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

ABSTRACT .

This work concerns the GABAergic mechanisms involved in the regulation

of adrenomedul lary ornithine decarboxylase and tyrosine hydroxylase. These

i

enzymes play important roles.in the biosynthesis of polyamines and

’catecholamines, respectively. Theyjare regulated by central dopaminergic

and cholinergic pathways, with net excitatory influence, as well as by a

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

4

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

activities by means of a central mechanism. These GABAergic drugs appear

3 ~ h

rd

to act independently of the dopaminergic, serotonergic and cholinergic
pathways. The similarity of— the inductive effects of the dopamine (DA)
agonist, apomorphine, and GABA analogues such as b’-hydroxybutyrate (GOBA)
and HA-966 suggests that these transmitter systems share ao common mecharffsm
in the regulatory process. Because GABA, HA—96/6 and apomorphine prevent the
firing of dopaminergic fibres (all 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-~synaptic action of dopamine
and GABA agoniﬁts, preventing - the rel_ease 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
engymes. It has also been shown that D~1 and D-2 specific antagonists are
equally efficacious in bringing about an attenuation of the ’apomorphine-

v

elicited increase in ornithine decarboxylase, but the D-1 site seems to be

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

.

thesis thus serve to define a‘role for a GABAergié system in the central

Y

inductive process as initiated by dopamine agonists.
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’ RESUME

-

Ce travail porte sur 1ygﬁnismes GABAergiques qui :lntef'vqiennent
dans la régulation de la(tyrosine hydroxylase et de l'ornithine

- - . -~
décarboxylase de la medullo-~surrénale. Ces enzymes jouent un role

>

important dans la bi_osynth?ase des polyamines et des catéchblamines,

~

- '
respectivement. Elles sont rggiesd par les voies cholinergiques et

> .
dopanminergiques centrales et soumises a une influence excitatrice nette

ainsi qu'ur%e influence inhibitrice se/rotonine_rgique tonique: On° a

- - . .
determine que certains analogues du GABA sont ggalement capables.de

provoquer une augmentation de ces deux activites enzymatiques par le biais

d'un m&canisme central. C)Jes drogues GABAergiques semblent agir
indgpendamment des voines,cholinerg-iques, sérotonine‘rg-iqiles et

. . ‘
dopaminergiques. _La similarité des effets de declenchemént par 1'agoniste

de la dopamine (DA) comme 1'apomorphine et des analogues du GABA tels que

l'hydonybutyrate (GOBA) et le HA-966 laissent entendre qu'un mecanisme

comnun int‘t‘arviendrait dans le processus de rggulation par ces systgmes de

transmission. Pulisque le GABA, le HA-966 et 1‘apomorphinefemp'échent la

dgcharge des fibres:»glopamin“érgiques (tous trois en exergant une a‘ctﬁdon

inhibitrice au niveau du corps cegl lulaire du locus niger, 1'apomorphine
v

”~ o
agissant egalement agx terminaisons °nigrostri€es), on croit que ce
r .

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

GABA et de la dopamine, ce qui empgcherait la libération de la DA dans le

\

striatum et;par la suite) son action inhibitrice post-syﬁaptique. On a

%
vgrifi'e/cette hypoth‘ése en administrant l'agoniste (+)3-PPP, autorécepteur-—

- v i . .
selectif de la DA; cette substance a entrainé un accroigsement significatif

-~ -~ Ve —
des activites des deux enzymes. On a egalement demontr& que les
, - ’ en i
antagonistes sf:ecifiques de D—-1 et D-2 reussigsent- tout aussi efficacement

\ ~ 7 rd
.a attenuer l'accroissement du taux d'ornithine decarboxylase provoque par
' b
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1'4dpomorphine; toutefois, le site de D-1 semble plus effﬁi’?cace dang le cas

’ -

~de 1a tyrosine hydroxylase. Les resultats de cette these servent ainsi a

definir 1e role dh systeme GABAer.zgique dans.-1la regulation centrale des

. pa .
enzymes surrenales et a eclaircir le mecanisme du processus Inductif t&1-
. / ’ )‘ - - ) - l
qu'il ‘est amorce par les agonistes de la dopamine. - : .
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* 1. GABA :

(a) Introduction

Zf—aminohytyric acid (GABA) was synthesized in 1883 and was known for
many yéars as a product of plant and microbial metabolism. Roberts and
Frankel (1950) were the first to find this substance in the mammalian

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

years it has become apparent-that this chemically simple material may serve

=

an important neurotransmitter function . g?berts et al., 1976). In fact, it
is considered to be the most important({¥nhibitory neurotransmittter in, the
nervous system. ° Over one third of all nerve endings witbin the brain may
' release GABA as a transmitter (Fonnum and Storm—Mathisen, 1978).
Deficiencies in GABA function have been associated with such neurological
. disorders as Huntington's chorea (Perry et al., 1973), "Parkinson' skdisease
(McGeer et al., 197175md epilepsy (Lloyd et al., 1984)' Excellent
evidence exists linking the de_velopment of debilitating anxiety to th; GABA

system (Olsen, 1982; Williams, 1983). 1In fact, today's most prevalent

medication for anxiety is Valium'(diazepam), a drug which interacts with

the GABA-receptor complex. GABA_has also been implicated in the regulation

A ; " of blood pressure (Defeudis, 1983). The data accumulated,to support a
neurotransmitter role for GABA have been crucial for the development of the
g'er;ezlal concept of amino acid neurotransqission. The important findings
with- GABA have become the impetus for studies which have suggested that
agents such as \glutamic acid, glycin’e and taurine may’also act as

neurotransmitters in the central nervous system (CNS) (Enna, 1979).

4

i (b) Synthesis.and Metabolism )

GABA does not readily penetrate the blood-brain barrier (Roberts,

C\ . 1962); hence, the transmitter must be synthesize novo within€the



¥

v

neuron. The major portion ' of cerebral GABA is derived by the o -
decarboxylation of glutamic acii catalyzed by L-glutamic acid
deca;rboxylase (GAD:EC 4.1.1.15; Roberts and Frankel, 1951). This
conversion requires p&ridoxal SLphosphate.(PLP) as cofactor (Roberts et
. P .
al., 1964). A significant amount of GABA is stored in nerve terminals, ar}d'
. numerous stu/d(%(Iverfen et al., 1971; Ryan and Roskoski, 1975) have shqv‘m
Fhat it is“released b}; a calcium-dependent process. GABA is taken up into
synaptic t;erminals by an active, high-affi;tity, Nat-dependent transport.
system, Thus, like other neurotransmitters, the termination of the
synaptic action’!/‘b’f GABA may be broug}xt about by an efficient‘recapthre v
mechanism (ézerl;, 1982). It eventualLy undergoes, metabolic degradation by/
the aétion of the mit ial enzyme 4-aminobutyrate O(—ketoglutarate
:aminotransferase -(Gﬂm.l.l%. This PLP-dependent enz};me produces-
glut‘amic acid, thereby providing’a continuous supply of the GABA precursor.
The rate-~limiting step in GABAQmet‘abolism is at its point of synthesi:s

Y

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

[\

concentrations of GABA is thus, for the most part, the regulation of GAD

v

[ R ’
activity., A possible mechanism for the control of the production of GABA

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

1

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

1970) on the basis of the demonstration that when GABA levelsg are elevated

in developing mouse brain, GAD activity is concomitantly reduced. i

(¢) Distribution i v

o

1
'S °

GABA 1s widely distributved in the nervous system of vertebrate

species, .Although its presence is almost exclusively confined to the brain
» i
and spiral cord, there is évidence for the presence of GABA in peripheral
A . .

Q tissues also (Wu et al., 1986). Furthermore, GABAergic neurons have been
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found in the enteric nervous system (Jessen et al., 1986). The

distribution of GABA in mounkey, \r\abbit and rat brains, described by Fahn

and Cgtg (1968) and others, reveal \that there are regional differences ih
4

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

/‘ 7
in the substantia nigra, globus pallidus, hypethalamus and other cell body-

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

-matter. Nevertheless, GABA is more extensively and more evenly distributed

in brain tissue than acetylctholine or the monoamines (Fonnum and Storn%-

Mathisen, 1978), Moreover, unlike the monoamines, Ehe concentrations of
El - l -

GABA foﬁﬁd'in the CNS*is of the order of pmoles/gm rather than nmoles/gm

a

(Cooper et al,, 1982).

'(d) GABA Receptors s

'Although the early biochemical étudies suggested that GABA behaves
liké a neurotransmitter, the evidence for such a functidon was not
compelling until electrophysiologists were, able\ to dgtﬁonstrate a spe;:ific
response for this substance, The most important finding in this regard was
the discovery that t’he convulsant drugs picrotoxihl and bicuculline
select\fvely‘ Block the electrophysiological action of GABA (Curtis et al.,
19715. These data indicated the presence of physiol;gically active
receptors on mammalian neurons,  firmly establi'shing GABA as a
neurotransmitter.

GABA recepto;'s are generally classifi@e‘inﬁ bicucul line-sensitive

or bicuculline-insensitive, The former category defines the GABA-A site

while the latt\e{i\fefers to the GABA-B site. GABA-A receptors are present
L4
{

on cell bodies, dendrites and axén terminals whereas GABA-B rdceptors are.

found only on the nerve terminals containing néurotransmitters other than

GABA (Enna, 1983).

o
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Ion;%phoretic studies have shown that GABA inhibits the firing of

neurons in mammalian CNS in practically every area tested (Feldman and
é

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

process: postsynaptic dinhibition and preSynaptici inhibifion.
”

Electrophyéiological studies indicate that GABA-A receptors are coupled to

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

v

influx or efflux of chloride ion, dependiég upon the prevailing
_cdhcgptration gradient (Enna an{ Gallagher, 1983). GABA can 1induce
postsynaptic.inhibition by hyperpolarizing the postsynaptic membrane. This
is achieved by attivating GABA-A receptors located on the soma or dendrites

of the 'postsynaptic neuron. Activation at these,sites allows for the
H -
phssage of chloride ions down its concentration gradient into the neuron,

-

causing hyperpolarization and a decrease in cellular activity. If the
v ' %
chloride concentration of the surrounding medium is substantially lowered

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

)

mediated inhibition, presynaptic inhibition, is commonly found in sensory

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

N

Activation of GABA-A receptors at presynaptic sites, i.e. at nerve

terdinals, leads to a net efflux of chloride ion ca&§ing a partial

depolarization. 'When a nerve impulse reaches the slightly depolarized
L 8
- &
terminals, there is a relatively small influx of calcium lon and a smaller
amount of transmitter is relea§ed (Feldman and Quenzer, 1984), This

a

results in a smaller excitatory effect at the postsynaptic site.’
o -

Much less is known about the mechanisms associated with GABA-B
receptor activation. In contrast to GABA~A receptors, binding to GABA-B
sites is calcium—~dependent and is not blocked by bicuculliqe (Hill and
Bowery, 1981). Because this receptor ig‘boupled\to the neurotransmitter

»

release process (Bowery et al., 1980), it would seem likely that GABA-B

i



‘QL GABAergic Agents Used In This Work:

receptors ma§ influeqce intracellular levels of calcium.

In general, despite the differences between the GABA-A and GABA-B

receptor subtypes, cellular activity is diminished following GABA-receptor
gctivation. Therefore, GABA is designated an inhibitory neurotransmitter.
The st;zzggﬁmj:ried‘ouf in this thesis are based on this premise; hqwever,
although GABA is considered inhibitory at the neuronal leve%, the

possibility that GABA can have net excitatory effects as a rqgult of

complex intermeuronal connections cannot be excluded.’

{

>

A . 5
The emerging- importance of GABA in the neuropathology of Huntington's

chorga and epilepsy has been the impetus for a great deal of research- -
devoted to the deveiopment'of GABAﬁimet}c agents. Several have been
synthesized ‘or isolated to date, but for ghe éurpose of studying the
GABAergic mechanisms presented in this thesis, only five GABA analogues
were used (see Figure I). What follows in this section is a brief review

of some of the physiological qnd biochemical probperties of these

compounds. ’ ,

4

(a) Muscimol, Progabide and Biduculline

i) Muscimol: ‘ S

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

-

mushroom Amanita muscaria, has a striking structural similarity to GABﬁ

(Curt;é a;d Watkins, 1965). Iontophoretic application of muscimol to
selected neu;onal cell populations reveals that muscimol has a pronounced
GABA-like inhibitory'activity which can be antagonized by bicuculline but
not strychnine (Johnst&n et al., 1968)., Receptor-bindimg and

electrophysioiogiéal tests suggest that muscimol is a GABA-A agonist (Hill
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and Bowery, 1981). In fact, % vitro studies have indicated that

1 *

muscimol's affinity fo; GABA receptofs is greatér than that of ‘GABA itself
(Enna et él.,41977). The higher affinity of muscimol has been attributed
to its structure; the distance between the two charged groups on the
isoxazolol derivative has been shown to be 1ideal fof agonistic action on

\
GABA recebtors (Krogsgaard-Larsen et al., 1975). Furthermore the rigid

structural configuration prevents an interaction between muscimol and GABA
reuptake (Krogsgaard-Larsen et al., 1975). The lack of a recapture

mechanism prolong§ the synaptic action of muscimol; this is in accorq with

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

long—lasting GABAElike action. 3

" As opposed to other GABA agonists, muscimol manifests central nervous
system activity in man after systemic administration, causing lethargy in
low doses and hallucinations at high doses (Wase;, 1967). SimiiarlyytNaik
et al.,, (1976) have shown that intravenously injected muscimél acts on' the
raé brain as a potent GABA agonist. In general, conformationally

restricted analogues of GABA, like GABA itself, do not cross the blood-

brain barrier to influence central GABA receptors after systemic

. administration. The exceptions appear to be those analogues, such as

muscimol, which contain 3-isoxazole moleties as masked carboxyl groups
(JohnsFon: l§785. After intravenousginjection, muscimol enters the
brain ‘and is distributed unevenly to various regions. According to Baraldi
et al. (1979), the regions with the highest concentrations are substant &4
nigra, the colliculi and the hypothalamus. ﬁowever, only 0.02% of
authentic muscimol is found in rat brain 30 minutes after i.v. injection of
a pharmacologically active dos; k8 pmole/kg or <1 mg/kg; Baraldi gt al.,
1979). Tae drug disappeérs rapidly from the blood and this is paralleled

by a rise in plaéma levels of various metabolites (Baraldi et al., 1979),

7 ~ !



These observations appear to suggest two factt;r; that are responsible for
the relatively low levels of muscimol in brain. (1) The first is the slow
diffusion of muscéimol through the blood-brain barrier. Studies by Maggi
and Enna (1979) indicate that‘muscimol accumulation in brain after i.v.
administr;tion is not ‘significantl}f gre;tler than that of GABA itself.
Tl;us, ‘whi le muscimol does enter the brain, it does so at a very slow rate.
Nevertheless, some of the pharniacologica11 actions of muscimol fol lowing
systemic administration are probably attributable to the uptake of
authentic muscimol by the brain. For example, the injectionio\f 0.8-1.6
nmol of muscimol directly in%o the brain has an effect on the hal}éerldol-
induced activation of the nigrostriatal system which is compar,asle to that

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

1978).. Thus, the .small aliquot of an intravenously injected dose of

nmuscimol that enters the brain (0.02%; Baraldi et al., 1979), is sufficient
to explain some of the phamacological-actions observed.

‘ (2) The second factor contributing to low brain }evels of muscimol is
its surpri§ingly rapid metabolism in thé periphe;y. The catabolic pathways
for this drug could be oxidative deamiﬁnation or transamination of the side
chain (Bara¥di et al., 1979; Maggi aud Enna, 1979). Anima’ls given
.ami.nooxyacetic aclid, a GABA-T inhibitor, have tissue and brain
concentrations of mu;éimol tgat are several times greater than those of
untr-eated animals (Baraldi et al., 1979; Maggi and Enna, /1979). This
suggests that transamination is the major pathway for muscimol breakdown.
However, the possibility exists that muscimol metabolites, may also
‘penetrate the brain.” Hgnce, the effects observed after systemic
adm’inistration of muscimol may not be duye to an action of muscimol alone
but rather, to a combination of muscimol and its derivatives (Maggi and

’ . b
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Enna, 1979). L ’
. Like all GABAergic agents, muscimol appears to depress nigrostriatal
df)paniinergic transmission. However, ‘this agent is unique in that this
inhibitory effect 1is exerted on]:y at the level of the substantia nigra
(Wood, 198é). Systemic as well as intranigral administ)ration of muscimol

4 . Y
antagonizes the “haloperidol-induced activation of striatal tyrosine

I3

-

hydroxylase (TH) (Gale et al., ‘19V8), suggesting a mechanism for’ the
GABAergic re}gulation of nigrostriatal dopamine neurons. However, other

authors claim that muscimol's effect on dopamine metabolism differs from

=

that of other GABA analogues, such as GOBA or HA-966 (see section 2 (b) i

4

below), in that it is not associated with DA accumulation (Bigg:l_d et al,,

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

exclusive of dopaminergic nerve endings exists within the striatum which is
sensitive to muscimol, Some t:ave suggeésted that muscimol might even
faf:ilitate dopamine release in certain circumstances (Matsui and Kamioka,
1978). 1Indeed, the effect of muscimol on dopamine transmission is complex.,

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

E=3
>

produces significant decreases in DA.concentration, i.p. muscimol causes

increases (&undlagh and Beart, 1981).

1i) Bicuculline:

-

Y

The convulsant alkaloid bicuculline, isolated f‘rom\Corzdalis and
Dicentra plants, is now generally accel;ted as—a sel'ective GABA antagonist
(Johnston, 1978). This antagonism of inhibitory synaptic transmission
mediated by GABA was shown by experiments in which‘c'irugs were a'pplied
iontophoretically to neurous in‘“the vertebrate central nervous system

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

receptor recognit(i\on site, hence it is a competitive antagonist (Enna,
g
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,13979). Bicucul line-sensitive synai)t:ic 1"nhibi‘tions are found in all areas
bf the brain. This may reflect the widespread involvement of GABA as an
inhibitory transmitter; however, other bicuculline-sensitive inhibitors,
such as p-algnine and tauriney are found in the braiil,léo that not all

bicuculline-sensitive synaptic inhibitions necessarily involve GABA. The

neurochemical data appear to support the view that GABA is iavolved in the

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

1979).

Early doubts regarding the usefulness of bicuculline as an
investigative drug have been related to its instability under certain

conditions. At physiological pH and 37°C it is hydrolyzed to 'the

2
Q

relatively ir;active G%antagonist bicucine (Olsen et al., 1975). Thé&
b

conversion is effected cleavige of the lactone ring (see structure,

Figure I) amd it occurs within a few minutes.
. N

Quaternary salts of bicuculline such as bicucul l'ine methiodide (N~

methylbicucul lgine)' and bicuculline methochloride are stable in the pH range

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

(Andrews and Johnston, 197’9). For these reasons, they are considered quite
‘ [¢)

v .

usefﬁf for many studies involving the GABAergic system; Simple salts of

bicuculline are essential, however, for studies of central effects

o

following ‘systemic administration because the quaternary salts offthe
' £

alkaloid d<; not readily cross the blooq-'brain barrier. The experiments

carried out in this thesis make use solely of the free -base of bicuculline.

\ o .
(A @

N
' 11i) Progabide:

Progabide is a sznthe‘tic compound defined as the Schiff base of gamma-
,aminobutyramide and a substituted benzophenone. It w.\is synthesized by Dr..

J.P. Kaplan of Laboratoires d'itudes et de Recherches Synthélabo, Paris

v

o

R
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(Kaplan et al.,, 1980), The benzylidene core, linked to the gamma-
aminobutyramide side cha}n, proyides the mechanism for transport acros»s the

gut and the blood-brain

-

\ba‘rrier «Bergmann, 1985).

Progabide undergogs extensive metabolic degradatiop. The major
metabolite is the acid ¢erivative (SL 75.~102),, formed by either oxidative

deamination or transamination. -By cleayage of the ‘imirne bon&,\ progabide

o]

and its acid”derivative' may give rise to GABAmide or éABA, respectively
(Worms et al.) BSZ). After i.p. and oral administration, progabide

appears to be distributed extensively and rapidly to various body tissues

and organs (Worms et al., 1982)., The metabolites and GABA appear in the

circulation Mand in the brain a few minutes after administration. Brain

~
S=

concentrations of unchanged progabide are 2-3 times higher than the
, 5 .

corresponding plasma levels  over the entire observatior{ period, suggésting

i

that indeed, progabide crosges the blood-brain barrier: In contrast, the

“higher plasma levels and lower brain concentrations of SL75,102 as compared
to progabide are consistent with the higher polarity and poorer
penetrability of the acid derivati\?e (Worms et al.,, 1982). Levels of GABA

and GABAmide continue to rise in the brain quite slowly, peaking 4-6 hours

{

after administration (Worms et al., 1982). These two metabolites most

.probably originate there, as a result of ’cgnversion centrally, betause both

1]

cross the blood-brain barrier with difficulty.

1t should be noted that the GABAmimetic prope{'nies of progabide are

N

due to the direct action of SL75.102 and progabide on GABA receptors as
well as the fact that progabide is a source of exogenous GABA (Bergmann,

_'1985). The order of potency of biading has been described as: GABA >

=

v
’

SL75.102 > GABAmide > progabide. : .

\

Pharmacological studies of the action of progabide have been carried

out not only to learn about the actiom of this agent itself but also to

[
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understand the normal physiology of GABApmediated neuronal systems. In'the

rat, progabide increases the ‘rate of turnover of norepinephrine by
3‘ [+

increasing the liberation of the neurotransmitter. It also effects a
decrease in the synthesis and release of both dopamine and serotonin (S5HT)
(Scatton et al., 1982). The physiological effects of progabide on the

cflolinergic system indicate a reduction in transmission of this

neurotransmitter also, probably due to a local striatal effect (Scatton

¢

and Bartholini, 1982).
Unlike muscimol and its metabolites, progabide is relatively free of

toxicity. It is the first GABA agonist that is useful in exploring the
\

® -

" role of GABA in human disease. -Preliminary clinical studies have already

/
showm progabide to be effective in the treatment of epilepsy, spasticity

g

7\1d movement ‘disorders (Bergmann, 1985).

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

1) GoBA: - ‘ ~

About 40 years ago, GOBA¥and its lactone precursor, X butyrolactpne
(GBL) were found to produce a sleep-—like state in mice and cats (Rubin and
Giarman,*l94%/gvAer the years much effort hHas been devoted to
understanding Eh;é neuropharmacology of t\:hese s{ubstanc(es. GOB;& has b;en
postulated to be a'putative neur\ot‘ransmit‘ter in fhe ({NS “(Rot:.h_ etkal._,

1 ~ £
1980). The following lines of evidence have been developed to support this

idea,,

GOBA is a metabolite of GABA, although it may be derived from other
sources (Gold and Rot;h, 1977). It.occurs naturally in mammalian brain with

a discrete regional distributibn ¢Doherty et al., 1978). High-—affini ty

N

binding sites and a sodium-dependent, high-affinity neuronal uptake system

for GOBA have been identified in rat brain“(lBenavides’ et al., 1982a;

4

v
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Benavides et al., 198215). GOBA 1s synthesized in two steps: First, GABA-T -

' converts GABA to sucecinic semialdehyde, The latter compound is then

<

transformed-into GOBA by a specifiec succ{nic semialdehyde reductase a
specific (Cash ‘et al., 1979). Finally, GOBA itself has been isolated in
nerve endin.gs (Snead, 1987). .

" When injected in an anesthetic dose, GOBA's half-1life is about one

hour ('Rot'h and Gilarman, 19_639). The pr'incipai mode of metabolism is

oxidation to succinic acid, which then enters the tricarboxylic acid

pathway. Small amounts of Krebs cycle-related amino acids such as aspartic
L}

acid, glutamic acid and even GABA can be derived from GOBA (Doherty et al.,

1975).

¢

GOBA causes an increase in brain levels of acetylch‘c’)line (Sethy et
al., 197(37). However, all classes of CNS depressants appear to cause

increases in Ach, so this effect is not specific.

Gessa and coworkers found that GOBA causes an~twrcrease in brain

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

8 v

effect induced by this agent, as measured by the loss in the righting

reflex, were subsequeﬁtly shown to coincide with the increased levels of

‘dopaminé in striatum (Roth and Suhr, 1970). The 1increasesin striatal

dbpamine were later attributed to GOBA's abilit"y to inhibit neuronal firing,

in the Hﬁrost;iacal pathway, This: conclusion was bas;d‘on the parallelism
between GOBA administration an& lesions of the nigrostriatal tract. Both
treatments iea& to a sharp increase in str~iatal dopamine, (Walters et al.,
1973), 1In both cases, the rise in brain DA was markedly inhibited by
injection of amphetamine, presumably owing to the latter's capacity to
relea‘e newly synthesized® DA (Andén et al., 1973). Similarl};', both

treatment:s effected an increase in the rate of DA synthesis and an

<
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;bolition of the DA def;letion inducéd by oA-methyl-p~tyrosine (Walters' et
al., 197Ei). That. GOBA can antagonize lthe' Kt-induced release of newly
formed DA also supports the theory that this agent causes -a rapid and —
selective increase in brain DA by irihibiting release of the transmitter
(\hustos and Roth, 1972). GOBA does not inhibit COMT\or MAO (Gessa et al.;
1968); thus, inhibition of catabolizing enzymes is not r_esponsible for the
increase in dopamine. ‘

Further insight into the mode-of action of GOBA may be obtained from
studies involving GABA, 1t.:s structural analogue. When applied
microiontophoretically, GABA inhibitg nigral cell firing (Zivkavic et al.,
1974),' Treatment with a GABA-T in'hibitor, which 1ncre;ses the GABA
concentration in the syna‘ptic cleft,__inhibits DA turnover (Andén, 1974).
GABA; injected into the substantia n(igra increases braifi -DA, * as does GOBA
(Andgn and Stock, 1973), Contrarily, injection of GABA into striatum has
no effect. Given these data and the fact that GOBA i's a structurélh

analogue of GABA, the suggestion that the action of GOBA on DA neurons is

througl{ an inhibitory CABAergic mechanism in the substantia nigra 1% not

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

bodies of these nigrostriatai dopaminergic fibres. 'y

11) JA-966

*  HA-966 ,(l—-hs;droxy-S-amino-pyrrolidone-—2) was prepared in 01959; it ié,
chemigally x:elated to the cyciwic anhydride form of GABA; hence, it was used
;fn this work as a GABA agonist. ‘In rat brain, HA-966 seblectivekly ebevates

the dopamine "content of the striatum, with no changes in the levels of

norepinephrine and setotonin (Bonta et al., 1971), As was the case with

*GOBA, HA-966 markedly counteracted the SA-methyl-p-tyrosine (AMPT)-elicited

depletion of dopamine (Bonta“\et al,, 1971). It has also been shown that

-
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HA-966 increases the DA synthesis rate (Van Zwieten-Boot and Noach,’ 1975).

After HA-966 administration, the content of homovanillic adid (HVA), the

major extraneuronal metabolite of DA, decreases in the striatum, while the

intraneuronal metabolite dihydroxyphen'ylacetic acid (DOPAC) increases,
This effect is not due to an 1n‘hibitory effect on COMT (Hillen and Noach,
1971), but more probably to inhibited release of DA, as w;s suggested for
the action of GOBA (Roth andw§u~t}}j_,fl970). All the data, take; together,
suggest that HA-966, like GOBA, has a GAB;Q-like inhibitory effect on nerve
impulbses in théd dopaminergic nigrostriatal pathway, resulting in inhibition
of DA releasg and a concomitant increase in 'synthesis. The site of action
for both of these GABA ‘analogues is thought to be the dopaminergic cell
bodies in the substantia n:f.gra (Murrin and ;Zoth, 1976; Van Valkenburg .and
Noach, 1978). _

Initial pharmacological studies had shown that HA-966 might exert a
marked influence on the extrapyramidal syétem, with a possibleo i:eneficial
effect in Parkinson's disease as well as an amelioxlating effect on tremors
of ex»t:rapyramidal origin (Bonta et al., 1971). Because of these potential

LN

therapeutic benefits, the metabolism of tghe drug in_ vivo and its

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

¢ . '
observation during experiments with HA-966, that theré was a delay in the

A ]

onset of action following i.v. administration (Bonta et al., 1971). This

observation suggested that a metabolic conversion of the drug is necessary

‘for many of its effects, Exi)eriments showing reduced activity of the

compound in hepatectomized mice supported this idea and indicated. the liver
to, be thg gite of metabolic conversion (Bonta et al., _1971). It is,
therefore, tempting to explain the dela;"of onset of action of ;iA-9_66 :)n
the basis of the chemic;al analogy between-H{\-%é and_the cyclic anhydri_c

foerof GOBA or GABA, After conversion ,of the former drug into a GABA-like

15
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dﬁeriv,ative, effeéts resembling those elicited‘ by GOBA are observed,
Indeed, certain pharmacological actions of GOBA are similar to .those of HA-
966. As was mentioned éarlier, they both selectively increase striatal
dopamine levels, probably by inhibiting DA release., Furthetrmore, the
sleep~-like statel produced by GOBA is strikingly similar to the behavioral
effects of HA-966 (Bonta et al., 1971). .

* . Other explanations for the action of HA-966 héve .been suggested. In
vivo vo_ltamu_letric investigations into the acti;)n of HA-966 on central
dopaminergic nc-:urc;r;s permit simultaneous reco;din'g of the effect of HA-966

Y

on DA release and the appearance of the drug itself in rat striatum (Mos et

[N
°

al., 1981), The measurements are not specific enough to exclude the
possibility that instead of HA-966, a metabolite ofathe drug is being
t}xeasured; However, if such w?s in fact the case, ‘the molecule is probably
not extensively rearranged, because ilts gxidation poténtial is the same as
fo;' Hé.-966 in vitro (Mos et al,, 1981). Also, the fact)that the half-life
of the drug in blood agrees fairly well with the decay c;f the drug measured
in brain further suggests that some HA-966, although hydrophilic, is
transported into the brain, . . .

’ Whether HA-966 is acting in its original form or as some closely

related metabolite, it clearly exerts a central, GABA-like -influence on

- dopaminergic and, possibly, other neurotransmitter systems. This warrants

Y

its consideration as a GABA agonist in this work.

e
'

3. Pathways of Stress ) -

The study of the physiology of stress dates back about 70-80 years.

In 1911, Walter Cannon coined the term “homeostasis”", He spoke of the

complex physiological reactions that maintain the stability or equilibrium

of the internal ‘environment of the organism. For the healthy animal, this
1 _ / ‘
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_ by the organism that preserve the internal conditions. Selye introdued the

I\ o .-

' - . f

"internal equilibrium or homeostasis must be preserved in, the face of

-

constant challenges from external sources. For the purposes of this
thesis, a stress can be defineng anything which c’an furnish an anti-

homeostatie stimulus to the organism. This definition (Sourkes, 1983) is

. ™

more of a qualitative concept, it ascribes no quantitati?e vdlue to th? B

-\ N ' -
strength- of the stimulus. Cannon's studies ofa the sympathoadrenal systenm
S N > [+.3 . ~

rd

demonstrated that, during stress, the medul lary hormone adrenaline (AD) is

-

released from the adrenal glands (Cannon, 1929).,- Later, it was recognized

that the repeated exposure to certain *stimali results Iin adaptive changes
< :

-

concept,of the "general adaptation syndrome” (Selye, 1936). This syndrome

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

. emphasis on the role of the adrenal glucécorticoids.‘ Thus, -the.

hypothalamo-—hypophyseal-q{d{renocortical axis took on a great deal of
importance in the studies of the em:locrine response to stress (Sourkes,
1985). Selye's stmess theory described a non-specific response, manifested

by physioloéical and tissue changes (Selye, 1976). Later studies,

2 -

however, have indicated that there exist many differ;ant patterns of

endocrine response to stress agents; in fact, Masonh has stated that "there

is|no single noﬁ—specific-hormonal response tg‘ﬁll stimuli” (Mason, 1971).
In Cannon's view, ntﬁe rglease of adrenaline was a short-tel:ni response

to stress, resulting from the activation of the sympathoadrenal system. It
. N :

is now known that uhder stressful circumstances, it is adrenaline which is

released from the adrenal medulla and noradrenaline from postganglionic

- ° o,

sympathetic fibers to initiate the stress response. It has become evident
that with continuing or repeated application of a stressor there are

specific 1increases in some parts of the catecholamine-synthesizing

17
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ma‘chir(ery in the adrenal gland, particularly in the levelsof tyrosine
\ -
hydroxylase (TH, EC 1.14.16.2; Hoeldtke et al,, 1974) and dopamine ﬁ -

hydroxylase (DBH, EC 1.14,17.l; Patrick and Kirshner, 1971). That

1

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

result of growth of the organism is a well~established fact, but these

4

increases in-response To stress is a novel phenomenon (Sourkes,__1983).

- This rapid increase in amount of enzyme is referred to as induction,

An important consideration in studying the gtresé responses discussed
above is the source which controls these re?si)onses. The discovery of
transyaptic or tfansneu;onal inductions of adrenal TH :;bout eighteen years
ago (Thoenen et al., 1'96‘9) provided a novel” approach to the study of stress
and the mechanisms of response to it, This approach has been used
extensively in this laborators/ in an effort to determine the center(s)
which control the stress response. " The ratiOnalé for this approach, as
explained by Sourkes (1985), is as follows: If ihtact innerva_tiop of the
adrenal gland is indeed a iprerequisite for the stress—elicited induction of
adrenal enzymes, then one could conceivalgly tracxe bégkward from the
responéing adrenal through the CNS ‘to the site_ of -the initiating impulses.
Thus, one may work out the particular sequence of neurons that a stressor
brings into play to provide induction o,f a bérticutlar ~e'nzy1;1e. It is

possible that different types of stress will result in considerable

"ovei‘lapping in many parts of. these sequences. Alternatively, the neural

. ° ]
pathways for different stressors might be highly divergent. This could

have some therapeutic benefit as it would be possible to suggest the use of
a pharmacological blocké‘é agent tc; counteract 'the' effects of a partigular
stress prévailing 1£1 a given situation. This, then, is the.ultimate aim of
such work.

The increaéq in activity of TH in the adrenal glands of immobilized

18
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rats has been attributed to the increase in nervous impulses in thekbranch v

of the splanchnic nerve serving the adrenal medulla (Kvetﬁansk{ et al.,’

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

stressor is, .thus, a matter of tracing the paths that impulses, initiated
by stressful stimuli applied to the experimental animal, follow in the CNS

in order to affect the cell bodies of the intermediolateral horns of the

'spinal cord (Sourkes, 1983). These neurons are cholinergic and they

constitute the pregaﬁglionic sympathetic cells whose fibres project to the

adrenal gland. The work described in this thesis began with TH and has

also considered ornithine decarboxylase.

4. Neural Regulation of ODC and TH

(a) Ornithine Decarboxylase

Ornithine decarboxylase (0DC, EC 4.1.1.17), the rate-limiting enzyme
in polyamine biosynthesis’ (Tabor et al., 1958), qa}alyzes the convexl'sion of
ornithine to putrescine (1,4-diaminobutane). The polyamines ~are important
in cellular growth and developme;xt (S]iotkin, 1979). 0DC (along with
s;rot'onin N—-acetyltransferase) has the shortest turnover time of enzymes in
mammalian tissues, estimated at about 12 minutes (Jinne and R#ina, 1969).
Its activity changes sensitively with many diﬁferent stimuli (Morris and
Fillinéame, 1974). This enzyme is present in many tissues of the body,
including the adrenal dedulla and adrenal cortex. The coftical enzyme i‘s
essentially under pituitary control (Almazan et al., 1983§). On th'e ‘other
hand, the medullary enzyme is subject to transynaptic induction (Russell
and Byus, 1976), Thus, ODC activity is increased in both.adrenal cortex
and medu-]_.la after subjecting the animal to immobilization, cold stress or

injection with reserpine‘(Ramirez-Gonzalez et al,, 1981); _hov'veveg, the

cold-induced medul lary increase in enzyme activity can be prevented by

L
b ]
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"denervation of ,the adrenal gland with no effect on cortical ODG activity
(Byus and Russell, 1975). With regard to the neural regulation of the

medullary enzyme, studies by Ekker et al. (1985) have demonstrated the
o ’ &,
existence of both ipsilateral and contralateral components of descending
) of

‘ spinal pathways for the\induction of the enzyme, with the ipsilateral fibre

exerting the predominant effect. Experiments with actinomycin D and

-cycloheximide suggest that increased enzyme activity is due to de novo

—

synthesis of enzyme protein through {:ranscriptional conttol (Byus and
Russell, 1976). This inductiPn is mediated through the formation of cyclic

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

18 on understanding the neural regulation of adrenal enzymes; only v

adrenomedullary ODC (amODC) is con_s:fdered.
e ’ . !

(b) Tyrosine Hﬂrox'yl ase . N

Tyrosine hydroxylase is regarded as the rate-limiting enzyme in the

conversion of tyrosine to the catecholamines (Levitt et al., 1965). It'

4

13

catalyzes the transformation of L-tyrosiné to L-dihydroxyphenylalanine (L~

DOPA) with dimethyltetrahydropterine (DMPH(;)Mas cofactor. In the
chromaffin cells of 'the adrenal meduila, L-DOPA is converted to dopatqine
(DA), noradrenaline (NA) and, finall}", adrenaline (AD). Regulation of this
adrenal enzyme is thought .to involve two main-types of mechani-sm. The
first requires Ia short-term, rapid alteration in enzyme activilty which can .
l;e mediated through’feedback inhibition (Spector et al., 1967), éllosteric

»

modulators, (Cloutier and Weiner, 1973) or changes in substrate o

” a

concentrations (Davis and Carlsson, 19'73). ~The second mechanism involves

delayed, long-term changes in enzyme protein and can be neuronally

4 ) ’ .
mediated. Immobilization stress leads to an increase in preganglionic

nerve activity and an increase in adrenal TH in 24-48 hours; this induction

P

can be prevented by splanchnic nerve transection. (Kvetnansky et al., 1970),

/
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‘It had been sué‘gest;zd» (Dairman an\d,Udénfriend, 1971) that the
concentrations of adrenal catecholamines (CA) play a role in the induction
o of adrenal TH. However, through a series of experiments carried out in
this laboratoryl (Quik and Sourkes, 1976), it has been shown that it is not
~local adrenal CA concentrations, but rather the state of firing of

preganglionic nerve fibres which regulates adrenal TH induct‘:‘ion. This
e

conclusion is based on the following observations: h

1) Apomorphine, given in a dose lgnown to be effective fo;j adrenal TH
_inhibition (Goldstein et al., 19705, actual ly result-s in an increase in TH
* . activity and a temporary decrease in z:zdrenal CA levels, 0

P

2) Kinetic studies have shown that there is no alteratiq}x of the Km of

’ . . ’ y '
; adrenal TH (as a result of apomorphine freatment) with respect to cofactor ¢

(DMPH,) or substrate.” However, a si nificant increase in V was observed
4 g max

in the treated group as compared to controls. Hence, the increage in TH

activity is 'due not to activation of the already present enzyme molecules
but rather to de novo sylrtthesis of enzyme protein.
i~ -]

3) The temporary decrease in adrenal CA, as well as the increase in

’

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

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

the concentration of adrenal CA and yet does not affect adrenal TH

\
1l

activity.® ! ) -

5) L-DOPA admiﬁistratio;l is able to prever;t the short-term decrease in
/ adl‘enaleAl occasioned by apomorphine, yet the TH activity remains ﬁighly
elevated.

' The evidence favdring the neuronal regulation of both ODC and TH is

- compelling. As mentioned in section 3., the phenomenon of a transynaptic

i‘ndu\ctﬁan of adrenaf en%ymes (Thoenen et al., 1969) provided a means of

\.,,Q studying pathways of stress. Through the use‘ of various pharmacological
& * —— " ] \
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égents, -it 1is possible to ‘stimulate nervous péthways centrally and
determine if such a stimulation causes an increase in adrenal enzyme
activity. By using substances that activate specific nerve fibres in thefg

NS, one can map out the sequence of neurons that are responsible for

eliciting enzyme induction. This work has been attempted with three

- different neurotransmitters; a brief summary of the information obtained to
] %
! date is presented in sections 4 (c¢), (d) and (e) below.
q 1

(¢) Dopaminergic  Influences

The use of apomoﬁhine in establishing the neur\?nal control of adrenar

i

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

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

»

central dopamine receptors. That a dopaminergic system may be important is-
evident from the work of Beuning and Gibb (1974). Methamphetamine, a drug
which releases brain dopamine, increases adrenal TH activity; howéver, whenl

»

' haloperidol, a dopamine-receptor blocker, is given,in cgmbination with
methamphetamine, the/i,ncregse in TH is diminished by about 50 per cent.
Administration of the dop/;hne-recemor agonists piribed.il, bromocryptine
) - , as well as apomorphine cause an *‘increase in ATHA which is also attenuated
by prior injection of haloperidol (Quik and S;)urkes, " 1977). Furt“h’ermore,f
whén L-DOPAﬁ, is adminigtergd together with carbidopa, a peripheral

decarboxylase inhibitor, in order ‘to increase the brain concentrations of

dopamine, there is a highly significant increase in enzyme -activity (Quik

and Sourkes, 1\977L). ] - -
Adrenomedul lary ODC (amODC) is also ir:}cgd after repeated
¢ ° administration of dopa/mine—re;:eptor agonists such as apomorpﬁine\and
piribedil' (Almazan et al’,, 19.82a; Ekker et al., 1984). This increase is

%{ o
( dose~-related for both drugs and time-dependent for apomorphine (Almazan et
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al., 1982a). Pre-treatment ;f the rats with haloperidol blocks the
induction of t.:he enzyme elicited byuapomorp.hine (Almazan et= al., 1982a).

- Unil'atera\ﬂ splanchnitotomy, section of the spinal cord and transection of
the diencephalo'n re§ult in ; decreasé in the responsiveness of amODC to
apomorphine. These obser‘;ations strongly suggest that this enzyme is'
regulated mainly’by a central syst?m, originating primarily in the
diencephalon‘—tel_encephalon region anld including’ a facilitatory dopaminergic
component L(Al;naza'n et al., 1983b). B

The inductive effect of apomorp/hine on:TH i%¥ also centrally mediated,

0 -

inasmuch as section of-the splanchnic nerve (Quik and Sourkes, 1976) or

~

1

transection of the thoracic spinal cord (Gagner et al., 1983) results in
abolition 6f the apomorphine-induced increase in enzyme activity.'

In an attempt to pinpoint further the supraspinal dopaminergic-centre’
,iontroliing) these adrenal enzymes/, the induction of the activities of ODC
and TH by apomorphine was exa?ined in anima’ls also receiving antagoﬁists
that act ﬁréferentially on different dopaminergic systems of thé brain
(Creese, 1983).' The drﬁgs chosen were metoclc;pramide and thiorid.az'ineJ two

blocking agents that act primarily on the A9 (striatal) and AlO (mesolimbic

and mesocortical) dopaminergic systems of the brain, respectively.

4 '

Mé.t:oclop_ramide impaired to “a"largf extent the apomorphine-induced increase
‘in ODC and eilmpst completely blocked the induction of TH by apomorphine.
In cont‘rast,‘ thiori“.dazi"ﬁe: did not prevent the induction of either —enzyme by
;pomorphine. These ;e'sults (Ekker and Sourkes, 1985a) suggest, that it is™ .
the stimulation of DA receptors in the striatum that is responsible for the
apomorphine-elicited induction offadrenal ODC and ﬁ. The neura} mechanism

by which activation of the nigrostriatal dopaminergic ‘.Lstem (A9) results

+

-

i
in changes in adrenal enzyme activirty remains to be determined and was one

- - { I

[y
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(5‘3 . . (d). Serotonergic Influences A

. [\
of the aims of this thesis. ‘

°
5
¢

:I'he results of many experimenli:s have implicated the neurotransmitter
serotonin (SHT'), not only in the regulation of THO and ODC, but in the
regulati.on of DBH also. A role#i‘:'or‘a serotoneréic system in the control of

-/‘ these adrenal enzymes is based on re‘;ults from ‘'studies using drugs or

¢

/ i surgical procedures which can alter the le\!g).,s\o{ endogenous serotonin. A

1
@

brief review of some of these studies follows.

. The administration of the tryptophan hydrroxy;lase inhibitor p-
chlorophenylalanine (PCPA), which leads to 4 decrease in l'ev"el,s of
.« endogenous serotonin, results in increasing adrenal TH ac ivity (Breese et
*al., 1974). 'The intraventricular injection of the |neurotoxin 5,7~
dihy'droxytry‘ptami’ne {(DHT) causes the destruction of serotonin nerve
'terminais ami, hence, the loss of much of the serotonin stores; this also
resul;:spin a large increz:se in adrenal TH (Quik and Soou’rkes, 1977).
Splanchnicotomy abolishes tge effect 'of DHT on TH-activity, thus
illustrating theu neural mediation of this effect ron TH., .Furthermore, the
DHT-elicited increase in TH can be partially prevented by administration of
L-5~hydroxytryptophan (in combination with the peripheral decarboxylase
_inhibitor cahrbidopa) (Quik and Sourkesi, 1977). Serotonergqic blockade by
the ceantrally acting SHT antagonisé methiothepin also produces an increase'
in adrenal TH activity (Quik and SWS, 1977) To determine w.h”ether
control of edrenal 'I’H activity by a serotong’i'gic system‘could be localized

-

to a specific brain region, the effect on TH *activity of el.ectrolytic

~

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

Such experiments (Quik et al., 1977) show that an °increase in the activity

C is obtained when ' the medial 'but not dorsal raphe nucleus is lesioned.

~
i
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Furthermore, lesions of the me'dia~1 raphe.nucleus (MRN) resul tﬁ\?i‘i;“‘ anly a
modest'reduccion of brain SHT in cm‘npariso'n with lesions of the dorsal
raphe . nucleus (DRN). This fmplies that the MRN exerts a tonic i'n.hib‘itory
itjflu'ence on'tl;e transneuronal induction of TH, a conclusion which is
consistent with the 'prev‘ious work with PCPA and DHT. In-the case of TH,
there ‘seems to be a tonic serotonergic input to the adrenal .which 1is
inhibitory in nature.

Unlzfcjé TH, amOlDC activity is not affected by cerebral serotonir;
deplﬁetors or by lesions of the MRN (Alamzan et al., 1982b). However, all

L

the™ treatmen't{, described above can effectively potentiate an apomorphine~
imduced increase in OgC activity., It is also of i\nterest to note that the
S5HT antagonist methiothepin given alone can spontaneously increase the
regsting levels of ODC in the absence of apdmorphine (Ekker et al., 1984),

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

suggest that a serotonergic pathway, originating in the MRN, exerts an
° "

-

<

inhibitory influence over at least the apomorphine-elicited induction of
amODC activity.

A se\rotonergic regulatory mechanism has also been sought for the
noradrenaline-producing enzymei DBH., Administration of reserpine to rats
causes a time~dependent increase in adrenal DBH activity (Lim:\}qd Sourkeé,
i986a). Because reserpine is known to .nterfere with the vesicular storage
of monoamines and thus(diminislh their endogenous levelé in the brain, it
seemed of interest to determine whether She dction of reserpine in DBH
activity is mediated specifically via a serotonergicoor by some other
pathway. Lima and Sourkes (1‘9863)\found that administration of DHT or
PCPA, or introduction of a lesion of the MRN, all of which deplete cerebral
5HT stores, does not alter the control values of DBH actiVity,ﬂfut they

1

— ‘
potentiate reserpine., Conversely, serotonin agonists giwen to reserpinized

o
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rats ‘diminish the increase in DBH activity, althougehg by themselves they do
(Eg —( not modify adr.:eﬁal DBH activity. The studies described above for DBH are

consistent with the theory developed from the ‘earlier work on TH (Quik and
; . Sourkes, 1977) and amODC (Almazan et al.,” 1982b). All three of these

: adrenal enzymes seem to be influenced by a central serotonergic regulatory

N

»

system which is inhibitory in nature,

(e) Cholinergic Influences_,

i The cholinergic system's influence on adrenal enzyx;xe activity has
previously been investigated. Oxotremorine is a potent, direct stimulant
of muscarinic receptors, devoid of nicotinic activity and it also elé’vates
central _acetylcholime (ACh) levels (Koelle, 1975; Nordberg, 1978). This
centrally active muscarinic agonist increases the activity of tyrosine
hydroxylase in the locus coeruleus of rat brain (Lewander et al., 1975);
this change in enzyme activity is due to enzyme activation. This agent was
subsequently shown to effect an incr'ease in adrenal TH activity also
(Lewander et al., 1977). The increase was dose-dependent, peaking at 1.5
mg/kg. The response occurred in adrenal medulla within 4-8 hours, reaéhi%g
a peak tesp;mse at 16 hours. The increased TH activity persisted up to 2
weeks, ;I'he inductivg effect was abolished by denervation of the splanchnic
nerve, indicating that the increase was t:ransyna;ptically mediated (Lewander
et al., ’1977). Immunotitration with anti~TH serum dem.onstrated that the
increase in enzyme activity in the adrenal medulla is due to an actual
increa!e in the amount of enzyme protein. Administre}ti% of centrally

t

acting muscarinic antagonists such as atropine was able to block the

-

oxotremqrir‘ie-elicite’d' increase in ATHA whereas methylatropine, which
penetrates the blood~brain barrier poorly (Witter et al., 1973), was unable

i ~ .
C to antagonize the inductive effect. Thus, blockade of peripheral
‘ >
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muscarinic sites exclusively does not interfere with the oxotremorine-
»

elicited induction. That methylatropine does not affect this process is in

agreement with the views of Guidotti and Costa (1977), who maintain that

~

the transynaptic induction of ATHA operates only through the nicotinic
' M 2 .
receptors of the adrenal gland. Experiments carried out by Gagner et al.

(1983) confirmed the inducttve effect of oxotremorine on this adrenal
» % .
enzyme, Furnthermore, pilocarpine, a muscarinic agonist with central

5]

actions (Zablocka and Esplin,i 1963), also induced adrenal TH (Lewander et
al., 1977). In summary, the abovelobservations suggest that the

cholinergic system does regulate adrenal TH activiﬁ. Jhe site of action

©

of gxotremorine in 'initiating this choli,nefgic effect on the adrenal
appears to be central; moreover, work in this l\abéra‘tory has localized this
site to Qsa supraspinal level (Gauthier et al., 1979; Gagner et al., 1981).

‘ Evidence for a central cholinet{gic, mechanism regulating the induction
of medullary ODC was first put forward by Russell and Byus (1976). In this
laboratory (Ramirez-Gonzalez et al., 1980), oxotremorine brought about a

2

large increase in amOD;Z:, starting after 30 minutes and remadining evident up
~

to at least 4 hours after in;jectfon. This stimylation of medullary ODC is

blocked by section of the spinal cord (4t the level of the 5th thoracic

vertebra) as well as by severirﬂggﬂgh&@'ﬁanchnic nerve (Ramirez-Gonzalez et

al., x980). Hence, these i‘esults are consistent"with the evidence for a

transynaptic induction of amODC through cholinergic stimulation proposed

earlier (Russeil and Byus, 1976).

(f) Regulation of ODC vs. TH: Similarities and Differences
A great deal of work in this laboratory has been directed toward the

contrel mechanisms that regulate the activity of adrenal enzymes,

~

particularly ODC and TH. These two enzymes have quif:e different functions.

k)
l )
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Nevextheless, the study of their induction may shed 1ight:K’ﬂn the .
4 2

Aifferential effects of various stressors.

° 3

One ma“jor difference between ODC and TH lies in the time-scales of
their respective inductions. The induction of adrenal TH requires a

transcriptional stage of 18-24 hrs. and a translational stage, reqﬁiri_ng an

.

additional 24-36 {hours (Otten et al., 1973). This siggests that a |

significa'nt increase in A is elicited on the third day of treatment with
an inducing agent. This is ind:eed the case with apomorphine, as long as
the treatment is maintained over the three~day .period.,’ It should be
pointed out, »howevder, that small .yet significant increases are discernible
ever'x nat: the end of the first day (Quik and Sourkes, 1976). By contrast,
just two injections of apomorphine are sufficient to generate large
increases in amODC activity within hours (Almazan et al,, 198A2a).
Furthermore, insofar as the apomorphine-elicited induction is concerned, in
the case of 0ODC, ’;:l'}e aetivity of the treated group is several times greater
than contro® levels wh;areas for TH t;he apomorphine only causes a doubling
of cont‘rol levels.

5 :lIn\ the preceding sections, the effects of various forms of stress,

“\
including pharmacological stimulation, on amOPC and TH have been briefly
|

described,  Because of the . many similarities between the responses of these

two enzymes, their respective Lcentral regulatory mechanisms may be related.

Adrenomedul Iary ODC and TH are -both induced by physical stressors such as
cold exposure ‘(Thoenen, 1970; Byus and Russell,, 1975) énd immobilization
(Kvetr‘ﬁnsk{ et al., 1970; Ramirez—Gonzalez et al., 1981). Both O?C and TH
are induced following the administration of \apomorphin.e (Quik and Sourkes,
1976; Almazan et al,, 1982a). ‘Quipazine,ghich is belie\;ed to hav;e a
dopamine~like action (Ekker et al., 1984), has also been shown t;o have an

~ . -a
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inducing effect on both TH}(Gagner et al., 1983) and amODC (Ekker et al.,

o

1984). Thus, both enzymes respond similarly to dopaminergic stimulation.

/Intact innervation of the adrenal medulla by the splanchnic nerve is

essential for the induction of ODC and TH following dopaminergic
. ) .

stimulation (Quik and Sourkes, 1976; Almazan et al., 1983b). The net

Q

inhibitory role of serotonergic fibres originating from the MRN on the

in%pction of thée two enzymes by apomorphine has been described in this
laboratory (Quik and Sourkes, 1977; Quik et al., 1977; Almazan et al.,
1982b). The tfansneurona; cholinergic stimulation by oxotremorine

represents yet another similarity in the mechanisms of control of amODC and

0
@

TH (Ramirez-Gonzalez et al., 1980; Lewand§r et al., 1977).

Studies héve been made to localize the central site of action of
apomorph}ne in the induqtiog of amODC and TH. This work has involved
surgical lesions of parts of the brain orﬁspinal cord (Gagner et al.,, 1985;
Almazan et al.,, 1983b). Using a pharmacological approach, Ekkér and
Sourkes (1985a) have presented evidence‘indicating that the neural
impulses, éesulting from apomorphine administration and responsible for
inducing both TH and ODC, emanate from the striatum.

Acetylcholine liberated by the splanchnic nerve terminals on the
chromaffin cells of the adrena; medulla is generally acceptéd as the first
messenger in induction bf ODC and TH upon neural stimulation. Cyclic AMP

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

adrenal enzymes (Guidotti and Costa, 1977; Byus and Russell, 1976).

2; GABAergic Effects in the CNS

(2) @ABA-Serotonin Interactions /”/
Studies have been carried out to determine whether the 5HT~contéining

neurons of the midbrain raphe nucléi.are subject to _inhibitory control by

4

o
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G;\BA. It has been shown that inject‘ion of the GABA antagonists bicuculline
and picrotoxin (in sub-convuls‘ive doses) into the MRN increase the SHT
turnover in rat hippocampus. The hippocampus was studied ‘because -its
serotonergic innervation is derived primarly from thetedial raphe nuclel
(Bobillier et al., 1976;.Pierce et al., 1976).‘-Converse1y, administration
into the MRN of GABA agonists decreases the 5HT turnover (Forchetti and

Meek, 1981). . The effects of the GABA antagonists were virtually blocked

when administered together with muscimol. Furthermore, diazepam, which as °~

a benzbdiazepine potentiates GABA, was able to potentiate the reversal by

>
muscimol of the picrotoxin-induced 5-HIAA increase (Forchetti and l‘geek,

~198l). These expe‘riments do not distinguish which types of GABA neurons

4

specifically control 5HT firing, but the abi—lity of GABA agonists and

H

antagonists to decrease or increase, respectively, the turnover of 5HT
suggests that an inhibitory GABAergic influence exists and it 1is perhaps

- I
tonic in nature.

. N\ X
Investigators using ih vivo different‘ial pulse voltammetry have found
that the anatomical site of the GABAergic influence on serotonergic

transmission in the rat (Scatton et al., 1984) is at the level of the

dorsal raphe cells, the source of striatal serotonergic afferents (Azmitia

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

raphe nucleil are the anatomical sites for the GABAergic influence on
3 .
cerebral serotonergic neurons {(Nishikawa and Scatton, 1985). TFor example,

»

injection of GABA, muscimol, SL75102 or GVG into the DRN significantly
-

reduced 5HT synthesis in striatum, olfactory tubercle and substantia nigra,
2>

areas which receive serotonergic afferents mainly from the raphe dorsalis

Iy

(Azmitia and Segal, 1'978). Similarly, injection of these drugs into the

.

MRN diminished 5HT syntﬁesis in hippocampus and septum, regions which

receive their serotonergic innervation from this nucleus.

-
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Experiments similar to those described above have been carried out by

o ' Pidier and his coworkers (Didier et al., 1985) to determine the
pharmacological effects.of GABA-related drugs on the serotonin and 5-HIAA

i

" contents of various brain regions. The GABA agonist muscimol increased the

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

>

serotonergic terminals. This sﬁ;gests an iphibitory effe;t of GABA on
firing of 5HT néurons and a Lifl\u'ction of\ SHT ugilization. Conversely,
bicuculline stimtrlatéd SHT turnover since its administration produced
' sign;ficant increases in 5HT and 5-HIAA levels (Didier et al., 198‘5). These
data are in agreement with a transynaptic inhibitoryq control of GALBA on
5HT neurons.
In addition to studies in vivo, Mennini et al. (198é) have conducted
in vitro binding st@ in an attempt to localize GABA receptors on
b serotonergic neurons. After the selective destruction of SHT-containing
neurons with DHT, the binding of the GABA-A receptox: agonist muscile and
the GABA-B receptor agonist baclofen was investigated in various rat brain
regions. [3H]Muscim01 binding was redt;ced only in the mesencephalon
(midlarain) whereas [JH]baclofen binding v:as unchanged i all regious
‘cc;nsidere’d. These results suggest that GABA receptors mgy be localized on
serotonergic terminals only in the mesencephalon, and furthermore, these
récgptors could only be of the GABA-A type.
) 5 Thus, a great deal of work has implicated the involvement of GABA in
| the regulation of central serotoneréic transmission. This influence of
éABA seems to be inhibitory in nature and localized to‘the midbrain
regions, particularly tanterior raphe nuclei (MRN and DRN). However,
tI;e fact that GABA influences 5HT in the MRN dc;es not imply that tl:hese two
O neurotransmitter systems jointly interact in the further regulation of
) "
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diminished release of ACh;

»
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adrenal enzymes,’ as 1s known for the MRN itself. Nevertheless,/ghis
. Id

conceivable interaction tig.intriguing, and exp'eriments have been designed

in the course of this thesis to investigate this possibility.
A

(b) GABA-Cholinergic Interactions

_Work in this laboratory has localized the central cholinergic
regulation of adrenomedullary enzymes to a supraspinal level (Gagner et

a],/., 1981; Ramirez-Gonzalez et al,, 1'980). Our attention.then turns, in
i -’ ’

the first place, to the striatum, This structure contains the highest

levels of acetylcholine (ACh), choline acetyltransferase (CHAT), ACh

esterase, high-affinity choline uptake activities and muscarinic receptor

1

sites in the central nervous system (Scatton, 1987). The cholinergi)c:/

activity in the striatum is limited to intrinsic cholinergic neurons/;md
* /

these account for between 1% and 2% of the total striatal neuron pogu’iation
/

(Lehman and Langer, 1983). These nerve cells appear to play aq//important

/

functional rol(e in extrapyramidal motor functidbn and in doing so, they
interact with various other central neurotransmitters. For example, thé
dopamine-ACh balance appears to be a major mechanism-involved in

controlling the extrapyramidal system (Scatton, 1987). A

<

" GABAergic neurons are also able-to regulate striatal cholinerg’ilc

Lad

activity (Scatton and Bartholini, 1980a). A great deal of ewvddence
suggests that GABA exerts 'an inhibitory control over striatal cholin‘érgic

interneurons. This conclusion is based on the following observations

"(Scatton and Bartholini, 1982): -

The systemic administration into rats of GABA rec'ept:or,iagonists (e.g

progabide or muscimol):

L]

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

a

a decreased activity of striatai cholinergic cells and, therefore,
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(2) reduces the syntHesis of ACh from pyruvate ig striataI\éliceﬁ; and

(3) diminishes the rate of—utilization of striatal ACh afte£ infusion
of hemicholinium—é(a choline upéake inhibitor) into the striatum. The
increase of striatal ACh levels is not linked to alterations in CHAT or ACh
esterase actiViiy, ;s these enzymes are not affected by _GABAergic
substances. Also, the decrease in KC% turnover is not c03£;:§ed toka
reduction in éhe amount of choline available foé ACh synthesis, as
GABAergic\agents do not influence the striatal levels and uptake of
choline. All in all, these data (Scatton and Bartholini, 1982) indicate a
reduction of striatal ACh turnover by GABA agonists. Thus, a GABA input
may be ipvolved in the regulation of the activity of striatal cholinergic
cells, andhthe inhibitory influence is most probably mediated by
intrastriatal mechanisms. This view is supportgd by the fact that
intrastriatal infusion of muscimol or GABA increases ACh concentrations in
striatum (Scatton and Bartholini, léSOa). Furthermore, intrastriatal
infusion of picrotoxin reduces striatal ACh levels and antagonizes the
" increase of striatal ACh concentrations caused by a systemi; injection of
muscimol. Finally, GABA reduces thé‘ACh release evoked by potassium in
perfused striatal slices (Stoof et al., 1979).

The inhibitory ggtion of GABA on striatal cholinergic neurons does not
seem to involve doﬁhminergic méchanisms(%éatton, 1987). GABAAm;metics
cause a similar elevation of striatal A#h after chemical or surgical
lesions of the nigrostria;al dopaminergic thhway or afper pharmacological
alteration of the activity of dopaminergic neurons by apomorpﬁine or
neuroleptics (Scatton and Bartholini, 198j:, 1982). 'fhus, the GABAergic

t

effect on ACh levels in striatum is independent of the integrity:of the

-

nigrostriatal pathway. ‘ ) .
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' Because the striatum con;:aiins a dense population of GABAergic

- interneurons (McGeer and McGeer, .1975) and because GABA /effect on ACh is
G - independent of the nigr;:striatal dopaminergic pathway, it is possible that
these dABA neurons interact directly with'cholinergic nerve cells.
However, the GABA influence on cholinergic neurons may also be exertéd
indirectly by modulating the activity of the c;)rticostriatal tract.,

Indeed, lesions of the corticostriatal projections, which are glutamatergic

in nature (McGeer et al., 1977), ;lmost completely aﬁolisti‘ the increase in

o striatal ACh 1levels elicited by GABA analogués administered systemically
(Scatton and Bartholini, 19805). Accordingly, the GABA—mediated\' inhibition

of striatal ACh neurons may result from the stimulatipn of GABA receptors

located on excitatory glutamatergic afferents to cholinergic. iﬁtern;aurons:

an ingreaée in GABAergic transmission 'would reduce excitation by glutamate

of striatal cholinergic neurons and thus lead to a decrease in ACh turnover

- (Scatton, 1987). .
o

In addition to the intras‘triatal inhibitory GABA control, the
‘cholipergic neurons also appear to be under an indirect faocilitatory
GABAergic influence mediated by nigrostriatal DA neurons. Systemic
administratlion of pig:rotoxin increases :-3t:riata%T ACh levels, and this is
depender;t on the integrity of the nigrestriatal dopaminergic pathway (Javoy
et al., 1977; Ladix]zsky et al., 197‘6). Since DA neu.rons receive

striatonigral inhibitory GABA projections (Fonnum et al., 1974) and, in

turn, tonically 1nh?}{t striatsta:l ck_xolinergic neurons ‘(Barthplin‘i and
Stadler, 1977), activation of.GABAergic fibres is expe;:ted to r;duce the
inhibitory dopaminergic input on cholinergic cells, thus yieldi‘ng an
increase in ACh turnover. However, the reduced ACh turno;zer observed with

GABA analzgues indicates that this indirect GABAergic facilitatory

3 R
¥
c - influence on striatal cholinergic neurons .is only of minor importance, the
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iu{astriatal inhibitory GABA influence prevails. ,
Hence, there seems to be a discrepancy regarding the GABAergic
influence on cholinergic transmission, On the one hand, GABA facilitates'_’

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

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

also effect a reduction in striatal cholinergic transmission in°a DA-

independvent manner, Yet this differential GABAergic effect can be
explainéd by. the fact that the threshold dose of progabide or muscimol
needed to inhibit choliﬁergic neurons is much lower than that reducing the
activity of the nigrostriatal dopaminergic system (Scatton et al., 1982).

Thus, the predominance of the GABAergic inhibitory influence is attributed

N

to ‘the high sensitivity of cholinergic cells to GABA agonists relative to

DA cells.’( ) ' -

<

The information preseri‘ted in this section suggests that there are

s

extensive interactions between GABA and ACh in the striatum. The fact  that
the cholinergic regulation of adrenal enzymes is supraspinal (Gagner et
al.,, 4981; Ramirez~Gonzalez et al., 1.980), ‘taken togetlier with ;né fact .
that the striatum contains the highest levels\of ACh and its' associated
enzymes in the CNS seems to imply thatath,e cholinergic nerve impulses
controlling adrenal enzyme activity emanate.from this cerebral structure.

Consequently, it seems f:easonable to postulate that the GABAergic influence

on striatal cholithergic transmission plays a role in the oxotremorine-

elicited increases in adrenal enzyme activity. 1In the course of this

°

research, experiments have been carried out to determine 1f, in fact, GABA

and AC{» interact insofar as adrenal enzyme regulation is concerned.

-

(c) GABA-DA Interactions

-~

Research on the interaction between-dopamine and' GABA was initially
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concerned with the putative, regul.atory activity of the inhibitory

¥ .

transmitter GABA on dopamine systems. This work v;as believed to have

¥

potential clinical value, possibly resuiting in an additional treatment of
schizophrenia (Christensen et al.,, 1980). At present, it seems that

several GABAergic mechanisms are directly ‘e\tnd indirectly involved in the
3 (3 ’
regulation of the activity of the dopamine systems (Scheel-Kriiger, 1986).

The nigrostriatal dopaminergic pathwgy is an ascending projection, \

1A

passing from substantia nig{a in the midbrain to the corpus striatum in®

a

the' forebrain. It 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 receptc;rs £Campochiaro et al., 1977) and 2)
nigral cell body receptors (Ribak et al., *197?). Most of these GABAergic

processes emanate from the striatum and globus pallidus and project to the

a

dendrites of dopaminergic neurons in both the pars compacta,kand pars

-

reticulata of the substantia nigra (Fonnum et al., 1974; Hattori et al.,

1973; Hattori et al., 1975). The relative roles of these receptor
.populations in GABA-DA interactions is -as yet unclear, but the mere
existence of these distinct receptor groups suggests an inherent c'omplexity

in these neurotransmitter interactions. - -

w Most, bioshemical studies suggest that GABA exetts -an inhibitory
' control on the nigrostriatal dopamine systems (Wood, 1982; Bartholini,
1980). TIndeed, Dray 'and cSworkers (1976) ‘demonstrated that GABA inhibits

the firing of' cells in the pars compacta of the rat; and Chgramy et al.
,\ - - r
- (1977a) showed that the nigral application in-the cat of the GABA

P

antagonist picrotoxin stimulated the release of labelled DA in the caudate

nucleus. GABA receptor agb}lists such as .muscimol or progabide decrease the

‘

Gg activity of dopaminergic neurons- in the striatum., These substances, when

dn
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applied systemically (Scatton et al., 1982; Bartholini et al., 1979):

1) reduce the rate of disappearance of DA following administration of

2

alpha-methyl-p~-tyrosine.

2) block the accumulation in vivo of DOPA after inhibition of L-
-4 .

aromatic amino acid decarboxylase.

Ly

3) prevent the in vitro formation of 14002 frbm L-[l-14C] tyrosine in
- o R}
tissue slices, this effect being opposed by picrotoxin.

'4) decrease the levels of 3-qgthoxytyramine, an extraneuronal

Q"~a,,gi""fg;‘:et:abo1it:e of DA. -

. - These effeétg are particularly evident when the DA neurons aré
\ .

activated by neuroleptics. The data clearly indiZate that GABA—recgptor

stimulation reduces both striatal DA synthesis and release. Furthermore,

-

. \
DA release in vivo (Bartholini and Stadler, 1977) and because the

int;hnigral'administration of picrotoxin enhances DA release in the
striatum (Ch€ramy et al., 1977a), it is likely that the GABAergic

inhibitiom of nigrostriafal dopaminergic transmission is effected by

activating GABA _receptors localized on both somatodendritic (i.e. nigral

! Q "—-*-/ 2
cell bodies) and terminal (i.e, striatal) areas of DA neurons. This

direct, inhrbitory striatonigral GABAergic ;nfluence on the nigrostriatal
DA pathwd§/

While the existence-of the sq;iatai "feed-back loop"” is well

is often referred to as the "feed~back loop"“.

-

. established, there are nevertheless regioﬁal differences in the degree of

the GABA—inducéa inhibition of dopaminergic transmission. For example, DA

™~ . ~
turnover is reduced in the striatum and limbic areas such as the septum and

nucleus a bens”’ but not in other DA-rich brain areas (e.g. cerebral

cortex, brainstem, oléactory tubercle and hypothalamus) (Scatton et al.,

4.

e 37

because GABA added to the perfusion fluid of- the caudate nucleus inhibits



> ' . PR - ' ‘ »
N t - .
75 ’

‘1982). bic;reever, stz;iatal dopaminergic neurons are.more susceptible to
C GABAergic iphibition than limbic DA neurons. This differentiﬁal,,
sensitivity, the rea;i)t'ls»for which are not ye‘t undersfood, was o}:,?’:rved
with both progabide (Scatton et al.,al982) and Quscimol (Scatton et al., |
‘ 1980). ’ B
AR . In accordance with its inhibitory effect on DA neurons, GABA-receptor

agonists also downregulate DA transmission by controlling the number of.

‘. receptors. It has been shown that repeated treatmeng‘ with neuroleptics

-causes an increase in DA receptor density, as demonstrated by the increase

¢ -~

in [3HJ spiperone~binding sites in the rat striatum (Burt et al., 1977)..
However, the gonjoint administration of progéabide and haloperidol prevents
the neuroleptic-induced supersensitivity of the rat to apomorphine (Lloyd

et al., 1981). Thus, GABA has an additional function in the control of DA

%
transmission: it regulates DA-receptor density on postsynaptic cells.

Although the bulk of work in this field suggests an inhibitory role
for GABA in the nigrostriatal DA system, some authors have argued that,

under certain experimental ‘conditions, GABA may promote DA release. GABA,

muscimol and GOBA -stimulated the release of 3u-pa in the caudate nucleus
when&troduced for 15 minutes into a §_uperfusion me’dium‘; however, the

v initial stimulation of 3H-DA release was folléwed‘ by ah inhibition of
B " 4

transmitter release when GABA was introduced for 60 minutes (Ch’e’ramy et

al,, 1978). The unexpected stimulatory action of GABA and other GABA

A s e
agonists might be aftributed to their effect on non-dopaminergic neurons,
- Q

'

Inhibition: &f nigral inhibitory interneurons which directfly contact the

1 -
dopaminergic cells could lead to an é‘Etivation of the dopaminergic pathway.

These fnterneurons could be,glycinergic (Ch'é'ramy et al., 1978), as the

~

/ nigral application of glycine reduced 3H-DA release in the®caudate nucleus

c (Chéramy et al., 1977b). Which GABAergic -effect p_redomina‘f:es, excitatory..
;-
8
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or inhibitory? Chgramy and coworkers (1978; have ‘i:-vos‘tulated that the
direct inhibitory influence 1s preferentially involved wh;n DA neurons are
in an activated state since inhibition of DA release by GABA followed an
initial stimulation of the dopaminergic pathway. This theory would be
- consistent with the éntagonistic effef:t: of muscimol on tl-me neuroleptic-
induced stimulation of striatal DA turnover (Gale and Guidotti, 1976).

The Eomplexity of GABA~DA interactions is further iliustrated in
experiments by Reimann et alg (1982), who showed t};at GABA can both prevent
and facilitate DA release in the cagdate nucleus of the rabbit; the
determining factor was the presence or absence of nipecotate, a blocker of
GABA uptake in both neurons and glial cells (DBowery et al., 1976; Schousboe
et al., 1979), in the medium superfusing the striatal slic‘es. It seeas
that the facilitatory effect of GABA can be suppressed by inhibiting
cellular uptake of GABA into dopaminergic nerve terminf-.lls. It may be that /
the increase in‘DA release requires entry of GABA into dopaminergic axons
and perhaps an action on the neurotransmitter storage granules (Reimann et
al., 1982), Alternatively, becau’se the inhibitory effect occurs in the
presence of nipecotate, it could be mediated by a receptor on the cell
membrane of the dopaminergic neuron (Reimann et al.,, 1982). However; io )
these studies, unlike previous reports in the literature (e.g. Che’ramy et
al., 1977a), picrotoxin and bicuculline had np effect on DA release., Thus,.

the inhibitory receptor mechanism theorized by Reimann et al. (1982),

resembles that described by Bowery and coworkers (1980), il.e. an action of .

1

GABA at a novel (GABA-B?) receptor site.
Muzh lesbs9 attention has been paid to the possible effects of DAergic
drugs on the turnover of brain GABA. However, {f the striatoniygral

GABAergic feed-back tract 1is monosynaptic, then a stimulation of post-

r—e,
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synaptic DA receptors in the striatum should increai the GABAergic

activity in the subostantia nigra, The systemic administration of
apomorphine or DAi receptor antagoni"s“ts such as haloperidol ‘and clozapine
did not change the accumulation or the disappearance ofycABA in the
striatum and substantia nigra of the rat (Lindgren, 1987). In contrast to.
these findifgs, other studies indicate that DA exerts an inhibitory action
on GABA release grom -rat striatum ®Wan der Heyden et al., 1980a). This
inhibition was also s-:e_n in tt:: rat sixbstantia nigra (Van der Heyden et

al., 1980b). To complicate matters even further, in vitro studies with

slices of substantia nigra revealed that the addition of DA gtimulated the

M

release of JH~-GABA (Reubl et al.,, 1977)., This dopaminergic fa.cilitatory
effect was confj:med with in vivo studies, where the release of endogenous
GABA was measured using a push-pull cannula (Van der Heyden et al:, 1979).

Clearly, .GABA and dopamine have extensive interconnections in the A9
region and their individual actions_are inextricably related. Thus,
insofar as the neural regulaz:ion of. adrenal enzymes is concerned, it may
well be that what was hitherto considered a DA-mediated phenomenon is in
fact a combined GABA/DA-elicited effect. In this regard, a serles of
experiments are described in'this thesis in an attempt to deiinéabe the

\

roles of these two neurotransmitters systems in the induction of TH and

oDC.

(d) GABAergic Effects on DBH

Central-muscarin.ic activity plays a role in éhg regulati‘on of TH, DBH
and 0DC (Lewander et al., 1577; Ramirez~-Gonzalez et a;l., 1980). Beca‘use
GABA blocks the activity of cholinergic neuron; in the striatum and
elsewhere (Scatton and Bartholini, 1979, 1980b) and GABA agonists such as

progabide and muscimol diminish the rate of turnover of brain acetylcholine

40
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(Sca'tton and Bartholini 1980a, 1982), 1t was considered &\orthwhile to

study the effects of GARAergic drugs on the oxotremorine—elici\;ed induction

< - . \
of adrenal enzymes, This has already been done with respect ‘\t\:o BBH (Lima

and Sourkes, 1986b). ’ \

Progabide, a synthetic substance which acts as a GABA-A and GABA-B

- *
LW, significantly decreases the effect }f oxotremorine on \DBH; this

effect seems to be mediated by GABA—A r;[e_;:;rs, because bicuculli‘g\le blocks
the action of progabide on the induction of adrenal DBH by oxot;remorine
(Lima? and Sourkes, 1986b). Other C;ABA agonists, such as muscimol, gamma-
vinyl GABA (GVG) and baclofen were also tested. Muscimol, a‘\‘GABA-A
agonist, decreases the resting activity of adrenal DBH but do;s not
significantly impair the action of oxotremorine. Infusion of muscimol into

Pe

the brain at a small constant dose produces a great decrease in adrenal DBH

?xivity and this suggests that muscimol has a central action (Lima and

0O -

Sourkes, 1986b). These results support the possibility of a central-

inhibitory pathway that involves GABA as a neurotransmitter and affects
adrenal function. A general inhibitory effect of GABA on tonic stinfulato‘ry
pathways that maintain the resting levels of adrenal DBH is yet anbthe\\r
possibility, Because baclofen, a GABA-B agonist (Hill and Bowery, 1981)
mediated by GABA-A receptors,

The above observations sugng{est that GABA plays a role in the
regul;tion of DBH, thus 'setting a precedent for the use of GABA in the
study of adrenal enzymé regula{:ion, paurticularlgf for ODC and TH in this

-~ L] :f

thesis. !

(e) Local V§. Central Effects ég GABA N

The neurotransmitter substances that effect changes in the activities
' . Lo !

A

Ay )4;
h v 41 . T

had no effect on adrenal DBH activity, the GABA actions are probably[
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of ODC or TH have hitherto all been shown to act via central mechanisnms
5
(see sections 4. (c), (d), (e)). Because GABA 1is a Jubiquitous

neurotransmitter in the CNS, it 1is possible that'any effect that St might

great deal of evidence suggests' that there are extensive GABAergic
influences in the periphery; in partiéular, GABA plays a role in the

calcium-dependent secretion of catecholamines from the adrenal medulla

v
r

(Sangiah et al., 1974). \ . ,
The chromaffin cells of the adrenal medulla specialize in.the
production, storage and secretion of CA. These processes are modulated by

nicotinic receptors located in chromaffin cell membranes and are innervated

by splanchnic cholinergic axons. This, however, is too simplistic a view
of‘ the neuronal modulation of adrenal medullary function. istochemical
and biochemical studies demonstrate that GABA, GAD, GABA-transaminase and a
GABA-benzodiazepine reéeptor complex similar to that found 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 bicuculline. Moreover, chromaffin cells in culture contain
GABA uptake, storage and release mechanisms similar to those in brain. 1In

édditionf” to the GAD-positivé immunoreactivity of chromaffin cells,

immunocytochemical analysis (Kataoka et al., 1986) suégests that GABAergic -

fi‘b;esﬁreaclix the adrenal medulla 1In association with the terminals of the
splanchnic_ nerve. -

Functional ly, GABA receptors on chromaffin cells modulate the ACh-
induced release of CA. By means of a tschnique of perfu;sion of the adrenal
gland [thus eliminating central effects of drugs or their metabolit.es on CA
release (Hilton et al.,, 1958)], it was shown t?ft GABA-mimetic drugs cause

4

} ‘
C - the release of CA into the circulation, whereas a GABA antagonist reduces

42
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the CA content of adrenal effluent blood (Kataoka et al., 1986). The

magnitude of this release is comparable to that obtained by maximally
] 4 T

efficient electrical stimulation of the splanchnic nerve. The increase of

%

the CA content in adrenal effluent bl<\)od elicited by muscimol oxr THIP, two

1 '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 the blood-brain barrier>(l(ataoka et al., 1986). The data s\l{ggest

that the CA release elicited by GABA or other GABA-mimetics‘is not the
'consequence’ of an activation of transynaptic mechanisms but rather the
result‘ of stimulation of GABA-A receptoqrs located on memb;anes of adrenal
chromaffin cells. It has also been shown (Kataoka et al.; 1986) that the

extent of CA release elicited by splanchnic nerve stimulation was decreased

by administration of GABA agonists and was increased by bicuculline. Thus,

2

“endogenous GABA may reduce the responsiveness of nicotinic receptors on
o

chromaffin cells.

In summary, GABA modulates the spontaneoys release of CA and the
release élicited by electrical stimulation of the splanchnic nerve. In
studying the GABAergic mechanisms of adrenal enzyme regulatio;:;, the
, . . i
obéef{rations discussed above warrant serious consfderation. The peripheral
administration of GAgA analogues should not immediately suggest that GABA
acts exclusively in the central nervous system to 5Qect changes in adrenal

(
enzyme activity; the possibility of a local effect at the chromaffin cell

membrane is not altogether unreasomable.

(£)- GABA and Polyamine Metabolism

'

There appear to be at least five different pathways that can

‘contribute” to GABA formation in the periphery; one of these is the

produci:igwl of GABA during the coutse of polyamine metabolism (Fogel, 1986).
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It has been found that GABA may be derived from putrescine (Fogel, 1986);
this polyamine is the product of f:he decarboxylation of ornithine i:y 0DC.

‘J ver, in the CNS, the contribution of putrescine-derlived GABA to the
f%::l GABA pool is considered to be ’negligible. The conversion of
putrescine to GABA in mammalian brain (Seiler and Al-Therib, 1974) proceeds
through acetylation of,putrescine to monoacetylputrescine. - This compound

is then oxidatively deaminated by monoamine oxidase (MAO). Subsequent

steps include oxidation of N—acetyl-X-aminobutyraldehyde to N—acetyl GABA,

and its deacetylatioé. This pathway has also been found in rat intestine
and kidney (Seiler and Al-Therib, 1974). Alternatively, GABA can be formed
from putrescine by direct oxidative deamination; the first step catalyzed
by diamine oxidase (DAO) and the second by aldehyde dehydrogenase., This
pathway for GABA formation appears to be restricted to the peripheral

tissues (Fogel, 1986).

Because GABA is present in fibers and chromaffin cells of the adrenal

medulla in various species (Alho et al.,, 1985), it is conceivable that the,

pathways utilizing putrescine for GABA formation discussed above are
functional in the adrenal medulla. Consequently, the regulation of amODC,

which catalyzes the formation of putrescine, might be influenced by levels

of GABA 1in that gland. Thus, the regulation of ODC by GABA must take into

account the possibility of local ehd}product inhibition at the protein

,
-

level rather than a neural mechanism mediated by the neurotransmitter GABA.
As intriguing as this possibility may be, it is rather unlikely; GAD is
also found in adrenal medulla (Alho et al., 1985; Kataoka et al., 1984) and

this ‘enzy'me is probably responsible for synthesizing most of that tissue's

GABA supply,
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6. DOPAMINE RECEPTORS

The dopamine receptor was initially considered to.be a single protein
in dynamic equilibrium between two configurational states (Creese et al.,
1575). At present, it {s generally agreed that there& are, in fact, two
c;tegories of i)A receptor, designated D—1 and D~2 (Kebabian and Calne,
1979). The D=1 receptor has been defined as being coupled to the
stimulation of adenylate cyclase, as demonstrated in rat striatum (Kebabian
et al., 1972). 1In marlly tissues, the initiation of the physiological
-response to DA 1is assn;ciated with the accumulation of cyclic AMP. The 7-
halogenated benzazepine, SCH23390, is a DA antagonist (Iorio et al.,, 1983)
and has proved useful asa ‘D-l-selective ligand. It has thus‘provided
information regarding the properties of this reZeptor. For example, the\
regional distribution of the high—affinity D-1 sites ,in rat braii was
determined by using [BH]-SCH23390:receptor d\ensities were greatest in
corpus striatum, nucleus accumbens and olfactory tubercle. Interes.tingl,y, .
however, it was also revealed' that only some of the (D-1) receptors binding
[3H]1-SCH23390 are linked to adenyl'at:e cyclase and, hence, to cAMP synthesis
(Mailman et al., 1986), In contrast to this, stimulation of the D-2
receptor effects an inhibition of adenylate cyclase activity_(Onali e a:]..,
1“985; Stoof and Kebabian, 1981). The D-2 site can be labelled with
butyrophenc;ne ligands such as [3H]-haloperidol (Seeman e?t al., 1975). The
two DA receptor subtypes are also distinguished by the fact that adenylate

)

’cyclasé—gliﬁked receptors are stimulated by micromolar concentrations of
dopamine, but the D-2 sites respond to nanomolar ranges (Kebabian and -
Calne, 1979). ‘

The most extensively studied dopaminergic brain region 1is the

nigrostriatal system; five DA receptor loci have been identified (Kebabian

and Calne, 1979). Figure III attempts to schematize the localization of D~

.\
a
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\
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1 and D:-Z receptors in the A9 (nigrostriatal) region. In the substantia
'nigra, there are presynaptic D—1 sites residing on striatonigral GABAergic
nerve-endings,land D-2 receptors located on dopaminergic cell bodies
("autoreceptors”, Nagy et al,, 1978) which regulate the electrical activity
of these cells. In the stziatum there are: (1) presynaptic D-2 receptors
‘on dopaminergic\nerve'terminals which’r;gulate the blosynthesis of the
amine (Kehr et‘al., 1972);'(2) D-2 sites on neurons prggzbting t4 the
striatum from the cerebral cortex (Schwarcz et al.,'1978) and (3) post-
synaptic D-1 sites on neurons intriunsic to the caudate n;cleus. It has
also been Suggeéted that D-1 and D-2 receptors co—exist on the same éaudate
nucleus neurons {which receive input from the substanzia nigra) and that
these receptor subtypes exert inhibitory and exéitatory influences,
respectivei& (Ohno et al., 1987). ¢

The functional consequences of receptor binding reflect the cellular

lo;;iion of the receptors. Thus, DA metabolism whizh is increased [in the
ific

‘presence of DA antagonisis, is affected té‘a greater extent by D-2-s
Blocké}s than by D-1l-specific blockers. Similarly all DA agonists decrease
DA metabolism, but the decrease is more appreciable with the administration
of the B—Z—select;ve drugs (Boyar and Altar, 1987).‘ Furthermore, DA
release 1s increased by D-2 but net D-1-gpecific antagonists and D-2
agonists decrease DA release whereas D-1 agonlsts h;ve minimal effects
(Boyar and Altar, 1987). The predominance of the D-2 receptor in

controlling DA metabolism and release is probably attributable to the

presence of D-2 but not D-ljsites on the nigrostriatal projection

’ presynaptically.

£ «'
The behavioral consequences of- D~1 and D-2 specific receptor

stimulation has also been investigated. Experiments with mice have

4
¥
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implicated D=2 receptors in the mechanisms of locomotion and rearing
/

whereas D-1 receptors seem to be involved in the expression of grooming
/

{(Starr and Stérr, 1986). '

Many studies have suggested that D—: and D~2 receptors in the striatum
‘can interact and thus regulate their responsiveness. 'For' example, D-2
receptor stimulation can suppress the responsiveness of the D-1 receptor'
wi‘thin the striatum (Stoof and Kebabian, 1981). The receptors may also
interact “"co-operatively”, whereby actiivation at the D-1site allows for
the expression of the consequences /of D~2 receptor stimulation. For
example, Walters et al., (1987) repo teq that D~1 and D-2 receptors exert
synergistic effects on the firing rates of basal ganglia neurons and on the

expression of stereotyped behavior in rats. Furthermore, using AMPT-

treated rats these authors showed| that the ability of D-2 agonists to
induce charrges in the electrophysiology of basal gatglia neurons and in
spontaneous motor activit}ﬁ’ﬂequires the availability of endogenous dopamine
to stimulate D-1 receptors. Thus, the currently held view that D-2 and D-1
receptors are each individually responsible for governing certain
biochemical or behavioral phenomena may have to 'be'modified. “

Previous work in this lab;:r tory has established a role for DA in the
induction of amdDC and ATHA (eil’lmazan et al., 1982a; Quik and \Sourkes,
1976).° The exact mechanism of t:,{'nis DA-~elicited induction is not knc; « Do
DAerg;c agents I1ncrease adre,hal enzyme| activity by stimulating D-1
receptors or D-2 receptors, ot ‘is each of ‘the receptor subt-ypes equally
important? Do the receptors act synergistically to elieit this inductive
phenomenon? Looking at t‘his:[problem_from a different perspective, one
- might considet whether the mechanisms involved bring into play the

I

pogtsynaptic jor presynaptid DA receptors. In this work, various

pharmacological manipulat,ion% have been carried out by utilizing D=1 and D-
i/
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- \ 2-gpecific agenté as well as substances which selectively activate

P

piesynaptic dopamine receptors. The aim has been to shed light on the DA-
° 8

mediated induction of TH and ODC.
+ [

7. RESEARCH OBJECTIVES : (

Studies of the neural zjegulation.of adrenal enzymes have prow;ided
useful infQrmation in elucidating the central nervous patimays involved in
the str response (SOuékes, 1983). The aim of the present work is to
contribute’ to this information by determing whether GABAergic ngrve fibres
play a role in the induction of ODCl and TH. In pursuing this main
objective answers to the following questions were sought:

1) Other CNS neurotransmitters each have similar effects on TH and

o
ODC; do these two adrenal enzymes respond differently or similarly to

a

treatment with GABA analogues?

2) 1f GABA does influence,the regulation of ODC and TH, is this
through a central or peripheral mechanism?
]
3) Because GABA, a ubiquitous neurotransmitter in the central nervous

N
system, is known to interact with the neurotransmitters which do, in fact,

causé an increase in TH or ObC, does it exert {ts influence on TH and ODC

-

. independently or via an interaction with these other CNS neurotransmitters?

) Another aspect of this project was to study the neural mechanism by

i

‘o

whi¢h activation of the nigrostriatal dopaminergic system (A9) regults in
. 0

chang';és in adrenal enzyme activity. In this regard, the efficacy of D~1

vs. D=2 dopamine receptor stimulation in the induction of ODC and TH was

determined. In addition, because certain GABA analogues were found to

cause an i'nyé’{é in the two adrenal enzymes at the same time as they

prevented dopamine release, the possibility that dopaminergic agonists

might effect changes in adrenal enzyme activity throuéh a prg;}haptic

4
- ¢
-
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( mechanism was explored. : '
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1) GABAergic ‘Analogues: " ' L.

HA-06&
(l-hydroxy-2-arino
-pyrrolidone-2)

o )]

v [

% .
- [ ~
o .WC_”) N ’ ’
Cﬂ'—ﬂh-ﬂ!s"foo“
' Progabida (Sl 76002) o .
! ' -
“ . . .
<] . Garma~hvdroyy butyric acid
l'-mlt—chlorophen_\:l ) (G=fluoro-2-hydroxy GORA .
phenyl kme thylene] ar"ino} butanamide - “
[ , ' -
- o‘%’ s
ii) Cholsnercic Analogues: . T, ‘
- on,y : - RO CBCON~N .
2l : L . :
. R . d ° o . N R "
. - N Tz"' o
' , Oxotremorine .
’ ' CePs : '
Atropine ! °
- .
(§§ Figure [: Structures of GABdergic ard Cholinergic - \ .
& ' ' . Analecgues Used. -,
. .
) - . ) %




| ' R{+)=2-PPP c ‘ SCH21360 A
‘. (R)=2~(2-hvdroxyphenyl) * T-chloro-2,3,4,5=tetrahydro *.
- -N-n-propylpiperidine .’ - -3-methyl S-phenyl-lH-3- ,
‘e benza:epine-'l—Ql.
| - .
-4
- - m‘, 7 5, -
»- - y . v D
J q n’ c"s
. 0,80
Z [ : - ) ’:\‘- ] ) L4 . asxlplrlde \ ’

: ; e «

. BHT Agonist: “ o, ,'
o0k T

' Haloperidol (MDMT ) -
e f , - N,N—dimethyl-S-pethoxy.,r'yptamine
o L Figure 1I:- °I~3tr~uctux’*e= of Dopammersic and Serotoner‘glc ! L. ,
oo , Analogues Used - . . . .
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Figure III: A Schematic Representation of D=1 and D32
Receptors in the A9 Region.
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« ANIMALS

Male Sprague-Dawley rats weighing between 180 and 250 grams were used,
exc:ept: for experiments involving splanchnicotomy. They were obtained from
the breeding farms o'f Charles River Canada Incorporated in St. Constant,
Que;.bec. The an%_l_nalls were usually received from t;he supplier at
aiaproximately 1 pm. They were then tail;marked and distributed to cages

on the day of arrival. The rats wete frequently handled before use in

@ -

*were begun the following morning. The rats were kept 4 oty 5 to a cage in an

animal roou; with'a light-dark cycle of 12 hours and with a thermostatically,

controlled temperature of 229%. In experiments involving the administration

of apomorphine, the animals were placed in individual wire cages. There was
]

; A
° free access to tap water and Purina Checkers., Control animals received

vehicle by the same route as the experimental group and dlso received the

Same }rolume -and number of injections. At the end 6f an experiment, the rats

°

.

were sacrificed by decapitation. S
4

2. SURGERY
- Q

(a) INTRACEREBROVENTRICULAR INJECTION OF DRUGS

Rats weighing between 200 and 210 gran;s were anaesthetized with

hlora;. hydrate, 300 mg/kg i.p. (USP, Fisher Scientific Company, Montreal,

) nada) and'positione_dxidn the stereotaxic instrument. With the skull-flat,
the injections wére given at— the point }.O mm posterior to bregma, 1.5 mm
lhatera‘1~t:o midline and 3.5 mm vertical (Paxinos and Watson, 1982). The
ventricular site was confirmed by inject:’i‘on of methylene blue., The drugs
. .were given in a volume of 10 ml at the rate of 5 rll;ninute deliVereSi from a

Hamilton microsyringe. Animals were sacrificed 24 hours after drug

administratiqn.°1n i.c.ve experiments, only adrenal TH activity was

c , determined.

experiments in order to accustom them to the experimenter,, Experiments'

i
ok
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¢

(b) SPLANCHNICTOMY

Left-sided hemisplanchnicotomy was performedvin-rats under chloral
hydrate anaesthesia, 300 mg/kg i.p. The animals weighed between 200 an_d
250 grams at, the t.:lme of surgery. With a dissecting mic;‘oscope, the tissue
surrounding the adreqal gland was completely dissected, exce\pt for
protection of the vascular supply of the gland. The mean weighr:s of t;he
adrenals on the denervated and intiact sides were not“ significantl\y
different. To verify the efficacy of the operation, in a few rats‘" the site
of the transection was electrically stimulated and heart rate and blood
pressure were measured. Elec:'trical stimulation should ﬁ;lcit an elevation
in these two physiological parameters only in animals with an intact
splanchnic nerve; with the technique used, no increase in heart I’a‘te or
blood pressure was detetted. Injections were bégun onw;:he fi’fth post-
operative day in order to all‘ow for sufficient recovery from surgical
stress. In all experiments involving splanchnicotomy, only adrenal TH

activity was determined.

.3. DRUGS

Over the course of this work, a variety of neurotransmitter systens
were studied and, consequently, many drugs were used. They are listed in
Table B.l1l., The following drugs were purchased from the Sigma C?lemical
Company,. St. Louis, MO: 'sodium D’-hydroxybutyra'te (GOBA), musc‘imo‘l,
oxotremorine, niet:hylatropine. bromide, O(-methyl-DL-\tryptophan (AMTP), N,N-

dimethyl -5-methoxytryptamine (MDMT? and Pp-chlorophenylalanine methylester

_HC1 (PCPA). Atropine sulfate was purchased from the J.T. Baker Chemical’

Company, Phillipsburg, NJ; bicuculline from.K & K Laboratories, Plainview,

\l’ .

NY; apombrphine HC1 from F.E. Cornell and Co., Montreal, Quebec; and R(+)3-

PPP (3-(3-hydroxyphenyl)~N-n-propylpiperidine; Hjorth et al., 1981) from"

Q
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Research Biochemicals Incorporated, Wayland, MA. The following drugs were
gifts and are gratefully acknowledged: progabidg(SL76002) /from L.E.R.S.~
Synthé]aabo, Paris,‘ Framlze; HA-966 from Dr. Noach, U, of Leiden, The
,Netherlands; haloperidol (McNeil Laboratories, Don Mills, Ontario);
SCH23390 (Schering Co., Bloomfigld, NJ); sulpiride from Delagrange
Int-ernational, Paris, France, and from R‘avizza S.P.A., Milan, Italy.
Most of t:h;a drugs were dissolved in saline; ho_w;ever ther; were some
exceptions. Progabide was suspended’ in 0.5% methyl cellulose and 1r;jected '
) 'i'n this form. GOBA was dissolved in water and titrated to approximately pH
7.2 with a few drops of IN HCL. Haloperidol, sulpiride,- bicﬁculline, HA-~
966 and MDMT were each dissolved in a few drops of glacial acetic acid,
diluted with deionized water and titrated to pH 6.3. SCH23390 was

O .
dissolved in a 25% solution of propylene glycol. All drugs were injected

in a volume of either 2.5 or 5.0 ml/kg body weight except for oxotremorine,c

e which was injected in a volume of 1.25 ml/kg. Control animals received the
\/\Q ) h 1
vehicle in the same volume 'as tl"lé drug and with the same number of

~

injections.
The doses of drugs used are presented 'in Table B.l. They refer to
milligrams of the commerically available form of the drug. \For example,

: o GOBA was injected in a dose of 0.5 g/kg as the sodium salt and apomo!rphine

X ,
.was injected in a dose of 3 mg/kg as apomorphine hydrochloride. Thede were

~ o .
‘ " two e&éeptions to this rule. The doses given for methylatropine bromide
<

)
. ¢ . , '
} C and atropine sulfate (5 mg/kg and 10 mg/kg, respectively) refer to the base
b . -~ , E i
itself, i.e. larger amounts of the salts wére dissolvéad in order to get
effective doses of methyl atropine and atropine, respectively, The drug
: doses were based on body weight, except for i.c.v~. experiments, where the
- dose was a fixed amount per animal.
¢ e
4 :
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4 BIOCHEMICAL PROCEDURES:

a) Determination of Ornithine Decarboxylase Activity in Adrenal

Medulla.

)

(1) CHEMICALS 0

L-[l—ll‘C]Ornithine (specificﬂacltivity, 52.4 -j54.3 mCi/mmol) and 2,5-
diphenyloxazole (PPOY were purchased fr?m New England Nuclear, Boston, MA.
Pyridoxal 5'-phosphate (crystalline) and Di-dithiothreitol wer; purcl:lased
froluj Sigma Chemical Company, St. Louis, MO. EDTA, sodium phosp a%e
(diba’sic), potassium‘phosphate (monobasic), ethyleneglycol monomethyl

w

ether, toluene and monoethanolamine were all purchaﬁed from the Fisher
Scientific Company, Montreal.

(ii) TISSUE PREPARATION o

In experiments involving the determination of ODC activity, the

animals were sacrificed 4 hours after the initial injection of drugs,

v

unless otherwise noted. After decapitation, the adrsi’nal glands were removed
immediately and placed omn ice. Both medulla and cortex contain ODC, the
former under neural, the latter under endocrine regulaf;ion' (Almazan et al.,

1982a). :Because the focus of this work is on the neural regulation of
\
adrenal enzymes, it was necessary to separate the] medullary from the

|
cortical tissue, To do this the glands were first freed of capsular tissue

and weighed. The dissections were done at 4°C by visual inspection under a
magni fying 1amp and the}; were completed within 4 hours of sacrifice. The

pairs of medullae were kept on ice and the cortices were discarded. After

L]
all pairs of glands were dissected, the medul lae .were homogenized, in 200
/ »

pl of the ODC assay buffer (see below), with a motor-driven Teflon pestle

(A, H. Thomas Co., Philadelphia; PA) rotating at 140 rpm for 30 seconds.

i

The homogenate was centrifuged for 30 minutes at 12,000g in an Eppendorf

' table~top centrifuge (Brinkmann 5412). The supernatant was kept at -70°C
4 )

»

\ , 57 o

R A



’

overnight and assayed the following day.

(1i1) ASSAY._Q_Q 0DC ACTIVITY in vitro
The in vitro assay of QDC activity Qsed- in this work' is a method tl:xat
combines elements of the assays described by Russell and Snyder (1968) and
Janne and Wildliams-Asl'nnan (1971), with some mimor modifications; (liamirez-
Gonzalez et al., 1980) . E'sseg\lal ly, the method :ln?olves the measurement
of ‘the 1I’COZ produced by the enzymic decarboxylation of L-[U‘C]ornithine.
The ODC assay buffer consisted of (.05M - sodvium-potassim'n phosphate buffer,
PH 6.8; 1.0 mM dithiothreitol; 0.1 mM EDTA; and 0.05 mM pyridoxal
phosphate. The incubation mixture contained, in a final volume of 0.5 ml,
tl;e foll‘owing ingredients (final concentrations given): 100 pl of the

¢
(homogenized in 200

12,000g sui)ernatant fraction of the tissue homogena

pl of the above ODC assay buffer); 1 pCi of L- 4(5] ornithine, 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 well hanging from a rubber stopper

(Kontes Glass Co., Vineland, NJ). The plastic well contained a filter

paper (Zcmz, Whatman no. 3) impregnated with 100 pl of a mixture of

ethyleneglycol monomethyl ether and monoethaﬁglamine (2:1). After a

¢
pteincubation period of 10 minutes at 37°C, the reaction was started by

injecting the substrate (Il BCi of I'-[MC] oi‘nitpine in a volume of 0.3 ml)
through the rubber stopper, and was allowed to continue for 45 minutes‘ at

-37°C in a shaking water bath (Haak® SWB 20). The reaction was stopped with

] &

the injection of 0.5 ml of 6 M sulfluric acid through the rubber stopper.

1
\ .

The flasks were incubated for an additional period of 45 minutes in order

+to trap all the CO,, The filter paper was then collected and placed in a

vial containing 10 ml of a mixture of toluene and ethyleneglycol monomet'hyl
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al., 1951).

e e o K L R

o

-

ether (2:1) that contained 0.4% 2,5-diphenyloxazdle. The radio'activity
contained in each sample was determined with the use of a scintillation
counter (Beckman LS-250). The activity of ornithine decarboxylase is
expressed as pmoles Co, produced per mg protein per 45 minutes at 37°c.

The protein content of the sample was estimated by Lowry's method (Lowry et

Al

‘(b) Determination of Adrenal Tyrosine Hydroxylase Activity

(1) Chemicals

. Aquasol=2 and L-[ring-3,5-3H] - tyrosine (54.2 Ci/mmol) were puzjchas:ad
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°C. An appropriate volume of i:l?at solution
was lyophilized to drymess prior to each assay and the residue dissolved in
1 mM unlabelled L-tyrosine, pH 3.1. Dowex SOV'J-XB (B+ form, 200-400 mesh)
ffom Bio—-Rad 1ab~oratorie§ (Canada) "Ltd., 'Migs@guga, Oiitario and alumin;
(Woélm, neutral activity, Grade I) from ICNJ (Cénada), Montreal, Qﬁgbec,
were used to purify the radiocactive substrate. - L—Tyrosine,‘catalase (2x
crystallized from beef liver) and 6,7—dimgthy1-5,6,],8-tetrahydropterin HC1
(DMPH,) were obtained from Sigma Chemical Company, St. Louis, MO.

Potassium phosphate (monobasic) and trichloroacetic acid were purchased

from J.QT. Baker Ch(e%ica’l Company, Phillipsburg, NJ. Sodium acetate waé
from Fisher Scientific Company and L-ascorbic acid was purchased from BDH
Chemi::_a—ls. Brocresine (p—brgmo—m-hydroxybenzyl o;&yami’n’e phvosphatey NSD
1055) was a gift of Lederle Laboratories, Pearl River, NY.

(ii) Tissue Preparation

In experiments involving the determination of TH activity, the

injections were carried out over a period of 3 days, except in thg hcase of



i‘

L4
i
)

' HA-966, where the duration of the experiment was only one day. In all

cases, the animals were sacrificed by decépitation on the morning following
the last injection. The adrenal glands were immediately removed and put on
fce, After being freed of capsular tissue and weighed, pairs of élands
(each gland separately in the case of splanchnicotomized rats) were
Qhomogé't;ized in 0.9 ml of ice-cold‘sali’ne with a Teflon pestle rotating at
140 rpm for 30 seconds. The homogenizations were comiﬁeted within 4 hours
of sacrifice. |

(11i) Adrenal TH Assay

The activity of adrenal tyrosine hydrox;rlase was determined in 100 pl
portions of tissue homogenate according to the meth.od of Nagatsu et al,
(1964) as modified by Gauthier et al. (1979). The method involves the

_measurement of the tritiated water produced !s a result of the
hydroxylation of L-[ring 3,5-3H] tyrosine. The ra;iioactive substrate (54.2
Ci/mm;al) was puri‘fied before use, first by passage through arr alumina

'Gco'l‘umn and then 'th‘fbugh'a Dowex 50W-X8 (H+ from, 200-~400 rpesh) %umn, 0.5
x 3.0 cm and stored in 2% ethanol at 4°C. ,

'

The iﬁcubatf&n mixture, in a total volume of ‘0.5,~m1, contained 100 pul

> of the tissue homogenate and 0.2 ml of a solution of 198 pmoi sodium

écetate, 9.9 pmol potassium phosphate (monobasic), 1950 U catalase, and 69

nmoles of brocresine (free base), pH 6.1. After addition of 0.05 ml

~solution containing 50 nmoles L-[ring-—3,5—3H] tyrosine, pH 6.1

(approximately 350,000 cpm), the samples, in open 1.3' x 100 n;;g;osilicate
tubes, were equilibrated for 5 minutes at 30°C in a Dubmnoff metabolic
A shaking incubator. The enzymatic reaction itself was started with the
addition of 6,7-dimethyl-5,6,7,8-tetrahydropterin hydrochlortde, 0.42 pmol
free base, and ascorbate, 1.25 phol 1n4(').05 ml., After 15 minutes, the

rehaction was stopped by addition of 0.1 ml 25% trichloracetic acid. The
o
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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
a Dowex 50W—X8 column 0.5 x 3.0 cm previously equilibrated with 1.8 ml
trichloroacetic acid, pfl 1.5. The protein pellet was washed once with 0.8
ml trichloroecetic ac}d, pH 1.5; the washings were passed through the
column also. Both effluents were collected coinbinegl with 10 ml of
Aquasol~2 and the rad/ioactivity of the tritiated water produced by the

enzymatic reaction meafsured in a liquid scintillation counter,

Recovery of tritiated water was about 957 and counting efficiency

approximately 40%.‘ Tﬁe enzyme activity was linear for 20 minutes,»about 4%
-of the labelled substrate having disappeared' at’ that time (Ekker, 1985).
Adrenal tyrosine ?;ydroxyl'ase actilvity is e}ipressed as nmol of L~
dihydroxyphenylalanine (DOPA) formed per hour per pair of adrenal glands at

~ 30°c.

5. STATISTICAL METHODS

- (a) Student's t~test

Values of enzyme activities in all Tables and Figures are expressed as
mean + standardlerror. The significance of the difference bei;;een two
different treatment gfoups was determined by Student's t-test, 1In most
° ¢
cases, particularly in pilot stcdies, a two-t'ai led test of t was used.
However, when ‘the directionality of'au particular treatment's effect was
already established, ayon‘e-tailed test was often agplied for comparing two

different treatment groups.

(b) Analysis of Variance

In addition to Student's t-test, the data were subjected to an

analysis of variance (ANOVA). Initially, a one~way ANOVA was carried out

to determine the significance of the experiment as a whole. .In certain 2 x

61
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2 experiments, a two-way ANOVA was also done to assess the degree of
interaction between two drugs administered to the same animals. In many
instances, the data from several similar experiments involving the

administration of a particular drug were pool‘ed and subjected to ANOVA. In

these cases, the significance of a drug's effect was considered after

accounting for variations between experiments.
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Drugs used in the experiments

described in this thesis: Doses, Route and Schedule

Table ﬁ.l

(=,

63

Neurotransmitter Name of Mol. Wt. Route Dose(s) Injection Schedule
System Compound oDcC TH
GABAergic ’
(a) Agonists Muscimol 114.1 s.c. 3 mg/kg 1/d*  b.i.d.
Progabide 334.5 s.c. 100 mg/kg or. 1/d b.i.d.
(SL76002) 100 mg/kg+50 mg/kg
Sodium 126.1 i.p. 0.5 g/kg 1/4 1/d
hydrosybutyrate ’
(GOBA)
HA-966 111 1.p. or 150 mg/kg - 1/d
i.cov. or 5 ug
* (b) Antagonist Bicuculline 367.34 S.Ce 1 mg/kg 1/d b.i.d.
Dopaminergic
(a) Agonists Apomorphine 303.81 §.Cs 1.5 mg/kg teid. qoiode.
" hydrochloride or 3 mg/kg
&
R(+)3-PPP 255.79 s.c. or 10 mg/kg or 1/d 1/d
i.cove 2 pg
" (b) Antagonists- SCH23390 403.57 1.p. 3 mg/kg 1/d b.i.d.
* . “ . '
bPL-Sulpiride 341.43 * s.c. 40 mg/Rg or 1/ b.i.d.
50 mg/kg
Haloperidol 375.88 i.p. 5 mg/kg - 1/d




Table B.l

6§

Drugs used in the experiments described in this thesis: Doses, Route and- Schedule

Nesxrotransmitter Name of "Mol. Wt. Route Dose(s) Injection Schedule
System Compound 0oDC TH
¢
Cholinergic
Wy »
(a) Agonist Oxotremorine 206.28 S.C. 0.5 mg/kg or? 1/d b.1i.d.
o . ~-0.35 mg/kg ~

(b) Antagonists Methylatropine 384.5 S.C. S \mg/kg . 1/d b.i.d.

bromide -

Atropine sulfate 694,82 i.p. 10 mg/kg - 1/d
Serotonergic ° r e '
- - \-4
(a) Agonists MDMT 218.3 §.C. 1 mg/kg =~ .° - b.1.d.

2 N
- G

DL-AMTP 218.2 S.C. 10@ mg/kg ' - 1/d
(b) Antagonist PCPA 250.1° L i.p. 300 mg/kg - 1/4
*1/d = once a day , ‘

o ) - i ‘\‘
{\\ . ~ N
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_I_._Effects of GABAergic Drugs on Adrenal Enzymes ,

(a) Tyrosine Hydroxylase .

The influence of the GABA system on TH wa.S\studied as follows: Various
GABAergic agents were injected into rats to determine whether these drugs
can effect;n ingcrease in TH activity. A series .of experiments was carried

., out with each of five GABAergic agents and the results obtained from

indivi‘dual expériments for a particular drug were pooled.

¢ . 1) The Effects of Muscimol, Bicuculline, Progabide, HA-966 and GOBA

ATHA,

Muscimol, " a GABA-A receptor agoﬁist, was administered in a dose of 3

& P} 0 *
‘mg/kg twice daily for 3 days. As shown in Table C.l, it caused a
significant increase in ATHA (P < 0.0l),- almost doubling the control

levels., This iryiuctive effect was clearly apparent despite the variability

among the experiments (F = 24.94,P <O .01), as shown in the ANOVA (Table

Col)-

The above result was obtained with muscimol, 3 mg/kg. To determine if

~

N * a lower dose of muscimol could also elicit a significant increase in ATHA, :
a dose~response experiment was carried out. The results revealec‘l‘*that a
dose of 1 mg/kg of‘muscimol given twice daily for 3 days was unable to
cauise\ a significant invcrease in ATHA. Thus, muscimol gave 20.2+1.19 (n=4)

nmoles L-DOPA per hr. per pair adrenals, compared to control: 21.4:3.88

(n=4) (P > 0.05) whereas a dose of 3 mg/kg b.i.d. for three days

! ' significantly~elevated the enzyme activity: 33.6+1.93 nmoles (n=4) L-DOPA

* ‘ - per hr, pern pair of adrenals with muscimol as agonist, 21.4+3.88 (n=4) in
! 5 ’ » '
o the controls (P<0.05). ]
\
; In addition to varying the dose of muscimol, the injection schedules
- ‘ @

CQ : were also altered. In a single experiment, muscimol injections for two

. days, 3 mg/kg b.i.d., produced a 387 increase in eniyme activity., The
. 66
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Q n
1 - actual values were 45.8+4.33 - nmoles L~DOPA per hr. per pair adrenals
0 compared to 33.3+1.92 for saline controls (n=5) (P<0.05). In 2

~ experiments, infjection of muscimol for one day also produced a significant
4 . .
increase in ATHA, with a mean increase #f 48% over saline controls (Table

-~

C-Z)o B ) .

\ o

. . ‘ I
It seems reasonable to conclude that muscimol, given in a dose of 3

9

mg/kg can ca@%nificant increase in ATHA. While these experiments

illustrate that one-day and two-day. perliods are sufficient to elicit
‘ . 7

<

sig‘nificant enzyme induction, the largest relative increase in enzyme
activity occurs after three days of muscimol administration (see Figure
iv).

P Bicuculline was also administered to rats in a series of experiments.

\\ This alkaloid\blocks the action of certain GABA agonists, which then (by

\ X
' definition) are said to act at GABA-A receptors. Resu{ts of the individual

\
A

experiments ate shoén in Table C.3. 1In five out of six trials bicuculline-
treated rats showed a mean increase in A:J.‘HA, but in qnly two experiments
were the increases étatistically significant (P<0.01). The overall mean
increase, based on six (eXpe;’imer;ts, was 23.8+9.61%. _After separating the
exper‘iments into two groups,. based on the number of injections per day, it

; ’ was found that l;icuculline injections once daily producéd an average mean
| increase equal .to 35£SZ over controls (experiments #1,2,Table C.3) and

¢ -twice daily injections produced an average mean Jncrease of only 18+11Z.
Furthermore, of the two e)_gperime“n_ts producing significant increases in
ATHA, one was rum on a~ one per day injection schédule and one on a twice
daily injection schedule. It seems then, tha{.’ increasing the number of

-

injections of bicuculline from one to two per day does not effect a greater

Q 1nduc£ion of the enzyme nor does.dit ensure ‘a statistically significant

result. - ¥
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The, results with bicuculline are in contrast to those with muscimol.
The latter drug consistently effected a significant increase in ATHA, ev;en
under different conditions. Although the data show that bicuculline may
elicit a significant in(;rease in ATHA, its action is inconsiﬂstent.' Whether
the GABA antagonist plays a role in the regulation of TH is uncertain. The
reasons for the ambiguity of the data are not obvious, but they may simply

reflect ther unstable nature of bicuculline in solution. (Andrev;s &

Johnston, 1979).

The efficacy of progabide, a drug which is metabolized /to GABA in  the

CNS, in bringing about induct;on of adrenal TH was tested as well. Two

exp@riments, were carried out, with results shown in :I‘able Cdsy It 1is

e

‘evident that progabide is unable to elicit an increase in enzyme actiwvity.

The mean enzyme activities of the two groups were almost identicél.

GOBA and HA-966, GABA analogues which temporarily {prgvent dopamine
release from r}igrostriatal fibres, were also tested for their effécts on
ATHA.' GO‘BA was administered to rats once daily for 3 days, 0.5 g/kg i.p.,

s .
in 4 experiments (Table C.5, set II). It produced a significant increase in

enzym:—: activity (Table C.5 P< 0.01). HA-%66 was given }?Y two routes:
pet"ipherally, 150 mg/kg i.p. n(set I, 4 expts., Table C.6), and centrally, 5
lpg i.ceve (set III, 2 exptf). “Tllxis cc'>mp0und effected significant increases
in ATHA by both routes of injectiion (P<0.01 and P< 0.05, respecﬂtively).
The mean enzyme a‘ctivilties resulting from t;hese 3 treatments are shown in
Table C.5; the data for experiments in each sﬂet: were pooled and subjected
to ANOVA, with removal of variance owing to differences between the
experiments; the statistics are summarized in Table C.6.

Despite the variabilityl among the e}éperiments involving peripheral

injection of the drugs (P< 0.01), the data show that both HA-966 and GOBA

are able to elicit significant increases in ATHA (P<0.01 for both drugs).
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HA-966 1s the more potent in effecting an induction, a single injection of

0 150 mg/kg for only one day being sufficient. In an experiment not shown

here, GOBA was unable to cause a significant increa}g@\it: THA after only 1

day but, as Tables C.5 and C.6 show, it did so after 3 days of injection.

The results of the i.c.v. experiments with HA-966 are very striking. The
/'_\ /‘ppliiation of a mingte amount of it (5 ug in contrast to 150 mg/kg given
peripherally) injected directly into the )brain cavities produced a
significa:t increase (1,:1 enzyme activity (30% over controls). ¢ This suggests
that the inductive effect of this GABA aﬁalogue i§ centrally mediated.
Another approach was used to study the pos;sibility that HA-966 is
acting centrally; tl'\nls involved the peripher;f a&niinistration' of the drug
to rats which had been hemisplancimicotomized previously. In these
animals,. the nervous input to the Alef; adrenal éland was se?rere& while that
of the righ(t?-&'gland ’remainedointact. ‘ If the GABA agonist 1is act;ing
,centrally, then its édmir;istration‘would cause an in.crease in ATHA in’ theu
riéht but not the left gland.'a The results from such an e);p;_riment‘are’
shown' in Table C.7. ) ) .
Wheréas HA-966 had no inductive effect on A’I'H% in the denervated gland
. " (1in facut, it appeared to decrease activity), it caused a significant
increase in enzyme activity in the intact gland, as compared to saline
controls. The decrease in ATHA in the denervated,gland might be a
manifestation of a local GABAergigq phenomenon, as discussed by Kataoka et

al., (1986). However, this lowering effect was not explored further in this

. thesis. The fa t that splanchnicotomy prevents the increase in ATHA
elicited by HA-966 corroborates the findings of the i.c.v. experiments W‘lthr
th’is compound. It seems that the induction of adrenal tyrosine hydroxylase
by HA-966, not unlike that of dopamine hgonists (Quik and Sourkes, 1976) is:

]
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¢ mediated by central neuronal mechanisms.

(11) GABA Agonist-Antagonist Interactions in the Regulation of ATHA

//"\ Becau@e' certain GABA agonists increase ATHA, as shown above, the
& N

possi‘bility that co-administration of a GABAoantagonist might abolish this
inductive effect was examined. In three separate experiments, rats
pre\‘rious’ly treated with bicuculline were given one of‘ three GABA agonists.
The results are set out in Table C.8.. The increaéés\in enzyme activity -

" effected by GOBA and muscimol were not blocked by the GABA antagonigt. |

Progabide, which was unable to elicit an increase in ATHA when given alone,

produced a statistically significant increase when administered to
i

bicucul line~treated-animals.

° These experiments suggest that GABA-receptor blockade (by bicuculline)
- * -
might paradoxically facilitate a GABA-mediated 'inductive effect occurring

elsewhere. This idea is fostered by the knowledge that the Striatum (,élnd
presumably other regions of the brain) contains numerous CABAergic neurons,

some of !hem in series (Scheel-Kriger, 1986). Whatever the explanation of

[

that result may be, the data clearly demonstrate the fact .that bicuculline

does not attenuate the increase in ATHA elicited by GABA agonists.

(b) Ornithine Decarboxylase - ’ .

f L]

In these studies GABAergic agents were administered to rats to

’\ Y, >

test effects on adrenal medullary ornithine decarboxyiase (amODC) activity.’

\ In four x\xperiments (see Table C.9) muscimol given in a single Adose of 3

mg/kg s.c. was able to elicit a significant increase only cnce. This is in

L sharp contrast to the results observed with ATHA, where muscimol
consistently provided significant increases in ATHA (Tables C.1 and C.2).

The baseline levels of amODC activity were quite variable, three of the

C'? control values lying in the low range of ODC activity as observed over many
years in this laboratory, but one in the moderately t}igh range (149+45.3
- _
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pmoles CO, per 45 minutes per mg pfotein). This is not’ surprising as ODC

is very readily induced (Morris and Fillingame, 1974) " Progabide had no

effect on amODC in two experiments. The data from these experiments~are
summarized in Table C.9 also.

| GOBA and HA-966 were also administereé to rats to determine ifqthey
can induce amODC. The data from 2' similar experiments fo; each drug were
pooled and subiected to ANOVA. Whefeas HA-966 elicited a significant~

? a
increase in amODC (P < 0.01, Table C,10), GOBA did not do so (Table C.10).

The increase caused by -HA-966 amounted to 155% above baseline; this is

quite small compared to the effect of other drugs, such as apomorphine
(Almazan et al., 1§83b) or oxogre;norine acting centrally (R;:\mirez—conzalez
et al., 1980).

To summarize, of four GABAergic drugs tested, only HA-966 caused
significant inductidn of amODC. Muscimol and GOBA had ;o significant

effect under the conditions tested.

e

.

.

2. Interactions of GABAergic Agents withf Cholinergic System
N

(a) Ornithine Decarboxylase

Despite the limited resu%t 6btained in section C.1 (b), it is
plausib¥®™that GABA analogues might influence the well established
inductive effect\of the cholinergic agent oxotremerine on that adrenal
enzyme (Ramirez-Gonzalez et al., 1980). Thus, the administration of
GABAerglc agents to rats also receiving oxotremorine might elicit a greater
induction in amODC than with the latter drug alone. Initially, ESQe-
regponse study was undertaken to establish a doée of oxotremorine :K;t can
induce amODC submaximally. Methyi atropine was administ;;éd thirty minutes
prior to the muscarinic agonist in order to antagonize its peripheral, but

[y

not central, effects. Sixty per cent of the induction that was elicfted by

71



-

»

A

1.0 mg/kg offoxotremorine occurred at a dose of 0.35 mg/kg (see Figure V),
By administering this submaximal dose of oxotremorine with a GABA anal;'ague,
any a’d«ditional increment in enzyme activity owing to the 1atter drug should
be readily seen.

Two experiments involving the combination of muscimol and oxotremorine

were carried out and the results are presented in Table C.11, As was

: )
re;ported earlier, muscimol by itself does not cause a significant increase

in amODC. ,When it was given in combination with oxotremorine it caused a

greater mean induction thaﬁ“obsca:rved with the latter drﬁg alone but this

o

augmentation was not statistically significant (P> O>.05, Table C.1l1)..
Thus, 1t can be concluded that muscimol does not :contribute to an

interaction between GABAergic and cholinergic neurotransmitter systems in

the induction of amODC.
Two similar experiments were performed, this time with progabide as

]

_ the GABA agonist. The results are summarized in Table C.12, Progabide, as
. =

was shown earlier, had no inductive effect on amODC (P >0.05). In the

present experiments the ‘presence of progabide potentiated the inductioun of

amODC elicited by oxotremorine in one of the experiments, but not the

other,

o

The data from the experiments’ {rith progab‘ide anddwith muscimol suggest
thét these GABAerglc ageﬁts do notqreliably affect thé inerease in amODC
owing to oxotremorine administration, It is concluded that under the
experimenf:al conditions used, interaction of the GABA and central

%

"muscarinic systems has not been demonstrated to occur.

(b) Tyrosine Hydroxylase

In the case of adrenomedullary TH, certain GABA analogues elicit a

signific&nt increase in enzyme activity (see section C.1 (a)). The

4
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possibility that the increase in ATHA mediated by a cholinergic analogue
might be influenced by GABAergic agents was investigated. Bicuculline, a
GABA antagonist, was administered conjointly with oxotremorine,
muscarinic agonist whiéh significantly “ing‘reases the activity of é;:
adrenal enzyme (Lewander et al,, 1977). In two separate experiments (Table
C.13), each with a different dose of oxotrémor”ine, the enzyme actiJity in
the group receiving both drugs v;;;;lot significantly different from that of
the group receiving oxotremorine alone (P> 0.05).

Tl"lus, the centra)lly-mediated increase in ATHA caused by qxotremorine
is not dependent on fl;nctionally intact GABAergic fibres, as judged from
the use of bicuculline. - g

GABA agonists were also tested conjointly with oxotremorine (Tab/le
C.14). Thus, progabide, q’l}ich has no indu::tive effect on ATHA, was given
to rats receiving oxotremorine and oxotrex'uorine caused a significant
*ncrease in ATHA either in the absen;:e or presence of prog;bide. The
enzyme activity <;f animals receiving both drugs was not significantly
differeﬁt from that of animals i‘eceiving oxotremorine alone (P*> 0.05).
szscimol, Ua GABA agq_nisE with- a significant 1n4uctive effect om ATHA

(Table C.1) was also given to. oxotremorine-treated rats, 1In this case the

effects were additive, i.e. the respect’ive increases protiuced by muscimol

,‘ ?

and oxotremorine separately were conserved in the group receiving both

drugs simultaneously., This additive effect suggests that each drhg causes

" an increase in ATHA by independent mechanisms.

Another approach in investigating a possible interaction between
GABAergic and cholinergic systems is to treaf&animals with the cholinergic
by,
ji
blocker atropine and determine {1f muscimol s‘till elicits an increase in

ATHA, 1If there is an attenuating effect, this would suggest that

cholinergic pathways are invm@. ved in the GABAergic induction of the enzyme.
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. Atropine penetrates the blood b@ain barrier and blocks muscarinic sites
centrally as well as peripherally. Thus, whether the GABA agonist is
acting céntral}yqor not, atropine would have the potential of interacting
with it. The results (Table C.15) reveal t'he fact that even in the

" presence of atxjopirze, muscimol is capable of causing a.significant increase
in enzyme acti'vity. -

When' taken together, tl{e data frhom experiments involving a combination
of GABAergic and cholinergic compounds suggest that these' tfro

neurotrdnsnitter systems do noL; interact insofar as their regulation of

ATHA is concerned.

. rd
3. In;g#ion of GABAergic Agents With Serotonergic Systems in tHe Regulation

L)

. of ATHA
The possibility that GABA might interact with gserotonin (5HT) in
. br}t}ging about an increase in ATHA was explored. Initially, the effect of

/

a serotonin agonist, N,N-dimethyl-5-methoxytryptamine (MDMT), on enzyme

Y induction was determined. Four experiments involving the use of MDMT were
pooled Uand its effect on ATHA vs. saline controls was determined by ANOVA.
"The data are presented in Table C.16. The ANOVA 1ndicates;(that MDMT has no
effect on ATHA when given alone (P > 0.05).' The injectiori schedule of the
drug was different in each experiment, but this did npot influence the
effect-of MDMT on ATHA (F for experiments = O.‘39,\P' > 0.05).

The serotonin agonist was' then administered in combinmation with
muscimol to determine if the enzyme induction elicited by the latter drug
could be attenuated., The data from 3 separate experiments were pooled and
subjected to ANOVA (Table C.U). The experiments were carried out over a
G . 1,-2, or 3-day period. The presence of MDMT did not p&hder the induction

¢ caused by the GABA agonist (F = 1.00, P > 0.05); there was little
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variation between the experime;tﬂsw(F = 1.36, P > 0.05).

PCPA, which causes depletion of central 5HT stores, increases ATHA
(B&eese et al.,, 1974). This effect was verified against saline controls in
2 experiments; the results were pooled and subjected to ANOVA (Table C.18).
Thus PCPA, caused a significant elevation of enzyme activity\, approximately
652 ovér control values (P\<< 0.01). The results were consistent in 2
experiments (F = 0.329, P >> 0.05). This serotonin-depleting agent wals
then admi;xistered to rats receiving either bicuculline or muscimol. It was
felt that if GABA and w5HT interac; in the regul}tion of ATHA, then‘ an
increase in enzyme activity elicitéd by a GABAergic agent might be
poteptiated by PCPA. The results are shown in Table C.19. 1In one
experiment, PCPA and muscimol were injected into rats either separately or
stogether. Eachuigu/pelicited a significant increase in ATHA when gigven
alone and their inductive effects were: additi\;re. I;l the second experiment
the results were ;imilar when bicucul l-ine was used in combination with PCPA
(Table 6.19). Because, 1n[both experiments, the induction elicited bry each
drug alone persisted in the presgncé of the other drug, and be::ause the
increase over saline controls caused by the twa drugs together was
‘approximately equal to the sum of the incr.eases produced by each drug
.1ndividuaily, 1t seems that these two neurotransmitters make use of
inde;)endent neural pathways in -bringing about enzyme induction.

Inw a final experiment involving a combination of GABAergic and
serotonergic agents,&—methyl-DL—tryptophan (AMTP) was administered to
rats also receiving HA-966., AMTP was tested because it is converted tg
methyl serotonin in vivo (Roberge et al., 1972) and might then act on ATHA
as does serotonin itself, exerting a braking inl%luence on enzyme induction.
Thus, AMTP, was administered, 100 mg/kg s.c.,< in the morning (zero time)

and was allowed 8 hours to reach its maximum concentration in the brain.
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HA-966, 150umg/kg 1i.p., was given at this time and the animals were

3

sacrificed at 32 hours. The results are summarized in Table C.20. "AMTP,
being in effect a serotonin agonist, did not elicit an increase in ATHA (P
> 0,05 vs. saline controls).- Hg&ever its administrationkto rats also
receiving HA-966 did not hinder the induct?on caused by the latter compound
(HA-966 vs. HA-966 + AMTP, P > 0.05).

The experiments reported in this section suggest that éhe GABAergic
and serotonergic pathwaysl leading to induction of adrenal TH are

independent of one another; there seems to be no interaction between their

respective neurotransmitters.

4. Dopaminergic Regulatioﬁxgg Adrenal Enzymes

(a) DA Autoreceptor Stimulation with (+)3-PPP

(1) Tyrosine Hydroxylase

The induction of ATHA resulting from the 5dm;nistration of GOBA and
HA-966 suggested a need for further study of the dopaminergic regulation of
adrenal~énéymes.' This i{s because both of these GABA analogues prevent the

* firing of dopaminergic neurons-in the striatum (Walters et a¥.,, 1973;
Hillen and Noach, 1971),:thus implicating dopamine as a pote&tially
significant éontributor to thé GABAergic induction process. -

A dopamine autoreceptor—selecti&e agonist should also inhibit DA
release (Zetterstrtm and Ungerstedt, l984)~hence, its administration should
selicit an increase in adrenal enzyme activity in a manner similar to th;t

of GOBA and HA~966. To investigate this possibility, (+)3-PPP (3-(3-

\ hydroxyphenyl)-N-n~-propylpiperidine), was administered to rats in a dose of

10 mg/kg, s.c. once daily for three days. As shown in Table C.21, (+)3-PPP
did not elicit a significant inductive effect. The drug was also

administered directly into the cerebroventricular system, in order to
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circumvent the blood-brain barrier. The data from this experiment is algo
: ; e

summarized in I:é)lble C.21. Interestdingly, al—though the 1.c.v.
adt:fnistr?tion of the drﬁg 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 significant

(P<0.05). A

(1i1) Ornithine Decarboxylase

Because HA-966 elicited a significant increase in mODC'activity also,

[4

the rationale behind the administration of (+)3-PPP wasWapplicable to this

enzyme as well. . The Idata from 3 similar experimefits involving the

- injection of (+)3-PPP, 10 mg/kg s.c., were pooled and subjected to ANOVA.

(Table C.22). In this case, the drug elicited a significant increase in
amODC (P<0.01), amounting to 62lZ over saline‘co‘ntrol_s. Despite the
significant v‘ariatic;l_ betwe?n the three. experiments (F=3§.443, P<0.01), the
results were consfis;tent as indicated by the non-significant interaction of
drug on experiments (F=2,00, P>0.05). To illustrate the ready inducibility
of this enzyme, a comparison of the effects of (+)3~PPP on the two adrenal
enzymes is warranted. Whereas TH required the dire;:t administratioﬂ of the
dr_ug into the cerebroyentricul;a\f\ system in order to acﬁieve a statistically
significant effect, amODC responded to a peripheral injection. Moreove-rg,
the per cent increase over controls was _62% for amODC but only 27% for TH
(seeﬁ Tables C.21 and C.22).

The baseline variation in these experiments ‘with (+)3-pPPP, ?g is the
case for most amODC experiments id this thesis (for exampie, see Table
C.9), was statistically significant. However, these variations are well
within the limits of variation normally observed in this laboratory. The

fact that statistical significance was attained merely i{1lustrates the

sensitivity of the statistical m_etﬁods used. At the same time, it should

\
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also be mentioned that although (+)3-PPP elicited a significant increase in
am0DC, (62% over controls, Table C.22), this increase is much less than the
many~-fold increase in enzyme activity produced by apomorphine (Almazan et

4
al., 1983b).

,i, (b} D-1 vs, D=2 Receptor Stimulation

(1) Ornithine Decarboxylase

The inductive effect of DA agonists on am0DC (Almazan ét al., 1982a).
can be abolished by the prior injection of dopamine antagonists. However,
the relative importance of DA- receptor subtypes in the}}regulation of this

adrenal enzyme is unknown. To study this question, experiments were

<
o

carried out with D-1 and D-2-specific antagonists with the aim of

establishing whether one dopamine receptor subtype is more ef fective in

attenuating the apomorphiné-—elici ted increase in amODC activity than the

-

other, ‘ o -

In two separate but similar experiments, the D-l-—specific blocker
SCH23390 was tested (Table ;0.23). It had o effect' by itself on amOD;J
activity in comparison to saline-treated controls (P > 0.05), However, in
both experiments SCH23390 was able to diminish significantly the inc;rease
in enzyme activity elicited by apomorp—hine. - '

These data were subjected to ANOVA. For this particular analysis,
only the effect of SCH23390 on apomorphine was considered; ;:ims, ouly lines
3 and 4 from experiments A and B (Tal;le C.23) were used, The ANdVA
revealed (Table C,24) that there was no vax‘:iation between experiments (F <
1.00) and that SCH23390 did indeed significantly attenuate the inductive
effect of apomorphine on amODC (F = 15.23, P < 0.01). The mean amODC

activity for the group receiving both drugs was less than 50% that of the

. activity of the APO-treated group (157+15.81 vs. 70+15.8]1 pmoles CO, per 45
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minutes per mg proteiny APO vs. both drugs). '
To investigate the effect of D-2 specific blockade, sulpiride was
£

used. To create optimal conditions for showing an attenuation of

induction, a submaximal dose of the inducing agent (1.5 ;ng'/kg A;O) an;'l a
very hiogh dose of the bllocking agent (50 mg/kg sulpiride) werqe used. Ip
two similar but separate experiments (Table C.25) sulpiride alone had no
f’effect on an;ODC. However, in both experiments, the D-2 éntagonist was ab1—.<e
to lower the apomorphine-elicited incre'ase in amODC (;ee Table C.25). ‘The
I magnitude of the attenuating effect was somewhat different in edch
experiment, and only 1in the c;zse of Expt. A was there a significant
difﬂference between the group receiving bothjdrugs~ acnd tfﬁe group réceiving

~

APO alone. o . - ,
3 \ .

For a b;tCer assessment&of tt‘:e effect of sulpiride on apomorphine
¢ ,
inductioh, “the data were subjected to ANOVA; this increased the number of
degrees .of free:dom available for critical co‘mparisons.l As before, our
.interest was in the pbssjbilit}; of a ;eal attenuation <_)f the effect of
apomorphine, Hence, only lines 3 and 4 fromoexpel_:im"ents A. and B. were
used in Table C.26. The ANOVA indicates first of all that the uresult‘:s of
the two experime‘nts were not dissimilar. Secondly, it 1is seen that
sulpiride, indeed, has a significant blockipg effect on the apomc;rphine-
elicited induction of amODC (F = 5.66, :P < 0.05): _Thus, the mean increase
elicited by apomorphine was 107+20 pmoles COp per 45 minutes per mg protein
but this was diminished to 45+20 (58% reduction) by/él“lpiride. ”//r
The data from the four ‘e;xperiment% describedrin th'is séction and taken
as a whole suggest that als !:far as the attenuation of the APO-elicited
incx;ease in amODC 1is concg-ned, the D-1 and D-2 receptor-selective
antagonists are equally effjicacious.

[

,
,
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ii) T§roe7ine Hydroxylase
o ! . - :
As 1s the case for ODC, the administration to®rats of dopamine

receptor agonists results in an indu-cti\on of TH activity (Quik and Sourkes,

1976) a;),d this induction can be blocked by injecting haloperidol (Quik and

Sourkes, 1977). The site of action of apomorphine responsible for the

voofa, . \ .
induction of TH and ODC has been localized to the striatum (Ekker and
- N

LS

Sov:lrkes, 1985). Whether the effect of dopamine agonists on TH iz mediated
) b oo :
thrgugh the D~1 or D-2 receptor subtype has yet to be determined. Just as

in the experiments with onge, the D~1 and D-2-specific antagonists, SCH23390
hd ‘ - _,;)* " r2 3 :. : ! ’
and sulpiride, respect%re adm_inist:ereﬁ to apomorphine-treated rats

' k2

>

to investigate the relative importance of dopamine receptor Subt"ypé:s, in t‘k%

regulation of ATHA, -
S— h
The results of.two similar experiments designed to study‘ the effect of-

SCH23390 on apomorphine are summarized in Table C.27. 1In the -one
experiment, where ‘it was tested alo\r‘l_i, thedD-1 antagonist had no effect on

TH activity (P > 0.05 ). Both experiments were designed to test the

A

= %‘ A
increase in ATHA elicited by apomorphine in the presence and absence of

SCH23390. The results show that apo‘morphine's effect was attenuated, but

this loweri‘ng effect was statistically significant im only one of the
- 1

experiments (Expt.B:P< 0.025 vs. APO).

e * *

L4 .
Again, to provide a more detailed ana‘lygig of these results, the data

“from the two experiments were subjected to ANOVA., It was,onfy of interest

to determine whetlzer SCH23390 can antagonize the apomorphine-elicited

increase in ATHA, Hence, from each experiment only the group tpeatéd with

11

- apomorphine and with-apomorphine plus the antagonist were considered (Table

C.28). The results of ANOVA show that, in fact, the two experiments are
consistent (F = 1,24, P> 0.05) in demonstrating attenuation of the

induction (F = 7.27, - P < 0.05): The level of ATHA resulting from
. Mo ! .
. 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 adrenals by SCH23390 treatment.
The effect of sulpiride was also studied. This drug was injected into

apomorphine-treated rats in two experiments. These results are’summarized

.

in Table C.29. In the one experiment where it was tested 'alc?ne, the D-2‘ o

\
blocker had no effect on ATHA (P > 0.05)S In each of the two experi‘ment;,‘

»

t;he increase: in enzymg activity elicited by apomorphine was diminished in

the presence of sulpiride;'howe;ze;', this effect wds not statisticall,y

significant. (P > b.OS vs. APO for each expenimeﬁt). The data from the 2

experiment;s were then subjected to ANOVA (see Table C.30). As.was the case

with SCH23390, this analysis considered only the effect of sulpiride 0;1 the
!

apomorphine:—elicitéd; increase iﬂ\\jﬁb\. Hence, from each expefiment, only

L
apomor

the groups treated wi

AT

ine and with apomorphine plus the
ant'agon"ist were considerefl. This analysis reveals that sulpiride -caused a-
slight,” but not statistically si’gni’ficant, diminution of the a'iaomorphiﬁe—

adrenals for

elicited induction (58.5+4.12 nmoles L-DOPA per hour' per pai

APO-treated rats vs 50.4+4.12 for APO + sulpiride rats). [Thus, while the

~

D-1 blocking agent SCH23390 was able to attenuate signfficantly enzyme

induction, sulpiride was unable to do so. .

}

—

(c) GABA-Dopamine Interactions in the Regulation of ATHA -

i

The increased activity of TH by HA-966, a drug that blocks striatal p

dopamine release, is comparable to the induction of the enzyme by certain
\ .

other gubstances, including DA agonists. To determine whether these

inductive effects are independent “of each other, the results obtained from

the joint administration of HA-966 and apomorphine were compared to those
7

obtained by each drug given alone (Table C.3I')l. ATHA for the group

N

receiving both drugs was not significantly different fr'em that of the group
. ¢ )
81 ‘ o
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receiving apomorphine alone.. However, treatment with apomorphine increased
2 ’ E .

Fﬁ significantly. the action of HA-966. That HA-966 could not potentiate .the
3 . t .
effect of apomorphine is presumably due to the alréady maximal dosage of.
o ) /
the latter drug used for enzyme induction. Nevertheless, K the quantitative

Similarity of the effects producéd hy the dr'ixgs suggests the possibility

>

% that they ahare a common mechanism.

_— ]

/5 To invesdtigate further possible GABA~DA interactions in the induction

of ATHA, dopamine-receptor blocking agents, which antagonize the

apomorphine—elicited induction of ATHA, were used. The administration of

dopamine antagonists to rats receiving GABA analoéues ;night differentiate

f a

- between a dopamine-mediateé and a dop.amine-independer}t GABAergic induction.

To this end, haloperidol, a non—specific dopamine antagopist‘; SCH23390, a’

°

D-1 selective blocking agent; or sulpiride, a D-2-specific antagonist was

- administered to rats)receiving either GOBA, HA-966 or muscimol. 'Tlp.e

results are summarized in Table C.32. SCH23390 and sulpiride failed to,

block the inducéion in enzyme activity produced by GOBA or HA-966 (P > 0‘.05

e v 1

for all cases). Similarly, haloperidol was unable to’prevent the muscimol-

efic:l-t:ed increase in ATHA. Thus, while all three of these DA antagoni.sts'

<

.are capable of attenuating, at least to some extenf, the induction of TH by
. <
DA agonists, they are ineffective in preventing an increase caused by

GABAerglc substances. '

N .

i ] % -

82



3

1
i

Table C.1: Effect of Muscimol on

ATHA (Glven for 3 days); Means and ANOVA
N T

=

+ N @
- ] ? h . .
Treatment N ATHA* TP ' ’
Controls 23 31.6+2.05 o * " -
« Muscimol 25 7 59.7+1.97 " <0.01 . X
Py > p - ™ v * -
._30
ANOVA )
{ - X ) ? N
Sources of Variation. df ©=  Mean Squares F P .
Total - = 47 - - ) ‘ S
Effect of muscimol 1 9420.45 97.40 <0,01 S
] E:;periments 4 2413.39 24.94 <0.501 ’ i ]
Residual error _ 42 96.76 (1.0) -7 y _L’: - o

) r > N -

*ATHA is expressed as nmoles L-DOPA per hr. per pair adrenals. The results
represent data pooled from 5 similar experiments. Muscimol, 3mg/kg s.c.,
was given b.i.d. for 3 days, 5 hrs. between injecdtions. Controls received - .
vehicle alone. 1In each experiment muscimol gaye a mean increase, ranging - : 5
from 537 to 104% over saline controls; average mean increase =

79% + 19%. .
The probabilities are based on Fisher's F-test. ’ 4 : )
~ 83 g
» hd s »
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Table C.2: Effect of A One Day Injection of Muscimol on ATHA; 'lldeans and ANOVA

f“i Ser

freatment

D
¢

N ATHA* P !
" \
Controls ' 8  25.6+1.66
Muscimol 9 37.9+1.57 <O'001 \
. ‘ .

. Sources of Variation df Meén Square ‘ F P

Total ‘e : 16 - 4 - -

Effect of muscimol 1 654,06 29.15  <0.01

Experiments 1 469,55 21,22 <0.01 )
| Residual error 14 .22, 13 (1.0) - ' 2’

The

*ATHA is- expregssed as nmoles L-DOPA per heur per pair adrenals.

results represert data from 2 similar experiments.

Muscimol, 3 mg/kg s.c.

bei.d., was given for 1 day, 5 hrg. between injections.

Controls received

‘ vehicle alone,

The probabilities are based on Fisher's F-test.

’

.
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N Table C.3: Effect of Bicuculline on ATHA ° X ) i
. . - Y -
Expt. # Injection Schedule ] ATHA* - P vs. Control —
Control (n) Bicuculline (n) - !
a M (- ) “ ® . o
1 ‘1/d 34.2+4.74 (4)  44.9%+3.50  (4) .>0.05
2 1/d 28.0+1.00 (4) 39.5+2.90  (4) <0,01 ; . .- .
3" , 2/d : 43.6+0.94 (5) 54.5+2.91  (5) <0.01 !
- ) | | o N
4 <. 2/d 31.7+2.71 (5) 40.3+7.47  (5) ~ 20.05 .
5 - 2/d " 36.0+2.83 (5)  346.242.00 A5) -  >0.05 R
P X . . !
6 2/d , J4.6+1.17 °(3) . 18.0+1.26 (%) >0.05 - - .
v ’ ‘ i 1 €
- - Ty 1 — 1o <
*" ATHA- I's expressed as nmqles L-DOPA -per hr. per pair adrenals. . . )
Bicuculline was given, 1 mg/kg s.c., either. once daily (1/d) or twice daily . .
(2/d) for 3 days.” Probabilities are” based on Student's t-test. ,e 2
. . - - . ] .
© ~~ - ')a _ . 11 ‘
L3 —i- !
. “ ) ' b L]
. i @ i v
“ -t - ) 85 . - ” : - ’
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- Table C.4: The Effect of Progabide on ATHA

« . Expt. . E ATHA D . - P* vs. Control-
" (nmoles, L~DOPA per 'houf?pér pair adrenals)
. - Controls’ (n) s Progabide (m) . JT
A O 3824375 (&) 35.0¢6.00 (4) . 50,05
B 31.7+2.71 (5) 34.5+1.48 (5) >0.05
" ‘Means ' .“"34.612‘.53‘ 3)4.712.53 - R

[l
\

o

* The probabilities a

5 brs. later, for 3 days.

¥ 1df, F = 0.00, P > 0.05; Experiments: 1df, F = ,945,
Interactions: 1df, F = ,703, P > 0.05; Mean Square for Etror (144£)

. ‘)é 57053!

L8 ,:l ) )
5 ¢ !
! .

N

ar

\

[

»

/

¢

re baged on Student's T-test. (2-tailed).
' “Rrogabide was administéred s.c., 100 mg/kg 'in the morning and 50mg/kg
Controls received vehicle alone.
.the experiments were pooled and subjected to ANOVA. Effect of progabide:

P> 0.05;

%

The data from
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Table C.5: The Effect of GOBA and HA-966 on ATHA

»

. . L ., / Y )
%, . RN Lo
| Treatment /Route N ATHA P v&. Control
o ] v
¢ i
"\ o ’/ ! \15 o .
I  Controls i.pe 15 24.8+1.12 \
: HA~966 * L& 35.1+1.08 ., <0.01
II  Controls 1., 14 33.1+1.40 [ B3
GOBA . *’ 16 41.2+1.31 £0.01
. s Y . . a ' .
III qqntrOls 10COV0 ‘ 8 ‘39.213-25 1( ‘
) HA-966 , 6 51.5+3.76 - ﬁO. 05 s
-t . - . , , ~ i J‘L .
ATHA 1s expressed as nmoles L-DOPA per hour per pair adrenals. . For’
+ each drug, the results represent data pooled from replica e .
experiments (I and II, 4; III, 2).- HA-966 was given once?\;\lSO mg/kg &
i.p. GOBA, 0.5 mg/kg i.p., was administered once daily- for 3 days.
| HA-966 was also given i.c.v., 5 pg per animal, in a volume of 10ul.
- . Controls received vehicle alone. Probabilities are based on Fishei"s)
s F-test. '
. . +4
o’ ) ' ® ~
! . P \\
. ~ ) Al if"c \
, i «® & p
: , T ;
) }-’ ) !' - &
N . ‘l . ] ) ) v
o \ -
\ . o
. ) Lo \
¢ g
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42 experipents x 2 treatments (drug/no drug)

88

. ; v |
“ N :F‘gble C.6: The Effect of@, GOBA and HA—9§6 on-ATHA - ANIOVA 3
A. Effect of HA-966, i'.p. BT ’
P Sources of Vari.ai:io'n . ? [ df Mean Square F p
" ALL - 0 . - - -
. v .
8 treatment fubgroupsa 70 * 347,34 18.56 <<0.01
Effect of §A—966', 150 ?ig/kg 1 821:44 4?)3@ ‘ <<0.01
" .4 experiments 3 513.10 © ' 27,39 - <<0.01
- v X ’ . -
Interactions T 3 :FZ‘?..‘M . 1.26 >6¢3§{5
Error g 23 18.‘73 ’ ] ’(1.0) -
¥4 experiments x -2 treatments (drug/mo drug). '
" B. Effect of GOBA, 1.53 ! R
Sources of -Vartation dfz -¥ Mean 'équéré . ¥ P
' | Allﬁd E o {;? ‘_‘" N— - - |
8 treatment’ subgroups® R - T T 20,02 ¥0.01
" Effect of GOBA, 0.5mg/kg 4 sy 17,88 4<0.01
¥ 4 experiments ' ae .3‘3’/ AQ‘D10“34;99 s 37.88 ., <KQ.01
- Igteractions ' : 3 7886 . . 2.89 50,05
Error T2 o« 274,32 (1.0) -
, ' Q
| -7 exper%mentsax 2 treatments (drug/mo drug)
C. Effect of HA-966, i.c.v. ]
Sources of Variation df Mean Square F ’ p
All 13 - - | -
4 treatme& subgroups? - 3 ) 246.96 2.92 >0.05
Effect of HA-966 - 1 519,38 6.14 <0.05
2 egcperiment’s 17 " 139.14 1. 64 >0.05
. Interactions ~ 1 82.36 0,973 50.05
Error e 10 ‘84.63 (1.6) | -
A
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Table C.7: The Effect of

Hemisplanchnicotomy on the Induction of ATHA by HA~966

4 @ - . - -
' Treatment ’ Left (deneréﬁtedf gland Right (innervated) gland
j ATHA* (1) +__ATHA* (n)
| - . \ - ] \.
* iHemi-splanchnicotomy a) ( b)
I+ saline 24.03+1.17 (3) ' .7 21.4242.30 (3)
.] ) l, . 1 " " '
| - -
Hemi-splanchnicotomy c) . " . d) .
+ HA-966, 150mg/kg i.p. 13.52+3.84 (3) 27.77+1.56 (4) - .

I*ATHA is expressed as nmmoles L-DOPA per hour per adrena land.
of HA~966 was done on tite fifth post—-operative day.
Student's t-test (one-tailed):

The injection -
Pr bilities aré based on |

. _ )
a) vs. ¢), P < 0.05; a) wvs. b), P > 0.05; .
T b) vs. d), P < 0.05; ¢)' vs. d), P < 0.01; « x
. \;'a t
T ) -
| . . . )
‘!\ '(-v
4
’ r - - ,:“' M , - A
~ 'ﬂi
. - ] * o
89 ' -
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Table C.8: The Effect of Bicuculline on-the Induction of ATHA by GABA Agonists.

[N

— Treatment N ATHA P vs. Control P vs. GABA Agonist Alone
‘A. control *5 43.6+0.946 - | -
Bicuculline 5 54.5+2.91 <0.01 ’
Musci@ol 6 83.9+5.13 <0.001 .
Bic. + Muscimol 4  101.5+6.25 " <0.001 ©..>0.05
B.¢ Control 5 31.7+2.71 - /. -
Bicuculline 5 40.37.47 30.05 ) ,
Progabide 5 34.5+1.48 . >0.05 sc_
* Bic. + Pgogabide 5 53.147.38 <0.05 <0.05
. ~ -
C. Centrol 3 14.6+1.17 - ° -
.* Bicuculline 4 18.0+1.26 >0.05 b )
- GOBA o4 23.041.60 <0.01 - S
Bic. + GOBA ' 4 30.8+3.90 <0.01 >0.05

bicuculline, 1mg/kg s.c. were administer
gi¥%en once daily for 4 days.

agonists.

90

ATHA is expressed as nmoles L-DOPA per hour per pair

b.i.d. for 3 days.

adrenals, Muscimol, 3 mg/kg s.c. and

GOBA, 0.5 g/kg i.p.,.was

Progabide was given.s.c. for 3 days, 100 wg/kg in the
morning and 50 mg/kg 5 hrs. later. Bicuculline was administered 30 minutes prior to the
Probabilities are based on Student's t-test. ‘
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Table C.9: The Effect of Muscimol and Progabide on,amODC

<

.
/
N

Expt. T:jeatment: Route amOD'C* P °
[."" Control  swc. 6 6.3+ 2.64
Muscimol ] 4  208.0+48.00 * <0.001
2. Control  s.c. 3 18.3+ 3.50 ‘ ¢
Muscimol 5 . 27.9+ 3.13 50.05 u “
3. Control SeCe 3°  28.9+ 3.10 c
Muscimol. 3, 77.3+21.40 )>o.05-, N . %
4, Control S.C. 5 ‘ 149.1:_-!;45.29 |
Mus;irgol 175.2+55.77 >0.05 R T . =
‘5. Control s.c. 4 30.5+ 7.98 . ©
Progabide .3 27,7+ 3.70 £ >0.05
2.‘ Control sece "4 13.8+ 6.20 \ ST
Progabide 4 b 1643+ 2,40 50.05 o

*amODC is expressed as ppoles CO, per 45 minutes per mg

\ protein. Muscimol was given once, 3 mg/kg./ Progabide was
given once, 100 mg/kg. Animals were sacrificed 4 hrs. after
injection. Probabilities are based on Student's t-test (2- .
. tailed). . oo -
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Table C.10: The Effect of HA-966 and GOBA on: amODC;- Means g ANOVAiq ' -
Means ; ;
e * [ -
- - -/ .2 -
Treatment N amODC* P : P
@ 0 o . > :
A. Controls 7 29.9+8.43 > L '
-, ~ HA~966 8 76.2+7.89 <0.01 . )
) & ’ Q ~
B. Controls.[\ 7 29.9+4.69 . 5 ; < .
GOBA . 7 43.7+4.69 >0.05 ¢ )
-« i ¢ 9’ \ -
ANOVA o
- L Ed
A. HA-966 Sources of Variation df Mean Square F P -
, R .
- All 14 - - -
Effect of HA-966 1 7985.71 16:04 <0.01 @
2 Experiments L 7192.40 I&.44  <0.01 L
Error . 12 497.90 (1) .- e . .
. ' r kil d ;
B. GOBA Sources of Variation I\ df Mean Square F P
All ].3 - - - ’ K
2 Experiments 1 7012.98  45.55 %<o.0L . 7 T
— 11 153.94  (1.0) - '

.
~~

[y

Error
&

-

*amODC 1s expresséd as,pmoles CO2 per 45 minutes per mg protein. HA-966, 150
mg/kg and GOBA, 0.5 g/kg were each administered i.p.
4 hours after injection, Probabilities are based on Fisher's F-test. .

\)

<@
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Animals were sacrificeq
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Table C.11: The Effect of Muscimol on the Oxotremoriné-Elicited induction of amODC

?

- X
Treatment N am0ODC P vs. Control °
~ A. Comtrol + 3 28.9+ 3.10 - ’
_ Muscimol 3 77.3+ 21.40 >0.05
_ ., Oxotremorine - 3 149.8+ 22.40 <0.01
. .
Misc. + Oxot. 5 193.7+ 59.70%

® B, ‘Control ' . - 5  149.4+ 45.29 -

Muscimol ' ' 4 . 175.2+ 55.77 p0.05 =
’ 'Oxotremorine 4  572.8+150.95 0.025 < .

Musc. + Oxot. 5 705.4+145.50%

*P > 0.05 vs. oxotremorine aléne. amODC is expressed as pmoles CO, per 45 minutes per
mg protein. Muscimol was given 3 mg/kg s.c., 60 minutes prior to oxotremorine. Methyl ’
atropine, 5 mg/kg s.c., was given 30 minutes prior to- oxotremorine to block the latter's
periphera¥ effects. Oxotremorine was administered- in a dose of 0.35 mg/kg s.c.
Probabilities are based on Student's t—test. Animals were sac¢rificed 4 hrs. after

. oxotremorine administration. /
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Table C.12 The Effect of Progabide on the Oxotremorine—Elicited Induction of amODC

-

.

LY
[}

Treatment

N amODC P
* A, Control 4 30.5+ 7.98 -
, Progabide §B 27.7+ 3.70 >0.05
Oxoﬂremorine : 2 552 :t 64 <0.001 -
- Prog. + Oxot. 4 936 +196% <0.001
’ ) B.  Control 4 13.8+ 6.20 -
- progabide ’ 4 16.3+ 2.40.  30.05
) Oxotremorine 4~ 756 +254 <0.05
; Prog + Oxot. 5 720 +175% _<0.01

*P > 0.05 vs. oxotremorine alone. amODC is expréssed as pmoles CO., per 45 minutes
per mg protein. Drug administration was as follows: progabide: 100 mg/kg
S.C., 60 minutes prior to oxotremorine; oxotremorine: 0.35 mg/kg s.c.; methylatropine:

5mg/kg s.c., 30 minutes prior to oxotremorine, . Animals were sacrificed 4 hrs, after
oxotremorine injection. Probabilities are baseg on Student's t-test.

A
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Table C.13: The Effect of Bicuculline on the Oxotremorine~Elicited Induction of ATHA

Expt. Treatment N ATHA 2 P \
. A Control 4 - 28.0+ 1.00 - * - .
"‘ - ‘ Bicuculline 4.  39.5+ 2.90  <0.01 . .
SR Oxotremorine 4 67.5+14.80 : <0.05 N ‘ ”
f Bic. + Oxot. . 4 63.7+ 3.40% {9.01 K
§.  _control 4 34.24 4,76 - |
Bicuclxlline . 4 44,9+ 3.50 >0.05 . .
Oxotremorine 4 87.Q£ 5.28  <0.001
_ . iBic. + Oxot. 5 77.7+ 2.52%  <0.005 \ )

*P > 0.05 vs. oxotremorine alone., ATHA 1S expressed as nmoles L-DOPA per hr.

per pair adrenals. Bicuculline was administered, 1 mg/kg s.c., once daily. for

3 days, 2 hours prior to oxotremorine. . The doses of oxotfemorine were as L “
follows: In experiment A., 0.35 mg/kg s.ci; 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 -
oxotremorine. Animals were sacrificed on the morning following the last

injection, Probabilities are based on Student's t-test.

3 "
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Table C.14: The Effect of GABA Agonists on the Increase in ATGHA Elicited By L T —— \_»;;\
Oxotremorine ] ) i
> .
Treatment N ATHA P vs. control: P vs. oxotremorine
A. _ Control 4 38.2+43.75 Co- 7 , .
\ Progabide 4 35.0+6.00, >0. 05\/ .
' oxotremorine 4 81.213.40' <0.001 - .
— ) . :
Prog. + Oxot. 4  72.8+7.80 <0.01 . >.05 ;
. . . - 4 B ’ J
B. Control 4 24.6+1.69 -
Muscimol 4 37.6+2.68 <0.01
o |
Oxotremorine 4 58.9+4.04 <0.001 ' Nl S
Musc. + Oxot. 5  73.9+5.36 <0.001 <0.05

ATHA is expressed as nmoles L-DOPA per hour per pair adrenals. Drugs were

administered as follows: progabide: 100mg/kg im the A.M., 50 mg/kg 5 hours °

later; muscimol: 3 mg/kg b.i.d. 5 hours between injections, oxotremorine: 0.35

mg/kg b.d.d., 5 hrs. between injections, 1 hr. after muscimol and 2 hrs. after

progabfde; methylatropine 5 mg/kg b.i.d., 30 minutes prior to each ’ 2
oxotremorine injection. All drugs were administered s.c. Probabilities are )

based on Student's t-test. -
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Table C.15: The Effect of Atropine on the Muscimol-Eljcited Induction of ATHA

- =

Treatment N A'}HA ° P vs. control . P vs. muscimol
Control . 5 37.1+4.54 - - .
Atropine 5 49.9+4.59 >0.05 °

Muscimol 6 .69, 31;3. 85 <0.005 o

Atropine + ' -
Muscimol 5 72.2+7.68 <0.005 s T 20,05

-

-

. -

ATHA is- expressed as nmoles L-DOPA per hour per pair adrenals. "Drugs 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. / Probabilities are based on Student's t—-test.
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0 o " Table C.16:i The Bffect of MDMT on ATHA; Means(a) and ANOVA(b)
(a) Treatment . N Route ° ATHA P*
) Controls . 18 §eCo ! 32.8+1.96 ’
MDMT,
1 mg/kg b.i.d. 19 S8.C. 37.6+1.91 >0.05
” (b) Sourcés‘ of Variation af Mean Squate  F ~ P¥ _

All 36 - - -
8 treatl;xent subgi‘oupsa 7 10036 1.46 . >0.05

) \ Effect "bf MDMT 1 213.07 © < 3.08  >0.05
4 experiments 3 27.14 ° 0,39 >0.05 Q
I;;eractions \3 136.903 1.98 20.05
Error ’ 29 | 69.17 (1.0) -

*Probabilities are based on Fisher's F-test. MDMT was administered for
either¢l,2 or 3 days.s The animals were sacrificed on the morning following

" the last injection of MDMT. ATHA is expresgg as nmoles L-DOPA per hour per
pair adrenals.

24 experiments x 2 treatments (controls/MDMT). .
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Table C.X7: The Effect of MDMT on the Muscimol-Elicited Induction of ATHA;

- Means (a) and ANOVA (b). '
(a) Treatment Route N ATHA px
» . . °
Muscimol, “ SeCae . 14 49.0+2.54 .
3 mg/ll(g b'i.do V4 . :
/ Musc. + MDMT, Se.Coe 15 52.6+2.54 >0.05 -
-, 1 mg/kg b.i.d.
« " 1
(b) Sources of Variation df Mean Square F T Pk
A1l . , 28 - - -
e ' ” ¢ —'
- .6 treatmefit subgroups? 5 153.5 1.70 >0.05 ' .
. - . - . * i
' Effect of MDMT o ) -
- - on muscimol 1 90.38 1.00 >0.05
. e fﬁ' , s
- 3 experiments 2 122.%7 - 1.36 >0.05 ;'
. Interactions L 2 216.18 2.40 >0.05 ‘
O Error - - 23 90.07 (1.0) - ’ M ’
< A ) - - s .

ATHA is expressed as nmoles L-DOPA per hour per pair adrenals. Muscimol was
administered b.i.d., 5 hrs. apart. MDMT was given 30 minutes prior to each
muscimol injection. Thg drugs were administered for either one, two, or three

days., Accordingly, the animals were sacrificed either 24, 48 -or 72 hrs. after
the first injection. ’

@
.

*Probabilities are based on Fisher's F-~test. ? ) . . )

23 experiments x 2 treatments (muscimol/muscimol + MDMT)
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" Table C.18: The Effect of-PCPA on ATHA; Means(a) and ANOVA(b) a

(a) Treatment N Route ATHA p*

Control 10 i.p. 2]1.0+2.05 .
o :’ X - . . r
PCPA, ST - "
300 mg/kg .o 10 - d.p. 34.,7+2.05 , <<0.01 - "
" .o :
- (b ° Sources of Variation df Mean Square F px .
AlL 19 - .- -
' 4 treatment subgroups® 3 319.16 7.610°  <Q.01
. fefect of PCPA . 1 938.38 ' 22.370 . <<0.01
' 2 experiments - Q.1 ___13.83 1 0.329 * >0.05
‘Interactions - A - ' 5,28 0.126° /7>0.05
‘ it
° - 3 . E ‘ d
. Error‘, ~ ¢ V 16 41.94 (1-0) * -
‘ _— A : "
* Probabilities are based on Fisher's F-test, ATHA is expressed ‘as nmoles L- .
.o DOPA per hour per pair adrenals. PCPA was administered once and the animals
were sacrificed 24 hours later. "
'Y ) N
& 82 experiments x 2 treatments' (control/PCPA). ' LT e
A‘ ’ B -‘ ’
- / .
- . M A %
I’ ‘
2 oo
o . ‘ . — [
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Table C.19: The Effect of PCPA on Induction of ATHA by WMuscimol or Bicuculline

4

A. Control

_»B. Control

Treatment N ATHA P vs. con P vs. i-”CPA . . _ :
5 20.7+ 1.88 - °
PCPA, 300 mg/kg i.p. 5 ‘33141 1.78 <0.005 -
Muscimol, 3 mg/lég, “ - 39
b.i.d. 5 34.8+ 1.20 ° <0.001 . C
PCPA + Muscimol 6 45.6% 3.52 <0.001 <0.025 T \\
5 21.3+ 4.32 - U
PCPA, 300 mg/kg i.ps 5 36.0+10.75 <0.b‘2; ‘= «’ ’
Bicuculline, 1lmg/kg Q ’ ; z
s.c. b.i.d. 5 27.4+ 3.17 <0.05 '
6 43.0+ 8.94 <0.001 >0.05 i

\\\\/ PCPA + Bicuculline

2

ATHA is expressed as.nmoles L-DOPA per hour per pair adrenals.- Probabilities
are based on Student's t-test. Duration of treatment was for 1 day. PCPA was
administered once, 30 minutes_prior to the GABAergic agent. Muscimol and

bicuculline were given b.i.d., 5 hours between injections. - T .
o ’ L i .
. ,____—»>/ .
—
4 M———/"'—"——’,’" -~ .
v - ) - © -
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Table C.20: The Effect of AMTP on the Induction of ATHA b¢ HA-966

L]

\

Treatmepf N ATHA P vs. control’ P vs. HA-966
Control 4 31.6+1.32 ~ ‘<05J0125
HA-966, N ‘
150 mg/kg 1.p. 4  47.1+4.13 <0.0125 , -
afre, .
100 mg/kg s.c. 4 36.4+3,18 20,05 <0.05
HA-966 + AMTP - 4 43.0+2.04 (0.005 >0.05
\ATHA is expressed as nmoles L~-DOPA per hour per pair. adrenals. .
" Probabilities are based on Student's t- test.
A /
!
[
, %\
s g ;,ﬂ o '
AT
P
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Table C.21: The Effect of (+)3-PPP on ATHA

Expt. Treatment N -  Route ATHA P
A. Saline . 5 S.C. 20.7+1.28 -
(#)3-PPP, .. . . ' _
10- mg/kg 5 / 8dCe 26.4+4.98  >0.05
Bn~ ) Saline 7‘I ioCoV; 2507:‘;1-98 -
(+)3-PPP, | ~ K
Z}Ig ‘. 9 iICOv. 32.711 0)74 <0-05

s

- -- 4
ATHA is expressed as nmoles L-DOPA per. hour per pair adrenals.
"In experiment A., (+)3-PPP was given.once daily for 3 days. The
- probabilities are based on Student's t-test.

In experiment B., the drug was administered 1i.c.v., 2ug/10pl, and
the animals were sacrificed after 24 hours. The data for the
latter treatment represents a pooling of 2 experiments and were
subjected to ANOVA, Variations between replicate experiments
“could thus be accounted for. The probabilities are based on
Fisher's F-test. Effect.of (+)3-PPP: 1df, F = 7.00, ¥ < 0.05;
Experiments: 1df, F,= 20.07, P < 0.01; Mean Square for Error (13
df) = 27.4,

103
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Table C.22:(The Effect o'f '(+)3-PPP on am0DC; Means(a) and ANOVA(b)
(a) Treatment N Ro;te ’amODC P
- Control r 11 S.C. 31.9+3.27
(+)3-PPP, ; D
10 mg/kg 11 s.c.  51.9+3.27  <0.01
. RS
(b) Sources of Variat;ien ’ df Mean Square F px
“oan 21 =" - -
6 treatment subgroups? 5 .23?1'§, 20.300 <0.01
| Effect of (+)3-PPP 1 p192.21 18.608  <0.01
3 experiments © 2 4646.83 39,463 <0.01
Interactions L2 236.07 2.00 >0.05
, Error ’ 16 — 117.81 (1.0) -

A ]

am0ODC is expressed as pmolks €0, per 45 minutes per mg protein. (+)3-PPP was

administered once and the animals were sacrificed 4 hrs. thereafter.

Probabilities are based on Fisher's F-test.
"#3 experiments x 2 treatments (drug/mo drug).

-
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Table C.23: The Effect

q

3
e

of SCH23390 on the Apomorphine-Elicited Increase in amODC

S ‘
Expt. Treatment N am0DC P vs. control P vs. APO
A Control 4 25.1 + 4.02 -
SCH23390,
. 3 mg/kg 1.p. 4 24,0 + 3.97 - >0.05 — .
] /" . ¢
APO, 3 mgfkg / - ‘ .
SeCoe t.iod. 4 154.0 i34-71 <‘0.01 -
APO + SCH23390 4 70.8 + 9.44~ 05 <0.05
B. Control 4 20.3+ 0.94 - i
SCH23390, ,
*3 mg/kg 1i.p. 4 20.6 + 2.66 7>0.05
. APO, 3 mg/kg . " ‘
s.C., t.i.d. 4 159.5 +24.68 <0.005 .
APO + SCH23390 4  68.5 + 9.927 <0.005 1<0.01

amODC is expressed as pmoles CO

per 45 minutes per mg protein. 1In both

experiments, SCH23390 was administered 30 minutes prior to the first injection
APO was injected 3 times, at t =0, t = 1.5 and t = 3 hours. Animals
were sacrificed 4 hrs. after first injection of APO. Probabilities are based

on Student's t-test (one-tailed).

of APO.

-

<

Drmm,
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Table C.24: The Effect of SCH23390 on the APO-Elicited Increase in amODC:ANOVA 3 -
. . } o "
N ) Sour;:es of Variation df Mean Square F P -
A1l 15 - - 6 - |
& treatment subgroups? 3 10184,75 5.090 ~<0.05 N
2 experiments  ° 1 © 6.79 <1.000  >0.05
‘ . )
Effect of SCH23390 1 30493.89° 15.230 <0.01
on APO . I _ ' -~ o
Interactions 1 " 53.58 0.026 >0.05 ; .
R - Wy
Error 12 ..2001.7 (1.0) - PP
v . hr A s
] Treatment T n amODC* - -
. .APO .8 157.0+15.81 :
i - A
APO+SCH23390 8 70.0+15.81 -, .
d) experiments x 2 treatments (APO/APO+SCH23390) @
*amODC is expressed as pmoles CQZ per 45 minutes per mg protein. p
o N P
Y
g
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Table C.25% The, Kffect of Sulpiride on amODC Induction By APO

€
~ .
[ '
3

Expt.

Treatment N am0DC M P vs. control P vs. APO
A. Control 4 33.1 + 3.92 - "
N S Sulpiride, ' ’ .o
— 50 mg/kg S8eCo a28-8 i 0.88 >0005 . \l
- APO, 1.5 mg/kg - ,
, SeCoe " t.i.do 101.2' i24o98 c <0|025 ’ -
- APO + Sulpiride o 30.6 + 0.48 - 30,05 <0.05 &’
B. -Control 34.1 + 2.30 -
. Sulpiride J \
) ; v 50 mg/kg s.c. *3- 36.1 + 3.88 >0.05
APO, 1.5 mg/kg :
% s.c., tii.d, 5 110.8 +32.21 <0.05 s . b
° - APO + Sulpiride 3 59.9 + 9.50 <0.05 >0.05
| :
\ - : 3 :
oL " amODC is, expressed as pmoles CO., per/ 45 minutes per mg protein. Sulpiride was .
injected 30”’minutes prior to-the” first injection of APO. APO was administered
‘ 3times, at t =0, £t =1.,5and t =’3 hrs, Animals were sacrificed 4 hrs. )
after first injection of APO., Probabilities are based on Student's t-test T . ’
(one-tailed). ‘ ’ o ' ’




Table. C. 26: The Effect of Sulpiride on the APO~Elicited Increase in

’

amODC : ANOVA
Source of Variation df Mean Square < F ‘ P
All 14 - L -
Effect of Sulpiride 1 13511.02 5.66 <0.05
2 experiments 1 1602.24 0.67 >0.05
Error 12 2389.02 (1.0) -
L d

Treatment n amODC* ‘

APO %9 107+20 \

APO + Sulpiride 6 45+20

3

*amODC is expressed as pmoles €0, per 45 minutes per mg protein.’
? <

5
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Table C.27: The Effect of SCH23390 on the APO-Elicited Increase in ATHA
v E%pt. Treatment N ATHA \P vé. control - P vs. APO
® ° LY
A, Control 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 .
SeCoy q-i-d. 4 58.819.00 <0‘-025 e
) APO + SCH23390 5 44.6+3.95 <0.025 g . >0:0s
“B. Control 3 25.6+1.73 -
APO, 3mg/kg - A ’
SOC., q.i-d. . 4 52-9i4030 |<0.005 -
L4 .
APO + SCH23390 4 36.8+3.36 <0.025 <0.025

—

ATHA is expressed as nmoles L-DOPA per hour per pair adrenals.
were carried out for 3 days.

APO was administered q.i.d., every. 2 hours.
SCH23390 was given b.i.d.,

30 minutes ,prior to the 1st and 3rd injection of APQ.

Both experiments W,

Animals were sacrificed on the morning following the last injection.
‘Probabilities are based on "Student's t-test (l-tailed).

LY
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Table C.28: The Effec® of SCH23390 on the APO-Elicited Increase in ATHA:ANOVA

Sources of Variation df Mean Square F

P
All , 16 = - =
4 treatment subgroups® 3 s7s.14 2.97 >0.05
‘Effect of $CH23390 on APO 1 916,77 7.27  <0.05
2 experiments 1 156.66 1.24 >0.05
Interactif)ns 1 49,00 .388 20.05
Error - 13 126.15 (1.0) "

) .
Treatment n ATHA*
APO 8 55.9+4.00

APQ + SCH23390 9 41.2+43.74

@79 experiments x 2 treatments (A?O/APO + SCH23390)

*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 ih ATHA
4 L4 raf -
-Expt. __~ Treatment N ATHA . P vs. control P vs. APO
| .
. A, Control 4 31.1+3.63 -1
“ “Sulpiride,
40 mg/kg s.c. 4 36.2+2.61 >0.05 .
APO, 3 mg/kg -
- SeCe 4 64.217012 ¥ <0.005 - .
APO + Sulpiride 4 ~° 57.4+6.22 <0.01 >0.05
B. Control - 3 25.6+1.73 -
, APO, 3mg/kg .
;‘— SeCe 4 52.91'_!‘- 30 <0-005 ' -
APO + Sulpiride ; '
40 mg/kg s.c. 4 43.4+5.28 <0.025 >0.05
~ . ATHA is expressed as nmoles L-DOPA per hour per pair adrenals. APO was -

administered q.i.d. fQ§?3 days, 2 hrs. between injections. Sulpiride was given
b.d.d., 30 minutes prior to the first and third injection of APO.

sacrificed on the morning following the last injection.

! on Student's t—test (one—tailed).

111
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Table C.30: The Effect of Sulpiride on the APO-Elicited Increase in ATHA:ANOVA
- - T p
Sources of Variation . df Mean Square F -P
All 15 - - -~
4 treatgent- subgroups 3 303.77 2.24 . >0.05 =
s . ks
Effect of Sulpiride on APO 1 265.69 1.96 >0.05 ‘
2 experiments - 1 638.3? 4.70™ - >0.05
[N . ,.2 .
Interactions 1 7.29 0.05 >0.05 E
Error 12 135.68 ., (1.0) -
*
Means: Treatment n ATHA* -
. APO 8 - 58.5+4.12 o .
. i l - ﬁ\ t -
€APO + Sulpiride” 8 50.4+4.12 ‘
A7 9" experiments x 2 treatments (APO/APO + Sulpiride) . \ : ‘
* "ATHA is expresged as nmoles L-DOPA per hour per pair adrenals.’
‘
E}
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Table C. 31: The Effect of the Joint Administration of APO and HA-966 on ATHA

. Treatment N ATHA P vs. Control
S Control 4 _26.512.28. -
HA-966 . 4 34.81—_2.0; <0.025 .
APO G 4{.5_+_5.i& 1 <0.01 . .
) APO + HA-966 5 42.6+2.85 $0.005

ATHA is expressed as nmoles L-DOPA per hour per pair adrenals. HA-966, 150 mg/kg
i.p., was given 30 minutes prior to APO. APO, 3 mg/kg s.c., was given q.i.d. with

2 hours between injections. The injections were given for 1 day and the animals Q.':

were sacrificed 24 hours after the first injection. The probabilities are based -

on Student's t-test (l-tailed). Treatment with APO and HA-966 was significantly
greater than with HA-966 alone (P<0.05). However, it wasynot significantly
different from treatment- with APO alone (P>0.05).
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Table C.32: Interaction of DA Blocking Agents on Rats Treated with GABAergic Drugs

e

Treatment N ATHA
(nmoles L-DOPA per hour per pair adrenals)
R
[y . ! g !
I. dl-Sulpiride, s.c. . 2
\ R
GOBA 8 . ‘ ., 46.1#3.16 .
GOBA + Sulpiride _ 8 - 45.343.16
v 7 HA-966+ 4 7 . 34.2+1,86
HA-966 + Sulpiride 8 T 32044174
IT. SCH23390, i.p. | ‘ L
HA-966 N7 : 26.8+2.40
HA-966 + SCH23390 8 28.5+2.24
R - 4 -
II1. Haloperidol, i.p. L
- ' ) {
Muscimol B 5 . 53.5+6.92 )
Muscimol + Haloperidol 6 # 68.4+5,49
The results with HA-966 represent data pooled from 2 similar experiments. The
- reésults with GOBA and muscimgl are each from one experiment. Drugs were
. administered as fol/lows: GOBA: 0.5 g/kg i.p. once daily for 3 days; HA-966: 150
mg/kg i.p, for l|day; muscimol: 3 mg/kg s.c. b.i.d., 5 hrs. apart, for 3 days;
dl-sulpiride: 40 /mg/kg s.c. once daily, 30 minutes prior to either GOBA or H&A-
966; SCH23399: 3 mg/kg i.p. b.i.d. (3 hrs. apart), 30 minutes prior to HA-966;
haloperidol: mg/kg i.p. once daily, 60 miputes prior to muscimol. Animals
. were sacrificed on the morningmfollowing th%ast injection, ;

| A The data were subjec{ed to ANOVA., Variation between replicate experiments,
could thus be accounted for (P>0.005 for all cases). Probabilities are based on
Fisher's F-test. -

~ . Effect of dl-sulBiride on GOBA-treated rats: 1df, F=0.03, P>>0.05, Mean Sgnare
for Error (12df)=80.09. -
Effect- of Jl-sulpiride on HA-966-treated rats: 1df, F=,488, P>0.05, Mean Muare

. for Error (11df)=24.11,
Effect of S(H23390 on HA-966-treated rats 14T, F=.256, P>0.05, Mean Square for

(9d£)=206,96.

Error (11d£)=40.29.
O Effect of haloperid;)on muscimol:ldf, F=2,95, P>0.05, Mean Square for Error

g0
~
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Effect -of Repeated Administration of Muscimol on
the Per Cent Increase in ATHA over Saline Controls:

. Muscimol was given in a dose of 3 mg/kg b.i.d.,

s’c. for either 1,2, or 3 days.
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Figure V: Dose Response Cgrve: ODC Activity vs. Oxctremorine

Rats were treated s.c. with 6.65 mg/kg methyl atropine,
30 minutes prior to <injection of variable doses of
oxotremorine (s.c.) and were saérificed % 1/2 hours
after the initial injection.

4



i | .
Lt V] 3 R
- . 4 } * . s -
s . 3 , . . N .
- N i N .
. e b R . P s .
h - 4 . / ~ .-
1 M N - ) .
- ) < ' , .
3 . 1 A ' . b
" . 3 1 * 2 -
. . @ . L4 ,
¥ ‘ - v .
.- i .
~ - P ! .
. ‘ N v
i - v - * . - i i i .
- - = .
, . I
) & ~ - .
- . - ‘ -
. 1
. v
- ) -» . . - - -
. N o _ -
' ‘ ‘ , . SN : __
- ° L -, . e " N . . .ﬂ

I.\ ! 4 Tow

D. DISCUSSION

; -y
w ° \% : .
” . - ~ N
- . s -
+ H
. B 4 1 -,
- - - - 3 v \ .
- . -y
. B . -
B o
~ A 1 * —
- - .
- B R
. .
= .. - < |
, t - -
- N
~ » ) -
. ™ ‘ A" -
~ -
. * < - . ~ v
-
- N * - N . -
. N -
’ - - 7
. . . .
-
5 - - .
B . . o -
‘ M - } ) R—
- / . t < -,
- - LN - . »
- »
o -
i ~
. - f L z
- f . -
. e
. .
- N o . .
- -~ - \ ¥ . —
- . , s . N L. - - - .
. -
1 - \\ .
e . . -
| - -
s - - - _
. . . -
N v
- N ~ . < -
'S R .
. R s , _
. o . ‘ : i 2
3 . ' . b . .
5 . - s - N
- . . . .
on - - -
P
v N
¢ hd *
- :
. N
N ]
. Fl - -




LY

-

~ 1. GABAergic Regulation of Adrenal Enzymes>

The experiments performed in ch thesis, involving the use of

‘neurotransmitter analogues, suggest that GABA plays a role in the induction

- )
of the adrenal enzymes amODC and TH. However, there is mo absolute

“consistency in the actions of the five GABAergic substances tested infthis

-
regard, for they are not equally !efficacious in bringing- about the

Iy
7
¥

. - {
increases in enzyme activity. Moreover, a glven GABAergic agent may effect

. o .
a change”in ATHA, but may not do so for amODC activity. These

v

4inconsistencies may be attributed to the different sites of action or

«

metabolic pathways tjaken by these drugs. ) &

. .

Of the analogues tested muscimol, GOBA and HA-966 consi;ste;xtly

(a) Tyrosine Hydroxylase

effected increases in ATHA. Muscimol almost doubled the control values
when given twice daily for 3 days in a dose of 3 mg/kg (Table C.1). A

lower dose (1 mg/kg), even when administered for three days';’y}vas no{

effective. However, injections of the higher dose (3 mg/kg) for one or two

1 E o ¢

days were able to producelsignificant increases in enzyme activity (Table

C.2 and Figure 1IV), althougﬂ these were not as high as the increases

’

elicited after a|three—da§' ir'ljection period. .

-~

‘ The conditions required to produce an effect with muscimpl correspond
well with reports in the literature about its metabolism. Naik et al.
(1976) maintain thatﬁ muscimol penetrates the hlood brain barrier and has a
potent and long~lasting GABA—like_action: but other authors have sidnce

-

demonstrated that only a small aliquot of the injected dose enters the

[}

“brain j(Baralgii et al., 1979). Although the amount of authentic muscimol

- b
taken up by the brain is sufficient to explain some of the pharmacological

o

,actions. obtained by intravenous injection of the drug (Gale et al., 1978;

» .
Baraldi et al., 1979), this may not be able to elicit the induction of

¢

adrenal enzymes. Thus, in order for an effective amount of muscimol to
. 3 A
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enter the brain a dose of at lea;t 3 mg/kg must be administered
petipherally. Another facet to cohside‘r with the syétemi’c administration
of muscimol is the metabolism of the drug in vivo.‘ Muscimol is metaboldzed
rapidly (Baraldi et al., 1979) after intravenous injection (Maggi and Enna,
1979), . Thus, the biochemical effects p}%&uced by this GABAergic substance
may (be due not to‘ an action of the drug alone but ratl:er tc; a combinacic;n
of muscimol and s:?me derivative, or the derivative alone. This may be the
case for the induction of TH. The significant increase in TH at@tivity
might rc-;sult: aftey only a 24 hour period (F%.gure IV) if, in fact, the
‘effect is due t:olv’ the metaboiite and not the drug itself, Interestingly, in
experiments not reported in this thesis, ilt was found that muscimo‘i applied
difectly into the cerebroventricular system is not able t,:o cause an
increase in TH activity. The reasdn for this lack of effect may be t};a»t
muscimol must indeed be metaboli'zed in the. periphery, perhaps in the lix;er,
in order for it ;:o be biochemically active. That muscimol has‘an effect
when g'iven s.c. but not 1i.,c.v. is not without precedent., For example, ;:his
*drug has differential effects on central dopamine metaboiism,' depending
upon the route of administration: ‘Whereas i.v. muscimol produces decreases
® .
iy nigrostriatal and mesolh\nbic 1’£vels of dopémine, the i.ﬁ.rédministration
of the compound increases the concentration of DA in these brain regions

¢ .

((;undlac_h and Beart, 1}81). Obviously, muscim.ol.has very complex
‘pharmacological aﬁld metabol_ic'char}acteristics: and fuPther work is needed
to determine how it exerts its biochemical effects. Neveréheless, it is
clélar that muscimol in 1its original form or a metab‘q‘lite exerts a

significant inéuctiv‘e effect on adrenal TH activity.

GOBA and HA—§66 were also effective in inducing significant increases

in AIHA! the former drug yielded a 257 rise over saline controls while the

latter produced a 42%7 increase. GOBA produced a signi»fﬁcant elevation in
" c"“,,-..
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. adrenal enzyme activity gnly after three days of injection whereas HA—9§6 . ;
elicited enzyme induction within 24 hodgs and:t;it}; less than one~third the
dose‘used for GOBA (Table C.5). The different conditions requir/'ed fo;', and
the different magnitudes of enzyme induction evo}ced by, these compounds are

p'robably a function o'f thelr differential’ metabolism. It has been

suggested that a metabolic conversibn of HA-966, possibly in the liver, is

necessary for many of its effects (Bonta et al., 1971), but it {s unlikely
L3 - ]

that this molecule is extensively rearranged (Mos et al., 1981). TIf HA-966

I

is, in fact, active in.its native form, then it is reasonable to expect

n .
this GABA analogue to effect a change in ATHA in as little as 24 hours
afte;r injectioxz and with a relativeli; small dose (150 mg/kg). Contrarily,

Roth and Giarman (19665 reported that GdQA’s half-'life”’in vivo is about one

hgurq:/. Thus, in order to supply a biochemically effective amount of GOBA,
) *”

¢

~

the drug must be administered repeatedly (i.e. for 3 days). Another

approach would be to inject the drug once, but in a very high dose. In

,J
fact, in an experiment not reported in thid thesis, a single injection of

[

-
GOBA,: in a dose of 2.2 g/kg was able to elyicit a significant increase in

b

ATHA. However, this avenue was discontinued because the dose used was

7 found to be lethal to some of the rats receivigg it.

Unlike the other GABA agonists tested, progabide was unable to effect

~

an increase in adrenal TH. This finding was unexpected. Because progabide

is reported to be effective in treating neurological problems such as

>

- epilepsy and movement disorders in clinical studies (Bergmann, 1985) (that
1s, has an action expected of a GABAergic substance), it was anticipated
that the drug would be of use in this particular study as well. Despite

. its ready penetrability of the blood brain barrier (Worms et al., 1982),

0 p'rogal')ide is less po:t\ent than any of its associated metabolites (i.e. GABA,
GABAmide, or SL:75.102) in binding to GABA receptors (Bergmann, 1985). This
f .
" 120 y



p Q
may explain its ineffectiveness. Unfortunately, even though progabide's

metabolites are morg potent in binding to GABA 'sites, their relative

\

“polarity reunders thﬁm incapable of pen“etrabtiné t;he brain and they would

therefore be poor choices for experiments involving peripheral
%

administration of the drugs. For the very same ré{gm}%, these metabolites

(1.e. GABAh{de &r-SL75.102) would presumably be jdeal candidates for the
@
f.c.v., experiments discussed below.
bnc(:e it had been established that GABA analogues can cause an increase

-

in ATHA, the next question to consider was whether or not this effect is

&

mediatded,centrally'. As was mentioned in the introduction (Sections 4.

>

(¢),(d), and (e)), the neural regulation of .both ODC and TH is thought to [

be controlled by a supraspinal centre in the A9 region, which includes the’

*®striatum. Because -neurotransmitters such as DA, SHTtand ACh act centrally

to effect changes. in adrenal 0enzy'me "activity, it was reasonable to assume
that GABA also acts in this manner., Histochemical and biochemical studies
have demonstrated the ;xistence of GABA receptors in bovine “adrenal
chromaffin cells (Kataoka et ai., 1984), so that‘ the possibility :f a local
GABAergic mechani;m controlling adrenal enzyrﬁe activity\ﬁad to be

! considered. By administgring a GABA analogue directly into the

cerebroventricular system, it was felt that one could specifically elicit a
central effect without stimul}ating adremal GABA receptors. The }nosg

e.a bolus i.c.v.

“

o ) practical approach to this problem was thought to

9
Exjection of a GABA énalogug that would be mogt ctive after only one

~—~ °

. administration. ' Based on the data .from experixﬁenté involving periplieral

L4 -

injections, HA-966 was the most judicious cheice. (Other experimental

3 N o
] - - .

) _ .
avenues. could be the continuous infusion of drug as with- an osmotic mini-

- o

A

pump or repeated application through a cannula implantéd in the skull,

) . . ‘-

C - e o e
" Future work in studying this question could conceivably utilize these
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‘methodologies.) Indeed, the appli'cation of 5 pg of this GABA analogue
directly into the blin was able to produce a significant increase in
enzyme activity within 24 hours (alpprox. 30%, Table C.5). Although it is
po‘ssible for a substance given i.c.v. to diffuse from the brain into the
periphery, the f‘act that such a“minute amount of drug was administered (5
pg i.ceve \-rs. 159 mg/kg i.p.) strongl}: s_uégests tha!: the resul‘t;ng
inductive effect is due to an action at the site of injection. Moreover:,
the fact that &HA—966 evoked an increase in ATHA when given {.c.v. suggests
that: (a)’ this’" compound does ﬁot require any modification in the liver to
?act at GABA ;iCe’s in the brain or (b) the enzymes that are required to
converg HA-966 1into an active form are found in the: brain., This is in
sha.trp contrast with the i.c.v. experiments with muscimél, where the 1ac£k of
enzyme induetion implied that muscimol must be metabolized in the periphery

before it can exert biochemical effects.

The quéstion of central mechanisms of TH regulation can also be
0 f .

o

studied from a different perspective. Instead of injecting an active
compound directly into the brain cavities and then looking for a positive
.response, one can systemically“administer a substance that does not
penetrate the blood-brain barriet2 and look for the lack of induction by
. something that is confined to the periphery. Accordingly, the i.p.
injection of GABA itself, which as a very ‘hydrophilic agent, penet.rat;es the
blood-brain barrier duly to a negligible ext;nt, would be ex;)ected to have
no effect on ATHA, In fact, 1in twoiexperiments not reported in this
5
thesis, the admin‘istration of GABA, 300 mg/kg i.p. once dail¥ for 3 days,
was unable to induce adrenal TH. This negative finfl{ng corroborates the
results with HA-966 given i.c.v., thus suggesting that GABAergic agents

regulate ATHA centrally. For the sake of complgtenéss, it should be

mentioned that GABA was also admjnistered i.c.v.; however, .in combination

0
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with the anesthetic used (chloral hydrate, 300 mg/kg i.p.), it proved tozbe

4

lethal in all cases. .
Another approach was used to study the possibility that HA-966 ‘acts
centrally. The ~drug was administered (i.p.) to_rats previousl‘y
hemisplanchnicotomized (Table C.7). While the drug significantly elevated -
, th; enzyme activity in the‘ intact gland as compared.with controls, HA-966
had no effect on ATHA on the denervated side. Althougl’g this approach was
attempted in only one experiment, the finding agrees well with the i.c.;l.
ex;;eri?ents. Dependence of the inductive effect on the intact innervation
of the adrenal gland suggests that the GABAergic regulation of ATHA is
primarily central and not local. This, however, does not mean to imply .

7’
that the regulatory process is exclusively under neuronal control. Local

effects are possible, especially because of tti“e existence of GABA receptors

on chromaffin cells (Kataoka et al., 19865. In fact, in the denervated

gland (Table C.7), HA-966 lowered the ATHA. At this point, it is important

N i

to distinguish between two types of enzyme regulation: (a) the short term

\ o increase in enzyme activity known as “"enzyme activation” and (b) the long

term changes in enzyme activity due to de novo enzyme protein synthesis

referred to as "iﬁdhction". Insofar as the GABAergic regulation of adrgnal

enzyme; is concerned, one can speculate that the process of induction‘is

. dir.ected centrally whereas enzyme acti\;a;:ion is probably controlled by

' | . local GABAer,gic mechanisms, ',rhi la't:ter _p}menomenon may be indirectly
related to the"increased release of adremal CA cgused by GABA-mimetic drugs
(Kataoka et’ al,, 1986). "As a result of-the "increased liberation%f its end
prodt;ct, in this case due to'a local GABAergic effect, TH is sdid to be
v disinhibited (Spector et al., 1967)  and hence, ?ctivatedt Actually 'HA-966

c caused a lowering and not .an elevition of ATHA in the denervated adrenals

(Table C.7). This inconsistency could b(e explained by thé fact that enzyme

[N

P - o &
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activation occurs within minutes whéreas the ATHA measured in this
;xperiment corregponded to ; 24=hour period. The notion tha; there are two
components to consider in adrenal enzyme regulation is not“a novel one.
While at first it was thought that local adrenal CA concentrations regulate
ATHA (Daitman and Udenfriend, 1971), work in this laboratory with
spla;chnicotomized r;ts (Quik and Sodrkes, f976)1qubsequent1y showed that
the enzyme is predominantly (but not exclusively) controlled by a neuronal
mechaqism. . ~
The only GABA antagonist uséd }n thislprojectkwas bicuculline.
Although the data show that bicuculline méy evoké)significaﬁt increases in
ATHA, this effect 1is }nconsisfbnt. Tﬁe discrepancie:‘of ‘the various
experiments may simply be a reflection of bicuculline's instability in
solution (Andrews and Johnston, 1979). Desfite this problem, it was felt
that bicuculline might be able to antagonize the inductive efgects elicited .
by GAB;‘agonists. Three such experiments were performed and they produced
surprising results (Table C.8). In none of the experimeﬁts did the
antagonist abolish the agonist—elicited increase in adrenal enzyme
activity. Moreover, the co—adPinistraEion of bicuculling with progabide
enabled the 1atter_érug to produce a statistically siéhificant elevation of
ATHA, an effect which it was unable to produce alone. Evident}y, the
QABAergic.regulatidh of adrenal eniy;;s is complex; unlike the DA system
(Quik and Séﬁrkes, 1977), where haloberidol éan abolish the increase in
ATHA préduced by apomorphine, the abolition of the agonist-elicited
induction by an antagonist does not seem tdhbe a property of the GABA
systém. Moreover, not on&y does bucuculline fail to antagonize the
inducfive effect, it paradoxically faéilitate; the agonist-elicited
increase in e;zyme activity. How might this iﬂconsistency.by explained?

The simplest solution to this dilemma may be that'the unusual results

éa
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seen in all the experiments with bicuculline are due to the instability of

o .

Q’“ ~t:ﬂhe antagonist in solution. Thus, in the three experimental grc;ﬁ?s,/

involving co-administration of agonist and antagonist, the observed mean -

o

enzyme activities are really indicative-of the effect of the agonist alone.
Another explanation is based on the notion that the A9 region contains

- numerous GABAergic neurons, many of which are linked in series (Scheel=- -~

Kriliger, 1986). If a pair of GABAergic neurons are combined in a double
1 , . "
inhibitory link, the net output efferent to these neurons will be an

excitatory one. This phenomenon is well established in the striato-

°

iﬂgrocollicular and striato-nigrothalamic GABAergic pathways (Chevalier and

]

Deniau; 1987). If a third inhibitory GABA fibre emanating frof a_different

brain region, is added afferent to this scheme, and 1f this fibre's
receptor ta;gets are especially sensitive to bicuculline, then the GABA '
- agonist-mediated ' inductive effect will be facilirated. This explanation
‘assumes that GABA recept{.»rs, in different regions of the brain, exhibit

differential sensitivities to various GABAergic agents. Indeed, this

concept hgs some experimental basis. For example, Wood (1982) showeji that
b . muscimol acts in the substanti; nigra, but not in the striatum, to depress

\ striatal DA release. Furthermore, electrophysiological studie\s have
demonstrated that non-—-DAergic cells of the pars' reticulata in the

substant;ia nigra are much more sensitive to GABA than the dopamine cells in

N o the pars compacta (Grace and Bunney, 1979). Also, direct application of

: - ‘

3 GABA or GABA agonis;ts such as muscimol in the pars ret\:iculata results in

;_ . by both inhibition ;f pars, reticulata neurons and actﬂivation of DA neurons én
' -\'?4-:7:",”, pars,‘compacta (Grace and Bunney, 1979; Scheel-Kriger, 1986). Accordingly, -

i

it is conceivable that bicuculline or the various GABA agonists act
differently in different brain regions, .and have dissimilar affinities for

different populations of GABA receptors. The complexity -of the GABA syétem

3
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which 1s, after all, a very Qign;ficant contributor to the neurotransmitter
activity in the CNS (Fonnum énd‘Storm-Mathisen, 1978), 1s'fgrther
illustrated by the fact that two GABA agoﬁists exert their effects by
' different mechanisms: HA—-966 selectively elevates the DA content in the
striatum by depressing its release from DA.neurons-(Bonta et al., 1971);
muscimol's action is not necessar&ly assoc#ated with dopamine ;ccumulation
and depression of striatal-DA liberation (Scheel-Kriger, 1986). In some
circumstanceg, muscimol -is thought to bind to non-DA neurons which exist in
the str{atum, but when applied intranigrally it too depresses striatal DA
release €W00¢, 1932). \

(b) Ornithine Decarboxylase ~ -

3

One of the aims of this worﬁ was to compare and contrast the GABAergic
regulation of ODC and TH. Do ODC and TH respond in the same way.tb GABA
analogues? Previous work with other neurotransmitters has suggested that
these two‘édgenal enzymes aré similarly regulated (Introduction, 4(f)). Of
the drugs tested, only HA#966 effected a statistically'§;gnificant increase
in amODC. Although muscimol occasioned an 1qcredé; in amODC in one
experiment, it had no consistent eféect on this adrenaltenzyme. Similarly,
GOBA, which éauéed significant increases in ATHA, was unable to chapfe the
levels of amODC. : Thﬁs, the- latter two.drugs have differential effects on
the induction of TH and amODC. This should not, however, suggest that the
GABAergic regulation of these two enzymes is entirely different. The
impoteﬁce of some GABA.analogue; tested is probably attributable to the
incompatibility between the time-scale for ODC induction and the time
period required fdr the metaboli; conversion of the drugs into active
inducing agents. As was mentioned above, muscimol and GOBA seem to require

alteration of their original form; their penetfation of the blood-brain

barrier may -also be timé—consuming. Contrarily, HA-966 does not appear to

.
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be extensively rearranged and can be effective relatively soon. Because

the protocol for the ODC assay used in this laboratory required sacrificing

the animals four hours after the in‘itial drug administration, it is
concelvable that this interval does not allow for the metabolic conversion
of muscimol and GOBA, ‘ , *

The central regulation of ODC by“GABA was not inves)igated. The
i.cov. approach was not feasible as the procedure itself is very stressful
and the enzyme levels would not be at r‘estir;g values as the drug is
administered. Thus, it would be difficult to distinguish between ele'vated
enzyme levels resulting from stressing the animals and the increase in
amODC due to a drug—elicited induction. Nevertheless, because the data
with TH suggest that the GABAergic regulation is centrally mediat;ed,‘ it is
not unlikely that ODC is alsc’> regl‘.tlated in this way, especially because of
the parallels in the regulation of these two enzymes by other

’

neurotransmitter systems (Int?oductiou, 4(£)).

—

IS ————

2. Interactions of GABAergic Agents With Cholinergic, Serotonergic and

Dopaminergic Systems .

The ultimate goal of the work in this laboratory‘ is to elucidate the
nervous pathways mediating the organism's‘ responsk to stressful situations.
Hitherto, the central regulation of adrenal enzymes has impli;:ated the
involvement of DA, 5HT and ACh neurotransmitter systems (Sourkes, 1983;
Introduction, 4 (c), (d), (e)). Once it was established that certain GABA
analogues are able to induce adrenal enzyme activity, it was of interest to
determine whether this transmitter substance exerts its influence on
adrenal enzyme function independently or by way of an interaction with all
or some of the neurotransmitters investigated préviously. If the GABA-

elicited action is independent of other brain chemicals then one more
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%thway has been uncovered which the brain has at 1its disposal to

‘orchestrate the animal's stress response, illustrating the versatility of

the nervous system in 1ts ability to communicate messagfa? to the pe:ciphery.
On the other hand, if this GABAergic effect is connected to that of the
other neurotransmitter substances tested previously, then the role of GABA
11'1 adrenal et;zyme regulation might abe‘fstrictly a modulator;ong. The
notion that GABA interacts with other neurotransmitters in the CNS is not

without precedent; this neurotransmitter has been demonstrated to interact

with cerebral serotonin, acetylcholine and dopamine in certain systems

(Introduction, S(a),v‘f“(b) and (c)). Moreover, the concept of two brain

cheﬁ%&ls\interacting to bring about a change in adrenal enzyme activity

has already been addressed in this laboratory. Quik and Sourkes (1977) had

. studied the joint regulation of ATHA by serotonergic and dop\aminergic

systems. Thgir work suggeg@ that an intact DA system is required in
order 50r the serotahergic effect t(; occur. Their evidence ‘also intimates
that) the interaction betwee@n the two systems is sequential, with the
serotonin system Efeceding the dopamine one. The role of reserpine, which

-

leads to the depletion of adrenal catecholamines, in the serotonergic
regulation of DBH was also studied (Lima and Sourkes, 1986a) and the
results suggest that a simultaneous depletion of central serotonin and-
catecholamines is necessary for the induction of this enzyme. It was also
sliown (Lima et al., 1986) that a lesion of the MRN potentiates the 1nducin:g-
. |
action of‘the CA-depleting drug. Fina}ly, the investig‘ation c;f‘ the
in&uction of rat adrenal DBH by oxotremorine was extended to include the
effects of GABA-mimetic drugs on this éystem (Lima and Sourkes, l986b°). In
this thesis, GABA'analogues w‘e::;dministered conjointly with cholinergic

drugs in order to study their com_bined effects on TH and amODC. In the

case of GABA-SHT interactions, only the effects on TH were investigated.

- 2
— b
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(a) GABA~ACh InteraLtions in the Regulation of amODC and TH -
Py T -

| e
The degree of interdaction between two types of neurotransmitter

-

systems with respect, to enzyme regulation can.be inferred by comparing -the

N
algebraic sum of the enzyme activities resulting from the administration of

two neurotransmitter a\nalogues, given separately, with the enzyme activity
produced upon simultaneous injection of the drugs. To study the.

possibility of a GABA-ACh interaction in am0DC regulation, muscimol or -

progabide was combined with_oxotPemorine in order to determine whether
these GABA analogues would amplify the induction elicited by the muscarinic
agonist. In two experiments there was no evidence of interaction involving

- muscimol and oxotremorine (Table C.11). In one of these (Table C.11.A.),

/

muscimol and oxotremorine appeared to act quite independently. Two similar .

experiments, this time with progabide as GABA agonist (Table C.12), als;/

>

¢+ yielded inconclusive results. Because these GABAergic agents do/not
reliably affect thd oxotremorine-induced increase in am0ODC, it can be
concluded that GABA and central cholinergic systems-do not interact in the

regulation of this .adrenal enzyme., It should be noted that nuscimol and

k]

progabide were unable to i{nduce amODC activity consistently when given

3 !
alone (Section D.1).

' The possibility of a neurotransmitter interaction was also

v

investigated with adrenal TH. A variety of approaches was considered for

this enzyme. First, it was shown that the co-administration of the GABA

antagonist bicuculline did not significantly atfenuate the oxotremorine~

- _ elicited increase in’ ATHA (Table C.13). Secondly, the increase caused by.
oxotremorine was notiat all affected by the presence of progabide, which
‘alone had no effect whatbSoever\on the enzyme (Tabgle C.14A), Thirdly,

the.case in one of the amODC expekiments. Again, this finding suggests

C ‘ muscimol given to oxotremorine-treated rats had an additive effect, as was’

i
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thaf the two drugs are cagsing increases in ATHA by independent mechanisms.

~

~

~In a final experiment in this particular study, the cholinergic muscarinic

antagonist atropine did not block the inductive action of muscimol on ATHA.

Clearly, this group of experiments, which utilized different combinations

. of cholinergic and GABAergic compounds, was unable to demonstrate any kind

b

[

of interaction between these two neurotransmitterg insofar as the,

3

regulation of amODC and adrénal TH is concerngd; and this despite the

extensive interactions between GABA and ACh in striatum'(Introdu‘ction, 5

(b)). This is in sharp contrast to the findings of Lima.and Sourkes

(l986b), who demonstrated that GABA agonists can impair the inductive
effect of oane on adrenal DBH activity. The fact that; @Bﬁérgic
inhibitory mechanism is involved with a central *étfolin'ergic stimulatory
pa;:hway for DliH but not with the éholinergic induction of amODC and TH
il lustrates the enzyme specificity of the central neuronal influences whic

regulate the piosynthetic activity of the adrenal gland

(b) GABA-Serotonin Interactions in the Regulation of ATHA

Serotonin has been implicated in the regulation of ATHA, As was
described earlier (Introduction, 4(d)), this neurotransmitter seems to
supply a tonic inhibitory input to the-adrenal glamd. Lesion 'experiments

have demonstrated that this serotonergic control emandtes from the MRN

N »

(Quik et al., 1977). Because, administration into the MRN of GABA agenists

decreases 5HT turnover (Forchetti and Meek, 1981), and because depletion of
~

central serotonin stoies causes an increase ?#ATHA (Introduction 4(d)), 1t

was thought that the GABA-eiicited increase in this adrenal enzyme

(Results, C.l1(a)), may be explained by the ability of GABA agoni!ts to

remo{re the 1hhibitory influence of S5HT. Thez>3ugg£stion that a GABA~

.serotonergic interaction plays a role 1n a regulatory prpcess is, not

without precedent. Harris and McCall (1986) have suggested 'that an
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interaction exists between GABAergic and S5HT neurons in the regulation of
4 v
central sympathetic nerve activity. These authors have explained this
phenomenon by proposing that' there is a tonic GABAergic inhibition of
LN
serotonergic sympatho-excitatory pathways. In an attempt demonstrate a
~ / EN
‘ / y
similﬁai‘ situation with adrenal enzymi regulation, the/effect of the

conjoinf: administration of 5HT and GABA arjlalogues on indugtion of ATHA was
‘5 ’

’ investigated. & ’

At first, thé effect‘of 'a‘serotgmin agonist, MDMT, was studied. This
compo\und had no effect on ATHA (Table C.16), a finding lwhich 1—s consistent
Vith gme-results of Quik and Sourkeg (1977), who showed that the joint
administration of 5—hydroxytrypt~ophan‘(S—HTP) _and carbidopa are inert with

<

respectfo TH induction. These negativé findings can be explained by’

theorizing that the éonic inhibitory inflﬁéncg ‘exerted by endogenous 5HT on
these adrenal enzymes is already maximal, and cannot be au.gmentect by
introducing an agonist. : -

The next step was to deteérmine whether MDMT could block the miIscimol-‘
elicited increase in Tﬁ. In the data of Table C.17 it is evident that.the

serotonin agonist was unable to hinder the induction caused by muscimol.

In a similar experiment, AMTP was Co-administered with HA-966, in the hope

that the former compoind, which is converted to d-m;thylserotonin in vivo

fRoberée et al., 1972), would diminish the HA-966-elicited. increase in

ATHA. Table C.20 reveals that AMTP has no effect.of its owﬁ, nor‘ did it

‘ ‘influence .the effect of HA-966 1;1 any way. If the GABAergic mechanism in

inducing ATHA involves a decrease ir; SHT turnover, then)measures to sup;:'l,y

° — an exogenous \qource of SHT Iadministration«of MDMT or AMTP) would be
expected to’ antagonize the increase in enzyme activity. The  data indic;ate

that this is pot so; GABA acts elsewhere than at the MRN in its control

o

over ATHA,
131
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The possibility of a GABA-5HT interaction in adrenal enzyme regulation

-

4 waslalso sq;died from a differenté%érspective. ‘Ifﬂthe GABA-elicited
increase in ATHA is actually due to a d;crease in 5HT turnover, then a
further depletion of cenéral S5HT stores with PC%A should potentiate the

- QABA—me iated increase ;; enzyme activity. Two such experiments were done,
éith muscimol and bicuculline as GABA analogues. (In this particular
experiment, bicyculline effected a significant increase in ATHA). The
"results from the two experiménts are similar (Table C.19). Each drug
eiicited a signific?nt increase on its own, and the inductiv? %ffects of
the two drugs (PCPA + Muscimol, or PCPA + Bicuculline) were additive (Table
Cel9.A). This implies the exfsgence of two indepéqgent neural pathyays
involved in the enzyme induction; to suggest an interaction, a significant
super-additive or potentiating efféct should be detected. In summafy then,
;11 the experiments in this sectio?, when taken fogether, demonstrate that

GABA and 5HT exert their respective effects on ATHA independently.

(c) GABA-DA Interactions in the Regulation of ATHA ,

Pharmacological manipulations similar to those describei'in the
1 preceding two sections were done in order to ascertain whether the
GABAergic effect on ATHA is mediated by the dopamine system. These two

4
neurotransmitter systems are inextricably linked (Introduction 5(c);

Scheel~-Kriger, 1986), particularly in the A9 region, where they combine to
form the nigrostriatal-striatonigral feedback loop. Because the central
dopaminergic influencg on ATHA seems to be controlled from the sEFiatum
}Ihtroduction, 4(c)), it is more likely that‘GABA interacts with this
neurotransmitter in adrenal enzyme regulation than with either 5HT or ACh,
Experiments to investigate this possibility are discussed below. .

A simple approach to this problém was to examine the effect of

injection of GABA analogues to rats receiving various dopamine-receptor -

- -

132




=2

L
DSl

blockers. Interes’tingly, while the increases brought about by GOBA and HA-
966 were no\t blocked by sulpiride or scﬁ23390, the increase In ATHA
occ‘asioned by muscimol was not diminis"hed; rather, it was facilitated
(Table ;3.32?. . The dichotomy of the results with HA-966 and GOBA on the one
hand and muscimol on the other seems perplexing; nevertheless, they serve
to illustrate the complexity of the GABA system aud, as was alluded to
e:arlier (D.l); the differential mechanisms by which GABAergic agents act,

>

That the inductive effect of muscimol is amplified in the presence of

haloperidol is consistent with tILe theory that certain GABAergic effects
depend on the actual dynamic state of dopamine neur;)ns (Gale and Casu,
1981). Scheel-Kriiger (1986) maintains ’that the inhibltory effect of GABA
is more readily appare;t under high neuronal' activity of DA neurons, such
as resulting from the administration of dopamine-receptor antagonists, than
during n‘ormal conditions. Evidently, neuroleptic-induced activation of
dopamineergiC neurons is important for the mode of action of muscimol,abutn
not for GOBA and HA-966. Despite this inconsistency, iht is cle;r that all
three/ DA antagoi{ists, sulpiride, SCH2§390 and haloperidol fail to diminish
in any way the GABAergic inductive effe’cc on ATHA. This is analogous_ tc3
atropine”s inability to.attenuate the muscimol-elicited increase einftthis
_adrenal enzyme (D.2(a)), and the conclusion is ’similag: the GABA-med:Zted
induction 1is not dependent on the functioning of dopaminergic "fibr-es.

’If ‘these two neurotransmitter systems havg independent effects on TH
induction; then joint administration of a DA andIGABA agonist would be
expected to produceB the algebraic sum of the individual inductive
influences éf each agonist. To investigate whether this is so, the effect
of a simultaneous injection of HA-966 and apomorphine (APO) was determined.

The data indicate that, there is no additive effect; in fact, the increase

evoked by the conjoint administration of the drugs was very similar to that

4
-
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seen with apomorphine alone (Table FC.31). It seems reasonable to conclude
0 that these two dr{xgs elicit an increase 1;1 enzyme activity by the same
mechanism, and that APO, at the dose given (3 mg/kg), is already doing so

C maxima’lly.a
With regard to this putative "commAn mecha;lism" shared by GABA and DA
‘agonists, the key to its "elucidati9n may be the neuroéhemi'cal praperties of

o

HA-966. This GABA analogue prevents the firing of DAergic fibres, (Bonta et

al({)l971) and increases the DA synthesis rate (Van Zwieten-Boot and Noach,

19&5‘9. Its sites of dction are the dopaminergic cell bodies in the
.

substantia nigra (Van Valkenburg and Noach, 1978). By comparison, dopamine

agonists such as apomo'rﬁhine have been shown to cause a decrease in'DA

1 ) ]
' mesis (Bitran and Bustos, 1982) and release (Zgtterstrdm and

" Ungerstedt, 1984) in rat brain, these effects being mediated by

autoreceptors on dopaminergic nerve terminals (Kehr. et al., 1972) or cell
S ® “

,, bodies (Nagy et al., 1978), respectively. Complementary to this,

electrophysiological studies have demonstrated that DA agonists applied

microiontophoretically prod‘uce a complete inhibition of the firing rate of

nigrostriatal DA n‘euronsH(Ayghajnnian and Bunney, 1977). If GABAergic ,

substances such as HA-966 or GOBA cause the induction of TH by preventing

@

" DA release; then it is conceivable that apomorphine and other DA agonists

« .

act presynaptically in the same manner to cause enzyme induction. 1If this

. is so, then GABA and DA would actually be sha}ing a common mechanism. The

L]
-

hypothesxis that DA agonists effect. changes inoadrenal enzyme activity by a

presynaptic gnd not postsynaptic mechanism will be discussed further iqé(

i section D.3. ¢
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. 3. Dopaninergic Regulation of Adrenal Enzymes' v
‘ -t -

' (a) Presynaptic Mechanisms:

The dopaminergic regulation 'of adrenal enzymes is a well-established "

B & : .
phenomenon, and it 1is controlled at the level of the striatum

&

(Introduction, 4(c)). Hitherto, it was assumed that the mechanism of the '

¢

*induction process is simply a matter of dopamine or DA agonists 'vbihding
Y

‘postsynaptically in the striatum, thereby eliciting a response registered'/

-

as activation of a series of neural efferents to the adrenal gland with a
P .

net excitatory effect. However, the current findings resulting from the

administration of GABA Wrovide ample reason to question this
) A
hypothesis. 0.

/

Inthis work, three of the five GABAergic drugs tested: HA-966, GOBA
and muscimol,-were succéssful in inducing ATHA and, of these h:7e, only
HA-966 evoked a change in amODC. The reasons for-the discrepaneies with

these GABA drugs might be, in part, due to differences in their’
(J

spuecificities as well as to the diversity of mechanisms by which they
affect t'he neurochemistry of the CNS. lélevertheless, the GABA analogues
-which induce enzyme actiwvity have certain properties in common. GOBA
blocks impu%e flow in the nigrostriatal pathway, nd this rlockade may

result in an immediate and marked increase in dopamine synthesis (Walters

"

and Roth, 1976). HA—966 also prevents the releasé of DA and increases its .
’synthesis rate (Introduction, 2(b)). Their site of action is probably the

dopaminergic cell bodies in the pars compacta of the substantia nigra

"

(Murrin' and Roth, 1'976; Van Valkenburg and Noach, 1978). Even mu'SCimol‘,

H
which 1s quite diverse in its effects on DA ﬁeta,bolism, erresses striatal

DA release by:a nigral action (Woog 1982). Thus, all three GABAergic

) substances cause an accumulation of DA pre.synaptically in the striftum, yet

©

they still manage to el icit an increase in the activity of amODC and TH.

.
Y] -
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This result indicates that the mechanism of these inductions requires
the reduction of presumed inhibitory dopaminergic nerve impulses in the
stri;tum. I\ndeed, Skirboll and coworkers (1979) h‘ave postulated ~that the
firing of spo\ntaneously\ active neurons in*¥he ca;ldate nucleus is suppressed
when postsyngptié receptor sites are stimulated by dopamine while
conditions that\:’ reduce dopaminergic neuronal fi;ing lead to an increase in
their activity. Because do{pamine agonists can mimie¢ the effects of GABA
analogues, in that they too can prevent DA roelease' by binding- £o the
dopaminergic ne;:ve terminals or by interacting with nigral cell body
receptors (section D.2 (c¢)), it 1s justifiable to hypothesize that DA
agonists also elicit enzyme induction by effectively reducing the
postsynaptic inhibitory action of dopamine. °
To test this "presynaptic h}?ychesis", animals were treated with 3-

PPP, a drug that is believed to be a centrally acting, autoreceptor-

selective agonist, decreasing both the rate of DA synthesis and the DA

neuronal firing rate (Hjorth et al.,, 1981). Some recent reports in the-

literature have suggested that the stereoisomers of 3-PPP have differential
effects on dopaminergic transmission. On the basis of a behavioral model
(Stahle and Ungerstedt, 1984), it was concluded that (+)3-PPP, but not
(-)3-PPP, is a pure aéonist on dopamine autoreceptors. As a coroll-ary fo
this, A&rbilla and Langer (1984) demonstrated that (-)3-PPP facilitates
rele;se of 3H—dopamine, probably by blocking DA éutoreceptérs. While it is

likely that the (+) enantiomer\is~ a DA autoreceptor agonist, some authors
i

have suggested that a postsynaptic agonist action is not excluded at higher

f
A

, doses.,

In this work the peripheral administration of (+)3-PPP elicited a 27%

mean increase of ATHA over controls but this was not statistically

sigriificant. Although/ Stahle and Ungerstedt (1984) used a dose of (+)3-PPP

o

2

136

TR



A PR L 4 SO
) o
.

AT . [ - f >
* ) -

ag‘ high as 10 mg/kg s.c. and obtained specific pharmacological activity
(;y . with 1t, this dose was insufficient to evoke a response -in the biochemical
model used here. Inst:ead of raising the dose and risking the possibility

d .
, in subsequent experiments (in a dgse of 2 pg), with the aim of'Yeterming

of stimulating postsynaptic DA receptors, the drug was adminisgered i,
whether it has a central, autoreceptor-selective effect. In this case, the
drug evoked a significaﬁt ‘increase in ATHA.

With respect to induction Of. amODC, geripheral injection of (+)3-PPP
produced statistically gignificant results. 'Thus, both enzymes are
regulated similarly by this putativ‘e presynaptic mectlanism, but amODC is
ai;parently more sensitive to the drug than TH is. Although the fiﬁdings
with t:hisgsubstance lend support to the hypothesis that DA agonists induce
these adrenal enzymes by acting presynaptically, the interpretat‘ion of the
results cannot be definitive until the discrepahcies in thefliterat:ure
regarding the pharmacological properties of (+) and (-)3PPP are clarified.

In view of the above findinogs, how can the inductive effects of
apomorphine, which mo’st certainly is not limited to a presynpatic action,
vbfs explainea? Moreover, how does one interpret the inability of 6-
hydroxydopamine (6-0H-DA), which destroys catecholaminergic 'ne;ve
terminals} to abolish-the apomorphine—elicited increase in TH (Quik and
Sourkes, ,19"77)? The former problem can be explained by ev\idence which
shows that dopamine receptors 1tn the A9 region, e:éhibit differential
sepsitivi\ty to DA agonists. On th; basis of behaviorﬁal studies, it has

, been« postulated t.hat presynaptic autoreceptors are more sgnsi_tive to DA
agonists 'than are postsynaptic receptors (»St;r'o'mbom, 1976).
Electrophysifglogi;al\studies by Skirboll et al. (1979) demonstrated tﬁat

"c ‘the iﬁhibition of the firing rate of striatal neurons by iontophoretically-
applied DA required a larger dose than that required fqr i‘nhibiting the.

-3
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fir ate of nigral dopaminergic neurons. In addition, Brase (1980)
concluded that presynaptic receptors on dopaminergic nerve terminals in the

A Y
striatum are more sensitive to apomorphine than are the postsynaptijc

striatal DA receptors, Admittedly, the lowg “presynaptic dose”™ of
apomorphine used’'in this work (3 mg/kg) is higher than the autoreceptor-
selective doses used by the authors mentior;ed abovie, This may suggest a
relative participation’ of pre- and po.st:synapti;: s.ystems in the regula’tion
of DAlrelease (8kirboll et al., 1979). Thus, gsmall doses of apomorphine

do, indeed, preferentially affect the more sensitive presynaptic receptors,

and thereby prevent DA release to a large extent; but large\r'ﬁzses may

recruit more postsynaptic inhibitory fibreg’ in the striatum, thereby

effecting an even greater inhibition of dopaminergic cell firing by

" striatonigral feedback pathways. The inability of 6-~0H-DA to abolish the

apomorphine-~elicited increase in ATHA, could be due to the fact that the

-

neprotoxin incompletely destroys catecholaminergic nerve terminals.

At this time, it would be difficult go suggest an exact .locus for a
putative presynaptic mechanism in inducing amODC or TH. Although GABAergic
and DA agonists have opposite effects on DA synthegis, they are both
capable“‘of blocking the firing of DA neurons and for both classes of
conpound this effect is thought to be localized to thehnigral dopamin;ergic
cell body receptors (Murrin and Rotht,'l976; Van ValkenBt'xrg and Noach, 1978;

QAghajanian and Buﬁney, 1977). One might speculate then, that the inductive
. Fl o .

process 1is initiated at these nigral DA autoreceptors,

[

(b) D-1 vs. D-2 Receptors in Adrenal Enzyme Regulation:

In. the course of establishing the central dopaminergic influences on
amODC and TH,~it was shown that the increases in these enzyme activities

brought about by DA agonists can be attenuated by the prior administration

-3
<

. 4
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of the dopamine-receptor blocker haloperidol (Qizik and Sourkes, 1977;

(;, Almazan et al., 1982a). 'Subsequently, in an attempt to localize the

| ﬂ dopaminergic centre controlling these adrenal enzymes, DA ;"mtagonisti that
“act site-specifically were.used. As a regult of these studies (Ekker and

Sourkes, 1985a), it wa's postulated that .the dopaminergic neural impulses

TN

controlling the induction of TH and amODC emanate from the striatum. One’

of ‘the goals of the present thesis waglto pinpoint‘ further the site qf

. . action of DA agonists in this regulatory p'i'd'cess. In this r;g?rd, t,b

- experiments performed by Quik and Sourkes (1977) and Alnazan et al.,
(1982a) were repeated, this time using antagonists that were specific for

<

the D-1 and D-2 dopamine receptor subtypes.

Initially, it was felt that the dopamine-mediated effect on enzyme

induction was simply a postsynaptic phenomenon. Since both receptor
.subtypes have been‘ reported to exist postsynaptically in the striatum
(Introduction, 6; Figure III),cm}e would expect that either D-1 or D-2~
specific antagonists wouldi plock the apomorphine-elicited increase in TH

and amODC. Hdwever, in light of the "presynaptic hypothesis"” proposed

-

earlier (Discussion, 3 (a),), 3nd because the presence of D-2 but not D-1
sites presynaptically (Kehr et al,, 1972; Nagy et al.,, 1978) enables the D-
2 receptor to prédominate in controlling DA metabolism and release, (Boy(ar

and Altar, 1987) one would anticipate that gulpiride, a D-2 -blocker, would

[

& ',' hinder the apomorphine~elicited induction to a significantly greater extent

»y
3 1. “ *
e
o
iy
-

than would SCH23390, a D-l-selective antagonist (Hyttel, 1983). 1Indeed,

s ): - this neuroleptic, éulpiride, a substituted benzamide, is designated a D~2-

i

specific blocker as it fails to block DA-sensitive adenylate cyclase

. activity (Trabucchi et al.,-1975; Elliot et al., 1977). Mereu et al.
P (1983) suggested that sulpiride can~ readily ;mtagonize the inhibitory
c o effect of apomorphine on the DAergic cells ‘of the substantia nigra and that
R :
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this interactfon takes place at the autoreceptor, level. Pinnock and
coworkers (1979) have also shown that the agonist-induced decrease in

neuronal activity is attenuated by antagonists such as sulpiride, which act
Py

at dopamine D-2 receptor sites in the- rat substantia nigra. Other studies

A

have shown that (~) sulpiride is especially active upon presynaptic DA

Ve

autoreceptors (E1 Mestikawy et al., 1986).' In a behavioral model,
sulpiride blocked DA autoreceptors ~at: doses that had relatively little
pdstsynaptic receptor effect (Kendler et al., 1982' , again 11lustrating
that this neuroleptic has a DA autoreceptor-specific action,

At first glance, however, the results obtained cio not correlate with
the earlier data which suggested that DA agonists act presynaptically.
Tables C.23 through C.26 suggest that the increase in amODC, as occasioned
by apomorphine, 1is' diminished significantly both by SCH23390 and by
sulpiride (P < 0‘.01:: P < 0.05 respectively). In the case .of TH, the
induction by apomorphine was attenuated by both antagonists;, bu‘t only the
D-l-specific blocker effected a significant diminution (Table C.28: P <
0.05 for APO vs. APO+SCH23390; Table C.20: P > 0.05 for APO vs.
APO+Su1p11:ide). The fact that D-1 and D-2-receptor blockers have very
similar effects on the apomorphine-elicited induction of these adrenal
enzymes might be’looked upon as another example of how the two DA receptor

subtypes in the striatum interact co-operat’:lvely" to elicit a certain
I?iochemincal action, as suggestecf\by Walters et al. (1987). Tht;s, the b-l
blockade occasioned by SCH23390 hinders the effec't of DA or DA agc;nists
binding to a D~2 site and sulpiride, similarly, diminishes the efficacy of
D-1 receptor stimulation. QThis explanation would be more likely if adrenal
enzyme induction were a process initiated postsynaptically. However,

dlternative arguments may be put forward if the inductive process is,

indeed, a presynaptic phenomenon,

,/\ S . 140
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As‘was S{g‘gested earlier, sulpirifle is dn autoreceptor-selective
antagonist; thus, it was able, as expected, to attenuate the presumed
presynaptic action of ‘ apomorphine 1in ihcreasing amODC activity, but
not TH activity. The discrepancy bgtween the two enzymes in this rega}d
cgn‘not be satisfacForily explained; however, it should be noted that the\
presynaptic autoreceptors modulating dopamine release are chemieally
stereoselective (Arbilla and'Langer, 1981) and only (-) sulpiride increases
the firing of DA neurons in the substantia ni\gra (Mereu et al., 19183). In
these experiments, a raceﬁxic mixture of sulpiride was administered.
Therefore, an insnleficient amount of the active enantiomer might have been
present to be effecti\‘re for blocking TH induction. The findings with
SCH23390//which j cate that this D~l-selective antagonist can
substantially. lower the apomorphine ~elicited increase in both ATHA and
am0DC activity, are morewdifficult to explain in terms of a putative
presynaptic action of DA agonists on these adrenal enzymes. The difficulty
stems from the notion that, as was mentioned earlier (Introduction, 6.),
dopamine receptors located presynaptically are pﬂrimarily of the D-2
subtype. However, recent e\/rildence has suggested that SCH23390 is not
strictly a D=1 receptor antagonist. Plantj;and coworkers (1984) suggested
that although SCH23390 is the most selective D=1 e;ntagonist known at

present, it is also able to antagonize compgtitively the ef fects of D-2

agonists. It has also been postulated th'at SCH23390 can reverse the
amphetamine—induced suppression of DA neuronal firing by an interaction
with the D-2 receptor {Goldstein et al., 1987). Napier et al, (1986) have
b} . suggested that.SCH23390 is not exclusively a D-1 antagonist., A D-2
,blocking action of this compohn;l may be seen at very high concentrations.

4

(- — Thus, the attenuating effect of SCH23390 on the ai)omorphine-elicited

~
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increages in a;drenal “enzyme activity may be at»trﬂ;uted to the binding of
this compound to presynaptic DLZ sites with the doses used. Finally, El
Mestikawy and Hamon t1986) proposed that DA autoreceptors ,‘ although clearly
not of the D-1 type, do not correspond completely to the D-2 type either.
The DA autoreceptor may actually. be a~"hybrid” receptor, with specificities
intermediate betweer: the D-1 and D-2 subtypes. This may then explain the
similar efficacies of sulpiride and SCH23390 in blockirig ot:he enzyme
induction eyoked by apomorphine.

In summary: the "presynapt:i'c hypothesis™ for the induction of aflrenal
enzymes és mediated by DA ;gonists is not necessarily inconsistent with the
findings obtained using D-1 and D—2—specif-ic receptor blocker;. _ The
results obtained here merely serve to illustrate fut.'ther'tge complexity of
dopamine ygceptor subtyges and their interactions. It also suggests that

the DA autoreceptor may indeed by biochemically distinct from the D-~1 and

D-2 receptors.
S
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p As is well-—known,_the adrenal glands serve as a site of catecholamine
biosynthesis and they contain t blosynthetic enzymes necessary for this
process. The release of these catecholamines is an importantﬁ constituent
of an organis;n’s res;on;se to stressful sEimuli, sometimes referred to as
the "flight or i:;ight:" response., Thus, the regulation of adx:enal enzymes
may serve as a'usefu} paradigm in studying the physiologyl of the stress
response; monitoring these enzyme activities provides an "index” of the
animal's reaction to an "anti-homeostatic" stimulus. Various stressors and
drugs c;use an increase in -the ‘levels of adrenal enzymes. The drugs
concel.;ned act at sites in the brain which influence the adrenals and

thereby affect the activity of the catecholamine-producing en)ymes. It is

thought that by understanding how the brain controls the orga_mism's

response to stressful situations, presumably thtg’ough its influence on

o

adrenal function, one might then be able to-develop therapeutic agents to

\F) "

help counter the many pathophysiological manifestations of s\trelss, gastric
uiceration and cardiovascular diséase to name but a couple. To this end,
this laboratory has’studied the neural pathways governing the function of
the adrenal gland. °

Hitherto, it has been determired that the dopaminergic and cholinergic

neurotransmittéer systems play an excitatory role, whereas 5HT contributes

'inhibitori’ly to the induction of amoﬁ:é and TH. The work in this thesis has

uncovered the existence of a GABAergic pathway which exerts a net, central

excitatory influence on both of these adrenal enzymes. In retrospect, this

»

finding is not unreasonable, especially in view of the ubiquitous nature of

4

this neurotransmitter in the CNS. Interestingly, not all of the GABA

'

} -
analogues tested were able to elicit an increase in the activity of these
adrenal enzymes. This inconsistency may, to some extent, be attributed to

the différences in specificity of the GABAergic drugs used, the different
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metabolic routes assoclated with each of them as well as «¢o the
multiplicity 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 other GABA analogues such as gamma-vinyl GABA (GVCZ. Jung et al., 1977),

baclofen ‘(Hillnand Bowery, 1981) or perhaps the metabolites of p:ic{gabit:k-:~
e ———— \..

(see Introduction, 2 (a) iii). It may be anticipated that by broadening

‘
the spectrum of drugs.used, one will bg provided with greater insight as to

£

"the GABAergic mechanisms involved in the regulation og these enzymes.
¢

Once the central excitatory GABAergic effeét on amODC and TH had - been

established, it was of interest lto determine whether GABA interacts with

other neurotransmitters in brirdging about increases in adrenal enzyme
activity. Despite an extensive series of éxperiments, involving a-
combination of GABA anhalogues and serc?tonergic, cholinergic or dopaminefgic
substagce:;, no s;xch 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 versatility of the organism in

- its-ability to respond to a stressful stimulus. In the event that a given

nervous pathway is inaccessible other pathways exist to transuit these all-

z
.

’ i};xportant messages to the periphery.

The similaritzy of the inciuctive/ effects of apomorphine and GABAQ
analogues such as GOBA an;l HA~966, combined with the fact that GABA" affects
DA transmisgion in the stpi;tum inhibitorily, led to Specu}ation -that the

DA-elicited increase in adrenal enzy actfvity is a presynaptically-

mediated phenomenon, not a postsynapticlone, as was previously thought (see

Discussion,, 3 (a)). Moreover, although the simdlar abilities of D-1 and D-

A

TH and amODC may mean that these two receptor subtypes interact in this
3 N prad

- )
»

(,L 2-specific antagonists in atteﬁuating the apomorphine-elicited increase in
c"ﬂ
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regulatory process and that they do so at postsynaptic sites, .these

) -
0 findings are not necessarily contradictory with a presynaptic effect.: If

- the mechanism is indeed a presynaptic one, then these D-1/D-2 findings lend
support to t‘he notion that autoreceptors on dopamihergic neurons may not
necesgarily be strictly categorized as D-1 or D~2 subtypes (E1 Mestikawy et
al., 1986). _ St ‘

While the “presymaptic hypf)::hesis" ;erves to provide some in&ight into
the inductive process, at least insofar as DA agonists are concerned, it

‘ also lends support to the "feed-forward model"” describing the roie of GABA
i the A9 region (Scheel-Krlger, 1986). _According to this model, it seems
that the ;nodulatory influence of GABA on dopamine neurons in the pars
compacta of the substantia nigra (i.e. the traditional."feed-back loop™) is
Fmerely an auxiliary function of the striatonigral GABAergic pathway. The
main function of this neurotransmitter is t;) convey information to efferent

path&rays in the basal ganglia and from thence, to more distal output

> stations in the CNS, Conceivably, the GABA-elicited induction of adrenal

enzymes may be a result of the activation of such efferent pathways, which
ultimately lead to the adrenal medtil la. \
As with most scientific endeavors, this thesis pas raised more

‘ quéstions ‘than it has answered. The role of GABA in the striatonigral

—— b
¢

region in genéraf and its_ function in adrenal enzyme regulation in
- particular remains open for future research, The putﬂa't:ive "presynaptic
hypothesis” in DA-elicited -enzyme induction also requires .further

'« confirmation. * Future work may involve the administration of DA agonists to
rats subjected to lesions (either che‘mical‘lyj-ind\;ced with\6-OH—DA_ or
eléctrolyticéliy) of the nigrostriatal pathway. 'The absence of enzyme

@ induction under these conditions would corroborate a presynaptic mechanism,

The advent of DA autoreceptor-sel‘ectivé -compounds such as (+)3-PPP “and

e
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~ BHT90 (Ande’n et al., 1982) also provides useful tools in studying this
hypothesis, With the development of more and more such site-specific
¥

compounds, the prospects for elucidating the detailed mechanisms involved® |,

o

in adrenal enzyme regulation, and in turn, the neural pathways of stress,

7

are good. - ®
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