus, the .smaii aliquot of an -intravenous1y injected dose of 

muscimol that enters the brain (0.02%; Baraldi et a!., 1979), is sufficient 

ta explain some of the pharmacologieal.actions observed. 

(2) The second factor contributing to low brain levels of muscimol is 

its surprisingly rapid metabolism in thê periphery. The cataboli1c pathways , 

for this drug could be oxidative deamination or transamination of the side 

chai n (Bara l"ai etaI.; 1979; Maggi and Enna, 1979). Anima'l s gi ven 

.aminooxyacetic acid, a GABA-T inhibitor, have tÏ'ssue and brain 

concentrations of muscimol that are severai times greater than those of 
~ . 

untreated animaIs (Baraldi et aL, 1979; Maggi and Enna, ,1979). T~is 

sug'g~sts that transamination is the maj or pathwqy for muscimol. breakdown. 

However, the possibility exists that mu'seimol metabolites. may also 

'penetrate the brain.- H~,nce, the effects observed after systemic 

-
administration of muscimoi may not be d4e to an action of muscimol alone 

but rather, to a combination of muscimol and its derivatives (Maggi and 

" , 
\ 
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Enna, 1979). 

Like a11 GABAergic agents, muscimol appears to depress nigrostriatal 

dopaminergic transmission. How~ver, this agent fs unique in that this 

. 
inhibitory effect is exerted only at the level of the substantia nigra 

(Wood, 1982). Systemic as weIl as intranigra1 administration of muscimol 

antagoniZes the "'haloperidol-induced actf vation of striat~.l_ tyrosine 
, 

hydroxylase (TH) (Gale et aL, "t 1978), suggesting a 'mechanism for' the 
<:l, , 

.. 

GASAergic r~ulation of nig:.,ostdatal dopamine neurons. HOj1ever, other 
, 

authors claim that muscimol 's effe'ct on dopamine metabolism differs f'rom 
",-' 

that of ,other GABA analogues, such as GOBA or HA-966 (see section 2 (~) ~ 
" - " be1ow), i,n t-hat it is not associated with DA accumulation (Biggio et aL, . ' 

1977). Accordingly, Wood (1982) has suggested that a GASA receptor, 

exclusive of dopaminergic nerve endings exists'within the stria~um which ls 

sensitive to muscimol. Some have sugg~sted that muscimo1 might even 

facilitate dopamine re1ease in certain circumstances (Matsui and Kamioka, 

1978). Indeed, the effect of muscimol on dopamine transmission is comp1ex. 

Even the route of administration must be considered: whereas i.v. muscim01 

Q' 
produces slgnificant dec;reases in DA .concentration, i.p. muscimol causes 

incréases (Gundlash and Beart, 1981). 

fi) Bicuculline: 
\ 

The convulsant a1ka10id bicuculline, iso1ated from Corydalis and 

Dicentra plants, is now genera11y accepted as-a selective GABA antagonist 

(Johnston, 1978). This'antagonism of inhibitory synaptic transmission 

medJatea by GABA was shown by experiments in which drugs were applied 

iontophoretically to neurons in'the vertebrate central nervous system 

(Curtis et al.,' 1971). The a1ka1oid appears to act directly at the GABA-A 

receptor recognition site, hence it is a competitive antagonist (Enna, 
(> 

>l, -
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, 1279). Bi'cuculli ne-sensi ti ve synaptic i nhi bi tions are found ln aIl aresa 

'of the brain. This may reflect the widespread invol'vement of GABA as an 

inh1bitory transmitter; however, other b1cucull1ne-sens1tive 1nh1bitors, 
, 

sucp as , -alanine and taurine:.; are found in the bra.i~n,. so that not aIl 
ft .. .. ~ 0;" .... 

bicuculline-sensit1ve synaptic inhibitions necessarily involv~ GABA. The 

neurochemical data appear to support the view that GABA ~s ibvolved in the 

vast majority of bicuculline-sensitive inhibitions (Andrews and Johtfston, 

1979). 

Early doubts regarding the usefulness of bicuculline as an 

investigative drug have been related to its instability under certain 

conditions. At physio 1 ogica 1 pH anc! 370 C i t i s hydro 1 yzed to 'the 

relatively inactive G~ antagonist bicucine (Olsen et aL, 1975). The' 

conversion Is effected b~ cleavàge of the lactone ring (see structure, 

Figure 1) and tt occurs within a few minutes. 

Quaternary saI ts of bicucull ine such as bicUCUt Ùne methiodide (N-

methylbicucul Vne) and bicuculline methoc~loride are stable in the pH rang: 
~tJ 

2-8 and are ~uch more water-soluble than simple salts of bicuculline 

(Andrews and Johnston, 1979). For these reasons, 

U5~{ for many studies involving the GABAergic 
, ~ 

they are considered quite 
, , 

, 0 

system. Simple saI ts' of 

bicucu1l ine are essenti al, however, for studies of central effects 

fo11owing'systemic ad~inistration because the quaternary salts of~he 
, r. 

, . 
alkaloid do not readily cross the blooq-brain barrier. The experiments 

carried out in this ~hesis make use solel y of the free -base of bicucu.tline. 

Progabide is a synthe'tic compound defiq,ed as the Schiff base of. gamma-

~ aminobutyramide and a subst!tuted benzophenone. It w~s synthesized by Dr.o 

'" J.P. Kaplan of Labor'at:Q...ires d'Etudes et de Recherches Synthelabo, P.ar1$ 
\. ", .. , 1 

10 
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(Kap1àn ,et aL, 1980) • The benzy1idene
o 

eore, li nked to the gamma-

aminobutyramide side ehatn, p;9yides the meehanism for transport aeross the 

gut and the b10od-brain'f~arrier (Bergmann, 1985),_ 

prog~bide undergofs e15tensi ve metabolic ,degrada't,iop._ The major 

metabolite ls the a~id rrivativ~ (SL 75.-102)" formed by either oxidative 

deaminatlon or trans,amination. . By clea yage of the 'i~il1e bond,' progabide 
, , 

and its acid"derivative may give rise to GABAmide or GABA, respectively 

(Worms et a 1.', ~82), After' i .p. and' oral adminis t ration, progabide 

appears to be distributed extensi vely and rapid1 y to various body tisSues 

and organs (Worms et al., 1982-). The me tabol i tes and GABA appear in the 
o 

Do circulation ,...and in the b,rain a few minutes after administrati'on. Brain 
" . "', 

concentrations of unchanged progabide are 2-3 times higher than the 

corresponding plasma levels' over the entire observation period, suggésting 
/ 

that indeed, progabide crosfij!s the blood-brain barrier. In contrast 1 the 

. higher plasma levels and lower brain concentrations of SL75,1.02 as compared 

to progabide are consistent with the higher polarity aad poorer 
" 

, 0 
penetrabi li ty of the acid deri va ti ve (Worms et aL, 1982). Levels of GABA 

and GABAmide continue to rise in the brain quite slow1y" peaking 4-6 hour~ 

aIter administration (Worms et aL, 1982). These two metabolites most 

probably originate there, as a resu1t of cQnversion centrally, because both 
1 

cross the blood-brain barrier wl th. diffiéUl ty. 
, 1 

• 1 

:r~ should be noted that the GABAmimetic proper~ies of progabide are 

due to the odirect action of 8L75.102 a~d progabide on GABA receptors pos 

weIl as the fact that progabide i~ a sourc,e of exogenous GABA (Bergmann, 

'1985). The arder of potency of bililding has been descrJ.bed as: GABA> 

S17 5'.1 02 > GABAmidè > proga bide. 

Pharmacologieal studies of the action of progabide have been earried 

out not only ta tearn about thè actio~of this agent ltself but also to 
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underst{lnd the normal physiology of GAB~ed1ated neuronal systems. In' the 
, 

rat,. progabide 1nereases the 'rate of turnover of norepinephrine by 

increasing the liberation of the n'eu-rôtransmitter. lt also effects a 

decrease in the synthesis and re:l.ease of both dopamine and serotonin (SBT) 

(Scatton et al., 1982). the physiologieal effects of progabide on the 
. 

cholinergie system indicate a reduction in transmission of this 

neurotransmitte,r also, proba.bly due to a local striatal effect (Scatton 

and Barthol!ni, 1982). 

Unlike muscimol and its Metabolites, progabide ia relatively free of 

toxicity. It is the first GABA agonist that Is ,,!seful in exploring the 
\ 

role of GABA in human disease. ,Preliminary elinical studies have a1ready 
, 
! 

shown progabide to be effacti ve in the treatment of epi Iepsy, spastici ty 

r~ move ... nt -disorders (Bergmann, 1985), 

(b) Gamma-Hydroxybutyrate (GOBA) and ·HA-966 

i) GOBA:' - , 
About 40 years ago, GOBA~\and i ts lactone precursor, o -butyro1actçme , 

.. 
(GBL) were found to produce a sleep-like state in mice and cats (Rubin and 

Giarmant~ 19~r' the' years much effort has been devoted -to 

\ t 

unde'rstand~ng the netitopha1';maco1ogy of these substanc'es. 
.. 

GOBA has been , 
postulat,ed to b~ a putative tteurotransmitter in the ~NS'(RO~~ etaI •. , 

~ 

1980). The following l i,nes of evidence have been deve10ped to support this 

idea. , 

GOBA is a me tabo lite of GABA, al though 1t may be ~e ri ved from other 

sources (Gold and Roth, 1977). lt -occurs naturally in mammalian 'brain wi th 
. 

a discrete regional distribution t'Doherty et al., 1978-). High-affini ty 
" 

b1nding sites and a sodium-dependent, high-aff1nity ~neuronal uptake system 

t'or GOBA hav~. been identified in rat brain '(BE:navides et al., 1982a; 
1 il 
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Benavides et al., 1982b). GOBA ls synthes1zed ln two st~ps: Firsf, GABA-T ~~ 

converts GABA to succ1nic semlaldehyde. The latter compound 18 then 

transformed'-into GOBA by a specifie su~c\niC semialdehyde reductase a 
, . 

specifie (Cash "et al., 1979). Finally, GOB~ ltself has been isolated in 

nerve endings (Snead, 1987). 

, When injec ted in an anes thetic dose, GOBA's half-l i fe is' about one 

. -
hour ('Roth .,and Giarman, 1966). 

1 -
The pr'incipal mode of metabollsm is 

) 

oxidation to suecinic ~acid, which then enters the tricarboxylic acid 

pathway. Small amounts of Krebs cyc1e-related amino acids such as aspartie 

acid, gl utamic acid and even GABA can be deri ved from GOBA (Doherty et a1., 

1975) • 
., 

GOBA causes an inerease in brain levei s of acetylcholine (Sethy et 

al., 191"1>. However, aIl classes of CNS depressants appear to cause 

increases in Ach, so this effect.ls not specifie. 

Gessa and coworkers found that GOBA causes' arrTtTcrease in brain 

dopamine (Gessa et al., 1966). The onset and duration of the an,esthetie 

effect indu~ced by this agent, as measured by the loss in the righting 

reflex, were subsequéntly shown ta coincide with the increased' levels ôf 

dopamine in striatum (Roth and Suhr, 1970). The incre:ases lin striatal 

d~pamine were later àttributed to GOBA's abi1ity to inhibit neuronal firing 

in the nrgrost~iatal pathway. 
o 

This conclusion was based on the paraI leI ism . - . 
between GOBA administra-tion and lesions of th~ nigrostriatal tract. Bath 

treatments lead to a sharp iIlcrease in str-latal dopamine .. (Walters et pl., 

1973). It:t bath cases, ~ the rise in brain D~ was marked 1 y inh! bi ted by 

inj ection of amphetami ne, presumabl y owi ng to t he lat ter's ca pact ty to 

relea~e newly synthesize~ DA (And~n et a1., 1973). SlmUarly, both 

treatments effected an increase in the rate of DA synthe~is and an 
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abolition of the DA depletion inducéd by o(-methyl-p-tyrosfne (Walters et 

al., 197:3>. That GOBA can antagonize thé K+-fnduced re1ease of newly 

formed DA also supports the theory that th1s agent causes -a rapid a!ld ----. 
, ( ) 

selective increase in bra1n DA by inhibiting re1ease of the transmit~er 
\\ 

(Bustos and Roth, 1972). GOBA does nO,t inhibi t COMT -., or MAO (Gessa et al., 

19~8); thus, inhibition of catabo11zing enzymes 1s not respons1ble for the 

increase in dopamine. , 
, 

Further i!lsight into the mode -of action of GOBA may be obtained from 

studies involving GABA, its structural ana1ogue. When app~1-·ied 

microiontophoretically, GABA inh1bits nlgral cell firlng (Zivkovic et al., 

1974).' Treatment with a GABA-T inhi bi tor, which i ncreases the GABA 

concentration in the synaptic cl eft, 1 nhi bits DA turnover (And~n, 1974). 

GABA~ Injected into the substantia n\gra increases bra16 -DA, . as does GOBA 

", 
(Anden and Stock, 1973). Contrari1y, injection of GABA into striatum has 

no effect. Given these data and the fact that GOBA Is a structural 

ana10~ue of GABA, the suggestion that the action of GO'BA on DA neurons is . 
, 

through an inhibit~ry GABAergic mechanism in the substantia nigra 18 not 

unreasonable. Moreover, GOBA May be' acting at GABA receptors on the cell 

bodies of these nigrostriata1 dopaminergic fibres. 

ii) J!A-966 

HA-966 .(1-hydroxy-3-amino-pyrrol1done-2) was prepared in 1959; it ls 

chemically related to the cycÙc anhydride fom of GABA; ~ence, it was used 
, . 

" 1n this work as a GABA agonist. . In rat brain, -HA-966 selecti ve,1y el..evates 

\ 

the dopamine ·content of tl:te stria tum, wi th no_ changes in the levels of 

norepinephrine and serotonin (Bonta et aL, 1971), As was the case with 

. GOBA, HA-966 markedly cOuI'lteracted the o<.-methyl-p-tyrosine (AMPT)-elicited ""'­

depletion of dopamine (Bonta '~t aL, 1971). It has a1so been shown that 



o 
o . 

o 

. . 

< 

-1 
HA-966 increases the DA synthesis rate (Va~ Zwieten-Boot and Noach; 1975). 

After HA-966 administration, the content of homovanil1ic aéid (HVA), the 

major extraneuronal metaboli te of DA, decreases in the striatum, whi1e the 

intraneuronal Metabolite dihydro~yphenylaeetic acid (DOPAC) inereases. 

,This, effect i8 ,not due to an in}1i bitory effect on COMT (Hillen and Noach, 

1971), but more probably ta inhibited re1ease of DA, as was suggested for 

. the action of GOBA (Roth andJu.~_r:LI970). AlI the data, taken together, 

suggest that HA-966, 1ike GOBA, has a GABA-1ike inhibitory effect on nerve 
o 

impulses ~n th~ dopaminergie nigrqstriatal pathway, resul cing in inhibi·tion 

of DA releas, and a concomitant increase in 'synthesis. The site of action 

f,or bath, of these GABA analogues is thought ta be the dopaminergic cel! 

bodies in the substantia nigra (Murrin and Roth, 1976; Van Valkenburg.and 

Noach,. 1978). 
. 

Initial pharmacologieal studies hâd shown that HA-966 might exert a 
" 

marked influence on the extrapyramidal sy~tem, with a possible beneficia! 

effect in P~rkinson~s disease as weIl as an ameliorating effect on tremors 

of extrapyramidal origin' (Bonta et al., 1971). Because 'of these potential 

""-
therapeutic benefits, thé 'metabolism of the drug in vivo and lts - ... 

penetrabilHy of the blood-brain barrier was studied. It was a consistent 
fil 

observation during experiments with HA-966, th'at therè was a delay in the 

onset of action fol1owing i.v. administration (Bonta et aL, 1971). This 

observation suggested that a metabo1ic conversion of ,the drug is necessary 

'for_Many of its effects. Experiments showing reduced activity of the . 
compo1,!nd in hepatectomi~ed mic.e supported this idea and indicated· ,the li ver 

t~be the .ite of metébolic conversion (Bonta et al., 1971). lt is, 
, ' 

" therefore, tempting to expl ain the deI ay 'of onse t of ac tion of HA-966 on 

the basis of the chemical ana10gy between HA-966 and the cyel ie anhydrie - ~ , . 
form of GOBA or GABA. After conversion ,of the former drug into a GABA-1ike 
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d_ert vati ve, effects resembl idg chose el ici ted py GOBA are observed. 
~ . 

Indeed, certain pharmacologica1 actions of GOBA are similar to ,those of HA-

966. ,As was mentioned earl 1er, they both selecti vely increase striatal 

~ dopamine levels, probably by inhi biting DA release. Furthermore, the 

sleep-like state produced by GOBA is strikingly similar to the behavioral 

effec'ts of HA-966 (Bonta et al., 1971). 

o _ Other explanations fol' the action of HA-966 have ,been suggested. In 

vivo v~ltammetric investigations into the action of HA-966 on central . . , , 

dopaminergie neurons permit simultaneous recording of the effect of HA-966 

on PA release and the appearance of the drug itself in rat striatum (Mos et 1 ~ 
al., 1981),. The measurements are n'ot specifie enoug-h ta exc1ude the 

poss,i bi 1 i ty that instead of HA-966, a me tabo1-i te of the drug ls being 
.,; 

measured. However, if such was in fact the case, the mo1ecule 1s probably 
1 ., 

not extensive1y rearranged,' because its oxidation potential i8 the same as 

for HA-966 in vitro (Mas et aL, 1981). A1so, the fact that the half-lifé . , 

of the drug 1n blood agrees fai rly weIl with the dec,ay of the drug measured 

in brai n f\lrther sugges ts that· sorne HA-966, al though hydrophi lie, is 

transported into the brain. 

Whether HA-966 is acting in lts original form or as some e10sely - . 
" related Metabolite, ft clearly exerts a centr~l, GABA-like -influence on 

dopaminergic and, possibly, other neurotransmitter systems. This warrants 

1 ts consideration as a GABA agonist in this work. 

, . 
1:. Pathways .2t Stress 

The study of the phy'Siology of. stress dates baGk about 70-80 yèars. 

In 1'911, Wal ter Cannon coined the term "homeostas1s", He spoke of the 

complex physiolog1cal reactions that maintain the stabi1ity or equflibrium. 

or the internaI °environment of the organism. For the heal thy animal, this 

1 

\. 
1 
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internaI equi l i brium or homeostas is mus t be 'preserved in, the face of 

constant challenges from external sources. For the purposes' of this 

thesis, a stress can be definedO; anything which ~an furnish an ~nti-
• .;)j 

homeostatic stimulus sa the organisme This definition (Sourkes, 1983) i5 

more of a 'quaI i tati ve concept, i t él'scri bes n~, qua X; tita ti ye va 1 ue to th~ 

strength- of the stimulus. Cannon's studies of the sympathoadrenai sys~ 
Q () • .... 

èiemonstrated that, during str~ss, the meduIIa~y ,hormone adrenai ine (AD) ls 

released from "'the adrenai ~Iands (Cannon, 1929).- Later, i t was recognized 

théilt the repeated exposure to certain °sdmtili resul ts in adapti ve changes 
~ 

by the ~rganiSm t~ preserv~ the internaI conditions. Selye introdued the 

concept of the "general adaptation syndrome" (Sel ye, 1936). This syndrome 
1 '. 

is a response to harmful interactions frem the environment, with particular 

emphasis on the l'ole of the adrenal glucocorticoids. Thus, the 

hypothal amo-hypophyseai-aerenocorticai axis took on a great -dea1 of 
. 

importance in the' studies of the endocrine response to stress (Sourkes, 
, , 

1985).' Selye's stlieSS f:heory described a non-sp~çific response, manifested . 
-by physiologieal and tissue changes (Selye, 1976). Later studies, 

however, have indicated that there exist man y different patterns of 

endocrine response to stress agents; in faet, Mason has s~ated that "there 1 no single non-SPOti fi ~ hormonal response t~ll stimuli" (Mas on. 1971). 

In Cannon's view, the release of adrenaline was a short-term response 

to stress, resul ting from the activation of the sympathoadrenal system. It 

is now known that uhder s,tressful ci reumstanees, i t 1a adrenali'ne which is 

released from the adrenal medu11a and noradrenaline from postganglionic 
• , 1 

sympathetic fibers to initiate ~he stress response. lt' has become evident 

that wi.th continuing or repeated application of a stressor' there are 

specifie increases in- sorne pa'rts of the catecholamine-synthesizing 

\ 
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lIlélc.hinery in the adrenal gland_, particu1ar1y in the leve'ls-of- tyrosine 

\ -
1;lydroxylase (TH, Ee 1.14.16.2; Hoeldtke et a!., 1974) and dopamine p -
hydroxy1ase (DBH, Ee 1.14.17.1; Patrick and Kirshner, 1971). That 

physiologieal changes occur in the amounts of enzyme protein in tissue as a 

result of growth of the organism is a well-established faot, but these • 

inct'eases in .... response ~o stress is a novel phenomenon (Sourkes'_,1983). 
~ , -

-. Thi.s rapid increase in amount of enzyme ls referred to as induction. 

An important consideration in studying the stress responses discussed 

o 
above is the source which controls these responses. The di.scoyery of 

t:tansyaptic or transneu.;onal inductions of adrenal TH about eigIifeeIi years 

ago (Thoenen et aL, 1969) provided a novel- approaeh to the study of strésS 

and the mechanisms of response to H. Th'is app:roach has been used 

extensive1y in ~his labor~tory in an effort to determine- the center(s-) 

whi ch cont roI the stress response. - The ratiOnale for this approach, as 

explained by Sourkes (1985), is as follows: If ihtact innervati0!1 of the 

adrenal gland ls indeed a prerequisite for the stress-elicited induction of 

adrenal enzymes, 
. ' 

then one could concei vabl y trace backward from the 
" \ 

responding adrenal through the CNS 'to the site of---the ini.tiating impulses. 

Thus, one May work out the particular sequence of neurons that a stresso~ 

- , 

bringe into play ta provide induction of a particu,lar e'nzyme. It is 

possi,ble that different types Of stress will result in considerable 
, . 

overlapping in many p,arts of_ these sequences. Alternati~ely, the neural 

pathways for different stressors might be highly di vergent. This could . 
have some therapeutic beneflt as it would be possible to suggest the use of 

a pharmacologieal bloek{n~ agent t; eo~nteract 'th~ effeets of a parti~ular 
stress prèval1ing in a gi ven si tuation. This, then, ls the. ul timate aim of 

such work. 

The increasEi in aeti vit y of TH in the adrenàl glands of immobil1zed 
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rats has been attri buted to the 1ncrease 1n nervous impulses in the ~ranch " 

of the -splanchn.1c nerve serving the adrenal medulla (Kvetilanskyet aL, ' 
\ 

• 

1970). The analysis of the problem of the relation of induction to 

stressor 1s, . thus, a matter of tracing the paths that impulses, ini tiatee! . 
by stressful stimuli applied to the experime~tal animal, fo11ow in the CNS 

in order to affect the cell bodies of the intermed'iolateral horns of the 

sp1na l cord (Sourkes, -1983). These neurons are cho l.,inergi c and they 
. . 

const'! tute the preganglionic sympathetic cells whose fibres projec't to the . : 

adren~ 1 gland. The work, descri bed i~ this thesis ~egan wi th TH and has 

also considered orni thine d'ecarboxylâse. 

i:. Neural Regulation of .Q!2f 2 !!! 

(a) Ornithine Decarboxylase 

, 
Orni thi ne decarboxyl ase (ODe, EC 4.1.1.17), the rate-limi ting enzyme 

1n polyam"ine b1osynthests· (Tabor et al., 1958~, c;,alalyzes thé conversion of 

ornithin~ to putrescine (1 ,4-diaminobutane). The pol yatnines are ynportant 

in cellular gro~th and deve10pment (Slotkin, 1979). ODC (a10ng with 
( 

serotonin N-acetyltransferase) has the shortest turnover time of enzymes in 

manunalian· tissues, es,titnated at about 12 minutes (Jaune and Raina, i 969). 
, 

!ts acti vi ty changes se?Si ti vely with many di.,fferent stimuli (Morris and 

Fi11ingame, 1974). 'This enzyme is present in many tissues of the body, 

including the adrena1 tiedulla and adrenal cortex. The cohical enzyme is 

essentially under pituitary control (A1mazan et aL, 1983a). On the 'other 

band, the medu11ary enzyme is subj ect to transynaptic induction (Ru$~ell 

and By.us, 1976). Thus, ODe a'ct! vi ty is increased in both. adrena1 cortex 

and medu11a after subjecting the animal to immobilization, cold stress or 

i~jeetion with reserpine'(Ramirez-Gonz~lez et al., 1981); ~oweve!" the 

co1d-induced medullary increase in enzyme aeti vi ty can be prevented by 
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denervation of ;the adrenal gland with no effect on cortical ona acti vit y 

(Byus and Russell, i975). With regard to the neural regulation of the 

medu11ary enzyme, studies by Ekker et al. (1985) have demonatrated the 
tr.., 

existence of both ipsl1ateral and contra1aterar components of descending 
- '1 

. spinal patliways for the\induction of the enzyme, with the ipsl1atera1 fibre 
~ 

exerting the predominant effect. Experiments w1th act1nomycin D and 

- cycl:o.hexim,ide suggest tha,t increased enzyme acti vit y is due to de novo 
, ' } , 

synthesls of enzy.me protein through transcriptional con~~ol (Byus and 
( 

Russ~il, 1976}. This' 1nducuJn is,-mediated through the formation of, cyciie 

AMP (Byus and' Russell, 1976). Because the focus of the work in this thesie 

.is on understanding the neural regulation of adrenal en,zymes_ only 

adrenomedullary ODe (amODC) is considered • . 
~ 

(b) Tyrosine Hydroxy1ase 

Tyrosine hydroxylase is regarded as the rate-limiting, enzYme in the 

conversion or tyrosine to the catecholamines (Levitt et a!., 1965). It' 
. 

catalyzes the transformation of L-tyrosine to L-dihydroxyphenylalanine (L-' 

• 
DOPA) ~ith dimethyltetrahydropterine (D MPH 4) ,~s cofactor; In the 

chromaffin cel'ls ctf the adrena1 medul1a, L-DOPA is converted to dopamine 

(DA), noradrenaline (NA) and, finalIy, adrena1ine (AD). Regulation of this 

adrenal enzyme i8 thought ·to invoi ve two main types of mechanism. The 

, 1 

first requires a sQort-term, rapid alteration in enzyme activity which can 

be mediated through feedback inhibition (Spector et aL, 1967), a110steric 

modu1ators, (Cloutier and Weiner, 1973) -9~ changes in substt"ate 
, , 

concentrations (Davis and Carlsson, 1973). _ The second mechanism invol ves 

delayed, lO,ng-term changes in enzyme' protein and can be neurona1Iy 
<#' 

mediated. Immobi11zation stress leads to an increase in pre~anglionic 

1 nerve activ1ty and an increas~ in adrenal nt in 24-48 hours; this induction .. . 
can be prevented by splanchnic nerve transection, (Kvedianskyet al., 1970). 

! 
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/ 1t had been suggested' (Dairman and.Udenfriend, 1971) that the . 
concentrations of adrenal catecholamines (CA) play a role in the induction 

of adrenal TH. However, through a series of experiments carried out in 

this laboratory (Quik and Sourkes, 1976), it has been shown that lt is not 

• '"local adrenal CA concentrations, but rather the state of firing of 

preganglionic nerve fibres whlch regulat~s adrenal TH induction. 
-~"~ .... 

This 

co~clusion is based on the following observations: 

1) Apomorphine, given in a dose known to be effective for adrena1 TH 
/ 

inhibition (Gbldstein et al., 1970), actually results in an increase in TH 

activity and a temporary decrease in adrenal CA ·leve.ls. 

2) Kinetic studies have shown that there ls no alterati~ of the ~ of 
~. . 

adrena1 TH (as a result of apomorphine ireatment) with respect to cofactor r 

(DMPH4) or substrate: However, a sign:lficant inc't"ease in Vmax was observe.d 

» 
in the tre~~ed gro~p as compared to controls. Hence, the ,inCrea(è in TH 

activity ls due not to activation of the already present enzyme molecules 
, 

but rather to de novo synthesis of enzyme proteine 
1,. Il 

3) The ~emporary decrease in adrenal -CA, as weIl as the increase in 

adrenal TH are--both prevented by adrenal denervation. 
~ . 

'4) The administration of «'-methyl-p-tyrosine (AMPT) tb rats decreases 

the concentr~tion of adrenal CA and ret does not_ affect adrenal TH 

activity. ' 
, 

5) L-DOPA administrat~on 1s able .to pre vent the short-term decrease in 

-adx\enal'CA occasioned, by apomorphine, yet thE! TH activity remaine highly 

elevated. 

The _ evidence favoring the neuronal regu1ation of both ODC and TH is 
, 

compell ing. As mentioned in section 3., the phenomenon of a t,ransynaptic 
" 

1nduct~ on of adrena1 enzymes (Thoenen et al., 1969) prov ided a means of 
") 

studying pathways of stress. Through the use of various pharmacologiea! 

- \ 
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agents, .. i t 1s possible to' stimulate nervous pâ thways centrally. and 

determitle if such a stimulation causes an increase in adrerl'ai enzrme 

acti vi ty. By using substances that acti vate specifie nerve fibres in the; 

~s, one can map out the sequence of neurons that are responsi b le for 

) eliciting ~nzyme induction. This work has been attempted with three 

different neurotransmitters; a brief summary of the information obtained ta 

- '" ' 

date is presented in sections 4 (c), (d) and (e) be10w. 

f 

(c) Dopaminerglc' Infl uences 

The use of apomorphine in establishing the neur\onal con~rol of adrenal 
,-? 

, TH (Quik and Sourkes, 1976) suggested that the increaseq neuronal firing 

which initiates the increase in that enzyme ls due to stimulation of 

centz:al do~~ine receptors. That a dopamine-l'gic system may be import.ant is., 

evident from the work of Beuning and Gibb (1974). Methamphetaflline,' a drug 
, , 

which re1eases brain dopamine, increases adrenal TH acti vit y; however, when 

halqperidol, a dopamine-receptor blocker, is given lin combination with 

methamphetamine, thytncrelilse in TH is diminished by about 50 per _cent. 

Administ"ration of the dop~ne-recê.Ptor agonists piribedil, bromocryptine 

as weIl as apomorphine cause an 'increase in ATHA which is also attenuated 
.. 

by prior injection of haloperidol (Quik and Sourkes, 1977). Furtl1ermore, 

when L-DOPA, is admini~ter~d together wi th carbidopa, a peripheral 
r 

decarbox~lase inhibitor, in order °to increase 'the brain concentrations of . . . 
dopamine, there is a highly significa~t increase in _en?yme 'acti vit Y (Quik 

--:- " 

and SourKes, 1977). ... -, 

AdrenoJUedullary, ODC (amODC) is a1so inkcëd after repeated 
\ 

~ • administration of dopamine-receptor agonists such as apomorphine and 
. 

piribedil (A1mazan et al"., 1982a; Ekker et al., 1984). Thi-s increase is 

dose-related for bath drugs and time-dependent for apomorphine' (Almazan et 
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al., 1982a). Pre-treatment of the rats wi th haloperidol" blocks the 

induction of the enzyme e lici ted by apomorphi ne (Al mazan et aL, 1982a). 

--" Unilateral splanchnicotomy, section of J:he spinal cord and transection of 

the diencephalon resul t {n a decrease in the responsi veness of amODC tô 

t 
apomorphine. These observations strongly suggest that this enzyme is 

regulated mainlY,by a central s?"stem, originat1IJ,g primari1y- in the 
, , 

diencepha10n-te1encephalon region and including, a facilitatory dopaminergic 

component (Almazan et al., 1983b). 
L 

( 
The induct~ve effect of apomorphine on. TH ur a1so central1y med:tated, 

inasmuch as sectio"n of- the splanchnic nerve (Quik and Sourkes, 1976) or 
l ' 

transection of the thoracic spinal cord (Gagner et aL, 1983) resul ts in 

abolition ~f the apomo'rphine-induced increase in enzyme acti vi ty.1 
, \ 

In an attempt to pinpoint further the supraspinal dopaminergic' centre' 

. controlling these adrenal enzymes, the induction- of the acti vi ties of ODe 

ànd TH by apomorphine was examined 1n animal s also recei ving antagonists 
o 

that act preferentia1ly on qifferent dopaminergic systems of the brain 

1 " • 1 --

(Creese, 1983). The drugs chosen were metoc1opram1de and thioridazine~ two 

blocking agent,s that act primarily on the A9 (stria'tal) and AlO (mesolimb1c 

and mesocortical) dopaminergic systems of the brain, re,spec t i vel y • 
• > 

Me,toc,lop!-,amide 1mpaired to à-larg.e extent the apomorphine-induced increase 

"in ODe and a1most comp1etely blocked the induction of TH bY apomorphine. 
~ . 

In contrast ,( thioridaztne did not prevent the induction of either enzyme by 
~ .-

Itpomorphine. These ~esul ts (Ekker and Sourkes, 1985a) suggesto that it is-- 0 

the stimulation of DA receptors in the striatum ~hat is responsib1e for the 
.. 

apomorphine-el~cited induction of, adrenal ODC and TH. The neural mechanism 

by which acti vation of the nigrostri~tal dopaminergic ~tem (A9) resu1 ts 
1 

1 

in changes in ad~enal enzyme actlvi~y remains to be determined and was one 
/ 1 

1 ./ 
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of the aimB of this 'thesis. 

ill Serotonergic Influences , \ 

The resuÜs of many experimen,ts have implicated the neurotransmitter 

'" serotonin (5HT), not on1y in ~he regulàtipn of TH and ODC, but in the .. ~ 

re~u~a~i.on of DBH also. A raIe for, a serot:onergic sY!ltem in th~ control of . .III, . 
these adrena! enzymes is based 'bn resul ts, frolb 'studies using drugs or 

1 

su~gical procedures. whicb can al ter the l~ endogenous serotonine A., 
• 

brief review of sorne of these studies follows. 

... . The administration of the tryptophan hydroxylase inhibi tor p-

- -
chlorophenylalanïne (pePA), which !eads to li decrease in level.s of 
'. ' 

endogenous serotonin, resul ts in increa'sing adrenal TH a1i vi'ty (Breese et 

al., 1974). The intraventricular in je ct ,ion 'of the (neurotoxin 5,7-

dihydroxytryptamipe (DHT) causes the destruction of serotonin nerve 

'terminaIs and, hence, the loss of much of the serotonin stores; this also 

resu! ts in a large increase in adrenal TH (Qui k and Sou"'rkes, 1977). 
~ 0 

Splanchnicotomy abolishes the effeèt of DHT on TH-.activity, thus 

illustrating the neuril-1 Mediation of this effect on TH. - Furthermore, the 
Il 

DHT-elicited increase,in TH can be partially prevented by administration of 

L-5-hydroxytryptophah (in combinatio~ with the peripheral decarboxylase 
, 

_inh;bitor carbidopa) (Quik and Sourkes~ 1977). Serotonergic blockade by 
1 

the centrally q.cti?g SIIT antagonist me~hiothepin also produces an increase 

in adre;nal .TH' a,èti v~ ty (Quik and os~s, ~ 1977): To determine whêther 

control of adrenal TH act! vi ty by a seroton~gic system 'could be localized 

. 
to·a specifie brain region, the effect on '1;H °activity of el.ectro}ytic 

lesions of the raphe nu.clei, areas rich in 5HT cell bodies, was studied. 

Such experiments (Q~ik et aL, 1.977) show that an °inc'rease in the activity 

is obtained when "the medial'but not dorsal raphe' nucleus is lesioned • 
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Fu·rthermore, lesions of the medial raphe.nucleus (MRN) resu1 t~'{rf -è;nly a 

• 1 

modest reduction of brain 5HT in comparison wi th lesions of the dorsal 

raphe ,nucleus (ORN)., This implies that the MRN exerts a tonie inhibitol'Y 

influence on ·the transneuronal induction of TH, a conclusion which 18 
~ ~ • Q 

consisteitt wi th the prev!ous work wi th PCPA and OHT. In "the case of. TH, 

there seems to be a tonie serotonergic~ input to the adrenal.which 18 

inhibi tory ln nature. 
f" 

Unli~ TH, amOOC acti vit y 19 ~ affected by cerebral serotonin 

depl'etors or by leslons of the MRN (Alamzan et aL, 1982b). However, aIl 

the- treatments descrl bed above can effecti vely potentiate an apomorphine,.. 
\1 

irMuced increase in ODC acti vity. It ls also of interest to note that the 
~ 

5HT antagonist methiothepin given alone can spontaneously increase the 

resting levels of ODC in the absence of apomorphine (Ekker et aL, 1984). 

Hence, the experiments with PCPA, DHT and the lesions of raphe nuclei 

suggest that a serotonergic pathway, origlnating in the MRN,. exerts an 

inhibitory influence over at least the apomorphlne-elicited induction of 

amODC acti vi ty. 

\ 

A serotonergic regulatory m~chanism has a1so been sought;: for the 

l 
noradr:enaline-producing enzyme DBH. Administration of rese~ine to rats 

causes ~ time-dependent increase ln' adrenal DBH act! ~i ty (~ima ~d Sourkes, 

1986a). Because reserpine 18 known to .interfere wlth the vesicular storage 

of monoamines and thus diminish their endogenous levels in the brain, it 
( . 

• seemèd of interest to determine whether the action of reserpine in DBH 

o 
activity is mediated specifical1y via a serotonergic or by some other 

pathway. Lima and Sourkes (1986a) found that aqministration of DHT or 

PCPA, or introduction of a le~ion of the MRN, aIl of which deplete cerebral 

5HT stores, does not al ter ~he control ~al ues of DBH acti vi ty ~ _ !tut they 

potentiate reserpine! 
~ 

Convetsely, serotonin agonists gi-ven to reserpinized 

o 
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• ___ :ats diminish the increase ln DBH activicy, although, by themael ves ~hey do 
( 

not modify adrenal DBH acti vi ty. The studies descri bed above for DBH are 
. . 

consistent w1 th the theory developed ,from the earlier work on TH (Quik and 

Sourkes, 1977) and amODC (A1mazan et al.,- 1982b). AlI three of these 

~ adrena1 enzymes seem to be influenced by a central sero'tonergic regulatory 

system which is inhibitory in nature. 

(e) Cholinergic Influences_ 

The chol i nergic system 's inf 1 uence on adrena1 enzyme ac t i vi ty has 

previously been investigated. Oxotremorine is a potent, direct stimulant 

of muscarinic receptors, devoid of nicotinic activity and it also elevates 

central. acetylcholine (ACh) levels (Koelle, 1975; Nordberg, 1978). This 

centra lly ac ti ve muscarinic agon.i s t increases the acti vi cy of tyrosine 

hydroxylase in the locus coeruleus of rat brain (Lewander et aL, 1975); 

this change in enzyme activity ls due to enzyme activation. This agent was 

subsequent1y shown ta effect an increase in adrenal TH activity also 

(Lewander et al., 1977). The increase was dose-dependen t, peaking at 1.5 

, 1 
mg/kg. The response occurred in adrenal medulla within 4-8 hours, reaching 

a peak response at 16 hours. The i ncreased TH ac t i vi ty persis ted up to 2 

weeks. The Inducti vr effect was aboI ished by denervation of the splanchnic 

nerve, indicating that the increase was transynaptica11y mediated (Lewander 

et al., 1977). Immunotitration wi th anU-TH serum demonstrated that the -
increase in enzyme activity in the adrenal medullà i5 d",e to an actual 

increa.e in .the amount of enzyme protein. Administr~t i~ of centroll y 

acting muscarinic antagonists such as atropine was able to blàck the 

- .. 
oxotrem~rine-elicited increase in ATH~ whereas methylatropine, which 

... 
penetrates the blood~brain barrier poorly (Witter et al., 1973), was unable 

-
ta antagonize the .inducti ve effect. T,hul3, blockade' of peripheral 
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muscarinic sites exciusively does not Interfere wit'h the oxotremorine-

elicited indu~tion. That methylatropine does not affect this process is in 

agreement with the vi"ews of Guidotti and Costa (1977), who maintain that 

the transynaptic induction of AT RA operates only through the nie,otinic 

4 

receptors of t~e adrenal gland. Expetiments carried out ~y Gagner et al. 

(1983) confirmed the 1nduc~ve effect of oxotremorine on this adrenal 
~ ~ 

enzyme. F.u~thermore, pilocarpine, a muscar1nic agonist with central 

actions, (Zablocka and Esp1in, \ 1963), also induced adrènal TH (Lewander et 

aL, 1977). In summary, the" above 'observations suggest that the 

cholinergie system does re~ulate adrenal TH activi~. ,The site of action 

of exotremorine in ~nitiating this chol~nergic effect on the adrena1 
1 
\ , 

appeare to be central; moreover, work in this laboratory has localized this 

" 
site to 'à supraspinal level (Gauthier et al., 1979; Gagner et aL, 1981). 

Evidence for a central choline~gic mechanism regulating the induction , . 
of medullary ODC was first put forward by Russell and Byus (1976). In this 

laboFatory (Ramirez-Gonzalez et ,al., 1980), oxotremorine brought about a 
'" ([" ~ 

large increase in amODC, start'ing after 30 minutes and remaining evident up 
..... 

• 0 

to at least 4 hours af'ter inj ection. This stimqlation of medullary ODC Ls 

blocked by section of~the spinal cord ("$t the levei of the 5th thoracic 

vertebra) as weIl as by severing t~/:SpIanchnic nerve (Ramirez-Gonzalez et 
~-

~ 

al., :1: 980). Renee, these resui ts are cons 1s ten t 'W1 th the ev 1dence for a 

transynaptic induction of amODC through cholinergie stimulation proposed 

earlier (Russell and Byus, 1976). 

(f) Regulat~on.2f..QQf..!!!.!!!':" Similari ties and Differences 

A great deal of work in this laboratary has been directed toward the 

contrt.l mechan1sms that regulate the act1 vi ty of adren~1 enzymes, 

particularly ODe and TH. These two enzymes have quite different functions. 

) 
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Neve~the1ess, the study of their induction may shed 

/6ifferentia1 effeëts of various stressors • 

• One major difference between ODe and TH lies in the time-sca1es of 

their respective inductions. The induction of adrena1 TH requires a 

transcriptiona1 stage of 18-24 hrs. and a trans1at~ona1 stage, reqûiring an 
" -

additiona1 24-36/hours (7en e.t al., 1973). This 8uggests that a 

significant increase in A~ is e1icited on the third day of treatment with 

an i nducing ag~nt. This la indeed the case wi th apomorphine, as long as 

the treatment i8 maintained over the three-day.period: It shou1d be . 

pointed out, however, that small yet significant increases are discernible 
. . . 

even at the end of the fi rst day (Quik and Sourkes, 1976). By contrast, 

just two injections of apomorphine are sufHcient to generate large 

increases in amODC acti vi ty wi thin hours (A1mazan et aL, 1982a). 

Furthermore, insofar as the apomorphine-el~cited induction Is concerried, in 

r\ 
the case of ODC, the a€ti vi ty of the treated group 15 severaI times greater 

than controi levels whereas for TH the apomorphine on1y causes a doubUng 

of control 1evels. 
~... \ 

In the pre<=~ding sections, the effects of various forms of stress, 
~\ 

inc1uding pharmacologieal stimulation, on amODC and TH have been briefly 

descri bed. . Because of the· Many similarities between the responses of .these 

- two enzymes, their respect{ve central regu1atory meehanisms may be related. 
l., ... ~ 

Adr_enOlnedu11-ary ODC and TH are· both induced by physical stressors such as 

e01d exposure '(Thoenen, 1970; Byus and Russell, 1975) and immobilization 

~ 
(Kvet~nsky' et al., 197.0; Ramirez-Sonzalez et aL, 1981). Both ODe and TH 

are induced following the administration .of apomorphine (Quik and Sourkes, 
, \ 

1976; A1mazan et al., 1982a). cQuipazine''ihich is bel1eved to have a 

dopamine-,uke actioJ;l (Ekker et al., 19~), has a180 been shown to have an 

... ..,.. 
r 
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inducing effect on both TH (Gagner et aL, 1983) and amODC (Ekker et aL, 

1984). Thus, both enzymes respond similarly' to dopaminergie stimulation. 
, , 

;Intaet innervation o,f the adrenal medul'la by the splanchnic nerve i8 

essential for the induction of ODC and TH following dopaminergic .. 
stimulation (Quik and Sourkes, 1976; Almazan et aL, 1983b). The net 

inhibitory role of serotonergic fibres originating from the MRN on the 

induction of thé two enzymes by apomorphine has been descrioed" in th1s 
l' 

laboratory (Quik and Sourkes, 1977; Quik et aL, 1977; Almazan et aL, 

1982b). The transneuronal cholinergie stimulation by oxotremorine 

represents yet another simi lari ty in the mechanisms of control of amODC and 

TH (Ramirez-Gonzalez et al., 1980; Lewan~r et aL, 1977). 

Studies have been made ta localize the central site of action pf 

apomorphine in the 1ndu<;tion of amODC and TH. This wo"rk has Inval ved 
. \, 

surgical lesions of parts of the brain or spinal cord (Gagner et al., 1985; 

AI'Mazan et aL, 1983b). Using a pharmacologieal approach, Ekker and 

Sourkes (1985a) have presented evidence i ndicati ng that the neural 

"impul ses, resul ti ng from apomorphine administration and responsible for 

inducing both TH and ~DC, ema~ate"fro~ the str1atum. 

Acetylcholine liberated by the splanchnie nerve terminaIs on the 

chromaff1n cells of the adrenal medulla i8 generally accept~4 as the first 

messenger in induction of ODC and TH upon neural stimulation. Cycllc AMP 

has been suggested as the second messenger for the induction of these 

adrenal enzymes (Guidotti and Costa, 1971.; Byus and Russell, 1976). 

2:.. GABAergic Effects in the ~ 

(~) ~A-Serotonin Interactions 

Stvdies have been carried out ta det~rmine whether the 5HT-containing 

neurons of the midbrain raphe nuelei, are subject to.inhibltory control by 
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GABA. lt has been shown that inj ection of the GABA antagonists bicucul Une 

and picrotoxin (in Bub-convulsi ve doses) into the MRN increase the SRT 
, 

turnover in rat hippocampus. The hippocampus was studied because its 
; 

serotonergic innervation la deri ved primarly from the~dial raphe nuclei 

1 

(Bobillier et aL, 1976; Pierce et al., 1976) •. Converaely, administration 

into the MRN of GABA agonists decreases the SHT turnover (Forchetti and 

Meek, 1981) •. The effeets of the GABA antagonists were virtual1Y,blocked 

when administered together with muscimo1. Furthermore, diazepam, which as 

a benzodiazepine potentiates GABA, w~s able t9 potentiate the reversaI by 
~ 

museimol o>f the picrotoxin-induced S-HlAA increase (Forehetti and ~eek, 

1981). These experiments do ~ distinguish which types of GABA neurons 

specifically control SHT firing, but the ability of GABA agonists and 

antagonists to decrease or increase; respecti vely, the turnover of SHT 

suggEtsts ,that an inhibitory GABAergic influence exists and i t is perhaps 
... \ J 

tonie in nature. 

l \ 
Investigators ~sing in vivo differential pulse voltammetry hâve found 

that the anaromical site of the GABAergie influence on serotonergic 

'" transmission in the rat (Scatton et al., 1984) is at the 1 evel of the 

dorsal raphe cella, the sourc~ of striatal serotonergic afferents (Azmitia 

and Segal, 1978). Other studies have also indicated that the midbrain 

ra~he nuclei are the anatomiea1 sites for the GABAergie influence on 
~ 

cerebral serot:onergic neurons {Nishikawà and Scatton, 1985). For example, 

injection of GABA, muscimo1, 8L75l02 or GVG into the DRN significan1;ly 
~ 

reduced SHT synthesis in striatum, olfactory tuberc1e and substantia nigra, 
, 

areas which recei ve serotonergic afferents mainly from the raphe dorsalis 

(Azmi tia and Segal, 

MRN diminished SHT 

1,978~. Simi1arly, injection 1 t~~se drugs into the 

synthesis in hlppocampus and septum, regions wh~ch 

receive thelr serotonerglc innervation from this nucleus. 
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Experiments similar to those described above have been carried out by 

Didier and his coworkers (Didier et al., 1985) to determine the 

pharmacologieal e,ffects. of GABA-related drugs on the serotonin and 5-HIAA 

,q • contents of var10us brain regions. The GABA agonist muscimol increased the .. 

5HT content and reduced the 5-HIAA levels in structures containing 

serotonergic terminaIs. This sùggests an inhibitory effect of GA BA on 

-~ng of SHT n~urons and a reduction Of'" SHT utilization. Conversely, 
~ 

bicucull ine stimdlated SHT turnoyer since i ts administration produc-ed 

s1gnificant increases in 5HT and 5-HlAA lev~ls (Didier et al., 1985). These 

data are in agreement with a transynaptic inhibitory c01J,trol of GABA on 

5HT neurons. 

In addition to studies in vivo, Mennini et al. (1988) have conducted 

in vitro binding st~ in an attempt to locali'ze GABA receptors on 

serotonergic neurons. After the selective destruction of SHT-contlining 

neurons with DHT, the binding of the GABA-A receptor agonist muscim land 

the GABA-B receptor agonist baclofen was investigated in various rat brain 

regions. [3H]Mùscimol binding was reduced on~y in the mesencephalon 

(midbrain) whereas [3Hlbaclofen binding was unchanged i~ aIl regions ... 
. considered. These results suggest that GABA receptors m4Y be localized on 

serotonergic terminaIs only in the mesencephalon, and furthermore, these 

r~ceptors could only b~ of the GABA-A type. 

Thus, a great deal of work has implicated the involvement of GABA in 
\... 

the regll;lation of central serotonergic transmission. This influence of 

GABA seems to be inhibitory in nature and localized to the midprain 

regions, particularly t~nterior raphe nuclei (MRN and DRN). However, 
1 

the fact that GASA influences 5HT in the MRN does not imply that these two 

ne~rotransmi t ter sys tem~ j ointl y interact in the further regula tion of 

" 
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adrenal enzymes, as 1s known for the MRN !tself. 
~~~~~ ... 

Nevertheless,/tnis \ 
,. > 

conceivab1e interaction 'Iso intriguing, and experiments have been designed 

in the course of this thesis to investigate this possibility. , 
(b) GABA-Cho1inergic Interactfons 

- j 

Work in this laboratory has localized the central chol inergic 

re~Ulat10n ~f adrenomedullary enzymes to a ~upraspinal level (Gagner et 

a(., 1981; Ramirez-Gonzalez et aL, 1'980). Our att~ntion. then turns, in 
\ ' 

" ---
the first place, to the striatum. This structure contains the highest 

leve 1 s· of acety1 chol i ne (ACh) , chol i'ne acety1 transfèrase (CHAT), ACh 

esterase, high-aff1nity choline' uptake acti vi ties a?d muscar1nic receptor 

sites in the central nervous system (Scatton, 1987). The cho1 i nerg9{ 
/ 

/ 

acti viey in the striatum i8 Iimi ted to intrinsic cholinergie neurons/and 
<> • 

1 

these account for between 1% and 2% of the total striatal neuron population 
/ 

/ (Lehman and Langer, 1983). These nerve cells appear· to play a~; important 
( 

funct'ionai role in extrapyramidal motor functi"bn and in doing 50, they 

interact with various other central neurotransmitters. For example, t~ 

.. dopamine-ACh balance appears to be a major mechanism, invol ved in 

.controlling' the extrapyramidal system (Scatton, 1987). '\ 

~ GABAergi.c neurons are also able - to regu1ate str,iatal cholinergtc 

act1 v ity (Seatton and Barthol! ni, 1980a). A great dea1 of ev.idence 
, . 

suggests that GABA exerts 'an innibitory control over striatal cholinergie 

interneùrons. This conclusion 1s based on the following observations 

'(Scatton and Bartholini, 1982): 

The systemi.c administration into rats of GABA reèePtor~,agOn1sts (e.g. 

progabide or _ muscimol): 
. 

(1) causes an increase in striatal ACh concentrations, probably due to 

a decreased activ1ty of striatal cholinergie cells and, theref'ore, 

diminished release of ACh; 
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(2) reduees the syntHesis of ACh frolll pyruvate in striatal ~l.ice~; and 
) 

(3) diminishes the rate of utilization of striatal ACh after infusion 

of hemicholln1um-3 (a choline uptake lnhib1tor) lnto the striatum. The 

\'i' lncrease of striatal ACh levels Is not llnked to alteratlons in CHAT or ACh '1 
, \i 

. 
esterase activ1ty, as 

substances. Also, the 

these enzym.es are n.,ot affected br-'\BAerg~C 

decrease in AC~ turnover Is not corectted to a 

reductlon in the amount of choline available for ACh synthesis, as 

GABAergic agents do not influence the striata1 leve1s and uptake of 

choline. AlI in aIl, these data (Scatton and Bartholini, 1982) indicate a 

redùction' of striatal ACh turnover by GABA agonists. Thus, a GABA Inp.ut 

may be invo+ved 1n the regu1ation pf the activity of striatsl cholinergie 

cells, and the inhibito'ry influence ls most probably mediated by 

intrastriatal mechanisms. This view i8 supported by the fact that 

intrastriatal infusion of muscimol or GABA increases ACh concentrations in 

striatum (Scatton and Bartholini, 1980a). Furthermore, 1ntrastrlatal 

infusion of picrotoxin reduces striatal ACh levels and antag?nizes the 

increase of str1~tal ACh co~centrations caused by a systemic injection of 

'muscimol. Finally, GABA reduces the 'ACh release evoked by potassium in 

perfused striatal sUces (Stoof et al., 1979). 

The inhibitory action of GABA on striata1 cholinergie neurons does not 
• 

seem to invo1ve dopaminerg:1c mèehanisms,(~'catton, 1987). GABA mimetics 
1 

qause a simi1ar elevation of striatal Aqh after ehemical or surgiea1 

lesions of the nigrostriatal dopaminergie phthway or arter pharmacologieal 
. 1 . . . 

alteration of the activity of dopaminerfic neuron~,bY apomorphine or 

neurQleptics (Scatton and BarthoUni, -198da, 1982). Thus, the GABAergic 

-
effeet on ACh 1 evels in stria tum is inde endent of the in tegri ty of the 

Il , 

nigrostriatal pathway. 
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1 Because the striatum contalins a dense population of GABAergic 
.r 

interneurons (McGeer and Mc Geer , ,1975) and because GAB~{s effect on ACh ls 

independent of the nigrostriatal dopaminergic pathway~ it is possible that 

these GABA neurons Interaet directly with' cholinergie nerve celle • 

. However, the GABA influence on cholinergie neurons may also be exerted 

indirectly by modulating the activity of the cortieostriatal tract. 

Indeed, lesions of the corticostriatal projections, which are glutamaterglc 
Q , 

in nature (McGeer et al., 1977), almost completely abolisn the inerease in 

striatal ACh levels elicited by GABAlanalOgU~S administe:ed Syste~iCallY 
(Scatton and Bartholini, 1980b). ACCOr~nglY, tpe GABA-mediated' inhibition 

, 
of striatal ACh neurons may re'sul t from the stimulatipn of GABA receptors 

located on excitatory glutamatergic afferents to ch01inergic_ interneurons: 

an increase in GABAergie transmission 'would reduce excit~tion by glutamate 

of striatal cholinergie neurons and thus lead to a deerease in ACh turnover 

(Scatton, 1987). 
Il 

In addi tion to the intras triatal inhi bi tory GABA control, the 
o 

cholinergie neurons also appear to be under an indirect facilitatory , -

GABAergic influence mediated by nigrostriatal 'IDA neurons. Systemic 

administration of picrotoxin increases striatal ACh levels, and- this is 
,. t "..-

dependent on the integrity of the nigrQstriatal dopaminergic pathway (Ja~oy 

et al., 1 9 7 7 ; Lad i As k y e t al. t 1 9 7 6 ~ • Sin ce DAn e u r 0 n s r, e c e ive . 

striatonigral inhibi t'ory GABA projections (Fonnum et aL, 1974) and, in 
~. 

( 

turn, tonically inh~~~t striatal c~olinergic neurons ,(Barthl>lini and ( 
1 

. Stadler, 1977), activation of GABAerg~c fibres ~s expected to reduce the 

inhlbitory dopaminergic input on cholinergie cells, thus yielding an 

increase in ACh turnover. However, the reduced ACh turnover observerl with 

1 • 
GABA ana1Jgues indieates that this indirect GABAergic faci~ltator.y, 

influence on striatal cholinergie neurons .is only of minor i~portance; the 
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1~a8triatal inhibitory GABA inflgence prevails. 

Hence, there seems to be a dlscrepaney regarding the GABAergie 

influence on cholinergie transmissio,n... On the one ~nd, GABA faeilt tateEi~ , 

striatal ACh turnover by means of a DA-dependent mechanism, one that 

presumably origiQates in the substantia nigra; on the other hand, GABA can 

also eff~ct a reduction tn striatal cholinergie transmission inoa DA-
. 

independent manner. Yet this differential GABAergic effect can be 

explainé'a' by the fact that the tlu:..eshold dose of progabide or muscitmol 
, . 

.-' 1 
needed to inhibit cholinergie neurons is much lower than that reducing the 

. .. ,. . ~~ .. 
, -rI 

act! vi ty of the nigrostriatal dopaminergic system (Scatton et aL, 1982). 

Thus, the predominance of the GABAergic Inhibitory influence ls attrlbuted 0 

'" to 'the high sensitivity of cholinergie cells to GABA.agonists relative to 

- Â 
DA cells. '" 

The information prese~ted in this section suggests that there are 

ext~nsive interactions between GABA and ACh in fhe striatum. Th~ fa ct .,that 

the cho'linerglc regulation of adrenal enzymes ls supraspinal (Gagner et 
, 

aL, ~98l; Ramlrez-Gonzalez et aL, 1.980), taken together wlth t~e fact. 

that' the striatum contains the highest levels of ACh and its associated 
\ 

enzymes in the CNS seems to Imply tha~ tqe cholinergic nerve impulses ri 

controlllng adrenal enzyme acti vi ty emanate, from this ee·rebral structure. 

Consequently, ft seems reasonable to postulate that the GABAerglc ~nfluenc~ 
, ~' 

on striatal choli'hergic transmission plays a role in the oxotremorine-

ellciled inereases ln adren'al enzyme ,aeti vi ty. In the c:urse of this 

research, experiments have been carried out to determine If, ln fact, GABA 

and Ac,r Interact insofar as ad~ena~ enzyme regulation ls concerned. 

(c) GABA-DA Interactio~s 

Research on the interaction ,between,'dop,amine and' GABA was Initially 
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concerned wi th the putati ve, regulatory acti vi ty of the inhi bi tory 
... . 

transmitter GABA on dopamine systems. This work was believed to ha·ve 

potential clinical value, possibly resulting in an additional treatment of . 
schizophrenia (Chris tensen et al., 1980). At present, it seems tha t 

several GABAergic mechanisms are directly and indirectly inv01ved in the 
, ~. . 

regulation of the activity of t~e dopamine systems (Scheel-Krùger, 1986). 

The nigrostriatal dopaminergic pathway is an ascending projection, 

passlng from substantia nl~a in the midbra-in to the c?rpus striat?m in 4J 

the· forebrain. . lt is subject to numerous synaptic influences at' several 

sites in the CNS. Of these neuronal contacts, the GABAergic ones are found 

on 1) presynaptic striatal recept~rs (Campochiaro et ~l., 1977) and 2) '" ~-

n~gral cell body receptors (Ribak et aL, -197r). Most of these GABAergic 

processes emanate from the striatum and g~ob\ls pallidus And pioject te>' the, 

dendrites of dopaminergic neurons in both tpe pars compacta.and pars 

reticulata of the substantia nigra (Fonnum et aL, 1974; Hattori- et aL, 

1973; Hattori et al., 1975). The relatfve roles of these receptor • 

,populations in GABA-DA interaations 19 'as yet unclear, but the mere 

existence of these distinct receptor g~oups suggests an Inherent complexity 
. , 

in these neurotransmitter interactions. 

Most, bio~emical studies suggest that GABA exe~ts an inhibi~ory 

controi on the nigrostriatal d.opamine systems (Wood, \1982; -Bartho1t'ni, 

1.,980'. tndeed, Dray and coworkers (1976) 'demonstrated that GABA inhlbits 
. ] ~ ".. 

the flring of cells in the pars compacta of the rat; and Cheramy et al. 
r 

(1977a) showed that the nigra1 application in - the cat of the GABA 

antagonist picrotoxin stimulated the release o~ labell~d DA in the caudate 

nucleus. GABA receptor ag~~ists such as "muscimol or progab1de decrease the 

act! vit y of dopaminergic neurons' in the striatum.~ These substances, when 
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applied systemically (Scatton et 8,1.,' 1982; Bartholin1 et al., 1979): 

1) reduce the rate of dlsappearanee of DA following administration of 

alpha-methyl-p-tyrosine. 

a 
2) block the accumulation in viv'o of DOPA after inhi bi tiqn of L-

1t 

aromatic amino ae!d decarboxylase. 

, 
\ 

3) prevent the "in vitro formation of 14C02 fr'om L-[l-l4C] tyrosine in 
tr 

tissue sllees, tnis effect being opposed by picrotox;n. 

'4) decrease the levels of 3-m.ethoxytyramine, an extraneuronal 

~etabOl!te of DA. . .. 

- \ 
" These effeets are partieularly evident when the DA neurons are 

act!vated hy neuroleptics. The data clearly indi.te that GABA-reJptor , 

stimulatiort red~c~s both stria~al DA ~ynthes~s an4 release. Furthermore, 

beeause GABA added to the perfusion f1uid of· the caudate nucleus inhibits 
\ 

DA rel-eoase in vi vo (Barthol i!1i and St,ad 1 er, 1977) and because' the 

intranigral ,administration of plcrotoxin enhances DA release in the 
, 

striatum (Ché"ramy et aL, 1977a), it is !ikel}t that the GABAergic 

inhibition of nigr9striaf~l dopaminergic transmission is effect~d by 
o 

ac ti vating GABA-receptors lo.ca1 i zed on both somatodendd tic (i.e. nigral 
~ 

cel! bodies) and terminal Ü .e. strfa ta1) areas of DA neuro~s. Thi s 
1 > 

direct, i~tbitOrY striatonigral GABAergic ~nfluence on 

DA pathw~ is often referred to as the "feed-back loop". 
(t 

the nigrostriata1 
• 

While the existence "of t'he st;iata1 "feed-back loop" is weIl 
. 

establtshed, there are nevertheless regional differences in the degree of 
~ . 

the GABA-induced inhibition ol dopaminergic .transmission. For example; DA 
~ , 
turnover i8 reduced in the strlatum and limblc areas such as the septum and 

nUCleu~~bens'" but not in other DA-rich brain area~ (e.g; ~cerebral 
cortex, brain~tem, oltactory tubercl~ and hypothal amus) (Sca'tton et al., 

. , 
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~1982). 

. 
Moreover, strlatal dopamlnergic neurons are" more susceptible to 

, 1 

GABAergic i~hlblt~on than limbic DA neurons. This differential, 
. . - ~ 

senait! vi ty, the reas~ns ,for which are not yelt understood, was oferved 
, El 

'with bqth proga~ide (Scatton et al., 1982) and ~üscimol (Scatton et al., 

1980) • 
. tJ 

In accordanae with ,ies inhibitory effect on DA neurons! GABA-receptor 

agonists also downregulate DA transmis,sion by contro11ing the nuinber ofo 

'. receptQrs. It has been shown that repeated treatmen,t:' with neuroleptics 

J 

- causes an increase in DA receptor densi ty, as demonstr~ --by the increase , - J 
in [lHJ spiperone-binding sites in the rat striatum (Bur,t et aL, 1977) •. 

-
However, the çonjoint administration of progabide and ha1operidol prevents 

" . 
the ne'Uroleptic-induced supersensiti vi ty of the rat to apomorphine (Lloyd 

et al., 1981). Thus, GABA has an additional function in the control of DA 
~ 

transmission: it regu1ates DA-receptor densHy on postsynaptic cells. 

Although the bulk of work in this fjeld s'.1;ggests an inhibitory role 

for GABA in the nigrostriata1 DA system, some authors have argued that, 

under certain experimental 'conditions, GABA May promote DA release. GABA, 

muscimol ~nd GOBA .stimulated ~he release of 3H- DA in the caudate nucleus 

when~troduced for 15 minutes into a ~uperfusion m8'dium; however, the 

initial stimulation of.., 3H-DA release was foll~wed by ah inhibition of 

,. 
transmitter release when GABA was introduced for 60 minutes (Cher-amy et 

al~, 1978). The unexpected stimulatory act~on of GASA and other GABA 
\ 

agonists m~ght be attributed to their effect on non-dopéijllinergic neurons. 
q , 

J • 
Inhibi t'ion' of nigral inhi bitory interneurons which directly contact tp,e 0 

dopaminergic cells cou1d lead to an ~ti~ation of ,the dopaminergic pathw;y. 

~ '.,III. 

These imterneurons could be}glycinergic (Cheramy et aL,> 1978), as the 
~ r. 

nigra1 appl ication of glycine reduced 3H-DA re1ease in thefcaudate nucleus 

(Cheramy et al., 1977b). Which GABAergic "effect predomina"tes, exci tatory .. 
l ' .. 
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or inh1bi tory? 
~ . 

Cheramy and coworkers (1978) have 'postu1ated that the 

di~ect inhibitory influence 1e preferentia11y 1nvo1ved when DA neurons are 

in an activated state since inhibition of DA release by GABA followed an 

1ni tial stimulation of the dopaminergiç pathway. This theory would be 

< consistent with the antagonistic effect of muscimol on the neuroleptic-

induced stimulation of str1atal DA turnover (Gale and Guidotti, 1976). 

The ~omplexi ty of GABA-DA interac totons i8 further i 11 ustrated in 

experiments by Reimann et a7 (1982), who showed that GABA can both prevent 

and faei 1 i ta te DA release in the c~a te nucleus of the rabbi t; the 

determining factor was the presence or absence of nipecotate, a blocker of 

GABA uptak~ in both neurons and gl ial cells (Bowery et aL, 1976; Schousboe 

et aL, 1979), in the medium superfusing the striata1 slices. It seems 
o 

tha t the faci li ta tory ef fect of GABA can be suppre ssed by inhi bi t ing 

cellular uptake of GABA into dopaminergic nerve terminaIs. lt May be that ) 

tqe increase in DA release requires entry of GABA into dopaminergic axons 

and perhaps an action on the neurotransmi tter storage granules (Reimann et 

al.,19,82). Alternative1y, because the inhibitory effect oçcurs in the , , 

pre-sence of nipecd'tate, i t could be medlated by a receptor on the cell 

membrane of th~ dopaminergic neuron (Reimann et aL, 1982). However~ iU' 
;' 

these studies, un1ike prevlous reports in the 1iterature (e.g. Cheramy et 

aL, 1977a), picrotoxln and blcucu1line had no effect on DA release. Thus,. 

the i nhi bi tory receptor mechani sm theorized' by Relmann, et al. (1982), 

resembles that described by Bowery and coworkers (1980), i.e. an action of 

GABA at a novel (GABA-B?) receptor site. 

- , 
Mu::h less attention has been pald to the possible effects of DAergic 

drugs on the turnover of brain GABA. However, if the striatoni"gral 

GABAergic feed-back trac t i8 monosynapt ie, then a st imulat ion of post-
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synaptic DA receptors in the strlatum should increa~l, the GABAerg1c 

activity in the substantia nigra. The systèmic a ministration of 
Q n 

apomorphine or DA receptor antagonists such as haloperidol and clozapine 

did not change the accumulation or the disappearance OftABA in the 
, \ 

striatum and substantia nigra_of the rat (Lindgren, 1987). In contrast to_ 

these findi~gs, other studies indlcate that DA exerts an 1nhibitory action 

on GABA release 2rom ·rat striatum ~an der Heyden Elt aL, 1980a). This 
~ , 

inhibition was a1so see.n in the rat substantia nigra (Van der Heyden et , 
aL, 198@b). To complicate matters' even further, in vitro studies with 

slices of substantia nigra revealed that t,he addi tion of DA gtimulated ,the 

rel:ase of 3H-GfIrA (Reubi et al., 1977). This dopaminergic facilitatory 

~ffect was conf/med wH'h in vivo studies, where the release of endogenous 

GABA was rneasured using a push-pull cannula (Van der Reyden et aL, 1979). 

Clearly, .GABA and dopamine have extensive interconnections in the A9 

region and their individual actions are inextricably related. Thus, 
o 

insofar as the neural_ regulation of, adrenal enzymes is concerned, it May 

well be that what was hitherto considered a DA-mediateèl phenomenon is in 

fact a combined GABA/DA:"el icited effect. In this regard, a series of . 
experiments are ~escribed in this thesis in an attempt to delineate the 

\ 
roJes of these two néurotransmitters systems in tçe induction of TH and 

ODe. 

(d) GABAergic Effects E.!!. DBR 

Central· muscarinic activity plays a role in the regulation of TH, DBR 

and ODe (Lewander et aL, 1977; Ramirez-Gonzalez et aL, 1980). 
.tC 

Beca4se 

GABA ltl ocks the' ac ti vi ty of cho 1 inergi c neurons in 'the striatum and 

elsewhere (Scatton and Bartholini, 1979, 1980b) and GABA agonists such as 

progabide and musc1mol dlminish the rate of turnover of brain acetylcholine 
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(Scatto. and Bartholi~1980a, 1982), it was ~onsidered,·i~rthwhl1e to 

1 
on the oxotremorine-elici~ed induction 

\ 
study the e~fects of GAllAergic drugs 

" Thi. has already bee~ done with respect \0 BBR (Lima of adrenal enzymes. 

and Sourkes, 1986b). 
\ 

Progabide, a synthetic substance which acts as a GABA-A ,nd GABA-B 

~, -.ign1f~cantly decrea.e. the 'effect )f ~xotremorine on fBR; thi. 

effect seems to be mediated by GABA-A r~rs, because bicuculli~e blocks 

the action of progabide on the induction of adr~nal DBH by oxotnemorine 

(Lima and Sourkes, 1986b). Other GABA agonists, suc_h as muscimol, ganuna­.. 
vinyl GABA (GVG) and baclofen were also tested. Muscimol, a ,GABA-A 

\ 
agonis t, decreases the res ting ac ti vi ty of ad renal DBR but does not 

significantly impair the action of oxotremorine. Infusion of muscimol into 

the brain at a small constant dose produces a great decrease in adrenal DBR 

~i vi ty and th1s sugges ts that muscimol has a central_action (Lima and 

(Sourkes, 1986b). These results support the possibility of a centraI-
t,... \ 1 

i nhi bi tory pathway that invo1 ves GABA as a neuro t ra~smi tter and af fec ts 

adrenal function. A genera1 inhibi tory effect of GASA on tonic stimulatory 

. \ 
pathways that maintain the résting levels of adrenal DBH is yet another 

\ \ 

possibility" Because baclofen, a GABA-B agonist (Hill and Bowery, 1981) 

had no effect on adrenal DBH acti vit y, the GA~A actions ~re probab1y, 

mediated by GABA-A receptors. 

The above observations suggest th4.,t GABA plays a ro 1 e in the \ 

regulat~on of DBH, thus set ting a precedent for the use of GA BA in the 

study of adrenal enzyme regulation, particularly for ODe and TH in this 

thesis. 

(~) Local V§. Central Effects of GABA 

~ ·f 
" , 

\ .' 

The neurotransm1tter substances that effect changes in the ac;ivities 
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of ODC or TH ha"e hitherto a11 been shown to act ,,1a central mechanisms 
~ 

(see sections 4. (c), (d), (e» • Because GABA ls a pbiquitous 
. 

neurotransmitter in the CNS, it .iS Possl~le that any effect that ~t migh,t 

wouJ.d be centrally mediated. HoJever, a have on adrenal enzyme activity 

great dea! of evidence suggests· that there are extensi ve GABAergic 

influences in the peripherYj in particular, GABA plays a role in the 

calcium-dependent secretion of catecholamines from the adrenal medulla 

(Sangiah et al., 1974). 

The chromaffin cells of the adrenal medulla specialize in, the 

product.ion, storage and secretion of CA. These, processes are modulated by 

nicotinic receptors located in ehromaffin cell membranes and are innervated 

by splanchnic cholinergie axons. This, however, ls too simplistie a view 

of tqe neuronal modulation of adrenal medullary function. ~istochemical 

an~ biochemical studies demonstrate that GABA, GAD, GABA-translminase and a 

GABA-b~nzodiazepine reteptor courplex silDilar to that fqund in brain are 

present in bovine adrenal chromaffin cells (Kataoka et al.~ 1984).. These 

GABA receptors, like those of brain, are activated by GABA or muscimol and 

are blocked by bicueulline. Moreover, ehromaffin cells in cul ture contain 

GABA uptake, storage and release mechanisms dmilar to those in brain. In 

addi tion" to the GAD-pos 1 ti vè immunoreacti vi ty of chromaffin cell s, 
. 

immunocytochemical analysis (Kataoka et a!., 1986) suggests that GABAergic· - . 
, 

fibres reach the adrenal medulla ,in association with the terminaIs of the 

splanchnic_nerve. 

Functionally, GABA receptors on ehromaffin cells modulate the ACh..: 

induced release of ~ By means of a technique pf perfusion of the adrenal 
'\ 

gland [thus eliminating central effects of drugs or their Metabolites on,CA 

release (Hilton et a!., 1958)], it was shown t~t GABA-mimetic ~rugS" cause 

the release of CA into the circulation, whereJ.,s a GABA antagonist red4ces 
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the CA content of adrenal effluent b100d (Kataoka et a1.,- 1986). The 

magnitude of this release is comparable to that obtalned by maximally 
,f 

efficient e1ectrica1 stimulation of the splanchnic nerve. The increase of 

the CA content in adrenal effluent blood eUcited by muscimol or TRIP, two 
\ 

l. ,,- " 
GABA-A agonists, was not blocked by splanchnicotomy, but it was prevented 

by bicuculline methiodide, a specific GABA-A receptor antagonist that does 

\ 

not cross t~e blood-brain barrie~)(Katao~a et al., 1986) •. The d~ta s~ggest 

that the CA release elicited by GABA or other GABA-mimetics is not the 

'consequence of an ac.tivation of transyn'aptic mechanisms bu.t rather the 
, 

result of stimulation of GABA-A receptors loaated on membranes of adrenal 

chromaffin cells. It has also been shown (Kataoka et aL; 1:986) that the' 

extent of CA release elicited by splanchnic nerve stimulation was decreased 

by administration of GABA agonists and was increased by bicucul1ine. Thus, 

~endogenous GABA May reduce the responsi veness of nicotinic recepto}s on 

chromaffin cells. 

In summary, GASA modulates the spontaneovs release of CA and the 

release el ici ted by e1ectrical stimulation of the splanchnic nerve. In 
'. 

studying the GABAergic mechanisms of adrenal enzyme regu1 ation, the 
, , - f. - -
observations discussed above warrant serious consfderation. The peripher~l 

administration of GABA ana,logues should not immediately suggest that GABA 

acts exclusively in the central nervous system to ~ect changes in adrenal 
(- -. '\ 

enzyme activity; the possib11ity of a local effect a~ the chromaffin cell 

membrane ls not altogether unreasonable. 1 

Cf)· GABA and Polyamine Metaboliam 

/' There appear to he at least fi ve dtfferent pathways that can 

~" 'contribute-to GABA formation in the periphery; one of these ls ~he 
. 

production of GABA during the course of polyamln.e metabolism (Foge1, 1986). 
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lt bas been found that GABA may be der! ved from putrescine (Fogel, 1986); 

tbis polyamine 15 the product of the decarboxylation of orni thine by ODe. 

!
~ ver, in the CNS, the contribution of putrescine-deri ved GABA to the 

, ' . ' '\ 
t tal GABA pool ls cons idered to be negl1gi b le. The conversi on of 

putrescine to GABA in mammallan brain (Seiler and A1-Therib" 1974) proceeds 

through acetylatlon af .. putrescine to monoacetylputrescine. This compound 

1a then oxldatlvely d..eaminated by monoamine oxida.se (MAO). Subsequent 

steps include oxidation of N-acety1- "( -aminobutyr~ldehyde to N-acetyl GABA, 

and 1 ts deacetylattoÀ. This pathway has aIso been found ln rat intestine 

and kidney (Seiler and A1-Therib, 1974). A1ternative1y, GABA can be formed 

from putresclne by direct oxldatl ve deamination; the first step catai yzed 

by diamine oxidase (DAO) and the second by a1dehyde dehydrogenase. Thh 

pathway for GA BA formation appears to be re'stricted to the peripheral 

tissues (Fogel, 1986). 

Because GABA is present in fibers and chromaffin cells of the adrena1 
\ 

, medu1Ia in various spec1es (Alho et aL, 1985), i t is concei vable that the, 

pathways ut! l i zing putres cine for GABA format i on di scussed above are 

functiona1 in the adrenal medulla. Consequent1y, the regulation of amODC, 

which catalyzes the fornatian' of putrescine, might be inf1uenced by levels 

of GABA in that gland. Thus, the regulation of ODe by GABA must take' into 

account the possi bi li ty of local end~product i nhtbi ti on at t~e pro tein 

level r?ther than a neural mechanism mediated by the neurotransmitter GABA. 

As.intrlguing as this possibility may he, it ls rather unlikely; GAD 15 

aîso found in adrenal medulla (Alha et al., 1985; Kataoka et aL, 1984) and 

. 
thls enzyme ls probably responsible for synthesizihg most of that tissue's 

~ - GABA supply. 
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.fu. DOPAMlNE RECEPTORS 

The dopamine receptor was in;ltially considered to.pe a single protein 

in dynamic equilibrium between two configurationa! states (Creese et al., 

1975). At present, i t i8 generrall y agreed that there are, in fact, two 
~ 

categories of DA: reeeptor, c!esigna ted D-l and D-2 (Ke: babian and Ca 1 ne, 
. 

1979). The D-l receptor has been def i ned as being coupl ed to the 
Q. 

stimulation of adenylate eyelase, as demonstrated in rat striatum (Kebabian 

et al., 1972). In many tissues, the initiation of the physiologieal 
' . 

. response to DA .1s associated with the accumulation of cyc 1 ie AMP. The 7-

halogenated benzazepine, SCH23390, 1s a DA antagonist (lorio et a1., 1983) 

and has proved useful as a 'D-I-se 1 ecti ve liga!.1d. lt has thus J>rov i ded .. 
information regarding the properties of this re~eptor. For example, the\ 

l 
"\ regional distribution of the high:"affinity D-l sites in rat brain was 

determined by using [3H]-SCH23390 :receptor d,ensi ties were greatest in 

corpus striatum, nucleus accumbens and olfactory tubercle. Interestingly," 

however, i t was a1so revea1ed' that on1y sorne of the (D-1) receptors binding 

[3Hf-SCH23390 are linked to adeny1ate cyclase and, hence, to cAMP syntnesis 

(Mallman et aL, 1986). In contrast to this, stimulation of the D-2 

recoptor otfocta -a~--lnhibitlon of .denylate cycl.se act! vit Y (Onali 001., 
1985; St'oof and Kebabian, 1981). The D-2 site can be labelled with 

"" 
butyrophenone 1 igands such as [3H]-haloperidol (Seeman ~t al." 1975)" The 

two DA receptor subtypes are a1so distinguished by the fact that adenylate 
-\l. 1 

'cyclase-linked receptors are stimulated by micromolar concentrations of , 
dopamine, but the D-2 sites respond to nanomolar ranges' (l<ebabian and 

Calne, 1979). 

The most extensively studied dopaminergic brain region 1s the 

nigrostriatal sys~em; five DA receptor loci have been identified (Kebabian 
, \ 

and Calne~ 1979). Figure III attempts to schematize the localization of D-
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land D-2 receptors in the A9 (ni gros triatal) region. In the substantia 
. 
n1gra, there are presynapt!c 0-1 sites residing on striatonigra1 GABAergic 

nerve-endings, and D-2 receptors located on dopaminerglc eell bodies 

C'autoreceptors", Nagy et aL, 1978) whieh regu1ate the e1ectriea1 act! vi ty 

of these ce1ls. ~n the st1;i.~tum the~e are: (1) presynaptic 0-2 receptors 

·on dopaminergic nerve' terminaIs which' regulate the biosynthesis of the 

amine (Kehr et aL, 1972);' (2) D-2 sites on neurons proJ;icting t6 the 
C 

striatum from the cerebral eortex (Schwarcz et aL, 1978) and (3) post-
o 

synaptic D-1 si tes on neurons intrinsie to the caudate nucleus. lt has 

also·been sugge~ted that 0-1 and 0-2 receptors co-exist on the same caudate 
1-

nucleus ne ur ons (whieh reeei ve input from the substantia nigra) and that 

these receptor subtypes exert inhibitory and excitatory influences, 

respect! vely (Ohno et aL, 1987) • 
( 

. 
The funetional consequences of receptor binding reflect the' cellular 

location of the, receptors. ~hus, DA met~~olism whi1!h is increased rn the 

'presence of DA antagonists, is affected to a ~reater extent by 0-2-s~ifie 

blockers than by D-l-specific b1ockers. Sim! l,arly aIl DA agonists decrease 

DA metabolism, but the decrease is more appreciable with the administration 

of the 0-2-sel ec ti ve d rugs (BayaI' and Al tar, 1987), Furthermore, DA 
; 

" release is increased, by D-2 but n~t D-l-specific antagonists and D-2 

• agonists decrease DA release whereas D-1 agonists have minimal effects 

(Boyar and A1tar, 1987). The predominance of the D-2 l'eeeptor in 

control1ing DA metabolism and releasé is proba.~ly attributable tp the 

presence of D-2 but not D-l' sites on the nigrostriatal projection 

pre.synaptically. 
~"\ 

The beqavioral cons~quences of- D-1 and D-2 specifie receptor 

stimulation has a1so been investigated. Experiments wi th, mi ce have 
\ 
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implicaeed D-2 receptors in the mechanisms Qf locomotion and rearing 

whereas D-I receptors seem to be invoi vM in the eXp'ressi on of grooming 
1 

(Starr and Stan. 1986). -J 

Many studies have suggested that ~t and 0-2 receptors in the stri8tum 

can Interact ,and thus regulate their responslveness. !or example, D-2 

receptor stimulation can suppress the esponsiveness of the D-1 receptor 

within the striatum (Stoof and Kebab! The receptors May a1so 

interact "co-operati vely", 'whereby ac i vation at the D-l' 51 te allows for: 

the expression of the consequences of D-2 receptor stimulation. For 

examp1e, Wa1ters et al., (1987) repo ted that D-l and 0-2 receptors exert 

synergistiyeffects on the firing rat: ganglia neurons and on the 

expression of ster~otyped behavio in rats. Furthermore, using AMPT­

treated rats these 8uthors showed that the abiIlty of D-2 agonists to 
,) 

induce changes ln the electrophys ology of basal ga'hglia neurons and in 

spontaneous motor activit~quires the avajiability of endogenous dopam!ne 

to stimulate D-l receptors. Thus, the currently held view that D-2 and D-l 

receptors are each indi viduai y responsible for governing certain 
o -

biochemicai or behavi?ral phenom na May have to be· modified. 

Previous work in this labor tory has estab1ished a role for DA in the 

induction of amODC and ATHA (1~mazan et aL, '1982aj Quik and ~ourkes, 
1976).' The exact mechanism of this DA~eIicited induction i5 not kn~ • Do 

1 

t : \ DAergic agents increase adre1bal enzym ac tl vi ty by sti~uIati ng D-I 

1 . 
receptors or D-2 receptors, or 1s each of the receptor subtypes equally 

1 

important? Do the receptors a'ct synergistieally to el ieit this inductive 

1 
phenomenon? Looking at thisi problem_ from a different perspecti ve, one 

- might considet, whether the ,m'echanisms invoi ved bring into play the 

po§tSynapticrr presynaptift DA receptors. 

pharmacologieal maniPulat~on~ have been :arried 

Ij 
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\. 2-specific agents as wel.1 as su~stance8 which se1ectively activate 
-

presynaptic dopamine receptors. The aim has'been to shed light on the DA-

mediated induction of TH and ODC. 
-t., 

o. 

2:.. RESEARCH OBJECTIVES ( 

Studies of the neural JegUlation of adrena1 enzymes have pro~ided 
usefu1 in~rmation ,in eluc)idating the central nervous pathways invol ved in 

the str~response (Sour,kes, 1983). The aim of the present work is to 

contribute' to this information by determing whether GABAergic nrrve fibres 
t 

play a role in the induction of ODe and TH. In pursuing this main 

object! ve answerS to the following questions were sought: 

1) Other CNS neurotransmitters ea.ch have similar effects on TH and 
(&. 

ODC; do these two adrenal enzymes respond differently or similarly to 

treatment with GABA analogues? 

2) If GABA does influence,the regulation of ODe and TH, is this 

through a central or peripheral mechanism? ~ 
3) Because GABA, a ubiqu!tous neurotransm1tter in the central nervous 

\ 
system, i8 known to interact w1th the neurotransmitters wh1ch do, in fact, 

causé an 1ncrease in TH or ODe, does it exert its influence on TH and ODC 

, independently or via an interaction with these other CNS neurotransmitters? 

, Another aspect of this prolect was to study the neural mechanism by 
1ft f 

whieh act1 vation of the nigrostriatal dopaminergic system (A9) reBul ts in 
o <II , 

chang~s in adrenal ,enzyme acti vi ty. lri this regard, the efficacy of D-:l 

vs. D-2 dopamine receptor stimulation in the induction of ODC and TH was 

determined. In addi tion, because certain GABA anal'ogues were found to 

cause an fn~ in the two adrénal enzymes at the sa~e time as they 

prevented dopamine release, the possibility that dopaminergic agonists 

might effect changes in adrenal enzyme activity through a pr~yhaPtic 
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i) GABAerp:i C • Analogues: 

P.A-Ot'6 
(1-hydroxy-3-arino 
-pyrrolidone-2 ) 

, 

, 

, 

Bicucull.in'e 

~ . 

ll't ' 
~- cy., 

fuscilTlol 

Ga!"'l"l?-hydroYy butyric acid 

4_ fIT Ll-chlorophen~l) ; 'i-:.fl. uor~-2-hydroxy 
phenyl ).r!ethy].E"n~al"ino} butanarrlide 

G013A 

li) Cho 1. ~ner~5_ cAnal op:ues : , ~ 

Q-,coae--a-(J 
• 0 ., 

./~ fr 

~~ .. Oxotrp.l'1orine 

00Cf 
c.'S 

Atropine 

) 

Fie;urp. I: Strvctures of OAEAergic ar.d Cholinergie 
.Ana.~ogue:; Used. 
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, R(+)-3-PPP 

(R)-3-(~-hydroxyphenyl) 
-N-~-propy~piperidine 

Apomorphine 
\.. 

· Haloperido!. 

1-

, , 

<!' -::-, ::,...:.. - ~j: •.. .... 

, . 
SCH23390 

1-chloro-2,3,4,5-tetrahydro " 
-3-rnethyl 5-phenyl-1H-3- , 
benza=epine-1-01. 

\ 

5H'r Agonist: ... 
. 

~ - "~f"A1$HM 

~ (MD:rr,' 
.:}' 

N, N-dirr.ethyl-5-r-1I~thoxytryptar.:ine 

Figure II: - .structures of Dop~inerF;iè and Serotortergic \j 
Analogues Used 
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Figure III: A Schematic Representatior. of D-Î and Dj 2 
Receptors in the A9 Region. 

-

Legend! 'Y - 0- 1 Receptor Si te 
Il - p-~ Rpceptor Site 

~.N.- Substantia nigre 
1.- GABAer~ic striatonigral ,pathway 
2 - DAergic nigrostriatal pathway ~ 
~ - Choliner~ic~riêtal intrinsic neuron 
u _ Corticostri~l neuron 
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1. ANIMALS -
Male Sprague-Dawley rats weighing between 180 and 250 grams were used, 

. 
except for experiments invol ving splanchnicotomy. They were obtained from 

the breeding farms of Charles Ri ver Canada Incorporated i~ St. Constant, 
, 

Quebec. The animaIs were usuallff received from the supplier at 
..- - , 

approximately l p.m. They were then tail-marked and distributed to cages 

on the day of ar.rival. The rats wet;e frequently handled before use in 

experiments in arder to accus tom them to the experimenter., Experiments 

.. were begun 'th~ following morning. The rats were kept 4 or,. 5 to a cage in an 
., 

animal room with: a light-dark cycle of 12 hours and wtth a thermostatically. 

controlled temperature of 22OC. In experiments invol ving the administration 

of apomorphine, the animaIs were placed in individual wire cages. There was 

~ 
a free access ta tap water and Purina Checkers. Control animaIs received 

vehicle by the same route as the experimental group and also received the 

same folume -and number of injections. At the end of an experiment, the rat!? 

were sacrificed by decapitation. 
() 

2. SURGERY 

(a) INTRACEREBROVENTRICULAR INJECTION OF DRUGS 

Rats weighing between 200 and 210 grams were anaesthetized with 
• 

hloral hydrate, 300 mg/kg i.p. (USP, Fisher Scientific Company, Mon,treal, 

nada) and'position~d.in the stereotaxie instrument. With th~ skull~flat, 

t~e injec~ions were given at the ~t ~.O ~ posterior to bregma, 1.5 mm 

latera'l' to midUne and 3.5 mm vertical. (Paxinos and Watson, 1982). The 

ventricular site was confirmed by in je crion of Methylene blue. The drugs 

were gi ven in a volume of 10)l1 at the rate of 5 rI/minute deU "'ere? from a 
" . 

Hamil ton microsyringe,. AnimaIs were sacrificed '24 hours after drug 

administration.
o 

In i.e.v. exper1ments, only adrenal TH aet! vit Y was 

de termined • 



o 
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(h) SPLANCHNICTOMY 

Left-sided hemisplanchnicotomy was performed in.rats under chloral 

hydra te anaes thesla, 300 mg /kg l.p. The animal s weighed be tween 200 and 

250 grams at the time of surgery. With a dissecting microscope, the tissue 

surroundi ng the adrenai gland was compietei y disse~ ted, except for . 
protection of the vascular supply of the gland. The mean weights of the 

adrenais on the denervated and intact sides w.ere not signifieantly 
, ' 

different. To verify the efficaey of the operation, in a' few rat} the site 

of the transection was eiectrieally stlmulated and heart rate and blood 

pressure were measured. Ele~'trieal stimulation should e~ ici t an elev~tion 

in these two physiologieai parameters only in animaIs with an intact 

• splanchnic nervej with the technique used, no increase 1n heart rate or 

, "'" blood pressure w~s de te ed. Inj ec tions were bègun on the fi f th post-
l , ' 

9perati ve day in order to allow for sufficient reeovery from surgical , 

stress. lnvolvlng splanehnicotomy, only adr.enal TH 

aetivity was determined • 

. 3. DRUGS -
Over the course of thls work, a variety of neurotransmltter systems 

were studied and, eonsequently, Many drugs were used. They are liste'd in 

Table B.I. The following drugs ~ere purchased from the Sigma Chemical . 
Company,- St. Louis, MO: sodlum O-hydroxyqutyrate (GOBA), muscimol, 

oxotremorine, methylatropine. bromlde, o(-methyl-DL-tryptophan (AMTP) , N,N­

dimethyl-5-methoxytryptamine (MDMT? and ~-chiorophenyialanine methylester , 

_HCI (PCPA). Atro'pine sulfate was p.urchased from the.J.T. Baker Chem1cal' 

Company, Phi1lipsburg, NJj bicueuil ine from ,K & K Laboratories, Plainvi~w, 
-... ,..1 

NYj apomorphine Hel from F.E. Cornell and Co., Montreal, Quebec; and R( +)3-

ppp (3-(3-hydroxyphenyl)-N-n-propylpiperidinej Hj orth et al., 1981) from' 

55. • o. , 
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Research Biochemieals Ineorporated, Wayland, MA. Tbe following drugs were 

r'" 
gifts and are gratefully acknowledgeg: progabide (SL 76002) Jrom L.E.R.S.-

'" Synthe~abo, Paris, Fr~nce; HA-966 from Dr. Noach, U. of Leiden, The 

~Netherlands; haloperidol (MeNeil Laboratories, Don Mills, Ontario); 

SCH2j390 (Schering Co., Bloomfield, NJ); sulpiride' from Delagrange 

Int-ernational, Paris, France, and ~rom ~vizza S.P.A., Milan, Italy. 
• j 

Most of the drugs were dissolved in saline; however there were some 
1 . 

~xce?tions. ProgabUe was suspended in 0.5% methyl cellulose and injected 
o 

in this forme GOBA was dissolved in water and titratèd to approximately pH 

7.2' with a few drops of IN HCL. Haloperldol, sulpirlde" blcucul!~ne, HA-

966 and MDMT were each dissol ved in a few drops of glacial acetic acid, 

diluted wlth deionized water and titrated to pH 6.3. SCH23390 wâs 

dissol~ed in a 25% solution of propylene glycol. AlI drugs were injected 

in a volume of either 2.5 or 5.0 ml/kg body weight except for oxotremorine, 

J whlch was injected in a volume of 1.25' ml/kg. Control animaIs received the 

• 

~~ , . 
vehicle in the same volume 'as the drug and with the same number of 

,. injections. 

The' doses of drugs used are presented 'i1\ Table B.l. They refer to 

milligrams of the commerlcally a'vailable form of the drug. ~or examI11e, 

o GOBA was injected in a dose of oes g/kg as the sodium salt and apomorphine 
,J 

\ 

_ was injected in a dose of 3 mg/kg as apomorphine hydrochloride. Theve were 
o '. exèeptions to this rule • The doses gi ven for methyla.t'ropine bromide ... two 

and 

.. ' 
1. f 

atropine sulfate (5 mg/kg and 10 mg/kg, respectiyely) rèf~r 'to the base 
.... - .- v 

-, 

Hself, i.e. larger amounts of the saI ts were disso! véd in order to get 

effecti ve doses àf methy! atropine and atropine, respecti vel y~ The drug 

doses wer, based on body weight, except for i .c.v-. ~experimen ts, where the 

dosë-was a fixed amount per animal. 
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!!. BIOCHEMICAL PROCEDURES: 

.!l De,termination of Orni thine Decarboxylase Act! vi ty .!!!. Adrenal 

Medulla. 

(1) CHEMICALS 
) 

L-{l_14C]Ornithine (specifie activitYt 52.4 -"<54.3 mCi/tnmol) and 2,5-
- 1 

diphenyloxazole (PPoY were purchased from New England Nuclear, Boston, MA. 
) 

pyri_doxal 5 '-phosphate (crystalline) and DL-dithiothreitol were purc?:red 

fro~ Sigma Chemical Company, St •. Louis, MO. EDTA, sodium phospl.lte 
, 

(dibasic), potassiumJphosphate (monobas1c), ethyleneglycol monomethyl 

ether, toluene and';onoethanolamine were aIl purchaf~d 

Scientific Company, Montreal. ) 

from the Fi slter 

(ii) TISSUE PREPARATION 

In experiments involving the determination of ODC activity, the 

animaIs were sacrificed 4 hours after the initial injection of drugs, 

" 
uniess othe~wise noted. After decapitation, the adrenal glands'were removed 

~ 

immediately and placed oa ice. Bath medulla and cortex contain ODC, the 

former under neural, the latter under endocrine regulation' (Almazan et al., 

1982a).~ecause the focus of this work is on tbe neural regulation of 
\ . 

adrenal enzymes, it was necessary to separa te the!medullary from the 

1 

cortical tissue. To do this the glands were first freed of capsular tissue 

and weighed. The dissections were done at 40C by visual inspection ~nder a 

magni fying 1 amp and they were c'omple t'ed wi thin 4 hours of sacrifi ce. The 

pairs of medullae were kept on ice and the cortices were discarded. After 

" aIl pairs of glands 'Nere dissected, the medullae ·were homogenized, in 200 
':> 

}lI of the ODC assay buffer (see below), with a motor-driven Teflon pest'le 

(A. H. Thomas Co., Philadelphia: PA) rotating at 140 l'pm for 30 seconds. 

TtJ.e homogenate was centrifuged for 30 minutes at 12,000g in an Eppendorf 

table-top centrifuge (Bri nkmann 5412). The supernatant waf3 kept at -70°C 
, 1 

,P 
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overnight and assayed the following day. 

(111) ASSAY ~ ~ ACTIVITY ln vitro 

The in vitro assay of ODC activity used in this work is a method that 

combines;elements of the assays descdbed by Russell and Snyder (1968) and 

Janne and Williaills-Ashman (1971), with some miRor modifications (Ramirez-
" 

Gonzalez et al., 1980) • E'sse~ally, the method invol ves the measurement 

~ of ,the 14co2 produced b~ the enzymic decarboxylation of L-[ 14C]ornithine. 

The ODC assay buffer consisted of 0.05M ' soqium-potassium phosphate buffer, 

pH 6.8; 1.0 mM di thiothrei toI; 0.1 mM EDTA; and 0.05 mM pyridoxal 

phosphate. The incubation mixture conta~ned, in a final vo.1ume of 0.5 m~,. 

the following Ingredients (final concentrations gl ven): 100]l1 of the 
t' 

12,000g supernatant fraction of the tissue homogena (homogenized in 200 

'pl of the ~bove ODC asssy buffer); 1 )lCi of L- ornithl ne, 0.04 mM; 

pyridoxal phosphate 0.05 mM;' dithiothreitol 1.0 mM; E M and sodium-

• potassium phosphate, ~0.05 M, pH 6.8. The reaction was carried out in 25 ml 

Erlenmyer flasks equipped with a plastic weIl hanging from a rub er stopper 

(Rontes Glass Co., Viheland, NJ). The plastic weIl contai ne a filter 

pa'per (2cm2 , Whatman no. 3) impregnated with 100}l1 of a mixture of -ethyleneglycol monomethyl ether and monoetha~lamine (2:1). After a 
, 

pteincubation period of la minutes at 37 oC, the reaction was started by 

1.njecting the substrate (1 )lCi of y-[14Cl ornitpine in a volume of 0.3 ml) 

through the rubber stopper, and was allowed to continue for 45 minutes at 
i 

o 
. 37 C in a shaking water bath (1\aak SWB 20). The reaction was stopped with 

the injection of 0.5 ml of 6 M suIf rie acid through the rubber stopper. 
\ 

The flasks were incubated itional period of 45 minutes in order 

.to trap aIl the CO2_ The collected and placed in a 

vial containing 10 ml of a mixture of toluene and et.hyleneglycol monomethyl 
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ether (2.:1) that contained 0.4% 2,5-diphenyloxazole. The radio,activity 

contained in each sample was determined wi th the use of a seinti llation 

counter (Beckman L8-250). The activity of ornithine decarboxylase is 

expressed as pmoles CO 2 produced per mg protein per 45 minut~s at 37°C. 

The·protein content of the sample was estimated by Lowry's method (Lowry et 

al., 1951). 

'(b) Determination of Adrenal Tyrosine Hydroxyl.ase' Acti vi ty 
a 

(i) Chemical s 

o Aquasol-2 and L-[ring-3,S-3H]. tyrosine (54~2 Ci/mmol) were purchased 

from New England Nuclear Corporation, Boston, MA. The labelled tyrosine 

was purified before use by a modification of the procedure of Coyle (1972) 
, 

and stored in 2% ethanol at 4 o C. An appropriate' volume of tltat solution 

was lyophilized to dryness prior to each assay and the res1due dissolved in 

1 mM unlabelled L-ty·rosine, pH 3.1. Dowe.x 50W-X8 (H+ fonu, "200-4,00 mesh) . 
, 0 • ~ .. 

from Bi o-Rad laboratorie,s (Canada) 'Ltd., ·MiS~-{:',~Uga, Ontario ané! 

\ 

(Woelm, neutral acti vi ty, Grt9de 1) from ICN (Oanada), Montreal, 

\ 

alumina 

Qu~bec, 

were used to purify the radioacti ve substrate. - L-Tyrosine, eatalase (2x 
1 

crystall ized from beef li ver) and 6, 7-dimethyl-S,6, 7,8-tetrahydropterin HCl - . 
(DMPH4) were obtained from Sigma Chemieai Compa"ny, St. Louis, MO. 

Po tassium phospha te (monobas ie) and tri chI oroacet ie ac1d were purchased 

from J:T. Baker c~ef1c~-1-C-Ompany, Phillipsburg, NJ. Sodium acetate was 

fr-om Fisher 8cientific Company and L-ascorbic acid was purchased from BDH 

Chemical s. Brocresine (p-bromo-m-hydroxybenzyl oxyamine phbsphate ~ NSD . ~ 

1055) was a gift of Lederle Laboratories, Pearl Ri ver, NY. 

(i1) Tissue Preparation 
( 1 

In experiments invol ving the determinatioIl; of TH acti vit y, the 

injections were carried out over a per:iod of 3 days, eilCcept in th~ case of 
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, , HA-966 , where the duration of the experiment vas only one day. In aIl 

cases, the animaIs were sacrificed by decapitation on the morning following 

the last injection. The adrenal glands were immediately removed and put on 

ice. After being freed of capsular tissue and weighed, pairs of glands 

(each gland separately in the case of splanchnicotomized rats) were 
~ 

homog6nized in 0.9 ml of ice-cold saline t.rlth a Teflon pestle rotating at . 
140 rpm for 30 seconds. The hOtl\ogenizations were com~eted within 4 hours 

of sâcrifice. 

(U!) Adtena1 TH Assay 

" The activity of adrenal tyrosine hydroxy1ase was determined in 100 pl 

portions of tissue homogenate according to the method of Nagatsu et al. 
. ' 

(1964) as modified by Gauthier et al. (1979). The method invo 1 ves the 

measurement of the tritiated water produced \s a result of the 

hydroxylation of L-[~ing 3,5-3H] tyrosine. The radioactive substrate (54.2 

Ci Immol) was puri.f1ed before use, fi rst by pas sage through 

• 'col'œnn and then 'th'r~ugh' a Dowex 50W-X8 (H+ from, 200-400 mesh) 

. 
Je 3 .• 0 cm and stored in 2% ethanol at 4 0 C. 

arf alumina 

fWlln. 0.5 

The incubation mixture, in a total volume of O.S, 'ml , contained 100 )11 

. of the tissue homogenate and 0.2 ml of a solution of 198 pmo1 sodium 

acetate, 9.9 pmo1 potassium phosphate (monobasic), 1950 11 catalase, and 69 

nmoles of brocresine _(free basel, pH 6.1. After addi tion of 0.05 ml 

solution 'containlng 50 nmoles L-[ring-3,5- 3 H] tyrosine, pH 6.1 

(approximately 350,000 cpm), the sampI es, in open l~ x 100 ~b~'~osilicate 

tubes, were eq~ilibrated for 5 min~tes at 30~C in a Dubnoff metabo1ic 

shaking i;ncub,tor •• The enzymatic reacti on i tse 1 f was s tarted with the 
. 

addition of 6, 7 .... dimethyl-5,6, 7,8-tetrahydropterin hydroch10ri'de, 0.42 pmol 

free b~se, and ascorbate, 1.25 pmol 1n,O.O, ml., After 15 minutes, the 

reaction was stopped by addi tion of 0.1 ml 25% trichloracetic acid. The 
.'1* 
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samples were cooled on ice for at least 45 minutes and were then 

centrifuged for 15 minutes at 20,000 g. The supernatant was passed through 
• j 1 

a Dowex 50W-X8 column 0.5 x 3.0 cm previously equilibrated w:f. th 1.8 ml 

trichloroacetic acid, pH 1.5. The protein pellet was washed once wi th 0.8 
1 
1 

ml trlchloroacetlc aC{d, pH 1.5; the washings were passed through the 

column also. Both effluents were colleeted, combine~ with 10 ml of 
, l ' , 

Aquasol-2 and t~e ra~ioactivity of the tritiated water produced by the 
1 

enzymatic reaction mearured in a liquid scintillation counter. 
1 • 

Reeovery of tritiated water was about 95% and counting efficiency 
1 

approximately 40%. The enzyme acti vi ty was liftear for 20 minutes,"'about 4% 

'of the labelled subst-J,"ate having disappeared- at' that time (Ekker, 1985). 

Adrena1 tyrosine hydroxylase aeti'vity is expressed as nmol of L-
• 1 

dihydroxyphenyqalanine (DOPA) formed per hour per pair of adrena1 glands at 

5. STATISTICAL ME THOnS 

# (a) Student's: t-test 

Values of e~zyme activities in aIl Tables and Figures are expressed as 
~ - -- -

mean + standard error. The significance of the differenc~ ~etween two 

different treatment groups was'determined by Student's t-test. In most 

-
cases, particu1arly in pilot studies, a tW'o-tailed test of t was used. 

~ 

However, when the directionali ty of' a particular treatment 's effect W'as 

already established, a one-tailed test was often a~plied for comparing two 
1 

o different treatment groups. 
o 

(b) Aualysis of Variance 
, 

, 
In addition to St udent 's t-tes ç, the data were subj ected to an 

analysis of·, variance (ANOVA). Initia11y, a one-way ANOVA was carried out 

to determine the significance of the experiment as a whole. ,In certain 2 x 
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2 experlments, a two-way ANOVA was also done to assess the degree of r 

interaction between two drugs administered to the same animaIs. In many 

instances, the data from several similar experiments lnvolving the 
. 

administ~ation of a partiGular drug were pooled and subjected to ANOV~ rn 

these cases, the slgniflcance of a drug's effect was consldered after 

accounting for variati.ons between experiments. 

( , 

/ 62 



r'" J 

~ 

o -c 
p 

Table B.I 

Drugs used in the eXEeriments described in this thesis: Doses! Route and Schedule 

Neurotransmltter Name of Mol. Wt. Route Dose(s) Injection Schedule 
System Compound )- ODC TH 

'-\ 
?7 

GABAer~ 

(a) Agonists Muscimol 114.1 s.c. 3 mg/kg l/d'le b.i.d. ... 
Progabide 334.5 s.c. 100 mg/kg or- l/d b.i.d. 

" (SL76002) 100 mg/kg+50 mg/kg ~ .. : 
'0 

Sodium 126.1 l.p. 0.5 g/kg l/d l/d 
hrdrq"butyrate 

. 
(GOBA) 

HA-966 111 i .p. or 150 mg/kg I/Cl 
1.c;v. or 5 J.lg 

1 (h) Antagonist Bicuculline 367.34 s.c. 1 mg/kg l/d b.i.d. 

Dopaminergic 

(a) Agonists Apomorphine 303.81 s.c. 1.5 mg/kg t.i.d. q.i.d. 
hydrochloride or 3 mg/kg 

AI • R(+)3-PPP 255.79 s.c. or 10 mg/kg or l/d I/d 
i.c.v. 2 )lg 

~ 

(b) Antagonists' SCH23390 403.57 i.p. 3 mg/kg l/d b.i.d. .' DL-Su1piride 341.43 s.c. 40 mg/kg or l/d' b.i.d. 
50 mg/kg 

Ha1operldo1 375.88 Lp. 5 mg/kg l/d 
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Table B.I 
() 

Drug~ used in the experiments des~ribed in thisthesis: QOf!t!s, Route and- Schedule 

~otransmitter Name of 'Mol. Wt. Route Dose(s) 
System ____ _ Compound _ . _____ ~ ____ ~_~ . ( 

Cholinergic ..., 
(a) Agonist Oxotremorine 206.28 s.c. 

(b) Antagonists Methylatropine 384.5 s.c. 
bromide 

, 
Atropine sulfate 694.82 i.p. 

~ 

Serotonergic 

(a) Agonists MDMT 218.3 s.c. 
p 

DL-AMTP 218.2 s.c. 

250:1 
~ 

PCPA -çp i • P.. (b) Antagonist 

-'-*l/d once a day -, 

'. 

~ 

f\ "'-
.f 

64 / 

,.. 

0.5 mg/kg or"' 
-0.35 mg/kg 

.s mg/kg 

! , . 
• , 

10 mg/kg 

~ 

1 mg/kg 

10~ mg/kg 

-300 mg/kg 

... 

"" 

Injection Schedule 
ODe TH 

l/d b.i.d. 
-----

,f/d 

-'-

.' 

b.i.d. 

l/d 

• 
b.Ld. 

l/d 

l/d 

J' 
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h Effects of GABAerg1c Drugs 2!!. Adrenal Enzymes 

.. (a) Tyrosine Hydroxylase 

The influence of the GASA system on rd was'studied as follows: Various 

GABAergiè agents were injected into rats to ,determine whether t~ese drugs 
, 

can .effect~n in~rease in TH activity. A series of experiments was carr1ed 

~ out with each of five GABAergic agents and the results obtained from 

... ' 
indiviâual experiments for a particular drug were pooled • 

.!2, The Effects of Muscimol, Bicuculi ine, Progabide, HA-966 ~ GOBA 

ATHA. 

Muscimol, a GABA-A receptor agonist, was administered in a dosa~f 3 
~ 

'mg/kg twice daily for 3 days. As shawn in Table C.I, ft caused a 
~ 0 

si.gnificant inorease in ATHA (P < 0.01), ,,"lmost doubling the con'trol 

leveIs. This i~ucti ve effect was clearly apparent despite the variabil i ty 

among the experiments (F = 24.94',P <0 .Ql), as shown in the ANOVA (Table 

C.I). 

The abov~'resuit was obtained with muscimol, 3 mg/kg. Ta determine if 
r 

a lower dose of muscimol could a1so e1ieit, a si.gnificant increase in ATHA, 

a dose-response experiment was carried out. The resui ts revealed that a 
F .. ' 

dose of 1 mg/kg of muscimol gi ven twice daily for 3 days was unable ta 

ea~e, a significant increase in ATHA. Thua, muscimol gave 20.2+1.19 (n.,4) - . 
1 • , 

nmol es L-DOPA per hr. per pair adrena l s, compared ta con trol: 21.4.:!:3.88 

(n-4) (p > 0.05) whereas a dose of 3 mg/kg b.Ld. for three days 

significantlrelevated the enzyme acti vit y: 33.6+1.93 nmoles (n .. 4) L-DOPA '. -
per hr. pep pair .of adrena'la with muscimo1 as agonist, 21.4+3.88 (n-4) in . ~ ~ 

~he controls (P(0.05). 

In addition to varying the dose of musc~mol, the injection schedules 
, /" 

were a.1so altered. , In a sin~le experiment, muscimol injections for two 

,days, 3 mg/kg b.i.d., prod,uced a 38% increase iÏl enzyme acti vi ty. The 
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• ' actuaI values were 45.8+4.33 - nmoles L-DOPA per hr. per pair adrenals 

... 

co m pa r e d t 0 3 3 • 3 .:!:,1. 92, for s a li nec 0 nt roI s (n = 5) ( P < 0.05 ) • In 2 
, 

~ exper1ments, injection of musc1mol for one day also produced a sign1ficant 
<l 

increase 1n ATHA, with a mean increase~i 48% oy,er saUne controls (Table 

C.2). 
, 0 

lt seems reasonable to conclude that muscimol ,'given in a dose'of 3 J 
" ' 

mg/kg ca,n c~nific'ant _increase in ArRA. Whi le these experiments 

illustrate that one-day and two-day. periods are sufficient to eUei t 
, 1 - .. 

sighificant enzyme ,induction, the largest relat;i ve iI'l.~rease in enzyme 
l 

activity occurs after three days of muscim<rl administration (see Figure 

IV) • 

Bicucull1ne w,s also administered to rats in a series of experiments. 
, 

This a1kaloid blocks the action of certain GABA agonists, which then (by . 
d.efinition) are said to act at GABA-A receptors.' Results of the indi vidua1 

experiments a'te shotn in .l'Table C.3. ln fi ve out of six trials bicuculline-

treated rats showed a mean increase in ATHA, but in on1y two experiments 

were the inc'rease's statistical1y significant (P(O.Ol). The ove1:'al1 mean 
, 

, f 

increas~, »ased on six eJtperiments, .. was 23.8+9.61%. ...After separating the 

experiments tnto two groups" ba$~~ on the IJ.umber of injections per day, i t 

was found that b1cucul11ne injections once daily produced an average mean . , 

increase equal ,to 35+5% over control s (experiments 111,2, Table C.3) and - . 
. twice dal1y injections produced an avè'rage mean .increase of only 18,!11%. 

F,urthermore, of the two eJ5periments producing sign!.ficant incl:eases in 
. 

ATHA, one wa.s run Qn a one per day inj ection schedule and one on a twice 

da! 1 y inj ec tion schedul e. lt se-ems then, that increasing the number of 
~!:. 

injections of bicuculUne from one to two per day does not effect a greater 
. 

induction of the enzyme nor 'does..At· ensure a statistically significant 

result. 
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The. resu'\ts with bicuculline are in contrast ta those with muscimol. 

The latter drug consistently effected a significant increase in ATHA, even 

under different conditions. Although the data show that bicuculline May ", 
elicit a significant increase i!1 ATH4, Jts action is inconsistent. Whether 

the GABA antagonist plays a raIe in the regulation of TH i8 uncertain. The 
, 

reasons for tbe ambigui ty of the data are not obvious, but they May simply 

reflect thea unstable nature of bicucul1ine in sol utt'on. (Andrew"s 'Sr 

Johns ton, 1979). 

" 

The efficacy of progabide, a drug w}lich is metabolized ~to GABA in "the 

CNS, in bringing about induction of adrenal TH was tested as weIl. Two 

expft'iments, were carried out, wlth result~· shown in Table C.4. 
\ . It 18 

'evident that progabide i8 unabl"e to elicit an increase Jn, enzyme activity. 

1 The mean enzyme acti vi ties of the two groups were almost identical. 

GOBA and HA-966, GABA analogues which temporarily pre vent dopamine 
l ' 

o 

release from ~igrostriatal fibres, were alsç tested for their effects on 

J 

ATRA. GOBA was administered to rats once daily for 3 days, 0.5 g/kg l.P" 
" -) , 

in 4 experiments (Table C.5, set II). It produced a significant incr~ase 1n 

enzyme acti vi ty (Table C.5 P< 0.01'). HA-966 was gi ven by two rou tes: 
, 

peripherally, 150 mg/kg i.p. (set l, 4 expts., Table C.6), and c.~ntrally, 5 

Jlg i.c.v. (set III, 2 exPt~). 'This compound effected significant increases 
1 . 

in ATRA by both routes of injection (P<O.Ol and P< 0.05, respectively) • 

The mean enzyme acti vi,ties resu1 ting from these 3 treatments are shawn in 

Table C.5; the data for experiments in each set were pooled and subjected 

to ANOVA, with removal of variance owing ta differences between the 

experiments; the statist1cs are summar1zed in Table C.6. 

Despite the variability among the experimen ts invol ving peripheral 

inj ec t i OJl of the drugs (P< 0.01), the da ta show that bo th HA-966 and GOBA 

are able ta el·1c1t s1gnificant increases in ATHA (P<O.Ol for bath drugs). 
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o HA~966 i8 the more potent in effecting an induction, a single injection of 

150 mg/kg for only one day being sufficient. In an ex riment not shown 

here, GOBA was ~nable to cause a significant increa~ 

day but, as Tables C.S and C.6 show, it did so after 3 da s of injection. 

The resul ts of the i.c.v" experiments wi'th HA-966 are very striking. The 
\ -

~ ~PPlication of a min~te amount of it (5 pg 'in ,contrast to 150 mg/kg gi ven 

peri pherall y)" inj ec ted di rect 1 y into the brain ca vi ties produced a 
'#' 

s~~nificant increase ,~n enzyme acti vi ty (30% over contraIs). ' This suggests 

that the inductive effect of this GABA analogue is centrally mediated. 

Another approach was used to ~tudy the possibility that HA-966 ls 

acting centrallYi this invol V'ed the peripheral adniinistration' of the d~ug 

ta rats whlch had been hemlsplanchnicotomized previously. In these 
, . . 

animaIs,. the nervous input to the lef7 adrenal gland was severed while that 

I~ 0 

etf ~he right gland rem{lined intact. If the d'ABA agonis-t ts acting 
. 

centrally, then its administration would cause an increase in ATHA in the 

.' J 
rfght but not the left gland. The resul ts from such an expertment are' 

4 

shown in Table C.7. 

Whereas HA-966 had no indueti ve effect on ATHA in the denervated gland 
q • 

. 
(in fact, i t appeared to decrease acti v ity), i t caused a signi fi cant 

increase in enzyme activity in the intac~ gland, as compared to saline, 

contraIs. The.decrease ,ln ATHA ln the denervated gland mlght be a 

manifestation of a local GA,BAergiç phenomenon, ,as dlscussed by Kataoka et 

-
al. (1986). However, this lowering effect was not explored further in this 

thesis. The ~t that splanchnicotomy preve~ts the increase in ATRA 

elici ted by HA-966 corrobora tes the findings of the i.c.v. experiments wi th 

this compound. It seems that the induction of adrenal tyrosine hydroxylase 

by HA-966, not unlike that of dopamine agonists (Qulk and Sourkes, 1976) ls . 

69 



-"'-'l,,::'-­

,-
?t-1.':'\ 

x' 

, ' 

ç/> 

6 med1ated by central neuronal mechan1sms. 

(U) ~ Agon,ist-Antagon1st Interactions .!.!!. tbe Regulation of !!!!! 

_///"" Beca~e. certai.n GABA agonists increase ATHA, as shown above, the 

\ 

possibil1ty th~t co-administration of a GABA antagonist might abolish this 

inductive effect was examined. In three separate experiments, rats 

, ' 
previously treated with bicuculline were given one of three GABA agonists. 

-' 
The results are set out in Table C.B •• The increases in enzyme activity -

effected by GOBA and muscimol wer~ not blocked by the GABA antagon1$t. 

Progabide, which'was unable to elicit an incresse in ATHA when given alone, 

~,pl\oduced a statistical1y significant increase when administered to 

bicucu1line-treated·animals. 

These experiments ~uggest that GABA-receptor blockade (by bicuculline) 

• m1ght paradoxica1ly faci litate a GABA-mediated ïnducti ve effect occurring 
, 

elsewhere. This idea is fostered by the know1edge that th~';triatum (~nd 

presumably other regions of the ~rain) contains numerous GABAergic neurons, 

some of ~hem in series (Sèheel-Kr~er, 1986). Whatever the exp1anation of 

that result May be, the data clearly demonstraté the fact .that. bicuculline 

does not attenuate the increase in ATHA elicited by GABA agonists. 

(b) Ornithine Decarboxylase 

In these studies GABAergic agents were administered to rats to 
l" 

o 

test effects on adrenal medu1lary ornit-hine decarboxy1ase (amODC) activity'" 

In four ~periments (see Table C.9) mus~imo1 given in a single ados-e of 3 

mg/kg s.e. was able to elicit a significant increase on1y cnce. This i5 in 

sha~p contrast to the re~u1ts observed with ATHA, where musclmol 

cbnsistently provided signiflçant increases in ATHA (Tables C.I and C.2). 

The baseline levels of amODC activity cwere quite variable, three of the 

control values 1ying in the lo'iY range of ODe acti vi ty as observed over man y 

years in this labo,ratory, but one in the moderate1y higb range (149+45.3 
( 
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pmoles CO 2 per 45 minutes per mg protein). 
, 

This is not surpr1sing as ODC 

18 very readily 1nduced (Mo~ris and Fi11ingame, 1974) Progabide had no 

effect on amODC in two èxperiments. The data from these experiments are 

s1..I1DD1arized in Table C.9 a1so. 

GOBA and HA-966 were- a1so administered to rats to determine it the y 

can induce amODC. The data from i" similar expedments for each drug were 

pooled and subjected to ANOVA. Whereas HA-966 elicited a significant·, 

> increase 1n amODC (p < 0.01, Table, C.lO), GOBA did not do so (Table C.lO). 

The increase caused by -HA-966 amoun"ted to 155% above baseline; this is ' 

qu1te smal1 comp~red to the effect of other drugs, such as apomorphine 
, .J 

(Almazan et al., 1983b) or oxotremorine actipg centrally (Ramirez-Gonza1ez 

et aL, 1980'). 

To summarize, of four GABAergic,drugs tes~e~, only HA-966 caused 
, / 

sign1ficant 1nducti~n of amODC. Muscimol and GOBA had no signifiicant 

effect under the conditions tested. 

1 

2. Interactions 'of GABAergic Agents ~ Chol inerg-ic. System 

(a) Orni thine Decarboxylase , . 

Despite the limited result obtained 1n se,ction C.I (b), it is 
1 

plausiD~that GABA analogues might influence the weIl established 

inductive effect of the cholinergic agent oxotremGrine on that adrenal 

enzyme (Ramirez-Gonzalez et al., 1980). Thus, the administration of 

GABAergic agents to rats also receiving oxotremorine m1ght elicit a greater 
""'"r~/I' 

induction in amODC than with the latter drug alone. Initia1ly, rdose-

response study was undertaken to establish a dose of oxotremorine t~at can 
, 

induce amODC submaximally. Methyl atropine was administered thirty minutes 

prior to the muscarinic agonist in arder ta antagonize tts periphera1, but 

not central, effects. Six~y per cent of the induction that was elicited by 
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1.0 mg/kg of"oxotremorine occurred at a dose of 0.35 mg/kg (see Figure V). 

By ad1llinistering this submaximal dose of oxotremorine wi th a 'GAJ3A analogue, 
~ 

~ 

any additional Increment in enzyme activity owing to the latter drug should 

be readily seen. 

Two experilDents invol ving th~ combination of muscimol and oxotremorine ~ 

were carrled·out and the results are presented in Table C.II. As was 
'j 

,r ~~orted earlier, muscimol by itself does not cause a significant 1,ncrease 
- . 

in amODC: ,When it" waS give~ in combination with oxotremorine it caused a 

greater Mean induction tha~" obse;'rved w1 th the latter drug alone but this 

augmentation was not stati stlcally .signlf1cant (P> 0.05, Table C.II)., 

Thua, lt can be concluded that muscimol does not :contri bute to an 

inter-action between GABAergic and cholinergie neurotransmitter systems in 

the induction of amODC. 

Two simi lar experiments were performed, this time w1t:'h progabide as 

- t'he GABA agonist. The results are sununarized in Table C.12. Progabid!,!, as 
\' , 

was shown earlier, had no induct'iv~ effect on amODC (p >0.05). In the 

present experiments the ',presence of progabide potentiated the induction of 
o 

amODC elicited by oxotremorine in one ~f the èxperiments, but 90t the 

other. 

The data from the experiments· with progab~de and wi th muscimol sugg.est 

that these GABAergic agents do not,reliabl y affeèt the inerease in amODC 

owing to oxotremorine administration. It ls concluded'that under the 

experimental conditions used, interaction of the GABA and central 

",muscarinic systems has not been demonstrated ta occur. 

(b) Tyrosine Hydroxylase 

In the case of adrenomedullary TH, certain GABA analogues elicit a 

s igai fi cant i ncrease in enzyme ac ti vi ty (see secti on C.I (a». 

"" 
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possib111ty that the 1ncrease in ATHA med1ated by a chol"inerg1c analogue 

might be influenced by GABAergic agents was investigated. Bicucul li ne , a 

CABA antagonist, was adm1n1stered conjointly with oxotremorine,,.} 

muscarinic agonist whiêh significantly "!ncreases the acti vi ty of ghe 
'\ 

adrenal ènzyme (Lewander et al., 1977). In two separate experiments (Table 

• T 
C.13), each with a differen~ dose of oxotremorine, the enzyme activity in --
the group recei ving both drugs was not significantl y different from that of 

the group rece1 ving oxotremor1ne alone (p> 0.05) • . ' 
Thus, the centr<i,11y-med1ated increase in ATRA caused by oxotremorine 

) , 
18 not dependent on functionally intact GABAergic fibres, as judged from 

the use of bicuculline. 

GABA agonist's were also tested conjointly wi th oxotremor!ne (Table 

C.14). Tqus, progabide, ,~ich has no inductive effect on ATHA, was given 

to rats receiving oxotremorine and oxotremorine caused a significant 

~ncrease in ATHA either in the, absence or pt"esence of progabide. The 

enzyme activity of animals receiving both drugs was not. significantly 

dtfferent from that of animaIs recei ving oxotremorine 'alone (P > 0.05). 
fJ 

" Muscimol, a GABA agonist with' a significant inductive effect on' ATHA 

(Table C.l) was al90 gi ,ven to, oxotremorine-,treated rats. In this case the 

effeets were additive, i.e. the respective increases produeed by muscimol 
l ' Q , 

anCl oxotremori ne separa tely were conserv~d in the group recei vi ng both 

drugs simultaneously. This additive effeçt suggests that each drug causes 

an increase in ATHA by independent mechanisms. 

Another approacli in investigating a possible interaction between 

GABAergic and cholinergie systems is to trea~,animalS with the cholinergie 
~t; 

Ij 

blocker atropine and determine if muscimol still elicits an increase in 

ATHA. If there i8 an attenuating effect, this would suggest that 

cholinergie pathways are inv~ ved in the GABAergie induction of the enzyme. 
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Atropine penetrates the blood brain barrier and blocks muscarinic si tes 

centrally as weIl as peripherally. Thus, whether the GABA agonist is 

acting cèntrally or not, atrop'lne would have the potential of interacting 
• • 1 

wi th i t. The r~sul ts (Table C.15) reveal t,he fact that even in the 

. presence of atropine, musc1mol is capable of causing a. significant increase 
, 0 

in enzyme activity. 'fit" 

D 
When' taken together, the data from experiments invol vi ng a combinat ion 

of GABAergic and cholinergie compounds suggest that these t~o . 
neurotrànsmitter systems do not interact insofar as their regulation of • 
ATHA is concerned. 

3. rnwJon of GARAergie Agent. lUth 

of ATHA -­• 

Sero tonergi c sz~t ... s !!!. ~ Regulation 

The possibi'lity t,hat GABA might interact with serotonin (5HT) in 

br;~ging about an increase in ATH! was explored. Ini tially, the effect of 
/ 

a serotonin agonist, N,N-dimethyl-5-meth.oxytryptamine (MDMT), on enzyme 

induction was determin~d. Four experiments invol ving the use of MDMT were 

, ' 

pooled and Hs effect on ATHA vs. sàline contraIs was determined by ANOV A. 

'The data are presented in Table C.16. The ANOVA Indicates 'that MDMT has no , , 

effect on ATHA when given alone (p > 0.05)~ The injection scbedul,e of the 
fi 

drug was ~ifferent in each experiment, -but this did not ~nfluence the 

" effect· of MDMT on ATH A (F for experiments = 0.39, P > 0.05). 

~ 
The serotonin agonist was' then administered in combination with 

muscimol to determine if the enzyme induction elfci ted by the latter drug 

could be attenuated. The data from 3 separate experiments were pooled and 

subjected to ANOVA (Table C.I?). The experiments were carried out over a 
1 

1,-2, or 3-day period. The presence of MDMT did not ~lnder the induction 

caused by the GABA agonist (F = 1.00, P > 0.05); there was Uttle 
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variation between the experiments (F "" 1.36, P > 0.05). 

PCPA, which causes depletion of central" SRT stores, increases ATHA 

<teese et al., 1974). This effect was verified against saline contraIs in 

2 experiments; the resul ts were pooled and subjected to ANOVA (Table C.lS). 

Thus PCPA, caused a significant elevation of enzyme activity, approximately 

65% ovér control values (p «0.01). The results were consistent in 2 
l 

experiments (F :a 0.329, P »0.05). This sero.tonin-depleting agent was 

then administered ta rats receiving either bicuculline or muscimol. It was 

(elt that if GABA and 5HT interact in the regul~hion of ATRA, then an 
IY 

increase 1n enzyme activity elicited by a GABAer~ic agent might be 

potentiated by PCPA. The resul ts are shown in Table C.19. In one , 
experiment, PCPA and muscimol were injected intQ rats either separately or 

~ 

~t-ogether. Each~t;.u! el ici ted a significant .increl:se in ATRA when gi ven 

alone and their inductive effects wereJ• addi ti.ve. In the second experiment 

the results were similar when bicuculline was used in combination with PCPA 

(Table C.19). 
, 

Because, in both experiments, the induction elicited by e'8ch 

drug alone persisted in the presence of the other drug, and because the 

increase over saline controls causeQ by the two drugs togt;ther was 

"spproximately equal to the sum of the increases produced by each drug . 
J 

. ind! vidually, i t seems that these two neurotransmi tters make use of 

independent neural pathways in bringing about enzyme induction. 

In a final experiment invol ving a combination of GABAergic and 

serotonergic agents, o(,-methyl-DL-tryptophan (AMTP) was administered to ) 

rats also recei ving HA-966. AMTP was tested because i t is converted to 

methyl seroton!n in vivo <Roberge et al., 1972) and might then act on ATHP. 

as does serotonin itself, exerting a braking influence on enzyme induction. 

Thus, AMTP, was administered, aoa mg/kg s.e., in the morning (zero time) 

and was allowed 8 hours ta reach i ts maximum concentration in the brain. 
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HA-966, 150mg/kg i.p., .was gi ven at this time and the animal s were 

sacrificed at 32 hours. The resu1 ts are summarized in Table C.ZO. -AMTP, t 

being in effect a serotonin agonist, did not elicit an increase in ATHA (p 

> 0.05 vs. saline contraIs). Hq~ever its administration I.to rats also 

receiving HA-966 did not hinder the induction caused by the latter compound 
, . ~ 

(HA-966 vs. HA-966 + AMTP, P > 0.05). 

The experiments reported in this section suggest that the GABAergic 

and serotonergic pathways 1eading ta induction of adrenal TH a're 

Inde pendent of one another; there seems ta be no interaction between their 

respective neurotransmitters. 

\ 
.!!.;Dopaminergic Regulatiou),of Adrenal Enzymes 

(a) DA Autoreceptor Stimulation with (+)3-PPP 

(1) !yrosine Hydroxylase 
~ 

The induction of ATHA resul ting from the adm~nistration of GOBA and 

HA-966 suggested a need for further study of the dopaminergic regulation of 

adrenal ,enzymes. This is because 90th of these GABA analogues prevent the "-

firing of dopaminergic ne"urons, in the striatum (Walters et aP., 1973; 

Hi11en and NQach, 1971), thus imp1icating dopamine as a potentially 
. 

signific~nt contributor to the GABAergic induction process. , 
A dopamine autoreceptor-selecti~e agonist should also inhibit DA 

release (Zetterstr&n and Ungerstedt, 1984) hence, tts administra~ton should 

eelicit an increase in adrenal enzyme activity in a manner simi1ar ta that 

of GOBA and HA-966. To investigate this possibility, (+)3-PPP (3-(3-

hydroxyphenyl)-N-n-propylpiperidine), was administered ta rats in a dose of 

10 mg/kg, s.c. once daily for three days. As shawn in Table C.Zl, (+)3-PPP 

did not elicit a signifiëant inductive effect. The drug was a1so 

adminis'tered directly into the cerebroventricular system, in ordér ta 
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circumvent the blood-brain barrier. The data from this experiment is al§o 

sUlJ1.marized in T.ible C.21. Interest;tfngly, although the 1.c.v. 
""'-

administration of the dr~g produced the same per cent increase in ATHA as , , 

did the peripheral injection (27% over saline controls- in both cases)~ only 

in the case of the former was the effect. statistically slgnlflcant 

(P<0.05) • 

(11) Orn1thine Decarboxylase 

Because HA-966 eliclted a signlficant increase in also, 

the rat10naie behind the administration of (+)3-PPP was 

enzyme as weIl. . The data from 3 slmilar experim tS Involving the . 
- injection of (+)3-PPP, la mg/kg s.e., were pooled and subject'ed to ANOVA. 

(Table C.22). In' this case, the drug elicited a significant increase in 

amODC (P(O.OI), amounting ta 62% over saline control,s. Despi te the 
- 1 

significant variation between the three. experiments (F-39.443, P<O.OI), the 
- ( 

results were consistent as indicated by the non-sign~ficant interaction of 

drug on experiments (F=2.00, P>O.05). To illustrate the r:eady induc~bllity 

of this enzyme, a comparison of the effects of (+)3-PPP on the two adrenal 

enzymes i8 warranted. Whereas TH required the direct ad~inistration of the 
, , 

drug into the cerebro~entricula~ system in arder ta achieve a statistically 

sign1ficant effect, amODC responded to a peripheral injection. 
~ 

Moreovel!', 

the per ~ent increase over controis was 62% for amODC but only 27% for TH 

(8ee Tabl'es C.21 and C.l2). 

The baseline variation in these experiment;s witp. (+)3-PPP, as ls the .... 
case for-Most amODC experiments ià this thesis (for example, see Table 

c.9), was statistically significant. However, these variations are weIl 

within the limits of variation normally observed in this laboratory. The 

fact that statistical significance was attained merely il1ustrates the 

'Sensitivity of the statistical mettiods used. At the same time, it should 
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also be mentioned that although (+)3-?PP eliclted a significant increase in 

amODC, (62% over controls, Table C.22), this lncrease 15 mu ch less than the 

many-fold lncrease in enzyme activity produced by apomorphiI}e (:A.lmazan et 
~ 

aL, 1983b). 

i (h) D-1 ~ D-2 Receptor Stimulation 

( 1) Orni t hi ne De car boxy l ase 

The lnducti ve effeët .of DA agonists on atn~DC (Almazan ét -al., 1982a). 

can be abolished, by the prior injection of dopamine antagonists. How~ver, 

the re1ati ve importance of DA- receptor subtypes in t'h1regUlation of this 

adrenal enzyme i5 unknown. To s tudy this ques tion, experiments were 

carried out with 0-1 and D-2-spe'~cific' antagonists with the aim of 

~stab1ishing whether one dopamine receptor subtype i9 more effecti ve in 

attenua t ing the apomorphi ne-eliei ted increase in amODC actt vi t~ than the 

other. 

In two separa"te but similar exper~ments, the D-l-specific bloclcter 

SCH23390 was tested (Table C.23). 
~ 

'~ 
It nad no effect by itself on amODC 

acti vit Y in comparison to sa1-ine-treated controls (P > 0.05). However, in 

both experiments SCH23390 was ab1 e to diminish significantly the lncrease 

in enzyme aet! vit Y elicited by apomorphine. 

These data were subjected to A1.jOVA. For this pacticular analysis, 

only the effect of SCH23390 on apomorphine was considered; thus, only lines 

3 and 4 from experiments A and B (Tabl e C.23) were used. The ANOV A 

revealed (Table C.24) that there was no variation between experiments CF < 

1.00) and rhat SCH23390 did indeed significantly attenuate the inductive 

effect of apomorphine on amODC (F == 15.23, P < 0.01). The Mean amODC 

acti vtt y for the group recei ving both drugs was less than 50% that of the 

activity of the, APO-treated group (157~)5.81 vs. 70+15.81 pmoles CO2 per 45 
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minutes per mg protein;- APO vs. both drugs). 

To ~nvestigate the effect of D-2 specifie blocka'de, sulpiride was 
'\.Yu , 

used. To create optimal conditions for showing a,n attenuation of 

induction, a submaximal dose of' the inducing agent (1.5 mg'/kg APO) and a 

very high dose of the blocking agent (50 mg/kg sulpiride) were used. In 
1> 

two similar but separa te experiments (Table C.2S) sulpiride alone had no 
-

l'effect on amODC. However, in bath experiments, the D-2 antagonist was abl~ 
" 

ta lower the apomorphine-el ici ted increase in amODC (see Table C.25). The 

1 magni tude of the attenuating effe.ct was somewhat different in eA-ch 

experiment, and only in the case of Expt. A was there a significant 

.J (. D 

difference between the group recei ving bath drugs' and the group recei ving 

APO alone. 

For a better assessment of tne effect of sulpiride on.apomorphin~ 

1 ~ 

inductioh, the' data were subjected ta ANOVA; this increas'ed the num1)er of 

degrees of freedom available 'for cri tical comparisons. . ' .r--, As before, our 

,interest was in the poss,i bi 1 i ty of a real attenua tion of the effect of 
~ 

apomorphine_, Hence, on1y lines 3 and 4 from experimetlts A. and B'. were 

used'in Table C.26. The ANOVA indicates first of aIl that the results of 
'" 

the two experiments were not dissimilar. Secondlj, it is seen that 

sulpiride, indeed, has a significant b10ckipg effect on the apomorphine­

eli'cited induction of amODe (F = 5 .• 6..6" P < 0.05). Thus, the mean increase . . 

elïcited by apomorphine was 107+20 pm01es C02 per 45 minutes per mg protein 

but this was diminished ta 45+20 (58% reduction) b~)ipiride. 

\ The data from th~.four efperiments described in th~s ,séction and taken 

as a whole suggest that as 11ar as the attenuation of the ~PO-e1icited 

inc~ease in a~ODC 15 conci-ned, the D-1 and D-2 receptor-selecti ve 

antagonists are equally eff~acious. ~ 
/ 
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11) Tyrosine Hydrqxylase 

(j o As is the case for ODe, the 'administration to-6 rats of dopamine 

. ~ . 
receptor agonists results in an induction of TH activity (Quik and Sourkes, 

, ~ 

• 1 1976) a~d this induction can be bloolted by injecting haloperidol (Quik and 

-..... , .... Sourkes, 1977). The site of action of apomorphine responsible for the 

" 

.. 

,0 ~ 

\' ~ . , ,-
induction of TH and ODC has been localized to the striatum (Ekker and 

,3. 

Sourkes, 1985). Wl'fether the effect of dopanline agonists on TH 1s mediated 
~ . 

thr~h t~e D-l or D-2 receptor subtype has yet to be determi-ned. Just as 
,< • 

in the experiments wl-th ODC, the D-l and D-2-specific antagoqists, SCH233~ 

;:.1 SU tpi ri dé' • r •• p.HiY~e a~';'.inis ter~d ~o ;,po:or~in.~tre~t.d· rats ......... 
.. , 

to investigat~ the relative importance of dopamine receptor subtyp~~ in t~ 

regulation of ATHA. '" 
'~ 

The results of. two similar experiments designed to study the effeèt of­
• 

SC~23390 on apomorphine are summari~ed in Table C.27. In the' one 

experiment, where 'ft was tested alone, the.)D-l antagoni€Jt had no effect on 
'--, 

TH acti vit Y (p > 0.05). Both experiments were designed to test tbe 
.. , . 

increase in ATHA èl ici ted by apomorphine in the presence and absence of 
\ 

SCH23390. The rèsu1 ts show that apomorphine's effect was attenuated, but 

this lowering effect was statistically significant iR only one of the 

experiments (Expt.B:P( 0.025 vs. APO). 

Again, to provide a more deta1led ana'lyais of these reaul ts, the data 
, - . 

-from the two experiments w~re sabjected to ANOVA. 
1 

lt was,on1y of inté~est 
. . 

to determi~é whet?er SCH23390 can antagonlze the apo~o~Phine-e1iCl ted , 

increase in ATHA. Rence, from each experiment only thé group t~eated with 

. ~pomorphine and with· apomorphine plus the antagonist were ç:onsidered (Table 

C.2S). 'The resul ts of ANOV.A show that, in fact, the two experiments are 
\ 

consistent (F {l.24~ P> 0.05) in âetnonstrating attenuation of the 

induction (F - 1.27, ,P < 0.05): The 1 ev el of ATHA resul t i ng from ... 
80 
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apomorphine, 55.9+4.0, being reduced to 41.2+3.74 nmoles L-DOPA per hour 

.per pa,r adrena1s by SCH23390 treatment. 

The effect of sulpiride was also studied. This drug "((as injected into 

apomorphine-treated rats in tw.o experiments. These resu1 ts are" sunnnarized 

1n Table C.29. In the one experiment w.here it was tested 'alone, the D-2 
,Cl 

, Î 

b10cker had no effe~t on ATHA (~ > 0.05)~ In each of the two experiments" 

the increase in enzyme activity el:ilcited by apomorphine was dimin1shed in 
) 

the presence of sulpiride;' however, this effect wâs not statistical1y 

s1gri'ific;ant. (P) 0.05 vs. APO for each experiment). The data from the 2 

experiments were then subjected to ANOVA (see Table 0.30). As was the case 

wi th SCH23390, this anal ysis cansidered only the effect of sul piride on the 
1 

apomorphine-elicited 
• 1 increase in'~~f' Hence, from each, expetimen t, on1 y 

the groups trea ted apomor-p-&ine and wi th apomorphine pl us the 

ant:'agonlst were considere. This analysis reveals that sulpiri,4e -caused a-

.-
slJght; but not ,statist cally si'gnificant, diminution -of the apomorphine-

'elicited induction (58.5+4.12 nmoles L-DOPA 
, - for 

\ > 
APO-treated rats vs'. '50.4+4.12 for APO +- sulpiride rats). the 

0-1 blockirig agent SCH23390 was able to enzyme 

inductt'on, sulpiride was unable to do so. 

(c) GAliA-Dopamine Interactions !!!. the Regulation 2.Ê.. ATHA 

The increased acti vi ty of TH by HA-966, a drug that blocks striata1 

d~pamine release, is comparable to the induction of the enzyme by certain 
\ 

other aubs tances, incl udi ng DA agoni s ts. To determine whethe-r these 

........~ ind~c·ti v~ et'fects--'are indepet\dent ~of each other, the resul ts obtained from' 

the joint administration of HA-966 ~d apol!~rphine were compared ta those 
l, 

obtained by e.ach drug gi ven alone (Table C.3I). ATHA for the group 

recei ving both drugs was not significantly different frfm that of the group 

,t 
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receiving 'apomorphine à1oue., However, treatment wi,th apomor?hine inèrea8e~ 

significantl y~ the action of HA-966. That HA-966 could not potentiate ,the 
t 

effect of apomorphine is presumab1y due to the a1rêady maximal dosage of. 
l 1 

the la~ter drug used for enzym~ induction. Nevertheless" the quanti tative 
.1 . 

. similar1ty of the effects produced 12Y the drugs suggests the possibility 

that they share a common mechanism. 

To inveStigate further plossi b1e GABA-OA interactions in the induction 

of ATHA, dopamine-receptor b10cking agents, whicn a,ntagonize the 

apomorphine-eUci ted induction of ATHA, were used; The administration of 

dopamine antagonists to rats recei ving GABA analogues might differentiate . 
, 

petween a dopamine-Mediate@> and a dopatl!ine-independe~t GABAergic induction. 

To this end, haloperidol, a non-spe,cific dopamine antago,\,\ist; SCR23390, a' 

0-1 selective blocklng agent; or su1piride, a D-2-specific antagonist was . , 

administered to rats) recel ving either GOBA, HA-966 or muscimo 1. 'The 

results are summarized in 'Fable C.32. SCH23390 and su1piride failed to, 
, 

b10ck the induction in enzyme acti vit)" prod~ced by GOBA or HA-966 (p >-- 0.05 
é , 0 .. b ' ~ 

for aIl cases). Similarly, haloperidol was unab1e to ~prevent the muscimo1-

eÎicited increase in ATHA. Thus, whU~ aIl three of these DA antagoll:f.sts· 

,are capable of attenuating, at least to some extenJ:, the induction of TH by­

e 
DA'agonists, they are Ineffective in preventing an increase caused by 

\ , 

GABAergic substances. 

.-
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Table C.I: Effeet of Museimol on ATHA {G\ven for 3 days}; Means and ~OVA 
o 

./, 

*ATHA is· expressed as nmolesL~D6PA -per'hi:'perpalr-ad-renals. tge results 
represent data pooled from 5 simi lar experiments. Musefmol, 3mg/kg s.e., 
was given b.i.d. for 3 days, - 5 hrs. between inje<!tions. Controls reeeived ~ 

vehiele alone. In each experiment muscimol g8cYe a Mean increase, rangi~g ,. 
from 53% to ID4% over saline controls; average Mean inerease = 79% + 19%. 
The' probabil i ties are based on Fisher!s F-test,. , 
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Table C.2: Effect of A One Day Injection of Musclmol on ATHA; -Means a~d !NOVA 
i 

" , 
ATHA* ,Jreatment N 

,( 

Controls 8 25.6+1.66 --
M)lsc1mo1 9 37.9+1.57 

Sources of, Variation df 

Total • < 16 

- Effect of muscimol .. 1 

Expe'I"iments ! 
l&sidua1 errar 14 

p 

<0.01 
1 

Mean Square 

654.06 

469.55 
~ 

, 22.13 

~ " 

" 

l 
P 

29.15 <0.01 

21.22 <0.01 

(1.0~ 
" , 

*ATHA i,s- expressed as nmoles L-DOPA. per hour per pair adrenals. 'J:.he, 
resu1 ts represerit data from 2 similar experiments. Mt.lscimol,:3 mg/kg s.c; 
b.i~d., was gi'ven for 1 day, 5 hr.s. between injE;!ctions. ContraIs received 
vehlcie alone. ' • 
The probabi1ities are based on Flsher's F-test. 
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Table Ce3: Effect of Bicuculline on ATHA ' 

Expt. Il Injection Schedule ATHA* P vs. ,Con'trol 

11 

2 

1 
3 

4 

5 

61 

J 

'l/d 

I/d 

2/d 

2/d 

2/d 

2iJ' 

--Control (n) Bicuculline en) 1 

( 

34.2+4.74 (4) 44.9+3.50 (4) .>0.05 

28.0+1.00'(4) 39.5+2.90 (4) <O~Ol ...- ... , 
4~.6+0.'94 (5) 5~ .. ':>+2.91 (5) <0.01 

1-, , 
31.7+2.71 (5) 40.3+7 .. 47 - ' 

(5) >0.05 

36.0+2.83 (5) 34.2+2.00 .(5) >0.05 

,14.6+1.17 ~(3) . 18.0+1. 26 (4) >0.05 

~ 1 
*' ATHA· ts expressed as nmqle~ L::rDOPAl>-ei~hr.-upe-r -paTr-éld-reRals. . .. 

Bicuculline was given, 1 mg/kg s.e., either, once dai1y (l/d) or twice dai1y 
C2/d) for 3 days.~ probabilities ar~based.on Student's t-test. 
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Table C.4: The Effect of Progabide on ATlI.A 

. ATHA' 
"" (nmoles, L-DOPA per 'hourlper pair adrenals) 

------ 1 1 . . ... 
Controls- (n) ~ Progabide (n) 

A 38.2+3.75 (4) 35.0+6.00 (4) 

. 
~ 

Means 

31:7+2.71 (5) ... 3\~ • 5+ 1, • 48 (5) 
) " 

. '34.6+2.53 . , I~, 34.7+2.53 

\ '. l. ; 

p* vs. Control· 

--1--
1 

>0,,05 

>0 .. 05 .. 

" ~~----~~~~------~~~--~~--~~~----~~~~~------------\ 

( 

* The proba'bilities are bafJed @n ~tudent's T:-test. (2-tailed) .. 
\ ~Progabide was administêred s.c., 100 ptg/kg 'in the morning and 50mg/kg , 

5 brs. later, for 3 days. Controls recei ved vehicle a1one. The data from 
. the experiments were pooled and subjected to ANOVA. Effect of pr~gabide; 
ldf, F = 0.00, P > 0.05; Experiments: lqf, F = .945, P ~> 0.05; 
Interactions: Idf 1 F à. .703, P > 0.05; Mean Square fOf Etror (14df) 
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Table C.5: The Effect af GOBA and HA-966 on,ATHA 
, , 

/ 
\1 

hau~e 
r, 

Treatment N" ATHA .P '$. Control , , 

" & , \ 

U 
l ContraIs i.p. 15 24.8+1.12 

HA-966 lfJ 35.1+1.08 
1 

• <0.01 
, ." 

II ContraIs i .p •. ·14 33.1+1.40 !~0.01 
,~ 

GOBA 
1 ' 116 41.2+1.31 

III 
~ 

ContraIs 
HA-966 

i.c.v. '8 
6 

,,39.2+3.25 
51.5+3.76 

\ •• 
~0.05 ~ 

1 .. 1'\' ~ 
ATHA 15 expressed as nmoles L-DOPA per hour per pair adreIlais. , For 
each drug, the resu1 ts represent data pooled from replica~,e ' 
exper1ments (1 and II, 4; III, 2).· HA-966 was given once,~\150 mg/kg l 
i.p. GOBA, 0.5 mg/kg l.P" was administered once daily' for 3 days. , 
HA-966 was a1so 'given i.c.v., 5}lg per animal, in a volume of 10)l1. 
Controls recei ved vehicle alone. Probabil i ties are based on Fisher's) 
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~ T!bie C.6: The 'Effect of GO!A and HA-966 on-ATHA 7 ANOVA . D 

A. Effect of HA-966~ i".p. 
1 ). 

, 
Sources of Varia t i on t 1 df Mean Squ~re F 

• AU < '"' ~:. ~ 30 
.. 

8 treatment subgroupsB 7 • ~347 .,34 18.54 
J> 

EMect of HA-966', 150 mg/kg 1 821.44 43~86 
1 « " 

4 experiments 3 513.10 
, 

27.39 
Q.' 

" " 
... 

Interactions 3 23.54 ' 1.26 
4 

J 

Eroor 2j 18.73 a '1.0) 

a4 experiments ~'2 treatments (drug/no drug). 
~ 

B. Effect of GOBA, i.p_ t. '1,/.'1 . 
,.",. 

, 1 
df .... =-Sources of,Var!àtion Mean 'Square 'F , 

'E 

AU l ~ ~ '-, , -
{;! . -

8 treatment' subgroupsa ~: 7· 
< 

547.16 29··02 
\'> , . • . 

1 
.. 

Effect of GOBA, 0.5mg/kg 488.57 . 17 p88 
. i( .... 

i 1$ 4 exper1ments .~ f" 
' "... 3' 

~ 1034. 9~ 37.88 .. , 
I~teractions 3 78.ta6 '" 2.89 ,-

" 
27'.32' Error 22 ' .... (1.0) 

(}. .' 
a4 experiments x 2 treatments (-d'rug/no drug) 

." 

c. Effect of HA-966, i.c.v. 

Sources of Variation df Mean Sguare F 

ALI 
\ 

13 
• 

4 treatment subgroupsa 3 246.96 2.92 

Effect of HA-966 J 519.38 • 6~14 , 

2 e':Cperiments ." 1 139.14 1\64 
1 

Interactions r 1 82.36 0.973 

Error f 10 84.63 (1.Ô) 

a2 experiJ~ts x 2 treatments (drug/no drug) "-

88 

p 

«0.01 

«0.01 

'«0.01 l . . 
>O.roS 

P 

~~O.'Ol 
' .. 

' -«Q"Ol . 

«Q.01 

'" >0.05 
~ 

'" 

P 

" , 

1 -
>0.05 

<0.05 . 
>0.05 

>0.05 
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Table C.l: The Effect of Hemisplanchnicotomy on the Induction of ATHA by HA-966 

q 

L-
: Treatment Left (denerVlted) gland RigHt (innervated) gland 

ATHA* (n) ATHA* (n) 

\ ' 

Hemi-sp1anchnicotomy a) b) 
+ saline 24.03+1.17 (3) . 21.42+2.30 (3)" 

1 

1 
~ 

Hemi-splanchnicotomy c) d) 
+ HA-966, IS0mg/kg i.p. 13.S2+~.84 (3) 27.77+1.56 ("4) • 

*ATHA is expressed as nmoles L-DOPA p~r hoùr pe~ adrena~land. The injection -
~f Hh-966 was done on ttte fifth post-operative day. Pr&.IJbi1ities a~ base~ on 
Student's t-test (one-tailed): ' ~ 

a) vs. ê)~ P < ~.OS; 
, ~. 

~a) vs. b)~ P > 0.05; 
r-: \ 

c) vs. b) vs. dl, P < O~OS; d), P < 0.-01; "\ 

Ir . , ~ 

"' -.. 
r il 

'-a 

\ 'f 

1 ~ 
r , ,:t 

~ , 
" 

...... 

89 

\. .... 
, .---

r 
-'---..... 

" 

" 

I! 

~ 
1 

, 

~ 

". 

• 
,~ 

.. / 
Ir 

.., 
" 

\. 

" 

-
\. 

,..-..., 

~, 

. ~ .. 
~ 

6~~~'r'~ 

., 

,.. 
.,' 
~~ 

> 

,~ 

i , 
,-,l!::'; 

~ .>:;~ 



i" .•.. 

, 

$ 

Q 0, c 
1 

Table C.B: The Effect of Bicuculline on· the Induction of ATRA by G~A Agonists. 

f; 
P-vs.- Control P vs. GABA -Agorirst Mane 

." 

A 

<0.01 

<0.001 

<0.001 • '. >0.05 .' 
( 

)0.05 "\.,' 

'S • 
>0:05 . . 

.. 
. , 'l 

u 

(0.05 (0.05 
;c. - .. -, 
, 

>0.05 ~ 

(0.01 .,. 
'-. 

<0.01 >0.05 

ATHA ~s expressed as nmoles L-DOPA per hour per pair adrenals. Muscimol, 3 mg/kg s.c. and 
..., bicuc.ulline, Img/kg s.c. were administer~ b.Ld. for 3 days. GOBA, 0.5 g/kg Lp.,_was .' 

gi~en once daily for 4 days. progabide was given.s.c. for 3 days, 100 mg/kg in the 
morning and 50 mg/kg 5 hrs. later., Bicuculline was administered 30 minutes prior to the 
agonists. Probabilities are based on Studentt~ ~~test. 
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Table C~9: The Effect of Muscimol and progabide on ,am.ODC _ 

Expt. 

1. · 

2. 

3. 

4. 

f 
6.' 

Treatment 

Contr~l 

Muscimol 

Control 

Muscimol 

Control 

Muscimol. 

Control 

Muscimol .. 
Control 

~ 

Progabide 

Control 

Progabide 1 

~ 

Route 
' .. 
's .c. 

s.c. 

s.c. 

s.c. 

, 
s.c. 

> 

s.c. 

N 0. amODC* P 

6 6.3+ 2.64 
~ 

4 208.0+48. do 0 

<0.001 

3 18.3+ 3.50 

5 27.9+ 3.r3 >0.05 

3' 28.9+ 3.lQ • 
i 

3 , 77 .3+21.40 >0.05 '. ... 
• 

5 149.4+45.29 

175.2+55.77 >0.05 

4 30.5+ 7.98 
,,~ 

3 27.7+ 3.70 - >0.05 

i4 13.8+ 6.20 

4 16.3+ 2 ~ 40 >0.05 - " 

( 

\ 

~ 

*amODC is expressed as JIIlc1es CO 2 per 45,minutes per mg 
proteine Muscimol was gi ven onc~, 3 mg/kg.! Progabi4e was 
goiven once" 100 mg/kg. AnimaIs ,were sacrificed 4 hrs. after 
injection. Probabilities are based on Student's t-test (2- -
ta'n ed ) • .;' 
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Table C~lO: The Effect of HA-966 and GOBA on~amODC;· Means 

Means 

? ________ ~~~ __ '::1 ' _ ___ __-'--. _' / 
Treatment NaDiODC* ----~~p~ 

A. 

B. 

Controis . 

" llA,-966 

Contr~1l 

GOBA 

ANOVA 

A. HA...,966 

.. 

B. GOBA 

--
~ 

7 29.9+8.43 

8 76.2+7.89 <o.or . ,. ~ 

7 29.9+4.69 . 

7 43.7+4._69 >0.05 

"-

Sources of Variation df . 
~ 

AlI 14 

Effect of HA-966 l 

2 Experi'ments 1 

Error 4~ .12 

Sources of Variation, ï;;. df 

AIl 13 

Effect of GOBA 1 
\ 

2 Experiments 1 . 

11 Error Jlt -

.(1 

" ô 

;;, 

" 
Mean Square 

7985.71 

7192.40 

497.90 

Mean Square 

663.65 

7012.98 

153.94 

,~ 

ANOVA, 

\; 

F p 

16~O4 <0.01 

14\.44 <0.01 
1"''1" ,. 

(1':9) .. 
-\ 

F p 

4.31 )0.05 

45.55 ':«0.01 

(1.0) - '-

*amODC ls expressed aSr,pmoles ''C02 per 45 minutes per mg proteine HA-966, 150 
mg/kg and GOBA, 0.5 g/kg were each administered i.p. AnimaIs were sacrificed 
4,hours after injection. Probabilit'ies are based on Fisher's F-test. ... 
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Table C.ll: The Effect of Muscimol on the Oxotremorin6-Elicited Induction of amODC 

'Treatment 

A. Control , 

Muscimol 

. t 
Oxotremor1ne 

MUsc. + Oxot. 

tl B. Control ' 

Muscimol 

~otremorine 

Musc. + Oxot. 

. ) 
~ \ 

N amODC p vs,. 

3 28.91:. 3.10 
... 

3 77.3+ 21.40 

3 149.8+ 22.40 
* 

5 1'93.7+ :59.70* 

5 149.4+ 45.29 

4 , 175.2+ 55.77 

4 572.8+150.95 

5 705.4+145.50* 

Control 

>0.05 

<0.01 

{>O.05 

<0.025 

'" 

Il 

" 

, 
" 

" 

, < 

"\. 

*p > 0.05 vs. oxotremorine a1one. amODC ls expres$ed as pmoles CO2 per 45 minutes per 
mg proteine Muscimol was glven 3 mg/kg s.e., 60 minutes pri~r to oxotremorine. Methyl r 
atropine, 5 mg/kg s.e., was given 30 minutes prior to'oxotremorine to black the latter's 
per1pherat- effects. Oxotremorine was administered· in a dose of 0.35 mg/kg s.c. 
Probabi1iti~s 'are based on Student's t-test. AnimaIs were sa~rificed 4 hrs. af,ter 

, oxotremarine administration. 
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Table C.12~The Effect of Progabide on the Oxotremorine-Elicited Induction of amODC 
... 

\ 

A. 

~ 

L 

B. 

" 

Treatment 

Control 

Progabide 

Oxo~remorine 

prog. + Oxot. 

Control 

Progabide 

Oxotremorine 

prog + Oxot. 

N amODC 

~ 30.5+ 7.98 

:g 27.7+ 3.,70 

2 552 + 64 

4 936 +196* 

4 13.8+ 6.20 

4 16.3+ 2.40 

4 756 +254 

5 720 +"1.75* 

• p 

>0.05 

<0.001 \ 

<0.001 

>0.05 

<0.05 

<0.01 

*p > 0.05 vs. oxotremorine aione. amODC is expr~ssed as pmoles CO2 per 45 minutes 
per mg proteine brug administration was as fol1ows: progabide: 100 mg/kg 
s.e., 60 minutes piior to oxotremorine; oxotremorine: 0.35 mg/kg s.e.; metbylatropine: 
5mg/kg s.e., 30 minutes prior to oxotremorine •. AnimaIs were sacrificed 4 hrs. after 
oxotremorine injection. Probabilities are based on Student's t-test. 
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Table C.13: The Effect of Bicuculline on the Oxotremorlne-Eliclted Induction of ATHA 

Expt. Treatment N ATHA'" P 

A. 

r 
B. 

Cont;rol 

Bicucülline 

Oxotremorine 

- " Bic. + Oxot. 

. Control 

Bicuculline 

Oxotremorine 

:Bic. + Oxot. 

4 

4. 

4 

4 

4 

4 

4 

5 

28.0+ 1.00 1" 

39.5+ 2.90 <0.01 

67.5+14.80 <0.05 

63.7+ 3.40* <9. 01 

34.2+ 4.74 ',. 

44.9+ 3.50 >0.05 

87.9+ 5.28 <0.001 

77.7+ 2.52* <0.005 

*p > 0.05 vs. oxotremorine aione. ATHA ià expressed as nmoles L-DOPA per hr • 
per pair adrenals. Bi~ucul11ne was administered, 1 mg/kg s.e., once dail~ for 
3 days, 2 hours prior to oxotremorine. , The doses of oxotffemorine were as 
follows: In experiment A., 0.35 mg/kg s.c;; in experiment B .. , 1.5 mg/kg ,s.c. 
In both cases, methyl atropine, 5 mg/kg s~c., was given 30 minutes prior to 
oxotremorlne. AnimaIs were sacriflced on t~e morning foilowing the last 
injection. probabilities are based on Student's t-test.' 
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Table C.14: Th~ Effeet of GABA Ag0nists on the Increase in ATHA Elicited By 

Oxotremorine 
J? , 

/ 

Treat:ment N ATHA P vs. control' P vs. oxotremorine 

C: , v, ..... 

A. Control 38.2+3.75 

'" Progabide 35.0+6.00, >O.O~ .' 
OXotremorine 4 81.2+3.40 <0.001 

prog. + Oxot. 4 72.8+7.80 <0.01 * >.05 
Y If 

. 
B. Control 4 24.6+1.69 

Muscimol 4 37.6+2.68 <0.01 

Oxotremorine 4 58.9+4.04 <O~OOI -
" -

Musc. + Oxot. 5 73.9+5.36 <0.001 <0.05 

ATRA is expressed as nmoles L-DOPA per ho~r per pair adrenals. Drugs were 
administered as follows: progabide: 10~/kg ia the A.M., 50 mg/kg 5 hours . 
later; muscimo1: 3 mg/kg b.i.d. 5 hours between injections, oxotremorine: 0.35 
mg/kg b.i.d., 5 l}rs. between injections, l hr. after m~scimol and 2 hrs. after 
prbgabi'dej methxlatropine 5 mg/kg b.i.d., 30 minutes prior to each 
oxotremorine inj ecti·on. AlI drugs were administered s.e. P=Z"obabi li ties are 
based on Student's t-test. 
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Table C.15: The Effect o,f Atropine on the Muscimol-Ellc~ted Induction of ATHA 

" 

Treatment N ATHA 0 P vs. control P vs. muscimol 

Control 5 37.1+4.54 

Atropine 5 49.9+4.59 >0.05 

Muscimol 6 ,69.3+6.85 ,<0.005 ~ 

Atropine + 
Muscimo1 5 72.2+7.68 <0.005 >0.05, 

ATHA i& expressed as nmoles L-DOPA per ho ur per pair adrenais. ADrugs were 
administered for 3 days as follows: atropine :.5 mg/kg i.p. b.i.d., 5 hrs. 
apart; muscimol : 3 mg/kg s.c. b.i.d., 5 hrs. apart, 30 minutes after 
atropine. (Probabillties are based on St:udent's t-test. 
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Table C.16: The ~ffect of MDMT on ATHA; Means(a) and ANOVA(b) 

(a) Treatment N Route' ATHA p* 

\\ / 

Contro1~ 18 s.c. 
~. 

32.8+1. 96 

MDMT, 
1 mg/kg b.Ld. 19 s.c • 37.6+1.91 >0.05 

• pi (b) Sources of Variation df Mean S9u~lie , F 

AH 36 .-

8 treatment subgroupsa 7 100~ 1.46 >0.05 

Eff~ct '"'of MDM'(l' l 213.07 ' 3.08 >0.05 
. 

4 experim~nts 3 27.14 0.39 >0.05 

--Interections 3 136.903 1.98 >0.05 

Error 29 69.17 (1.0) 

*Probabilities are based on F1sher's F-test. MDMT was adm1nistered for 
either.;el,2 or 3 days. The animaIs were sacr1ficed, on the 1p.orn1ng foll,owing 
the last injection of MDMT. ATHA 15 expres~ as nmo1es L-DOPA per ho?r per 
pair adrena1s. 

a4 êxper1ments x 2 treatments (controls/MDMT). 
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Table C.l7: The Effect of MDMT on the Musclmol-E1icited 'Induction of ATHA; 

(a) 

(b) 

~eans (a) and ANOVA (b). 

TreatUient Route 
.. 

Muscimol, s.c., 
3 mg/~g b.i.d. 

Musc. + MDMT, s.e. 
1 mg',lkg b.,i.d. 

Sources of Variation df 

AlI 

,6 treatmi~~ subgr~upsa 

Effect of MDMT 
on muscimoi 

3 experiments 

Interactions 

Error ' 

.. 

28 

5 

\ i -

,.- 23 

N 

14 

15 

1 

2 

2 

" 

ATHA p* 

49.0+2.54 
y 

/ 

52.6+2.54 >0.05 

Mean Square F l , p* 

153.5 1.70 >0.05 

. .. 
90.38 1.00 >0.05 

~ 
122.~7 ~ 1.36 >0.05 

216.18 2.40 >0.05 

90.07 (1.0) 
'\ 

'" 

" 

ATHA is expressed as nmoles L-DOPA per hour per pair adr~nals. Muscimol ~~s 
administered b.i.a., 5 hrs. apart. MDMT was given 30 minutes prior to each 
muscimol injection. The drugs were admlnlstered for elther one, two, or three 
days~ Accoraingly, the"animais were sacririced either 24, 48'or 72 hrs. after 
the first injection. 

*Probabilities are based on Fisher's F-test. Î 

a3 experiments x 2'treatments -(muscimol/muscimol + MDMT) 
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- Table C.18: The Effect of- PCPA on ATHA; Means'(a) and ~OV~b) 

(a') Treatment N Route ATHA P* , 
Control 10 1.p. 21.0+2.05 .. 

;t 
PCPA, .... - '" 
300 mg/kg 10 . i.p • 34.7+2.05 . «0.01 

~: .-
Cb)\ 

, 
Sources of Variation df Mean Square F 

AI1 19 .. 
~ 

subgroupsa 4 treatm~nt 3 319.16 7.610 ' <Q..Ol 

tffect of PCPA 22.37Ù' «0.01 1 -938.38 
" 

0.~29 >0.05 2 experiments " 1 13.83 
.: 

' . or 5.28 

, 
0.126 . fO•05 

(1.0) .. 
il 

, Interactions 
" y' , 

Error, " 16 41.94 
• ( 1 

'le Probabil i ties are based on Fisher's F-test. ATlé\ is exp~essed ~s nmoles L-' 
DOfiA per hour per pair adrena1s. pePA was administered once and the animaIs 
were sacrificed 24 hours later. 

~ 

a2 experiments' x 2 treatments( (contro1/PCP~). 
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Table C.19: The Effect of PCPA on Induction of ATHA by~uscimol or Bicucu11ine 

/ 

Treatment N ATHA P vs. con P vs. PCPA 

4i 
A. Control 5 20.7+ 1.88 ' l 

." 
PCPA, 300 mg/kg t.p. S 33.4+ 1.78 <0.005 

....-

Muscimol, 3 mg/k~, .--.. 
t.\ 

b.i.d. 5 34.8+ 1.20 0 <0.001 ...... .. 
PCPA + Muscimol 6 45.6+ 3.52 <0.001 <0.025 

~ 

,B. Control 5 21.3+ 4.32 
4 

PCPA, 300 mgLkg t.p. 's 36.0+.1q.75 <0.025 ... 

Bicuculline, 1mg/kg ~ 

s.c. b.i.d. 5 27.4+ 3.17 <0.05 

--------~-PCPA + Bicuculli~e 6 43.0+ 8.94' <0.001 >0.05 

~ 

~ 

.. 

ATHA ls express~d as;nmoles L-DOPA per hour per pair ad~enals.' Probabiliti~ 
are based on Student~ t-test. Duration of treatment was for 1 day. PCPA'was 

~ 

administered once, 30 minutes.prior to the GA~Aergic agent. Muscimo1 and 
bicuculline were given b.i.d., 5 hours between injections. 
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~lable C.20: The Effect of AMTP on the Induction of ATHA bt HA-966 

Treatment' N ATHA P vs. control' P vs. -966 

Control 4 31.6+1.32 

HA-966 , 
47 .1±.4;1~ 15,0 mg/kg i.p. 4 <0.0125 Il 

AJ.tfrP, 
100 mg/kg s.c. 4 36.4+3.18 >0.05 <0.05 li -• 
HA-966 + AMTP . 4 43.0+2.04 ~0.OO5 >0.05 

~ATHA ls expressed as nmoles L-DOPA per hour per pair. adrenals. 
. probabilities are based on Student's t-test. 
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B: 
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Table C.21: The Effece of (+)3-PPP on ATHA' 

Treatmen.t 

Saline 

(+)3-PPP, 
10"mg(kg 

Saline 

(+)3-PPP, 
2,ug 

N • 

5 
, . 

5 

7' 

9 

Route AT}.iA P 

s.c. 

s.c. 26.4+4.98 >0.05 

i .c.v. 25.7+1.98 

i.c.v. 32.7+1 .. 74 <0.65 

ATHA 18 expressed as nmoles L-DOPA per.hour per pa1r adrenals~ 
'In experiment A., (+)3-PPP was given.once daiIy for 3 days. The 

- probabi1ities' are based on 5tudent's t-teSt. 
, 

In ~xperiment B., the drug was administered i.c.v., ~g/lOJl1, and 
the animaIs were sacrificed after 24 hours. The data for the 
latter treatment represents a poo~ing of 2 expe'riments and were 
subjected to ANOVA. Variations between 'replicate experiment,s 
~càu1d thus be account~d for. The probabilities are b~sed on 
Fisher's F-test. Effe.ct ,of (+)3-PPP: Idf, F = 7.00, f < 0.05; 
Experiments: I df, F, = 20.07, P < 0.01; Mean Square for Error (13 
df) = 27.4. 
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" (~ Table C.22: r The Effect of (+)3-PPP on amODCi Means(a) and ANOVA(b) o 
u ., 

(a) Treatment N Route amODC P 
\ 

. Control 11 s.c. 31.9+3.27 

( +)3-PPP, 
10 mg/kg 11 s.c. 51.9+3.27 <0.01 

-=-' 

, 
(b) Sources of Variation df Mean Sguare . F p* 

• 1 

<. 



~'J' ' 
I.~to 

". 

~ 

4J 

l, 

., 

~ 

~--

. , 

," 
{ 

" 

" 

~ 

~ 

Table C.23: The Effect of SCH23390 on t,he Apomorphine-Elicited Increase in amODC 

~ 1 
Expt:~~-Trea{tment N amODC P _vs,. control 

A-.' 

B. 

." 

Control 4 

SCH23390, 
3 mg/kg Lp. 4 

APO, 3 mgfkg 
s.e. t.i.d. 4 

AFO + SCH23390 4 

Control 

SCH23390, 
.... 3 mg/kg Lp. 

APO, 3 mg/kg 
s.e., t.i.d. 

4 

'4 

4 

APO + SCH23390 4 

25.1 + 4.02 

24.0 + 3.ij7 >0.05 
/ 

1 

154.0 +34.71 (-û.01 

70.8 + 9.44~ 

20.3+ 0.94 

20.6 + 2.66 ~)0.05 

159.5 +24.68 (0.005 

68.5 + 9.92' ~ (0.005 

P vs. APO 

~ 

.).0:-, 
.. 

<0.05 

1(0.01 

----------------------------------------~--~------------------~------~~-------~ aroODC is expressed as pmoles CO per 45 minutes per mg proteine In both 
exper1ments, SCH23390 was admintstered 30 minutes prior to the first injection 
of APO. APO was in-jected 3 times. at t = 0, t = 1:-.5 and t = 3 hours. AnimaIs 
were sacrificed 4 hrs. after first injection of APO. Probabilities are based 
on Stude~t's t-test (one-tailed) • 
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Table C.24: The Effect of SCH23390 on the APo-E1icited Increase in amODC:ANOVA 
t 

," 

Sources of Variation 
, 

AlI 

4 treatment subgroupsa 

2 experiments 

Ef~e~t of SCH23390 
on APO 

\) 

Interactions 

Error 

" 
l'reatment n 

.APO 8 

APO+SCH23390 8 

df ' Meaq Square 

15 

3 10184.75 

1 , 6.79 

1 30493.89~ 

1 53.5~ 

, 
12 ",2001. 7 

r 

amODC* 

157.0+15.81 ....-. 
70.0+15.81 

"lI2expeÙmen-ts·x 2 treatments (APO!APO+SCH23390) 

F P 

o 

5.090 <,<0.05 

<1.000 

15.230 

0.026 

(I.O) 

~ 

>0.05 

<0.01 
...... 

>0.05 

*amODC is expressed as pmoles CQ2 per 45 minutes per mg protein. 
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Table C.2S': of au1piride on amODC Induction Bv APO 
€ 

"'--

Expt. Treatment ______ N _____ amODC , ____ ~v~!_~control p vs'. APO 

A. Control 4 33.1 + 3.92 
< 

Su1pirlde, 

----~ , 50 mg/kg s.c. 3 ... 28.8 + 0.88 >0.05 ;.-
./ 

APO, 1.5 mg/kg 
s.c •• 1 t.i.d. 4 101. 2, +24.98 <0.025 

APO + Sulpi ride , j o 30.6 1. 0.48 - . >0.05 <0.05 Ill' 

B. ·Contro1 4 34.1 + 2.30 

Sulpirlde 
36.1 + 3.88.-1 50 mg /kg s. c • -3, >0.05' 

APO, 1.5 mg/kg 

~ s.c .• , t-:i.<,i~." 5 110.8 +32.21 <0.05 

APO + Sulpiride 3 59.9 + 9.50 <0.05 >0.05 
t 

~mODC-is~ex-pre-ssed as pmol,es Co2,. perl 45 minutes per mg protein.. Sulpit.'ide was 0 

injécted,30~minutes prior to.the first injection of APO. APO was admlnistered 
3 tim~s, ai: t = 0, t = 1.5 and t =' 3 hrs. Animal s were sacri ficed 4 br_s. 
after first injection of APO. Probabl1ities are based on Student's t-test 
(one-tailed). • 
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" ~, ~: Tab1 e, C. 26: The Effect of Sulpiride on the APo-Ellcited Increase in "~. 

amODC: ANOVA 
~ ~ 

Source of Variation df Mean Sguare F P 

" All 14 fo 

0 

" ,-
Effect .of Sulpirlde 1 13511.02, 5.66 (0.05 

2 experiments 1 1602.24 0.67 >0.05 

Error 12 2389.02 (1.0) ., ... 

Treatment n " • amODC* 

APO -.9 107+20 
\ " APO+ Sulpiride 6 .45+20 

*amODC ls expressed as pmo1,:s CO2 per 45 minutes per mg protein. 
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Table C.27: The Effect of SCH23390 on the APo-Ê11cited Increase in ATHA 
c 

Expt. ----Treatment,--- - r.f - ATHA P vs. control' P vs. APO 

A. Çontrol 4 28.7+1.98 

SCH23390, 3 mg/kg 
i.p., b.i.d. 4 30.7+4.14 >0.05 • 

, 

APO, 3 mg/kg , 

\" s.e., q.i.d. 4 58.8+9. 00 ' <:0.025 . 
, -'6 

APO + SCH23390 5 44.6+3.95 <0.025 >Oi-05 ., ,r 

B. Co.ntro1 3 25.6+1. 73 

APO, 3mg/kg 
52.9+4~3o' s. c., . q. i .d. 4 ,(0.005 

4";1 
~ 

APO + SCH23390 4 36.8+3.36 <0.025 <0.025 

ATHA ls expressed as nmoles L-DOPA per hour per pair adrenals. Bath experiments ~ 
were carried out for 3 dé!Ys. APO was administered q.i.d., every_ 2 hou~. 
SCH23390 was gi ven b.i.d., 30 minutes -.prior ta the lat "and 3rd injection of APO. 
AnimaIs were sacrificed on the morning following the Iast injection. 

'Probabi1ities are based on·Studentt~ t-test (l-tailed). 
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Table C.28: The Efféc~ of SCH23390 on the APo-Elicited Increase in ATHA:ANOVA 

Sources of Variation df Mean Square F P 

AlI 

4 treatment subgro~psa 

Effect of jCH23jJO on APO 

2 exp'eriments 

Interactions 

Error 

Treatment n 

APO 8 

APO + SCH23.)90 9 

16 

3 

l 

1 

1 

13 

cf# 

ATHA* 

55.9+4.00 

41.2+3.74 

.!. 

374.14 

916.77 eh 
156.66 

49.00 

126.15 

~2 experimen.is x 2 tre'a:tments (APO/APO + SCH23390) 

2.97 

7.27 

1.24 

.388 

(1.0) 

*ATHA is expressed as nmoles L-DOPA per hr. per pair adrenals. 
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Table C.29: The Effect of Sulpiride on the APo-Elicited Increase th ATHA 
'': 

-Expt. "Treatment N ATHA P vs. control" p vs. APO 

\ 

l' 

~. Control 

B. 

Sulpirlde, 
40 mg/kg s.e. 

APO, 3 mg/kg 
s.c. 

APO + Sulplride 

Control r 

APO, 3mg/kg 
s;.c. 

APO + SulpiI'ide 
40 mg/kg s.c. 

4 

4 

4 

4 

~ 

4 

4 

31.1+3.63 -1 

36.2+2.61 >0.0.5 

64.2+7.12 <0.005 

57.4+6.22 <o.or >0.05 

25.6+1. 73 

52.9+4.30 <0.005' 

1 

43~4+5.28 (0.025 >0.05 

ATHA 1s expressed as' nmoles L-DOPA per hour per pair adrenals. APO was 
~dm1n1stered q.i.d. f..,3 days, 2 hrs. between injections. 'Sulplrlde was giv~n 
b.~.d., 30 minutes prior to the first andl thlrd Inject.ion of APO. AnimaIs were 
saerifieed on the morning following the last injection. Probabilities are based 

1 on Student's t-test (one-tailed). 
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Table CelO:- The Effect of Su1piride on the APo-E1icited Increase in, ATHA:ANOVA 

Sources of Variation- df Mean -Squa-re F 

AlI 15 

4 treabfent~subgroupsa 3 
. 

301.71 2.24 

Ef~ect of Su1p1ride on APO l J 265.69 1.96 

2 experiments 4 1 
Il: 

638.32 4.7(J 
/1 

,-

Interactions 1 7 • .29 0.05 

Error 12 135.68 (1.0) 

" -
" Means: Treatment n ATHA* -

.>.r 

APO 8 
" 
. 58.5+4.12 

8 50.4+4~12 
. 

èAPO +" Su1piride-

~ 2~experiments X 2 treatments (APO/~O + Su1pir1de) 

*-ATHA ls expres?ed as nm?les L-DOPA p~r hour per pair adrenals.' 

1 

"f 
" 

;j' 

.-
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>0.05 

>0.05 

:>0.05 

>0.05 
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Table C. 31: The Effect of the Joint Administration of AFO and HA-966 on ATHA 1 

Treatment N ATHA • -- --- p vs. Control 
\ 

t' 
" Control , 4 26.5+2.28 

1 

" HA-966 4 34.8+2.09 <0.025 

APO 4 43.5+5.18 <0.01 ri ~ ... 
APO + HA-966 5 42.6+2.85 

• 
'S0.005 

'f 

ATHA 18 expressed as nmoles L-DOPA per hour per pair adrenals. HA-966, 150 mg/kg 
i.p., was gi ven 30 minutes prior ta APO. APO, 3 mg/kg s.c., was gi ven q.i.d. wi th 
2 hours between injeètions. The injections were giveJ;l for l day and the animaIs ~. '" 1) 
were sacrificed 24 qours after the first injection. The probabilities are based·' ~~ 
on Student's t-test (l-tailed). Treatment wi th APO~ and HA-966 was significantly '---.. 
greater than with HA-966 alone (P<0.05). However, it w~not significantly " 

different from treatment' with APO alone (P)O.05). 
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Table C.32: Interaction of DA Blocking Agents on Rats Treated with GABAergic Drugs 

: 

Treatment N ATHA . 
(nmoles L-DOPA :eer hour per pair adrenals) 

l. 

, 

II. 

III. 

~ 
<;) 

dl-Sul :e1 ride z s .c • 
. ' 

GOBA 8 
, 

GOBA +'Sulpiride , 8 

HA-966+ , 7 
, 

HA-966 + Sulp1r1de 8 

SCH23390 , !.:l?.:. 
HA-966 "" 7 

HA-966 + SCH23390 8 

HaloEer1dol, .!.± 

Muscimol 5 

Musdmoi + HaloJe~idol 6
Q 

... 

46~1.:!:.3.l6 

45.3+3.16 

34.2+1.86 - . 

'~ 

26.8+2.40 , -
28.5+2.24 

) 

53.5+6.92 

68.4+5.49 

.-

( 

r' 

The results wi th HA-966 represent data pooled from 2 simi lar experiments. The 
résui ts with GOBhl1d muscim))l are each from one experiment. Drugs were 
administered as f Iows: GQBA: 0.5 g/kg i.p. ,once daily for 3 daysj':'HA-966:· 150 
mg/kg i.p. for :j.. day; musci.mol: 3 mg/kg s.c. b.Ld., 5 hrs. apart, for 3 da~; 
dl-SUIPiri~: 40 mg/kg s.c. once daily, 30 minutes prior to either GOBA or ~-
966; SCH233 : 3 mg/kg i.p. b.i.d. (3 hrs. apart), 30 minutes prior to HA-966; 
haloperidol: mg/kg \.p. once daily, 60 ll).i~eS prior to muscimol; AnimaIs 
were sacrifice on the morning foilowing th last inj ection. . , , 

The ds ta were subj ec{ed to ANOVA. Vari a tian between repl i ca te experime~ ts. 
could thus be accounted for (P)O.OOS for aIl ca~es). Probabi 1 i ties are based on 
Fisher's F-test. 

Effect of dl-sul~1r1de on GOBA-treated rats: ldf, F-O.03, P»O.05, Mean X?re 
for Error (12df)=80.09. .~~ 
Effect' of ~l-sulpiride on HA-166-treated rats: ldf, F=.488, P>O.OS, Mean tiare' 
for Error (J Idf)=24.11. , ~ 

Effect of S(!l23390 on HA-966-treated rats:l~ F=.256, P)0.05, Mean Squatte for 
Error (lldf)=40.29. , 
Effec ~ of ha I operidoi on ,muscimo I : Idf, F=2.95, P)0.05, Mean Square for Error 
(9df)=206.96. _ 

~ ~~~ ... 
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.b. GABAergic Regulation ~ Adienal .;;;;;E-:'n .... z~~ 

The exper1~ents performed in "th thesi s, lnvol ving the use of . 
'neurotransmitter, analogues, suggsst that GABA plays a role in the induction 

of the adrenal enzymes amODC and TH. However, there i s no abso lute 

-consi~t~cy in the actions of the five GAB~ergic substances tested i~thiS 
dfI#' 

regard, for they are not equally lefficacious in bringing- about the ( 
tJl\\ ~ 

increases.:.n enzyme activity. Moreover, a gergiC agent rnoyeffect 

a' cl;ta..rige'·'in ATHA, but may not do so for amODC acth[i ty-.v These 
• 

4nconsistencies may be attributed to the different sites of action or 
o 

! metabolic pathways taken by these drugs. 

(8) Tyrosine Hydroxylase 

-
Of the analogues tested muscimol, GOBA and HA-966 consistently 

effected increases in ATHA. Muscimol almost doubleti the control values 

wh~n gi ven twice dai ly for 3 daya in a ,dose of 3 mg/kg (Tab l e C.I). A 

lower ~ose (1 mg~kg), even when administered for three days~~as no~ 

effecti ve. However, injections of ~he higher do'se (3 mg/kg) for one or two 
1 

1 1 • 

days were able to produce~ significant increases in enzyme acti vi ty (Table 

\ 

C.2 ~nd Figure IV), although these were not as hi~h as the increases 

, . 
elicited after a' three-day injection periode • 

The conditions required to produce an 'èffect 'wi th mu~cimol correspond 

weil with reports in the literature a~out its metabolism. Naik ~t al. 

(1976) main~ain that muscimol penetrates the bl.o0d brain barder and has a 

-
potent and long-lasting GABA-l~ke.action, but other authors have since 

) ., 
demonstrated that only' a small aliquot of the injected dose enters the 

JI , • 

. ' . brain (Baralçli et al., 1979). ,Although the amount of authentic muscimol 

) 
taken up by the brain is sufficient ta explain some of the pharmaco10gieal 

Jactions .. obtained by intravenous injection of the drug (Gale et al., 1.978; 
.,. 

Bara1di et al., 1979), ~his may not be able to elidt the induction of 

adrenal enzymes. Thus, in order for an effecti ve amount of muscimol to 
.... 
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enter the brain a dose of at 1east 3 mg/kg must be administered 
. 

peripherally. Another facet to consider wi th the systemfc administration 

of muscimol is the metabolism of the drug in vivo. Muscimol is metabol~zed 

rapid1y (Bara1di 'et al., 1979) after intravenous injection (Maggi and Enna, 

~ 
1979). Thus, the biochemicai effects produced by this GABAergic substance 

moFue not to~ an action of the drug alon. but rat~er t~ a comblnation 

of musclmol and sc;>me deri vat! ve, or the deri vati ve alone.· This May be the 

\ ~ 
case for the induction of TH. The significant increase in TH &iti vi ty 

, ~ 

mig~t result after only a 24 hour period (Figure IV) if, in fact, the 

effect Is due ta' the Metabolite and- nof the drug Itself. Interestingly, in 

experiments not reported ln this thesis, it was found that muscimo1 applied 
, 

dit.ectIy Into the cerebroventricular system 18 not able ~o cause an 

incr,ease in TH acU.vity. The reas~n for this lack of effect May be tha-t 

mU8cimoi must indeed be metabo~ized in the,peripnery, perhaps in the liver, 

in order for it to be biochemically active. That muscimoi has an effect 

when given s.c. but not i.e.v. is not without precedent. - For example, this 

> 
drug has differentia! effects on central dopamine metabolism,- depending 

a 
upon the route of administration: Whereas l.v. muscimo! produces decreases 

~ ,-
itf"nigrostriatal and mesol1~bic l'evels of dopamine, the i.p. administration 

. 
of 'the compound increases the concentration of DA in these brain regions 

9 . 
(Gund1açh and Beart, )9'81). Obviously, muscimol -has very complex 

pharmacologiea! and metabol.ic· characteristics, and further work 18 needed 

to de termine how i t exerts its biochemica1 effects. 
00: 

Neverthe1ess, it is 

cl~'ar that muscimol in tts original form or a metab~! He exerts a 
r 

slgnificant inductive effect on atlrenal TH activity. 

GOBA ànd HA-966 were also effective in indueing significant increases 

"in ~ the former drug yielded a 25% rise over saline eontro1,s while the . 

latter pz;,oduced a 42% increase. GOBA produced a S1gn'1:.f(2c~.~t elevation in 
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adrenal ~nzyme activity t9n1y after tbree days of injec'tion whereas HA-966 \ ' 
. 

e11c1ted enzyme 1ndu~t1on with1n 24 hours and with less than one-th!rd the 
r~ 

~ - -; 

dose used for GOBA (Table C.5). The different conditions required for, and 
/ 

the different magnitudes of enzyme induction evoked by, these compounds are .. 
/ ,', 
p'robably a function of their differentiar metabollsm. It has been 

suggested that a metabo1ic conversibn of HA-966, possibly ln the liver, Is 

1 necessary for many of its efJects (Bonta et aL, 1971), but It ls unlik'ely 

that this molecule fs extensive1y rearranged (Mos et aL, 1,981). If HA-966 

la, in fact, active in,its native form, then it Is reasonable ta expect 

1\., 
this GABA analogue to effect a change in ATHA in.as 1ittle as 44 hours 

aft~r Injectio~ and -with a relatlvely sma11 dose (150 mg/kg). Contraril y, 
, ~ • 

Roth anà Giarman (1966) reported that GOBArs ha1f":l1fe 'ln vi vo Is about one 
- \ 

hour'~ Thus, in order to supp'ly a blochemical1y effective am()unt of GOBA~ 
~ ~ 

the drug must be administered repeated1y (i.e. for 3 days). Another, 
" 

aPI?roach would be to inj ect the drug once, but in a very high dose. In 
.-' f" 

fact, in an experiment not reported in thi~ thesis, a single injection of 

"-.. . 
GOBA, in a dose of 2.2 g/kg was able ta eUe! t a sign1ficant increase in 

ATRA. However, this avenue was discontinued because the dose used was 

found. ta be letha1 ta some of the rats recei ving ft. a 

Unlik~ the other GABA agonists tested~ progabide was unable to effect 

an increase in adrena1 TH. This finding was unexpected. Because progablde 

ls reported to-·be e-ffecti ve in treating neuro1ogical.problems such as 

. . 

'~ 

, epilepsy and movement disorders in clinical studies (Bergmann, 1985) (that 

la, has an action expectea of a GABAergic substance), 1t was antlcip~ted 

that the drug wou1d be of use in this particu1ar study as weIl. Despi te 

, its ready penetrabi1ity of the blood brain barrier (Worms et aL, 1982), 0 

p'rogabide 19 less pO'Mnt than any of 1 ts assaciated metaboll tes (i.e. GABA, 

. 
GABAmide, or 5L75.102) in binèling to GABA receptors (Bergmann, 1985). This 

( 
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may explain its ineffectiveness. uflfortunatelY;, even though progabide's 

metabolites are mor~ potent in binding to GADA 'sites, their relative 
b 0 

polarity renders th.em incapable of peaetrabting the brain and they would 

cherefare be po or choices for experiments involving peripheral 
o l '- Q 

administration of the drugs. For the very ~ r~{~Q1'S' these metabol1 tes 
, ) 

(i.e, àABAllli':de' b-sL7 5.~l02) would presumabl y ~ carra idates for the 

i.c.v. experiments discussed below. 
, , 

- ( , 
Once it had been established that GADA analogues can cause an increase 

in ATRA, the next. question to consider was whether or not this effect 1s 

mediac"'ed", central 1 y'. As was 'mentioned in the introducfion (Sections 4. 

(c),(d)', and_Ce», the neural regulation of,both ODC and TH is thought to , 

he controlled by a supraspinal centre in the A9 region, which includes the' 
, 

__ striatum. Decause -neurotraAsmi t ters 'such as DA, 5HT and ACh act centrall y 

1 

to ,effect changes in adrenal enzy,me "activity, ft was reasonab1e to assume 

tHat -GADA.. a1so' acts in this manner • ., Histochemical and biochemica1 studies 
" 

have demonstrited the existence of GABA receptors in bovine °adrena1 
........ 

chromaffin cel1s (Kataoka et a!., 1984), so that the possibility of a local 
~ 

<:;ABAergic mechan!sm c'bntrolling adrenal enzyme act! vi ty . had to be 

c&nsidered: By administ.~r~ng a GABA analogue directly into the 

cerebroventricular system, it was felt that one' could speei 1cal1y elicit a 

central effect without The Most ... 

practical approaeh to t'his problem was a bolus i.c.v. 
-

fnjection of a' GADA ~nal~guf! that would be after onl y one 
" ., ,-.~ l 

administration. ' Based on the data .from experiments invol v:!-ng perip1ieral 

injections, HA-966 was the most judicious choice. (O~her experimental 

/ 
avenues. could be the continuous infusion of drug as with- an osmot1c' mini-

" 
pump or repeated appl1cadon through .a cannula implanted ln the sk,ull • . 

o 

Fûture work in studying this question could concelvably utilize these 
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'methodologies.) In~ed, the appli"cation of,5 pg of this GABA analogue 

directly.into the br\in was able to produce a signifiçant increase in 

enzyme activity within 24 hours (approx. 30%, Table C.S). Although it is· 

possible for a substance gi ven Lc.v. to diffuse from the brain, into the 

~ -
periphery, the fact that such a minute aqlount of q,rug was admfnistered (5 

pg i.c.v. vs. 150 mg/kg l.p.) strongly suggests that the resulting 
~ -

inductive effect is due to an action at the site of injection. Moreover, 

c-
the fact that HA-966 evoked an increase in ATHA when gi ven i.c.v. suggests 

J . 
that: (a)' this' compound does not require any modification in the 1 i ver to 

Û "? 

act at GABA site's in the brain or (b) the enzymes that are required to 
~ 

conver~ HA-966 into an active form are round in the, brain. This is in 

sharp contraét with the i.c.v. experiments wi th muscimôl, where the lack of 

enzyme induéÜon implied that muscimol must be metabolized in the periphery 

before it can exert biochemical effects. 
o 

The question of central mechanisms of TH regulation can a1so be 
o 

studied from a different perspective. 
1.. • 

Instead of injectlng an active 

compound direct1y into the brain cavities and then looking for a positi-ve 

1 response, one can systemically administer a substance that does not 
, 

penetrate the blood-brain barrier and look ..for the lack of induction by 

• somethlng tbat ls conflned to the peri phery. Accord! ngly, the 1.p. 

injection of GABA Itself, which as a very hydrophilic agent, penet.rates the 

blood-brain barrier t>nly to a negligi ble extent, wou1d be expected to have 

no effect on ATHA. In fact, in two experiments not reported in this 

~ 
thesis, the administration of GABA, 300 mg/kg i.p. once daily for 3 days, 

was unable to induce adrenal TH. This negative finding corroborates the 

resul ts w1 th HA-966 gi ven i .c.v., thus sugges ting that GABAergi C $!gen ts 

regulate ATHA centrall y. For the sake of compl~teness, i t should be 

mentioned that GABA was alS: admfister~d 
122 
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with the anesthetic used (chloral hydrate, 300 mg/kg i.P.~ it proved toÎbe 

'lethal in aIl cases •. 

Another approach was ,used to study the possi bi li ty that HA-966 acts 

centrally. The drug was administered (1.p.) to_rats previously 

hemisplanchnicotomized (Table C.7). While the drug significantly elevatèd, . • 
the enzyme activity in the intact gland as compared with controls, HA-966' 

had no effect on ATHA on the denervated side. Although this approach was 

attempted in only one experiment, the finding agrees weIl wi th the i.c.v. 

experiments. Dependence of the inductive effect on the intact innervation 

of the adrenal gland suggests that the GABAergic regulation of ~THA is 

primar~ly central and not local. This; h~wever, does not mean to imply 
, 

that the regulatory 'process is exclusively under neuronal control. Local 

Gl< 
effects are possible, especially because ?f the existence of GABA receptors 

on chromaffin cells (Kataoka et aL, 1986). In fact, in the denervated 

gland (Table C.7), HA-966 lowered the ATRA. At this point, tt is important 

to dlstinguish between two types of enzyme regulation: (a) the short term 

increase in enzyme act! vi ty ~nown as "enzyme actt vation" and (h) the long 

term changes in enzyme act! vit Y due to de nova enzyme prote in synthes1s . -- ----
referred to as "induction". ,Insofar as the GABAergic regulation of adrenal 

enzymes is concerned, one' can speculate. that the process of induction 1s 

. directed centrally whereas enzyme activation is pre>bably controlled by 
. 

local GABAergic mechanisms. The latter phenomenon May be indirectly - --
1lt 

related to the. increased release of adrenal CA caused by GABA-mimetic drugs 

(Kataoka et al" 1986) •. As a result oLthe 'inereased liberation ~ fts end 

produc t, in this case due to 'a local GA&Aergic effec t J TH is siiid to be 

--
disinhibited (Spector et al., 1967) 'and hence, activated. Actually HA-966 

caused a lowering and not.an elev~tion of ATHA in the d~nerv~ted adrenals 

(Table C.l). This inconsistency could be explained by the faèt that enzyme 
[ 
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acti vat ion occurs wi thin minutes whereas the ATHA measured in this 

experiment corresponded to a 24-hour periode The notion that there are two 
t 

components to conaider in adrena1 enzyme regulation is not a novel one. 

While .st Hrst it was thought that local adrenal CA concentrations regulate 

ATHA (Daitman and Udenfriend, 1971), work in thi s laboratory with 

sp1anchnicotomized rats (Quik and Sourkes, f976) subsequently showed that '_ 

the enzyme is predominantly'(but not exclu~ive1y) contro1led by a neuronal 

mechanism. 

The onl y GABA antagonist usèd in this proj ec t 'Iwas bi cucu11 ine. 
o J 

Although the data show that bicucu11ine mày evoké'significant increases in 

" ATHA, this effect is ~nconsiseent. The dlscrepancies of ~he various 

experimen'ts May simply be a ref1ection of bicuculline's instabi1ity in 

solution (An~rews and Johnston, 1979). Desplte this problem, ft was felt 

that bicucul1ine might be able to antagonize the inductive effects e1icited 

by GABA'agonists. Three such experiments were performed and they produced 

surprislng resul ts (Table C.B). In none of the experiments did the 

antago'nist abolish the ag,onist-sl1ci ted increase in adrenal enzyme 

act! vi ty. Moreover, the co-administration of bicucull ine wi th progabide 
• (D, 

enab1ed the latter drug to produce ci statistica1ly sigOnificant. e1evation of 

ATHA, an effect which it was unab~e to produce alone. Evidently, the 
,-_/ 

GABAergic regulation of adrena1 enjymes 18 cpmplex; unlike the DA system 

(Quik and Sourkes, 1977), where haloperi do 1, can aboI i sh the i ncrease in 
, 

ATH! produced by apomorphine, the abolition of the agonist-e1icited 

induction by an antagonist do es not seem ta be a property of the GABA 
1. ..l . 

system. Moreover, not only does bucuculline fail to antagonize the 

inductive effect, 'it paradoxica1ly facilitates the agonist"'elicit~d 

increase in enzyme activity. How might this inconsistency by explained? 

The simp1est solution to this dilemma May be that the unusual results 
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seen, in aIl the experlment~ with bicuculline are due to the instability of 

-

• ~~~'!~. , ...... !Ç~~'! 

.. Ir 

~he antagonist in solution! Thu~,~in the three ex~e~imenta1 grou~ 

involving co-administration of agonist and antagonlst, the observed mean 

enzyme act1 vit1es are really Indicatl ve--ef the effect of the agonist alone. 
o 

An~ther explanation Is based on the notion that the A9 region contains 

. numerous GABAergi'c neurons, many of wh:f.ch are linked in series (Schee1-""" 

KrUger, 1986). If a pair of GABAergic neurons are combined in a double 
. .. 

"inhibitory link, the net output efferent to these neurons will be an 

e~citatory- one. This ,phenomenon is weIl established in the striato­

h'lgrocollicular and striato-nigrothalamic GABAergic pathways (Chevalier and 

Deni au , 19~7). If a third inhibitory GABA fibre e~anating fro~ a different 
• • ~ l, ~ -

brain region, is added afferent to this Slcheme, and if this fibre's 

receptor targe ts are especiall y sensi ti ve to picuculline, then the ÇABA 

agonist-mediated' inducti ve effect will be faci Utated. This explanation 

assumes that GABA recept\rs, in different reg'ions of the brain, exhibit 

-
differen tia~ sens i ti vi ties ~o various GABAergic agents. , lndeed, thi s 

concept has some experlmental basis. For example, Wood (1982) showed that 
~ 

muscimol acts in the substantia nigra, but not in the striatum, to depress 

striatal DA release. Furthermore, e1ectrop~yslo1ogica1 studies have 

demonstrated that non-DAergic cells of the pars reticulata in the 

substantia nigra are much more sensitive to GABA than the dopamine cells in 

the pars compacta (Grace and Bunney, 1979). Also" direct application of 

\ 

GABA or GABA agonists ~uch as muscimol in the pa~_s reticulata results in 

both inhibition of pars. reticulata neurons and activation of DA neurons in 
~, 

pars compacta (Grace and Bunney, 1979; Scheel-Kr\iger, 1.966). Accordingly,-

it ià conceivable that bicucul1ine or the varioùs GABA agonists ac't 

different1y in dlfferent brain regions, .and'have dissimilar affinities for 

different p~pulations of GABA receptors. The complexity,of the GABA system 
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which ls, after aIl, a very ~lgnificant contributor to the neurotransmitter 

activity in the CNS (Fonnum and Storm-Mathisen, 1978), ls 'further , 
. . 

il1ustrated by the fact that two GABA agonists exert the!r effects ~y 

different mechanisms: HA-966 selecti vel y e1evates the DA content in the 

striatum by depressing its re1ease from DA neurons (Bonta et aL, 1971); 
Q 

mU$cimo1 's açtion ls not necessari1y associated with dopamine accumulation 

and depression of striatal- DA llberation (Schee1-Krüger, 1986). In sorne 

circumstances, musci~ol ·is thought to bind to non-DA neurons wh!ch exist in 

the str!atum, but when app1ied intranigrally it tao depresses striata! DA 
• 

release (Wood, 1982). 
" ' 

Cb) Ornithine Decarboxylase '­\ 

One of the aims of this work was to compare and contrast the GABAergic 

regulation of ODC and TH. Do ODC and TB respond in the same filay. ta GABA 

analogues? Previous work with other neurotransniitters has suggested that 
, 

these two adrenal enzymes are simi1arly regu1ated (Introduction, 4(f». Of 
\ 

the drugs tested, only HA-966 effected ~ statistically ~fgnificant increase 
1 ~ .\ ~ , 

in amODC. Although muscimo~ occasioned an increiée in amODC in one 

experimen~, it had no consistent effect on this adrenal enzyme. Similarly, 

GOBA, which caused significant increases in ATRA, was unable ta change the 
'1 

levels of amODC. \ Thus, the" latter two drugs have differential effects on 

the induction of TH and arnODC. This should not, however, suggest that the 

GABAergic. regulation of these two enzymes is entire1y different. The 

impotence of some GABA analogues tested Is' probably attd.butab1e ta the 

incompatibllity between the tlme-scale for'ODC induction and the time 

period required for the metabolic conversion of the drugs into active 

inducing agents. As was mentloned above, muscimol and GOBA seem to require 

al terat.1on of their original form; the!r penetration of the blood-brain 
, 

barrier may-also, be timè-consuming. Contrarily, HA-966 does not appear to 
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be extensi vely rearranged and can be effecti ve relat! vely soon. Because 

the protocol for the ODe aasay uaed 1n th1s 1aboratory required sacrif1c1ng 

the an1mal8 four hours after the 1ni thi drug administration, it 1s 

conceivable that this lnterval does not allow for the metabolic conversion 

of muscimol and GOBA. ' \ 

The central regulation of ODC by-GABA was not inves{1gated. The 

i.c.v. approach was not feasible as the' procedure 1tself 1s very stressful 

and the enzyme levers would not be at restlng values as the drug 18 

adminlstered. Thua, It would be dlfficult to dlstinguish between elevated 

enzyme levels resulting from stress1ng the animaIs and the increa'se in 

amODC due to 8 drug-el1cfted induction. Nevertheless, b'ecause the data 
. 

with TH suggest tha~ the, GABAergic regulation 18 centrally medlated, lt ls 
1 

not unl1kely that ODC 1s a1so regulated in thls way, especially because of 

the para Il e 1 s in the regu 1 a tian of thes e tw,o enzymes by other 

neurotransmitter systems (:tnt1~oduct1on, 4(f». 

1:. In teractions of GABAergic Agents !!!!.!l Cho l inergi c, Serotonergi c and 

Dopamlnergic Systems 

The ultimate goal of the work ln thls laboratory ls to elucldate the 

nervous pathways mediating the organism's responsè to sb:'essful situations. 

Hitherto, the central regulatlon of adrena~ enzymes has lmplicated the 

invol vement of DA, SRT and ACh .neurotransmi tter sy~tems (Sourke8, 1983; 

Introduction, 4 (c), (d), (e». Once it was established that <;.ertain GABA 

analogues aré able ta induce adrenal'enzyme activity, ft was of lnterest to 

determine whether this transmitter substance exerts its influence on 

adrena1 enzyme function independently or by way of an interaction ,with aIl 

9 
or some of the neurotransmitters investigated previously. If the GABA- t 

elicited action is independent of other brain chemicals then one wore 
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~thway has been un~overed which the brain has at its disposaI to 

, orches trate the animal 's stress response, i llustrating the versatil i ty of 

the nervous system in tts ability to communicate messag~ to the periphery. 

On the other hand, if this GABAergic effect is connected to that of the 

other neurotransmitter substances tested previously, then the role of GABA 

......... 
in adrenal enzyme regulation might ,be strictIy a modulatory one. The 

'-/ . 
notion that GABA interacts wi th other neurotransmi tters in the CNS is not 

witnout precedent; this neurotransmitter has been demonstrated to interact 

wi th éërebral serotonin, acetyl chol ine and dopamine t n certain sys tems 

(Introduction, 5(a)/-Cb) and (c». Moreover, the concept 0) two brain 

che~~~~teracting to bring about a change in adrenal enzyme act! vit Y 

has aiready been addressed in this laboratory. Quik and Sourkes (1977) had .. 
studled the joint regulation of ATHA by serotonergic and dopkminergic 

systems. Th~ir work sugge~ that an intact DA. system is required i~ 

order for the serottlhergic effec't to occur. Their ev'idence 'also intimates 
/ 

that the interaction between the two systems is sequential, with the 
~ 

serotonin system preceding the dopamine one. The role of reserpine', which 

leads to the depletion of adrenai catecholamines, in the serotone~gic 

regulation of DBR was also studied (Lima and S~urkes, 1986a) and the 

resul ts sugges t that a simul taneous depl etion of central serotonin an2-

c~techolamines is necessary for the induction of this enzyme. It was a1so 

shown (Lima et al •• 1986) that a 1esion of the MRN potentiates the ind\1cin'g' 

.. 
action of the CA-depJ.eting' drug. Fina11y, the investigation of the 

induction of r~t adrenal DBH by oxotrem<?rine was extended t~ inciude the 

effects of GABA-mlmetic drugs on this system (Lima and Sourkes, 1986b). In 
~ . 

this .thesis, GABA analogues W'ere administered conjointly with cholinergie 

drugs in order to study their combined effects on TH and amODC. In the 
• 

case of GABA-5HT interactions, only the effects on TH were investigated. 
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(a) GABA-ACh Intera~tions in the Regulation of' amODC and TH 
.. -. i 

1 ~ 

The degree of int:eraction between two types of neurotr~ansmi tter 

systems wi th respect; to enzyme regulation can. be inferred by comparing -the 
, 

algebraic sum of the enzyme activities resulting from the administration of 
, 

two neurotransmitter analogues, given separately, with the enzyme activity 

produced upon simul taneous inj ec tion of the drugs. To s tudy the .. 

possibility of a GABA-ACh interaction in amODC regulatlon, muscimol or 
,,,, 

progabide was combined with~oxot~emorine in order to determine whether 

these GABA analogues would amplHy the induction elicited by the muscarinic 

agonist. In two experlments there was no evidence of inter·action lnvol ving 

muscimol and oxotremorli1-é (Table 'C.I!). In one of these (Table C.l1.A.), // 
musc1mol and oX9tremorine appeared to act quite independently. Two similar / 

experiments,' this time with progabide as GABA agonist ("'Table C.12), à-l s/~­
, yielded inconclusl;e resul ts. Because these GABAergic agents d~,t 

reliably affect thé oxotremorine-induced increase ~n amODC, 1 t cain be 

concluded tha't GABA and central cholinergie systems -do not intera.ct in the 

regulation of this .adrenal enzyme. It should be noted that musc!mol and 

progabide were unable to ~nduce amOnC tact! vit y consistet).tly when gi ven 
1 

alone (Section D.l). 

The possibility of a neurotransmitter interaction was a1so 

!nvestigated with adrenal TJ;I. A varlet y of approaches was considered for· 

t.his enzyme. First, lt was shawn that the co-administration of the GABA 

- antagonist blcucullinè did not signifi ca,nt 1 y at~enua te the oxotremorine-
. 

elicited increase in' A~ (Table C.13). Seco!ldly, the increase cau~ed .1>-y-

oxotremorine was not at aIl aff~cted by the presence of progabide,' whi ch 

-alone had no effect what~Oeyer\ on the enzyme (Tab"le C.14AJ. Thirdly, 

muscimol given to oxotremorine-treated rats had an additive effect, as was' 

the-case in one of the amODC experiments. Again~ this findi~g suggests 
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t~at the two drugs are causing increases in ATHA by independent mechanisms. 
"-

f' 
1 

o 1 // In a final experiment in this particular s;'~dy~ the cholinergfc muscarinic 
/ 

/ 

/ 

/ 

·0 

antagonist atropine did not black the inductive action of muscimol on ATRA. 

Clearly, this group of experiments, which utilized different combinations 

of cholinergie and GABAergic campounds, was unable to demonstrate any kiRd 
.. ... 

of interaction betweèn these two neurotransmitter~ i·ns.ofar as the, 
, ' . / - . 

regulation of amODC and adrenal TH is concern,d; and this despite the 

extensiv~ interactions between GABA and ACh in striatum'(Introd~ction, 5 

(b». This is in sharp contrast to the findings of Lima· and Sourkes 

(1986b), who demonstrated that GABA ago~ists can impair the inductive 

, , eEfect of ox~ne on adrenal DBR activity. The fact tbat ~rgiC 
inhibitory mechanism is invol ved wi th a central 'éhol inergic stimulatory ~ 

pathway fo~ D~H but not wirh the èho1inergic induction af amODC and TRi j 
illustrates the enzyme specificity of the central neuronal influences WhiC~ 

regulate the;piOSynthetic activity ~f the adrena1 glan~. 

(b) GABA-Serotonin Interactions in the Regulation of ~ 

Serotonin has been imp1icated in the regu1ation of ATHA. As was 
. 

described ear1ier (Introduction, 4(d», this ~eurotransmitter seems to 

·supply a tonie inhibitory input to the- adrena1 gland. Lesion experiments 

hav~ demonstrated that this serotonergic control emanéltes from the MRN 

(Quik et al., 1977). Because.administration into the MRN of GÀBA aginists 

decreases SRT turnover (Forchetti and Meek, 1981), and because-depletion of 
~ , 

central serotonin sto~s, causes an increase in ATHA (Introduction 4(d», ft 

was thoflght that the GABA-elic1ted increase in this adrenal enzyme 

(Resu1ts, C.1(a», May be explained by the abiliey of GABA agoni/ts to 

remove the Inhibitory influence of SRT. 

.serotonergic interaction plays a role in 

Thei>Ug~stion that, a GABA­

a regulatory prpce.ss is" not 
\ 

~ wi thout precedent. Harris and McCaI1 (1986) have suggested 'that an 
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1 _ , 
interaction exists between GABAerg1c and SRT' neurons :111 the regulation of 

r ~ 

central sympathet1c nerve act! viey. These authors have explained this 
Q 

phenomenon by proposing that' there is a tonie GABAergic inh! bi tio~ of 

"-s~rotonergic sympatho-excitatory pathwa~s. In an attempt demonstrate a 
1 Y ... / l ' " 

simi ~ar si tuation wl th adrenal enzym regulation, the' effect of the 

~ J 
conjoint administration of SRT and GADA analogues on indu ATHA was 

investigated. 

At first, thé effect of a serotonin agonist, MDMT, was studied. This , 

compound had no effect on ATHA (Table C.16), ,a finding which is consistent' 

~ith~e'results of Quik and Sourke~ (1977), who showed that the j91nt . ' 

administration of 5-hydroxytryptophan. (S-RTP) and carbidopa are 1nert w1,th 
c.. . 

resp'ect.JIo TH induction. These negati ve findings can be explained by' 

theo~izing that the tonie inhibitory inflùenc~ 'exerted by endogenous SHT on 
. 

these adrenal enzymes is already maximal, and cannot be augmentecL by 

introducing an agonist. 

The next step wa8 to detérmine whether MDMT cou\d block the muscimol-

el ici ted increase in TH. In the data of Table C.17 i t i8 evident that 0 the 

serotonin agonist was unable to hinder the induction caused by muscimol; 

In a similar experiment, AMTP was éo-administered with HA-966, in the hçpe 
~ 

that the, former compound, whleh is converted to ~-methylseroton1n in vivo 

1 • ' 

(Roberge et aL, 1972), would diminish the HA-966-elicited. increase in 

'ÂTHA. Table C.20 reveals that AMTP has no effect.of !ts own, nor d1d it 

influence the effect of HA-966 1n any way. If t'he GABAergic mechanism in 

1nducing ATHA lnvol ves a decrease in SHT turnover, then measures to supp1_y 

an exogenous ~ource of SRT {administration-'of MD MT or AMTP) would be 

expected to antagonize the increase in enzyme activity. The' data indieate 

that this is ,not SOj GADA aets el siwhere than at the MRN in i ts control 

over ATHA. 
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The possib1lity of a GA~A-5HT interaction in_adrenal enzyme regulation. \ 

~ was also s~died from a different·,er~pective. If the GABA-elicited 
" 

increase in ATRA is actually due to a decreaSé in SHT turnover, then a 
n ~ 

further depletion of central SRT stores with PCPA should potentiate the 
/ ? ' 

GABA-mediated increase in enzyme activity. Two such experiments were done, 
r 

with muscimol and bicuculline as GABA analogues. (In this particular 

experiment, bic~culline effected a si~nificant increase in ATRA). The 

'results Ï~om the two experiments are similar (Table C.l9). Each drug 

elicited a significant increase on its own, and the inductive effects of 
1 

the two drugs (PCPA + Muscimol, or PCPA + B1cuculline) were additive (Table 
, , 

C.19.A). This implies the exiss,ence ~f two indep~\ent neural pa.thr:-'8Ys 

in~olved in the enzyme induction; to suggest an interaction, a significant 

super-additive or potentiating effect should be detected. In summary t~en, 
. . 

aIl the experiments 1n this section, when t~ken together, demonstrate that 

GABA and SHT exert their 'respécti ve effects on ATHA independently. 
• t, 

(c) GABA-DA Interactions in the Regulation of ~ 

Pharmacologieal manipulations similar to those describe\in the 

preceding two sections were done in order to ascert'ain whether the 

GABAergic effeet on ATRA is mediated by the dopam~ne system. These two 

neurotransmitter systems are inextrieab1y 1in~ed (Introduction 5(c); 
. 

Scheel-Krqger, 1986), particularly in the A9 region, where they combine to 

form the nigrostriatal-striatonigral feedback 10~p. Because the central 

dopaminergie influence o'n ATRA seems to be controlled from the striatum 
• 0 

(Introduction, 4(c», it is more likely that GA BA inte~acts with this 

neurotransmitter in adrenal enzyme regulation than with either SRT or ACh. 

Experiments to investigate this possibility are discusse~ below. 

A simple approach to this problèm was to examine the effect of 

injection of GABA analogues ta rats recei·ving various dopamine-receptor ' 
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blockers. Interestingly, while the increases brought about by GOBA and HA-

966 were not blocked by sulpiride or SCH23390, the increase in ATHA 
\ 

~ 

occasioned by muscimol was not diminished; rather, it was facilitated 
. ~ 

(Table C.32) •. The dichotomy of the resul ts wit'h HA-966 and GOBA on the one , 

hand and muscimol on the other seems perplexing; nevertheless, they serve 

to i Il ustrate the comp1exi ty of the GABA system and, as was aIl uded to 

earlier (D.1); the differential mechanisms by which GABAergic agents act. 

That the inductive effect of muscimol is amplified in the presence of 

haloperidol is- consistent with the theory that' certain GABAergic effects' 
...... 

depend on tqe actual dynamic state of dopamine neurons (Gale and Casu, 
, ~ , 

1981). Scheel-KrUger (1986) maintains 'that the inhibitory effect of GABA 

i8 more readily apparent under high neuronal activity of DA neurons, such 

as resulting from the administration of dopamine-receptor antagonists, than 

during normal conditions. Evidentl y, neurolep~tic-induced acti vation of ' 
. 

dopaminergic neurpns i8 important for th~ mode of a~tion of muscimo1,~but 
. 

not for GOBA and HA-966. Despite this inconsistency, it i8 clear that aIl 

thre~DA antagol~sts, sulpiride, SCH2:390 and halo?eridol fail to diminish 

in a y way the GABAergic inducti ve effect on ATHA. This ls analogous to 
, ,! ..... ~ 

atropine'ls inabi 1 i ty to, at.tenuate the musdmol-elici ted increase inAhis 
- -? 

adrenal enzyme (0.2(a», and the conclusion fs 'similar: the GABA-mediated 
I:t 

induction is not dependent on the functioning of dopaminergic ~ibres. 

If 'these two neurotransmitter systems have independent effects on TH 

ind~ctJon; then jpint administration of a DA and GABA agonist would be 
f, • 

expected to produce) the algebraic sum of the indi vidual inducti ve 

influences of each agonist. TQ investigate whether this 1s so, the effect 

of a simultaneous injection of HA-966 and apomorphine (APO) was determined. 

The data indicate tha~ there li"no additive effect; in fact, the increase 
\ 

evoked by the conjoint administration of the drugs was v~ry similar to that 
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seen wi th apomorphine a10ne (Table C.3l). It seems reasonable to conc1ude 

that these two drugs e1icit an increase in enzyme activity ~ the sarne 

mechan,ism, and that APO, at the dose given (3 mg/kg), is a1ready doing 50 

max!mal1y. , 

lMth regard to this putative "common mechanism" shared by CABA and DA 
\ 

~ -, 
/ (~agOnists, the key to its elucidation May be the neurochemi,ca1 praperties of 

HA-966. This GABA analogue pre vents the firing of DAergic fibres, (Bonta et 

l, 

a1/,~î971) and increases the DA synthesis rate (V-an Zwieten-Boot and Noach, 
~ 

19\~~. ~ ( 

Its si tes of action oare the dopaminergic cel'! bodies in the 
, ;. 

substantia nigra (Van Valkenburg and Noach, 1978). By comparison, dopamine 

agopists such as apomorphine have been shown to cause a decrease in'DA 

~esis \(Bitra,n and Bustos, 1982) and re1~ase (Z,u:terstr6m and' ) 

. Ungerstedt, 1984) in rat brain, .these ,effects being mediated by 

autoreceptors on dopaminergic nerve terminaIs (Kehr. et al., 1972) or ce11 

bodies (Nagy et aL, 
o 

respecti ve 1 y. 
'1 

Comp1emental'y to this, 1978) , 

electr6physiologica~ st~dies have demonstrated that DA agonists applied 
. 

microiontophoretical1y produce a complete inhibition of,the fi ring rate of 

nigrostriatal DA neurons (Aghaj~nian and Bunney, 1977). If GABAergic 
- '.' 

o 

substances such as HA-966 or GOBA cause the induction of TH by preventing 
-'1 • 

. DA release; then ft is concei vable that apomorphine and other DA agonists 

.. 
act presynaptic~lly in the same manner to cause enzyme induction. If this 

is so, then GAB~and DA would actual1y be sha~ing a c~mmon mechanism. The 

hypothes'is that DA .agonists 'effect. changes in~ adrena1 enzyme acti vi ty by a 

presynapt.ic ~nd not p~ostSynaPtic mechanism will be discussed further ,il 
section D.3. 

. .. -

" 
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.1,:. Dop~inergic Regu~ation of Adrenal Enzymes' 
1 

(a) Presynaptic Mechanisms: 
1 

The dopaminergic regulation :of adrenal enzymes is a tlell..:establ1shed '0 

I!i ' 
phenomenon, and it la controlled st the' level o"f t'he striatum 

(Introduction, 4(c»). Hitherto, it was assumed that the mechanism of the . . " 

. induction process is simp1y a ,matter of dopamine or DA agonis-ts 'obinding 
~ 

postsynaptically in the striatum, thereby eltcitin~ a resp~nse registered~ 
as activation of a series of neural efferents to the adrenal gland ~ith a 

./ 

net excitatory effect. However, the current findings resul ting from the 

administration of GABA ~rovide ample reason to question this 
'. 

bypothe~ ~. 
\//, ~ 

In'this work, three of the five GABAergic drugs tested,: HA-966, ,GOBA 

and muscimo1, were SUCC};;~Sfu1 in induclng ATHA and, of theS~h7.' on1y 

HA-966 evoked a change in amODC. The reasons for"the discrepaq. les wi th 

these GABA drugs might be, in part, due ta differences in their' 

specificlties as weIl as to the diversity of mechanisms by which they 

affect the neurochemistry or the CNS. Nevertheless, the GABA analogues 
~ 

'which induce enzyme act~vity have c~rtain properties i~ common. GOBA 

. blocis lm~u~ flow in the nigrostriatal pathw.ay , and thiS,1rlockade May 

resul t in an immediate and marked incr.ease in dopamine ~ynthesis (Wai ters 
.; 

. , 

and Roth, 1976). HA-966 also prevents the release of DA and increases its " 

Isynthesis rate ~Introdu~tion, 2(b». Their site of ac~lon i9 probably the , 
, 

dopaminergic ce1l bodies in the pars compacta of the substantia nigra 
, 

(Murdn' and Roth, 1976; Van, Valkenbùrg and Noach, 1978). Even mUScimol., , .. 
which is quite diverse in its effects on DA tetapolism, depresses striatal • 

DA release byca nigral action (Wo09' 1982). Thus, 'aIl three GA»Aergic 
~ . 

substances cause a~ accumulation of DA presynaptically in the strittum, yet 

they still manage to elicit an increase tn the activity of amODc' and TH • 

.. 
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This result indicates that the mechanism of these inductions requires 

the reduct10n of presumed inhibi tory, dopaminergi'c nerve imp~lses in the 

striatum. \ndeed, Sk1rbo11 and cow?rkers (l97~) h,ave postu1ated' that the 

firing of 
\ ~ . 

spontaneously, active ,neurons 1ri'~e caudate nucleus is suppressed 

whe~ posts'rn~pt1c receptor s1 tes are stimulated by dopamine while 

candi tions thaf reduce dopaminergic neuronal fi ring lead to an 1ncrease in 

-
their a,ctivity. Because dopamine agonists can mimic the effects of GABA 

" 
ana 1 ogues, in tha t they too can prevent DA release bX hi nding- to the 

o 

dopaminergic nerve terminaIs or by interacting wi th' Qigral cell body 

rec~ptors (section D.2 (c», it iS,justifiable to hypothesize that DA 

agonists a1so elidt enzyme induction by effectively reducing the 

postsynaptic inhi l1i tory action of dopamine. 

To tes t this "presynaptic h7thes is", animal s were treated wi th 3-

PPP, a drug that is believed to be a centra1ry acting, autoreceptor-

selective agonist, decreasing both the rate of DA synthes1s and the DA 

neuronal fi ring rate (Hj orth et al., 1981). Sorne recent reports in the-

literature have suggested that the stereoisomers of 3-PPP have differential 

effects on dopaminergic .transmission. On the basis of a behaviora1 model 

(Stahle ag.d Ungerstedt, 1984), it was concluded that (+)3-PPP, but not 

(-)3-PPP, is a pure agonist on dopamJne autoreceptors. As a corollary to 

this, À,rbilla and Langer (1984) demonstrated that- (-)3-PPP facilitates 
. ~ 

release of 3H-dopamine, probably by blocking DA ~utoreceptérs. Whi le ft 1s 

l1\tely that the (+) enant1omer, 1s a DA autoreceptor agonise, some authors 
1 

have suggested that a postsynaptic agon1st action 1s not exc1uded at h1gher 

doses. 

In this work the peripheral administration of (+)3-PPP e1icited a 27% 

Mean increase of ATHA over controls but this was not statistically 

s1grtificant. Although f Stahle and Ungerstedt (1984) used a dose of (+)3-PPP 
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af high as 10 mg/kg s.e. and obtained specifi c pharmacologi cal act! vit Y 

with it, this dose wa; insu:f1cient ~ evoke a response 'fn the biochemieal 
o 

m~de1 used ~ere. Instead of raising the dose and r:l.sking the possi bility . 

~ of stimulating postsynaptic DA receptors, the drug was administred i.e.v. 

in subsequent experimen ts· (ln !l d~se of 2 J.lg), 'With the aim of~e terming 

whether it has a central, autoreceptor-selecti ve effect. In this case, the 

drug evoked a significant ïner~ase in ATHA. 

With respect to inductio? of amODe, ~ripheral injection of (+)3-PPP 

produced stat~stically tigniJ;icant results. 'Thus, both enzymes are 

regu1ated similar1y by this putati ve presynaptic mechanism, but BPlODC ls 
1 , . 

apparently more sensiti ve to tbe drug than TH 1s. Al though the findings 
\\ 

with this substance lend support to the hypo~hesis that DA agonists induce 
,) 

these adrenal enzymes by acting presynaptically, the interpretation of the 

r 
resu1 ts cannot be defini ti ve unti 1 the discrepahcies in thé 1 iterature 

regarding the pharmacological properties' of (+) and (-)3PP? are clarified. 
o 

. In view of the above findings, how can the inductive effects of 

) 
apomorphine,. which most certa:J.nly is not limited to a presynpatic action, 

,be explained? Moreover, how does one i nterpret the inabi 1 ity of 6-

hydroxydopamine (6-0H-DA), which destroys catecholaminergic nerve 

terminals, to abolish-the apomorphine-e11ctted increase in TH (Quik and 

Sourkes, 1977)? The former p-rob1em can be explained by evidenee which 

shows that dopamine rece ptors in the A9 regi on, exhi bi t .cl i fferen thl 

sensitivi,ty to DA agonist,s .• On the basis of behavioral studies, tt has 
• 0 

been postul ated that presynaptic autoreceptors are more sensi,ti ve to DA 

agonists 'than are postsynaptic receptors (St;rombom, 1976). 

~ , 
Electrophysiological studies by Skirboll et ,a,l. 0979) demonstrated that 

'-

the inhibition of the firing rate of striata1 neurons by iontophoretica11y-

1 
applied DA required a larger dose than that r~quired for inhibiting the. 
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~at'e of nigral dopamd.nergic neurons, In addition, Brase (1980) 

concluded that presynaptic receptors on dopaminergic nerve terminaIs in the 
"-

'" 

striatum are mor~ senaiti ve' to apomorphine than are the postsynapt.c 

striatal DA receptors. Admittedly, the 10w "presynaptic dose" of 

apomorphine used 'in this work (3 mg /kg) is higher than the autoreceptor-
\ 

selecti ve doses used by the authors tlJentioned ab,ov"" This may suggest a 

relati ve participation" of pre- and postsynapti~ systems in the regula.'tion 
, 

ofM)release (Skirboll et aL, 1979), Thus, small doses of apomorphine 

dO,. iteed, preferentially affect the more sensi ti ve presynaptic receptors, 

and t.1iereby pre vent DA release to a large extentj but larger~ses may , 

recruit more postsynaptic inhibi~ory fibre~the striatum, thereby 

effec ti ng\ an even greater i nhi bi ti on of dopami nergi c cel! fi ring by 

striatonigral feedback pathways, The inability of 6-0H-DA to aboiish the 

apomorphine-elici.ted increase i~ ATHA, could be due to the fact that the 

neJ,lrotoxin incomplete1y destroys catecholaminergic nerve terminal s. , , 

At this time, i t wpuld be di fficul t to suggest an exact ,locus for a .... 

putati ve presynaptic mechanism in inducing amODC or TH. Al though GABAerg1c 

and DA agonists have opposite effects on DA synthes1s, they are both 

capable -of b10cking the f1ring of DA neurons and for both classes of 

compound this effect is thought to be loca!ized to the nigral dopaminergic 

-cell body receptors (Murdn and Roth1 '1976; Van Va1kenburg and Noach, 1978; 
1 

Aghajanian and Runney, 1977). One might speculate then, that the inductive 
, " 

process is ini tiated at these nigra1 DA autoreceptors. 

Cb) D-l .!!.!. D-2 Receptors 1n Adrenal Enzyme Regulation: 

In. the course of establishing 'the central dopam1nergic influences on 

amODC ~,nd TH,"i t was shown that the increases in these enzyme acti vi ties 

broug1)t a.bout by DA agonists can be attenuated by the prior administration 
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of the dopamine-receptor b10cker-haloperldol (Quik and Sourkes, 1977; 

A1mazan et al., 1982a). 'Subsequent1y, in an attempt to loca11ze the 
) . 

dopaminergic centre controlling these adrena1 enzymes, DÂ antagonists that 

-act slte-speelf1cally were,used. As a resu1t of these studies (Ekker and .. 
~urkes, 1985a), ft wa's postu1ated that .the dopaminergie neural impulses 

controlling the induction of TH and amODC emanate from the s~latum. One) 

, . 
'" , 

rt., ~, 
rt:~'1111 

." 

of t~e goals of the present- thests wa~ to pi,npoint, further the site ~ 

action of DA agonists in this regulatory p-roeess. In this r~gard, ttJ 
experiments performed by Qu1k and Sourkes (1977) and A1niazan et aL, 

(1982a) were repeated, this time u~ing antagonists that were specifie for 

the D-l and 0-2 dopamine receptor subtype's. 

Ini tia11 y, ft wa~f-fel t that the dopami ne-mediated effect on enzyme 

induction was simply a ~ostsynaptic phenomenon. Since both receptor 

.subtypes hav~ been reported to exist postsynaptica11y in the striatum 

(Intr,oduction, 6; Figure III), ,one wou14 _Elxpect that either 0-1 or 0-2-

specifie antagonists would~ ?lock the apomorphine-elicited increase in TH 

. 
and amODC. However, in l1ght of the "presynaptic hypothesis" proposed 

ear1ier (Discussion" 3 (a),),_ ~nd beeause the presence of D-2 but not 0-1 

sites pr~synaptica1ly (Kehr et al., 1972; Nagy et aL, 1978) enables the D-

( 

2 reeeptor to predominate in contro11ing OA metabolism and release, (Boyar 

and Altar, 1987) one wou1d anticipate that sulpiride, ~ 0-2 'blocker, would 

hinder the apomorphine~~licited induction ta a significantly greater extent 

than wou1d SCH23390, a D-l-selecti ve- a.ntagonist (Hyttel, 1983). lndeed, 
~ ,~ 

this neuroleptic, sulpiride, a substituted benzamide, is designated a D-2-

specifie blocker as it fails to block DA-~ens1tive adenylate cyclase 
, \ 

acti vit y (Trabucchi et aL, '1975; Elliot et al., 1977). Mereu et' al. 

(1983) suggested that sul piride ean readi ly antagonize the inhi bi tory 

effeet of apomorphine on the OAergic cells 'of the substantia nigra and that 
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" this interaction takes place at the autoteceptor level. Plnnock and 
1 

coworkers (1979) have a1so shown that the agonist-induced decrease in' 

neuronal activity is attenuated by antagonists such as sulpiride, which act 
,(' 

at dopamine D-2 receptor sites in the' rat substantia nigra. Other studies 

have shown that (-) sul piride is especiaIl y acti ve upon presytiaptic DA 
l ~- ' 

autoreceptors (El Mestikawy et aL, 1986). In a behavioral model, 

sul pi ride blocked DA autoreceptors at doses that had rel{lt i vel y 1 i ttle 

postsynaptic receptor effect (Kendler et al., 198i~, again, illustrati~g \ 

that this neuroleptic has a DA autoreceptor-specific ~ction. 
, 

At'first glance, howeve~, the results obtained do not correlat~ with 

the earlier d,ata which suggested that DA agonists act presynaptically. 

Tables C.23 through C.26 sugge~t that the increase in amODC, as occasioned 

by apomorphine, is' diminished significantly bath by' SCH23390 and by 

sulpiride ,CP < 0.01; P < 0.05 respectively). In the case .of TH, the 

induction by apomorphine was attenuated by both antagonists, but onl y the 

D-l-specific, blocker effected a significant diminution (Table C.28: P < 

0.05 for APO vs. APO+SCH23390; Table C.20: P > Q.05 for APO vs. 

APO+Sulpiride). The fact that 0-1 and D-2-re"ceptor blockers have very 

simllar' effects on the apomorphine-elicited induction of these adrenal 

enzymes mlght be' looked upon ~s another example of how ~he two nA receptor 

subtypes in the striatum 1nteract "co-operati vely" ta eUc1 t a certain 

biochemical action, as suggested by Wal ters et al. (1987). Thus, the D-I 
\ 

blockade occasioned by SCH23390 hinders the effect of DA or DA agonists 

binding ta a D-2 site and sulpiride, similarly, diminishes the efficacy of 

D-l receptor stimulation. This explanat10n would be more likel,y if adrenal 

enzyme inductio~ were a process initiated postsynaptically. However, 

alternptive argu~nts may be put fQr_ward if the inductive process is, 

indeed, a pï:"e~ynapt1c phenomenon. , 
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As waB s~èsted earlier, su1pirfde ls an autoreceptor-se1ective 

antagonist; thus, ft waB able, as expected, ta attenuate the presumed 

presynaptic action oi apomorphine in i~creasing amODC activity, but 

not TH act! vi ty. The discrepancy between the' two enzymes in this rega}d 
j 

cannot be satisfactorily exp1ained; however, ft should be noted that the, 

presynaptic autoreceptors modulating dopamine release are chemioally .. 
stereoselecti-ve (ArbUla and Langer, 1981) and on1y (-) su1pirid.e increas'es 

the ,firing of OA neurons in the substantia nigra (Mereu et al., 1983). In 

these experiments, a racemic mixture of su 1piride was adminis tered. 

Therefore, an insufficient amount of the active enantiomer might have been 

present ta be effective for blo_cking TH induction. The findings with 

SCH23390/-,,~h,~ch ~cate that this D-l-selecti ve antagonist can 

substantially,lower the apomorphine-el ici ted increase in both ATHA and . , 

amODC acti vi ty, are morEJL diff! cult to explain in terms of a puta ti ve 

p'resynaptic action of DA agonists on these aârenal enzymes. The difftculty 

st~ms from the notion that, as was mentioned earlier (Introduction, 6.), 

dopamine receptors located presynaptically are primarily of the 0-2 

subtype. However, recent evidence has suggested that SCH23390 is not -strlctly a D-l receptor antagoniste Plant je and coworkers (1984) suggested 

that al though SCH23390 ls the most selective 0-1 antagoni st known at 

,present, It 18 dso able to a'ntagonize comp.;titively the effects of D-2 

agonists. lt has a1so been postulated tnat SCH23390 cao reverse the 

amphetamine-induced suppression of OA neuronal firing byan interaction , ~ . 
1-

with the 0-2 receptor (Go1dstein et al., 1987). Napier et al. (1986) have 

suggested that.SCH23390 is not exclusive1y a 0-1 antagoniste A D-2 

,blocking action of this .compound may be seen at very high concentrations. 

Thus, the attenuating effect of SCH23390 on the apomorphine-elicited 
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inereases in adrenal - enzyuÏe aet! vi ty may be attri ~uted to the binding' of 
1 

th.!s compound to presynapt1c D-2 si tes wi th the doses used. Finall y, El 

Mestikawy and H~on (1986) proposed that DA. autoreceptors, althou~h clearly 

not of the.D-I type, do not correspond completely ta the D-2 type either • 

. The DA autoreceptor may actually be a·c ... ·hybrid .. receptor, with specificities '. . 
'" intermediate between the D-1 and D-2 subtypes. This may then exp1ain the 

. 
similar efficacies of su1piride and SCH.23390 in b10cking the enzyme 

o 

induction eyoked by apomorphine. 

In summary, the "presynaptic hypothesis" for the induction of adrenal 

enzymes as mediated by DA agonists 15 not necessarily inconsistent with the , 

findings obtained using D-l and D-2-specific receptor blockers. ~ The . . 
results obtained here merely serve to illustrate further the complexity of 

<Il 

~ 

dopamine ~ceptor subtypes and their interactions. It also suggests that ~ . " 
the DA autoreceptor may indeed by biochemically distinct from the D-l and 

n-2 receptors. 

~ 
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As ls well-known, the adrenal glands serve as a site of catecholamine 

biosynthesis and they conta~biOSynthetic enzytlles ne'cessary for thi~ 
process. The release of these catecholamines is an important constituent 

of an organismJs response to stressful stimuli, sometimes referred to as 
• 

the "flight or fight" response." Thus, the regulation of adrenal enzymes . ~ 

May serve as a usefu}. paradigm in studying the physiology of .the stress 

r 

response; moni toring these enzyme ac ti vi ties prov ides an "index" of the 

animal 'a reaction ta an "anti-homeostatic" stimulus. Various strëssors and 

drugs caus~ an increase in ~he levels of adrenal enzymes. The drugs 

concerned act at sites in the brain which influence t~e adrenals and 

thereby,affect the activity of the catecholamine-producing eniymes. lt is 

thought that byr'understanding how the brain controls the organism's 

r,esponse to stressful situations, presumabl y thJough i ts infl uence on 

adrenal function, one might then he able to-develop therapeutic agents to . .' \. help counter the Many pathophysiological manifestations of stress, gastric 

o 
ulceration and cardiovascular disease to name but a couple. To this end, 

this laboratory has studied the neural pathwaY$ governing the function of 

the adrenal gland. 

Hitherto, it has been determiried that the dopaminergic and cholinergie 

neurotransmittèr systems play an exci tatory raIe, whereas SHT contributes 

'inhibitorily to the induction of amODC ~nd TH. The work in this 'thesh has 

uncovered the existence of a GABAergic pathway 'which exerts a" net, central 

excita,tory \influence on both of these adre,nal enzymes. In retrospect, this 

finding ls not unreasonable, espec1ally in view of the ubiqui tous nature of 

this neurotransmitter in the CNS. Interestingly, not aIl of the"GABA 

l ' 
analogues tested were- able to elicit an increase in the activity of these 

adrenal en~ymes. This inconsistency may, to some extent, be attributed to 

the différences in specificity of the GABAerg:i,c drugs used, the different 
o 
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metabolic routes associated with each of them as weIl as ~o the 

mu1tiplicity of mechanisms by which these substances affect the GABA 

system. Indeed, at present, Many of this neurotransmitter's properties and 

effects are still unknown. Future work ,in this area may include the use 

of oth~r GABA ~nalOgueS suc~ as' gamma~vinyl GABA (GVt Jung et al., 1977), 

baclofen '(Hill and Bowery, 1981) or perhaps the Metabolites of prpgabide--
........... _--

(see Introduction, 2 (a) Iii). It May be an~iclpated that by broadening 

the spectrum of drugs- used, one will be provided with greater Insight as to 
.' -

! 
-the GABAergic mechanisms involved in the regulatiort of these enzymes. , 

Once the central excitatory GABAergi~ effeét on amODC and TH had-been 

--
established, it was of interest o;to determine whether GABA Interacts with 

other n~~rotransmltters in bri ing about increases ln adrenal enzyme 

ae>ti vi ty. Despi te an extensi ve seri es of èxperiments, invo 1 ving a-
. 

eombination of GABA analogues and serotonergic, cholinergie or dopaminergic 
, 

substances, no such interaction was demonstrated. The fact that GABA's 
~ , . 

influence on these adrenal enzymes is independent of the effects of other 

central neurotransmitters testifies to the versatllity of the organism in 

it-s-ability to respond to a stressful stimulus. In the event that a given 

nervous pathway Is inaccessible other pathways exlst to transmit thase all-

i~portant messages tà the periphery. 

The similari\y of the inductive, effects of apomorphine and GABA 

attalogues such a's' GOBA and HA-966, combined with the fact -that GABA- affects 
1 

DA transmission in the striatum inhibitorily, 1ed to speculation -that the 
o' • 

DA-elicited increase ln adrenal enzy ac ti v i ty ls a presynapti eally-

mediated phenomenon, not a postsynaptic one, as was previous1y thought (see 

Diseussion,,,3 (a». Moreover, although the si lar abi1ities of 0-1 and D-

2-specifie antagonists in attenuating the apomorphine-elicited inerease in 

C .. '-TH and amODC may Mean that these two receptor subtypes interaet in th1s 

" 

145 

"" :.""," ).;~ 



") 

o 

, 

i ' 

o 

r~gu1atory process and that they do so at postsynaptic s1 tes, .these 

findings are not necessarily contradictory with a presynaptic effect.' If 

the mechantsm 1s indeed a presynapt1c one, then these D-l/D-2 findings lend 

supp~rt to the notion that autoreceptors on dopami~ergic neurons may not 

necessarily be strict1y categorized as D-1 or D-2 subtypes (El Mestikawy et 

al., 1986). , 
While the "presynaptic hypothesis" serves to provide some 1n&1ght ioto 

the inductive process, at least insofar as DA agonists are concerned, it 

also 1ends support to the "feed-forward model" describing the role of GABA 

iri the A9 regton (Scheel-Kr~ger, 1986). According to this model, ft- seems 

that the modu1atory influence of GA BA on dopamine neurons in th~ pars 

compacta of the -substantia nigra (i.e. the traditional. "feed-back loop") is 

ttnerely an ~uxtliary function 6f the striatonigra1 GABAergic pathway. The 

main function of this neurotransmitter is to con vey information to efferent 

pathways in the basal ganglia and from thence, tO.fore distal output 

stations in the CNS. Conce! vably, the GABA-elici ted induction of adrenal 
'-

enzymes may be a resu1 t of the act! vation of such efferent pathways, which 

ul timately lead to the adrenal medulla. 

.. 
As with most scientific endeavors, this thesis has raised more , 

questions ,than it has answered. The ro le of GABA.in the striatonigral 

region in general and its function in adrena1 enzyme regulation in . -

partieular remains open for future tesearcÎ1. The pufati ve "presynaptic 

hypothesis" in DA-el ici ted .enzym~ indue tion a1sb requi res ~ furthe'r 

'9 c~nf1rmation.' Fut)Jre work may invol ve the admip.istration of DA agonists to 

rats subjected to lesions (either che,m1cally:-induced with 6-0H-DA, or 

elëctrolytica1ly) of the n!grostriatal pathway. The absence of enzyme 

induction under these conditions wou1d cQrroborate a presynaptic mechanism. 
- . ~ 

r ' 
The ad vent of DA autoreceptor-se l"ecti ve -compounds such as (+ )3-PPP "and 
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- (; ) ,BHT90 Anden et al., 198~ 81so prov1.des useful tools in studying this 

hypothesis. Wi th the development of more and Jllore such sij:e-specifïc 
~ 

compounds, .the prospects for elucidating the deta11ed mechanisms invol ved' > 
'. 

in adrenal enzyme regulation, and 1n turn, the neural pathways of stress, 

are good. ~I 

o 

/ 

J 

- 1 fr 

" 

,\ . , 

147 

/ 



1 

o 
.. 

• 

F • REFERENéE~ 

" .. 

. , . 
1 

.. 

&j' 

o J 

1'48 J 
,? 

'" 



, 

,J 

L 

, 

.. 

'. 

(!... J J' 

;k!,~~':.,I~*L:\.'~ __ ~,_\,_ .l''''~f.' _.t\ .. _ 

(. 
c 

References ., 
. 

Aghajanian GK and Bunney BS, "'Naunyn-Schmiedeberg's, Arch. Pharmacol. 297, 
1 (1977). 1---;'" 

A1M H, Fujlmoto M,'--Guidotti A, Hanbauer I, Ka,taoka y and Costa E, in: 
Neuroehemistry: Modern Methods and Applications,' Panulao P -and 
Soinila S, eds. Alan 'Liss Inc., New York. p. 453 (1985). 

" 

Almazan G, Pacbeeo P and Sourkes TL, Brain Res. 248, 285 (1982b). 
, , 

Almazan G, Pacheeo P and Sourkes TL, 
1 

Exp. Brain Res: lQ., 321 (19833). 
\ 

A1mazan G, Pacheco P an'd ~urkes TL, Neurochem. ~nt. 1, 309 (1983b). 
- o 

Almazan G, 'Ramirez-Gonza1ez MD, and Sourkes TL, Neurophannaco1ogy 1!., 631 
(1982a). ' 

/ D 

~den NE, Naunyn-Schmiedeberg' s Arch.' Pharmaco1. 283, 419 (1974). 

~, .-Anden NE, Golembiowska-Nikit,in and Thornstrôtn U, Naunyn-Schmiedeberg's Arch. 
Pharmaeo1. 321, 100 (1982). S f ~ 

. Andén-,NE, Magnusson T and Stock tG; Naunyn-Schm1edeberg's Arch.' Ph~_rmaco1.. 
278,363 (1973). 

~ 
Anden NE and Stock G, Naunyn-Schmiedeberg's Arch. PharmacoL Y..1., 89 (1973). 

r 

Andrews PR and Jonstan GAR, Biochem. Pharmaco!. 28, 2697 (1979). , -
Arbilla S and Langer SZ, Eur'. J. Pharmacol. 22.., 345 (1981). .. 
Arbilla S and Langer 5Z, Naunyn-Schmiedeberg's Arch. Ph~ol. 327, 6 

("1984). i 1 -

- Azmitia EC and Segal M, J. Comp. Neurol. 179, 641 (1978) • 

Bara1di M, Grandison Land Guidotti A., Neuropharmaèo1ogy 18, 57 (1979). 

Bartho1ini G, Trends Pharmaco1 Sei. l, 138 (1980) •. 
--~ --

Bartho1ini G, Scatton B, ,Zivkovic B and Lloyd KG, in: GABA 
h Il d fd d Neurotransmitters, Krogsgaard-Larsen P, Sc eel-Kruger J an Ko 0 H, e s. 

Munksgaard, Copenhagen. p. 326 (1979). 

Barthol1ni Gand Stad1er H, Neuropharmaéo1ogy ll,- 343 (1977). 

Bena\1des J, Rumig~y JF, Bourguignon JJ, Cash C, Wermuth CG, Mandel 
Vinctendon G and Maitre M, LHe Sei. 30, 953 (1982a). 

. 
P, ' 

Benavides J, Rumigny JF, Bourguignon JJ, Wermuth CG, Mandel P and Maitre 'M, J. 
r NeuroclteBr.=9S, 1570 (19S2b). r . -
Bergmann KJ, Clin. Neuropharmacol. 8', 13 (1985). 

149 
'1 

. , 



o 

(,,' 

, , 

Beuq,~ng MI< and G1bb JW, Eur. J. Pharmacol.~, 30 (1974). 

B1gg10 G, Casu M, Corda MG, Verna1eone F and Gessa GL, Life Sèi. 21, 525 
c _ (1977) .) , 

Bitran M and Bustos G, B1och~m. Pharmacol. 31, 2851 (1982). ,p 

Bobi 1 Uer P, Seguin S, Pet i tj ean F, SaI vent D and Touret M, Brâin Res. 
113, 449 (1976). 

Bonta IL, de Vos CJ, 'Grij sen H, HUlen FC, Noach EL and Sim AVI, Br. J. 
Pharmacol. 43, 514 (1971). 

Bowery"NG, Hill DR, Hudson Al, Doble A, Midd1emiss DN, Shaw J and 
" Turnbull M, Nature 283, 92 (1980). 

Bowe ry NG, Jones GP and Nea1 MJ, ~ature 264, 281 (1976). 
1 

Boyar WC and Altar CA, J. Neurochem. 48, 824 (1987). 

Brase DA, J. Pharm. Pharmac. ~, 432 (1980). 

Breese GR, Cooper BR and Mueller RN, Br. J. Pharmacol. g, 307 (1974). 
o 

Burt DR, Cree se l ~nd Snyder SH, Science 196, 326 (1977). 

Bustos G anq. Roth RH, Br. J. Pharmacol.~, 817 (1972). 

Byus CV ,and Russell DH, Biochem. Pharmacol. 25, 1595 (1976). 

Byus CV and Russell DH, Science 187, 650 (1975). 

Campochiaro p', Schwarcz Rand Coyle !r, Brain Res. 136, 501 (1977). 
" --

l CannonVlB, Physiol.Rev.,2., 399 (1929). 
,_!.c, 1 

- Cash CD,. Maitre M and Mandel P, J. Neurochem. 12" 1169 (1979). 

" 
0;;> - . 

, 
Cheramy A, Nieou11on A and Glowinski J, Naunyn-Schmiedeberg's Arch. 

PharmacoJ.. 297, 31 ( 1977'a). 
& ~ ~ 

Glowinski Pharmaco 1; 47 , 141 (1977b). Cheramy A, Nieou11on A and J, Eur. J. , 0 

Ch~ramy A, Nieou110n A and G10winski J, EurJ J. Pharmac01. 48, 281 ( 1978). 
0 

, 
" 

Chevalier. Gand Deni au JM, in: Neurotransmitter Interactions in the "Basal 
Ganglia, Sand1er M, Feuerstein C and Scatton B, eds. Raven Press, New 
York. p. 83 (1 g87). 

1 

Chr1.stensen AV, Arnt j and 'Scheel-Kruger J, Brain Res. Bull. 1, 885 (1980). 

Cloutier Gand Weiner N, J. Pharmac. EXp. Ther. 186, 75 (1973)'. 
" - ((' . , 

l' 

150 



,~ 

~':H •. ,,;:, ,,_~~ . ..,B;_I-.• -:._ ... ~ 

Cooper JR, B100m FE and Roth RH, The Biochemica1 Basis of 
Neuropharmaco1ogy, 4th ed. Oxford University Press, New York. p. 250 
(1982) • 

Coyle JT, Biochem. Pharmaco1. 21, 1935 (19.72). 

Creese J, +tends Neurosci. i, 479 (1983). , 
. 1. ' 
Creese J, Burt DR and Snyder SR, Life Sei. Q, 993 (1975). 

Curtis DR, Duggan A, Felix D and Johnston GAR, Brain Res. 11, 69 (1971). 

Curtis DR and Watkins JC, Pharmaeo1. Rëv • .!2.; 3-47 (1965). 

Dairman W and Udenfr,iend S, Mo1ec. Pharmac. !' 293 (1972). 

",.., 
Dairman W and Udenfriend S; Science 17,1, 1022 (1971) • 

. Davis JN and Carlsson A, J. Neuroehem. 20, 9-*3 (1973). 

DeFeudis FV, Experientia 39, 845 (1983). 

Didier M, Belin MF,' Aguera M, Buda M and Fijo1 JF, Neurochem. 'Int.l, 418 
(1985) • 

, / 

Doherty JD, Hattox SE, Snead OC and Roth RH, J. Pharmac. Exp ... Ther. 207, 
130 (1978). 

Doherty JD, \tout RW and Roth RH, Bioc.hem. Pharmacol. 24, 469 (1975). 

DraYoA, Gonye TJ and Oak1ey NR, J. Physiol. (Lœndon) 259, 825 (1976). 

Ekker M, Ph.D. Thesis: '''Neurohu~Regulation of pol;amine Formation in " 
Rat Adrenàl Gland", McGi1l University (1985). 

Ekker M, Gauthier Sand Sourkes TL, Neurochem. Int. 1., 467 (1985) • 
• . 

Ekker M; Missala K and Sourkes TL, Biochem. Pharmaco!. 11, 1687 (1984). 

Ekker M and Sourkes TL, Biochem. Pha~m~col. 34, 1'315 (1985b).CQ 

Ekker' M and Sourkes :TL, Neuropharmaeology 24, 1063 (1985a) • 
.! • 

Elliot' .... PNC, 'Je~ne1:~, Huizing G, Marsden CD and Miller Rf Neuropharmaco1ogy 
'.!i, 333 (1977). ~ 

o j 

El M~tikawy S, Glowinski J and Hamon 'M,. J. Neurochem. 46, 12 (1986). 
lit 

.. El Mès;ikawy S and Hamon M, J •.. Neuro_~hem. f!-' 1~25 (1986). 

~J, Ann. Rep. Med. Chem. h,.. 41 (1971). 

Enna s1, in: The GABA Recepto~B, Enna SJ ed. Humana Press,. C1ifton, New 
Jersey. p. 1 (1983). . 

151 

(1 



0-

o 

Enna SJ, Collins JF ancI' Snyder SR, Brain Res. 124, 184 (1977). 

Enna SJ and Ga11agher JP, Int. Rev. NeurobioL 24, 181 (1983); 

1\ " Fahn S and Cote LJ, J. Neuroehem.15, 209 (1968). 

Feldman RS and Quenzer LF, Fundamenta1s of Neuropsychopharmacology, Sinauer 
Associates lnc., Sunderland, Massachusetts. p. 266 (1984). 

Fogel WA, in: GABAergic Mechanisms in the Mamma1 ian Peri phery, Erd~ SL and 
Bowery NG, Raven Press, New York. p~ 35 (1986). 

Fonnum F, Grofova I, Rinvki E, Storm-Mathisen ! and Wa1berg F, Brain Res. 
li, 77 (1974). 

Fonnum F and Storm-Mathisen J, in: Handbook of Psychopharmaco1ogy, Vol. 
9, Iversen LL, Iversen SD and Snyder SH, eds. Plenum Press, New York. 
p. 357 (1978). 

Forchetti CM and Meek JL, Brain Res. ~, 208 (1981). 

Gagner JP, Gauthier Sand Sourkes TL, Brain Res. 325, 187 (1985). 

Gagner JP, Gauthier Sand 

Gagner JP, Gauthier Sand Sourkes 
Monoamine Enzymes: Basic and 

. Youdim MBH eds. MacMi11 an 

Neuropharmacology 22, 45 (1983). 

, in: Function and Regulation of 
!inica1 Aspects, Usdin E, Weiner N and 
ishers lnc., London. p. 287 (1981) • 

Gale K and Casu M, Mo1ec. and Cell Biochem.12., 369 (1981). 

Gale KN, Costa E, Toffana G, Hong JS and Guidotti A, J. Pharmac. Exp. Ther. 
- 206,29 (1978). 

Gale KN and Guidotti A, Nature 263, 691 (1976). 

Gauthier S, Gagner JP and Sourkes TL, Exp. Neural. 66, 42 (1979). 

Gessa GL, Crabai F, Vargiau Land Spano PF, J. Neurochem. 1~ 377 (1968). 
1 

Gesaa GL, Vargiau L, Crabai F, Boero GC, Caboni F and.Camba R, Life Sei. 
1, 1921 (1966). .... 

Go1d BI and Roth RH, J. Neurochem. 28, 1069 (1977). 

Go1dste!n M, Freedman LS and BackstrOm T, J. Pharm. Pharmac.'!!, 715 
(1970) • 

. Go1dstein JM, Litw1n Le, Sutton EB and Ma1ick JB, LHe Sei. 40, 1039 
~< (1987). --" 

Grace AA and Bunney BS, Eur. J. Pharmaco1. 59, 211 (1979). - . 
, 

Guidotti A and Costa E, Biochem. Pharmaco!. ~, 817 (1977). 

152 



~, .. ' ,~-I- ~ t .';~ >.' >~It~~vr·~':~~·'~~:;"':·-~ j:~:,1~~n~y~t5~o/'111~~-<~~~ 
l , ' • ~ , 

Gund1aeh AL and Beart 71 (1981). 

Harris LT and MeCsll RB, Eur. J. Pharm 01. 128, 133 (1986). 

Hattori T, Fibiger HC and MeGeer PL, J. p. Neurol. 162, 487 (1975). 

Hattori T, McGeer PL, Fibiger HC and EG, Brain Res. 1!, 103 (1973). 

Hill DR and Bowery NG, Nature l2Q, 149 (1981). 

Hi1len FC and Noaeh EL, Eur. J. Pharmacol. 16, 222 (1971). 

Hilton JG, Weaver DC, Muelheims G, G1aviano VV and Wegria R, Am. J. 
Physio~. m, 525 (1958) • ..,. 

Hjorth S, Carlsson A, Wikstr&n H, Lindberg P, Sanchez D, Hacksell U, 
Arvidsson LE, Svensson U and Ni1sson JLG, (in: Apomorphine and Other 
Dopaminomimetics, Vol. 1, Corsini GV and Gessa GL eds. Raven Press, 
New York. p. 253 (19,8L). 

Hoe1dtke R, Lloyd T and Kaufmàn S, Bioehe~. Biophys. Res. Commun. 2L, 
1045 (1974). 

Hyttel J, Eur .. J. Pharmaeol. 2.!., 153 (1983). 

Iorio LC, Barnett A, Lei tz FH, Houser VP and Korduba CA, J. Pharmac. Exp. 
Ther. 226, 4&2 (1983)." 

Iversen LL, Mitchell JF and Srinivasan V, J. Physiol. Lond.lli, 519 
(1971). u'~ /1. 

J'àIme J and Wna A, Biochlm. Biophys. Acta 174, 76"9 (1969). 
- l' 

J~ne J and Wil1iams-Ashman HG, J. Biol~ Chem. 246, 1725 (1971). 
, - -

;/ Javoy F, Eu~rard C, Herbet A and G1oW1nski J, Brain Res. 126, 382 (1977). . -
d , 

. , 

, Jes~en KR, Mirsky Rand Hi1+s JM, in: GABAergie Mechanisms in the Mammalian 
Periphery, Erd8 SL and Bowery NG eds. Raven Press, New York. p. 117 
(1986). ' . 

• 1 0 

1 Johnihon GAR, Ann. Rev. 'Pharmac. Tox. 18, 269 (1978). ... -
Johnston GAR, Curtis DR, deGroat WC and Duggan AW, Biochem. Pharm~eol'o, -li, 

2488 (1968). 

Jung MJ, Lippert B, Metealf BW, Boh1en P and Schechter PJ, J. Neurochem. 
!2., 7 9 7 (1 9 77) • 

\ . 
Kaplan JP, Rahon BM, Desarmenien Mi Feltz P, Headley P~, Worms Pt Lloyd KG 

and Barthol ini G, J. Med. Chem. 23, 702 (1980). ,",. 
. ~-~ 

Kataoka Y, Fujimoto M, Alho H, Guidotti A, Geffard Mt Kelly GD and 
( Hanbauer J, J. Pharmac. Exp. Ther. 239, 584 (1986) •. 



o 

o 

Kataoka Y, "Gutman Y, Guidotti A, Panula P, Wrob1ewski J, Cosenza-Murphy, 
D, Wu JY and Cos ta E, Proe. Nat. Aead. Sei. J!!., 3218 (1984). 

Kebabian JW and CaIne DB, Nature !!.L, 93 (1979). 

- Kebabian JW, Petzo1d GL and Greengard P, Proe. Nat. Acad. Sei. 69, 2145 
(1972) • 

. Kehr W, Carlsson A, Lindqvist M, Magnusson T and Atack C, J. Pharm. 
\ Pharmac • .!!:, 744 (1972). 

Kendler KS, Bracha HS and Davis KL, Eur. J. Pharnaeo1. J:i, 217 (1982). 

Koe1le qB, in: The Pharmacologieal Basis of Therapèütics, Goodman LS and 
~i1man At eds. 5th edn. M~eMil1an, New York. p. 467 (1975). 

I<rogsgaard-Larsen P, Johnston GAR, Curtis DR, Game CJA and McCu110cn RM, J. 
Neurochem. 25" 803 (1975). 

~ ~ 7 
Kvetnansky R, Weise VK a~ Kopin 1J, ~ndocrino1ogy ~, 744 (1970). 

'd ' ) La insky H, Conso10 S, Bianchi Sand Jor! A, Brain Res. 108, 351 (1976. 

Lehmann J'and Langer SZ, Neuroscience .!.Q., 1105 (1983). 
'~' .. ' J ,,-. 

Levitt M, Spector st ~joerdsma A and Udenfriend S, J. Pharmac. Exp. Ther_ 
148, 1 (1965). 

Lewander T, Joh TH and Reis DJ, J. Pharmac. Exp. Ther. 200, 523 (1977). 

Lewander T, Joh TH andr:e:s DJ, Nature 258, 440 (1975).--

Lima Land Sourkes TL,tNeuroscience 17, 235 (1986a). 

Lima Land Sourkes ,TL, J~ Pharmac. Exp. Ther. "237, 265 (1986b). 

~ Lima L, Sourkes TL and Dubrovsky B, J, Neurochem. 46, 3},7 (1986). 

Lindgren S, J. Neural Transm. 69, 47 (1987). ''''___. 

Lloyd KG, Broekkamp CLE, Catha1a F, Worms P, Go1dstein M and Asano Tt in: 

( 

Apomorphine and Other Dopaminomimetics, Vo~. 2. Corsini GU and Gêssao GL, 
eds. Raven Press, New York~ p. 123 (1981). 

Lloyd KG, Munari C, Bossi L and ~orsel1i PL, in: Advances in 
Epilepto1ogy: XVth Epi1epsy International Symposium, Porter aJ, 
Mattson RJ, Watd AA and Dam M, eds. Raven Press, New York .. p. 3 
(1984). 

Lowry OH, Rosebrough NJ, Farr AL and Randa11 RJ, J.- Biol. Chem. m, 265 
(1951). 

M~gg1 i and Enna SJ, Neuropharmaco1ogy li, 361 (19'79). 

154 



" 

~\ 
~I..,,".r 

" \ 

\ 
\ 

\ 

Ma11man RB, Schu1 z DW, Kil ta CD, Lewis MS, Ro11ema H and Wyr1ck S, 
Psychopharmaco!. Bull. E, 593 (1986). 

Maltnejac J, Physiol. Rev: 44, 186 (1964). 

Mason JW, J. Psychiat. Res.!, 323 (1971). 

Matsui Y and Kamioka T, Naunyn-Schmiedeberg's {\rch. Pharmaco1. 305, 219 
(1978). 

McGeer PL and McGeer EG, Brain Res. n, 331 (1975). 

McGeer PL, Mc~r EG, Scherer V and Singh K, Brain Res. 128, 369 (1977). 

McGeer EG, McGeer PL, 'Wada JA and Jung E., Brain Res. 32, 425 (1971). 

Mennini T, Gobbi M and Romandini S, Brain Res. 371, 372 (198.6). 

Mereu G, Casu M and Gessa GL, Brain Res. 264, 105 (1983). 

Morris DR and Fi1lingame RH, An~u~ev. Blochem. !!, 303 (1974;. 

Mos J, Broxterman JH and Van Bennekom WP, Bràin Res. 207, 465 (1981). 

Murdn LC and Roth RH, Naunyn-Schmiedeberg's Arch. Pharmaco1. 295, 15 
(1976). ' -

Nagatsu T, Levitt M and Udenfriend S, Analyt. Biochem • ..2., 122 (1964). 

Nagy JI, Lee T, Seeman P and Fibiger HC, Nature 274, 278 (1978). 
, ---

Nalk SR, Guidotti ~ and Costa E, Neuropharmaco1ogy 15, 479 (1976). 
, J _. 

Napier TC, Givens BS, Schulz D'W, Bunney BS, Breese GR and Mailman RB, J. 
Pharmac .. Exp. Ther. 236, 838 (1986). 

'\ 
~ishikawa T and Scat ton B, Brain Res. 279, 325 (1983). 

Ni'Shikawa T'and Seatton B, Brain Res. 331, '91 (1985). , -
\ - \ 

Nordberg A, J. Neurochem. 30, 383 (1978). 
\ -
\ 
\ 

Ohno Y, Sasa M and Takaori S, LHe Sei. 40, 1937 (1987). 
\ - -, -

01sen kw, Ann. Rev. Pharmac. Tox.!!, 245 (1982). 
\ 

Olsen RW. Ban M, Miller T and Johnston GAR, Brain Res. 98, 383 (1975). 

Onali P, Olianas MC and Gessa GL, Molec. Pharmacol. 28, 138 (1985). 
" 1 -) , 

Otten U, Paravicini U, Oesch F and Thoenen H, Naunyn-Schmiedeberg's Arch. 
Pharmaco!. 280, 117 (1973). 

Patrick RL and Kirshner N, Molec. Pharmaco!. 7, 87 (1971).,' 
, -

155 

-



,0 

/ 

o 

Paxinos G and Watson C, in: The Rat 2rain in Stereotaxie Coordinates, 
Academie Press, New York, (1982). 

Perry TL, Hansen Sand K10ster M, New Eng1. J. Med. 288, 337 (1973). 

Pierce ET, Foot WB and Hobson JA, Brain Res. 107, 137 (1976). 

Pinnock RD, Woodruff GN and Turnbu11 MJ, Eur. J. Pharmacol..2§., 413 (1979) • 
., 

Plant je JF, Daus FJ, Hansen HA and Stoof Je, Naunyn-S.chmiedeberg's Arch. 
Pharmaco 1. 327, 180 (1984). 

Qûik M and Sourkes TL, Bioehem. Pharmaco1. 11, 1157 (~976). 

Quik M and Sourkes TL, J. Neurochem. 28, 137 (1977). -' 
0, 

Quik M, Sourkes TL, Dubrovsky BO and Gauthier S, Brain Res. 111, 183 
(197V· 

Ramirez-Gonzalez MD, Widy-Tyszkiewicz E" Almazan Gand Sourkes TL, Exp. 
Neuro1. 73, 632 ( 1981). if 

~ 
/ 
\ 

A1mazan' G, Ramirez-Gonzalez MD, Widy-Tyszklewicz E, SourKes TL and J. 
Neurochem. 35, 193 (1980). 

, 

Reimann loi, Zumsteiri A and ~ke K, J. Neurochem. 12., 961 (1982). , 

J' 

Reubi JC, Iversen LL and J~sse1 TM, Nature 268, 952 (1977). 
• 

Ribak CE, Vaughn JE, Saito K, Barber R and RobertS" E, Brain Res. !.!i, 287 
(1976). 

Roberge AG, Missa1a K and Sourkes TL, Neuropharmacology Il, 197 (1972). 

Roberts E, Chase TN and Tower DB (eds): GABA in Nervous System Func t.i on. 
Raven Press, New York (1976). 

Roberts E, in: Neurochemistry, Elliot KAC, Page IR ~, Quastel JH, eds. CC 
~oma8, Spr1ngfie1d~ p. 636 (\962). \ 

Roberts E and Franke1 S, J. Biol. Chem. 187, 55 (1950). 

Roberts E and Franke1 S, J. Biol. Chem • .!.2Q., 505 (1951). 

Roberts E ami-Kuriyama K, Brain Res.~, 1 (1968). 

Roobérts E, Wein J a1\4 ~S~m,onsen DG, Vit. Horm.11, 503 (1964) ... • 

Roth RH, Doherty JD and' {al ters .ffi~' '~~~1n Rés. ,189,' 556 (lJ80>.~ .... '. _." ''<". 

Roth RH and Giarman 'J., Bi 0 chem., Pharmaco1. li, 1333 (1966). 

- Roth RH and "Suhr Y, Biochem. Pharmaco1. 19, 3001 (1970). 

Rubin BA and Giarman NJ, Yale J. Biol. Med. li, 1017 (1947). 

156 ( , 
-, 



" 1 

\. 

0 \ 
, JO" 
1"/ 

" ' 

Russel! 1 DH 'and Byus CV, Ad v'. Biochem. Psychopharmaco1. li, 445 (1976). 

C Russell DR and Snyder SH, Proc. Nat. Acad. Sei. 60, 1420 (1968). 
, -

,-
Ryan LD -and Roskosk1 R, Nature 248, 254 (1975). 

Sa,?giah S, Borowitz JL and Yim GKW, Eur. J. Pharmaco1. '12, 130 (1974). 

Scatton B, in: Neurotransmitter Interactions in the .Basa1 Gang1ia, Sand1er 
M, Feuerstein C and Scatton B, eds. Raven~ Press, New York. p. 121 
(1987) • 

Scatton Band Bartho1ini G, Eur. J. Pharmacol. 56, 181 (1979). 

Sçatton Band Bartho1ini G, Brain Res. 183, 211 (1980a). 

Scatton Band Bartho1ini G, Brain Res. 200, 174 (198Qb) • 
. 

Sca.tton Band lartho11n1 G, J. Pl).armac. Exp. Ther. 220, 689 (1982). 

Scatton B, Ser~ano A, Rivot JP and Nishikawa T, Brain Res. 305, 342 (1984). 

, 1 Scatton B, Zivkovic Band Bartholini G, in: GABA Neurotr-ansmission, Brain 
Research Bu11etip, Vol-. 5 (suppl. 2), LaI H ed. Ankho International Inc., 
FaYettevi11e. p. 421 (1980). " 

Scatton B, Zivkovic B, Dedek J, Lloyd KG, Constantinidis L, Tissot Rand 
Bartholini G, J. Pharmac. Exp. Ther. 220, 678 (1982). 

Scheel-Krüger J, Acta Neuro!'. Scl:md. 1l (Suppl. 107), 9 (1986). 

Schousboe A, Thorbeck P, Hertz Land Krogsgaard-Larsen P, J~ Neurochem. 12, 
181 (1979). • 

Schwarcz R, Creese I, Coy1e JT and Snyder SH, Nature 271, 766 (1978). 

Seeman P, Chan-Wong Mf Tedesco J and Wong K, Proc. Nat. Acad. Sci. 72,. 
4376 (1975).' -

SetIer N and Al-Therib MJ, Biochem. J. 144, 29 (1974) • 

Selye H, Nature 138, 32 (1,936). 
.. 

Selye H, Stress in Hea1th and Disease, Butterworth Readings (1976). 

Sethy VH, Roth RH, Wa1ters JR, Marini J and Van Woert MH, Naunyn­
Schmiedeberg's Arch .. Pharmaco!. 295, 9 (1976). 

, ---
• 0 

Skirbol1 LR, Œrace AA and Bunney BS, Science 206, 80 (1979). 

Slotkin TA, LHe Sei. li, 1623 (1979). 

Snead Oç, J._ N~urochem.!!, 196 (1987). 

157 



. 0 

/ 

,0 

, . , . 

.. 
Sourkes, TL, Biol. Psychiatry 20, 182 (1985). 

Sourkes, TL, Neuro-Psychopha:rmaco1. and Biol. Psychiat. 1, 389- (1983) • 

Sourkes TL and Gagner JP, in: Enzymes and Neurotransmitters in Mental 
Disease, Usdin E, Sourkes TL and Youdim MBH, eds. Wi1ey, Chichester, 
p. 521 (1980). 

Sourkes TL and LaI S, Adv. Neurochem. l, 247 (1975). 

Spector S, Gordon R, Sjoerdsma A and Udenfriend S, Mo1ec. Pharmaco1. 1, 549 
(1967). .. 

Stah1e Land Ungerstedt U, Eur. J. Pharmaco1. 98, 307 (1984). 

, Starr BS and Starr MS, Neuropharmacology li, 455 (1986). .. -

Stoof Je, Den Breejen EJS and Mu1der AH, Eur. J. Pharmacol. 1L, 35 (1979) • 
. 

Stoof JC and Kebabian JW, Nature ~94, 366 (1981). 

Str&nbom U, Naunyn-Schm~ed~berg's Arch. Pharmaco1. 292, 167 (1976). 

Sze PY, Brain Res. 19, 322 (1970). 

Szerb Je, J. Neurochem.12., 850 (1982). 

Tabor H, Rosentha1 SM and Tabor CW, J. Biol. Chem.lli, 907 (195~). 

Thoenen H, Nature ~, 861 (1970). 

Thoenen H, Mue11er RA and Axelrod J, J: Pharmac. Exp. Ther. 169, 249
6 (1969). , 

Trabucehi M, Longoni R, Fresia P and Spano PF, LUe Sei. 17, 1551 (1975). 

Van der Heyden JAM, Venema K and Korf J, J. Neurochem.-ll, 469 (1979). 

Van der Heyden JAM, Venema K and Korf, J,_ J. Neurochem. 34, 1338 (1980a). 

Van der Heyden JAM, V.enema K and Korf J, J. Neurochem. 34, -119 (1980b). -
Van Va1kenburg CFM and Noach EL, Eur. J. Pharmaco1. 48, 171 (1978). 

Van Zwieten-Boot BJ and Noach EL, Eur. J. Pharmaco1. 33, 247 (1975). 

Wal ters JR, Bergs trôm DA, Carlson JH, Chase TN and Braun AR, Science 236, 
719 (1987). . -

Walters JR and Roth RH, Naunyn-Schmiedeberg's Arch. Pharmaco1. 296, 5 
(1976). ~ 

Waiters JR, Roth RH and Aghajan~an GK, J. Pharmac. Exp. Ther; ~, 630 
(1973). 

'r 

. 158 



" . 
., '0 

Waser PB, in: Eth~:PharmaCOlOg1C Search Fpr PSYCho-~tive Drugs, Efron Dt 
Rolm B and KI ine N, eds. U.S. Publ ie Real th Ser ice Publication No. 

- 1645, Washington, D.C. p. 419 (1967). 

W11.11ams M, J. Med. Chem.!2., 619 (1983). 

Witter A, Slangen JL and Terpstra GK, Neuropharmaco1ogy 12, 835 (1973). , -
Wood PL, J. Pharmac. Exp. Ther. 222, 674 (1982). 

Worms P, Depoortere H, Durand At:, Morse11i PL, Lloyd KG and Bartho1inJ G, J. 
- ,Pharmac. Exp." Ther. 220, 660 (1982). 

-Wu JY, Lin CT Lin H, Xu Y, Liu JW, Hwang BH and Wei SC, in: C1ABAergie 
Mechan1sms in the Mamma1ian Periphery, Erdo 5L and Bowery NG eds. Raven 
Press, New York. p. 19 (1986). 

\ 

·Zablocka Band Esp1in DW, J. Pharmac. Exp. Ther. 140, 162 (1963). -
Zetterstrlm T and Ungerstedt U, Eur. J. Pharmacol. f!.., 29 (1984). 

Ziv-kov1c B, Guidotti A and Costa E, Molec. Pharmacol. 10, 727 (1974) • 
.,.t ,r--

159 

.. ;'" 


