
M odulation of Adenylyl Cyclase by GABAb 
R eceptors Vitro  and In Vivo

Subm itted in  p a rt fulfillment of the 

requirem ents of the degree of Ph.D., 

Faculty of Medicine, 

University of London.

19^

Antony R. Knight B.Sc.

D epartm ent of Pharmacology, 

The School of Pharm acy, 

29-39 Brunswick Square, 

London, W CIN lAX



ProQuest Number: U075735

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest.

ProQuest U075735

Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.

Microform Edition © ProQuest LLC.

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346



Abstract

In previous studies it has been shown that forskolin and noradrenaline stimulate cAMP 
production in in vitro preparations of rat brain tissue, and that baclofen can inhibit the 
forskolin stimulation, and augment the noradrenaline stimulation. The purpose of the present 
study was to determine the pharmacological profile of this GABAb receptor mediated 
response, and investigate its physiological relevance by using in vivo microdialysis in awake 
freely moving rats, and by determining the class of cells in which the response occurs.

Thus, in a cross-chopped rat cortical slice preparation, it was confirmed that 
(-)Baclofen inhibited forskolin stimulated adenylyl cyclase activity and augmented 
noradrenaline stimulated adenylyl cyclase activity. The potency of five further agonists was 
investigated (SKF97541, CGP47656, CG44533, 3-APA and CGP44532). Of these agonists 
two compounds were significantly more potent as inhibitors of forskolin stimulated adenylyl 
cyclase than as augmenters of noradrenaline stimulated adenylyl cyclase activity, these were 
(-)baclofen (pEC50 of 6.07+0.29 and 5.04+0.17 respectively (p<0.01)), and CGP47656 
(pBC50=6.44±0.05 and 4.08±0.26 respectively (p<0.01)). The specificity of (-)baclofen 
and CGP47656 may be due to the low intrinsic activity of these compounds, and a relatively 
high receptor reserve for the GABAg receptor mediated inhibition of forskolin stimulated 
adenylyl cyclase activity. Six antagonists (CGP49311A, CGP46381, CGP45024, 
CGP35348, CGP45397, CGP36742) were also tested for their ability to antagonize 30 |xM 
(-)baclofen. These ranged in potency in the forskolin assay from CGP49311A (pEC50 
5.4±0.30) to CGP36742 (pEC50 3.87±0.16). Each compound had similar potency in the 
two assays.

In vivo microdialysis was used to investigate the ability of forskolin, noradrenaline 
and (-)baclofen to modulate adenylyl cyclase activity in the frontal cortex of rats. Forskolin 
(100 jiM) administered through the dialysis probe (flow rate 2|il.min‘l, 30 min fractions), 
caused a significant (p<0.01) elevation in cAMP in dialysates. A two pulse protocol gave a 
control S2/S1 ratio of 7.3±0.25. (-)Baclofen (10 |xM, 100 |xM, 1 mM and 10 mM) was 
administered through the probe during the second forskolin pulse, however, the S2/S1 ratios 
in the presence of (-)baclofen did not differ significantly from control (1.38+0.37, 
1.27±0.52, 1.14+0.13 and 3.66+1.92 respectively). Using different conditions (flow rate 
1.2 pi min'l, 10 min fractions) noradrenaline administered through the probe also caused a 
significant increase in cAMP concentration in dialysates (p<0.05), however a second pulse 
was ineffective. The inclusion of (-)baclofen in the perfusion medium during the first pulse 
increased the concentration of cAMP in dialysates, but the difference was not significant.



Experiments were also conducted to determine the relative contribution made to 
forskolin and noradrenline stimulated adenylyl cyclase activity by glial cells and neurons. 
Flourocitrate, a glial cell specific metabolic inhibitor, reduced forskolin stimulated adenylyl 
cyclase activity by 78% and eliminated the stimulation caused by noradrenaline in cross 
chopped cortical slices. In cultured glial cells both forskolin and noradrenaline caused large 
increases in cAMP production (306 fold and 93 fold respectively). However, these responses 
were not modulated by 100 jiM (-)baclofen. These data suggest that most noradrenaline, and 
a proportion of forskolin and noradrenaline stimulated adenylyl cyclase activity may be 
associated with glial cells.

In addition, the long term effects of GABAb  receptor activation and antagonism 
were investigated. Thus rats were dosed with (-)baclofen and the GABAb antagonists 
CGP46381 and CGP36742 for three weeks ((-)baclofen, 10 mg.kg’^dayl; antagonists 100 
m g.kg 'ldayl, IP). No regulation of GABAb  receptor function, as assayed by modulation 
of adenylyl cyclase activity in frontal cortex, was detected. Autoradiography detected an up 
regulation of radioligand receptor binding in the lateral thalamic nucleus (115 % increase) in 
response to CGP46381, and CGP36742 caused an up regulation in the lateral dorsal thalamic 
nucleus (103 %), the substantia nigra (156%) and the CA3 pyramidal cell layer of the 
hippocampus (68%). (-)Baclofen caused a complex spectrum of up and down regulation in 
different brain regions which requires confirmation in a more detailed study.

Genetic Absence Epilepsy Rats from Strasbourg are a strain of rats susceptible to 
absence seizures. An autoradiographic study of the brains of these animals revealed no 
differences in the levels of radioligand binding to GAB A A and GABAb receptors between 
these animals and controls. This suggests that an alteration in these receptor populations 
might not underlie this genetic condition.
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1.1. General Introduction

The neuro transm itter, y-aminobutyric acid (GABA), is concentrated 

in  central nervous system  (CNS) tissue where i t  is found in  concentrations 

200-1000 fold g rea te r th an  o ther classical n e u ro tra n sm itte rs  such as 

dopam ine, noradrenaline, acetylcholine and 5-hydroxytryptam ine (5-HT) 

(M cG eer a n d  M cG eer, 1978). GABA a p p e a rs  to fu n c tio n  as a 

n eu ro tran sm itte r a t up to 30% of all b ra in  synapses (Bloom and Iversen, 

1971), and  alm ost all m am m alian neurones are  sensitive to its  actions. 

GABAergic neurones are widely distributed, comprising both local neura l 

ne tw orks and  in ter-reg ional pathw ays (Chase and  T am m inga, 1979). 

GABA is  th u s  a good can d id a te  for th e  principal in h ib ito ry  

n eu ro tran sm itte r in  the m am m alian brain.

GABA in  the CNS

GABA is the  m ost abundant amino acid in  b ra in  tissue, were i t  is 

found in  concentrations very much higher th an  elsewhere in  the body (1 to 

10 pmol/g w et weight (Baxter, 1970)). Despite being an  amino acid, GABA 

is not incorporated into proteins, bu t nevertheless appears to have a role in 

cerebral m etabolism . I t  is an in term ediary  in  the  "GABA shunt" which is 

linked to the  tricarboxylic acid cycle. Thus GABA w ith in  in  the  CNS, is 

synthesised from L-glutam ate, which in tu rn  is produced from glucose via 

the  tricarboxylic acid cycle. GABA is synthesized from L-glutam ate by the 

enzyme L -glutam ate decarboxylase (EC 4.1.1.15, GAD). This enzyme is

16



located alm ost exclusively in  the CNS (Wu et al., 1978), w ith  the highest 

levels being found in  axon term inals. GABA is stored in  synaptic vesicles, 

in  axon te rm in a ls , and  is re leased  in to  th e  synap tic  c left u n d er 

depolarizing conditions. It is removed from the synaptic cleft by an  active 

tran sp o rt system , which m ediates its  en try  in to  p resynaptic  term inals, 

postsynaptic  cells and  surrounding glial cells. GABA is catabolized by 

GABA transam inase  (4- am inobuty r  ate : 2 oxoglutarate transam inase ; EC 

2.6.1.19), which appears to be the key enzyme regulating the levels of GABA 

in  the  brain. Inhibitors of th is enzyme, such as y-vinyl-GABA, have been 

used  both clinically and experim entally to raise  GABA levels in  the  CNS. 

The product of GABA transam inase is succinic sem ialdehyde, which is in  

tu rn  oxidized by succinic semialdehyde dehydrogenase (EC 1.2.1.24). This 

enzyme is located in  m itochondria, where the re su lta n t succinate can re ­

en ter the tricarboxylic acid cycle (Cash e t al., 1979).

I t  w as f ir s t  proposed th a t  GABA m ig h t be an  in h ib ito ry  

neu ro transm itter in  the central and peripheral nervous system s of anim als 

by E lliot (1959). This proposition, however, did not receive w idespread 

suppo rt u n til the  m id 1960's, w hen i t  was dem onstra ted  th a t  GABA 

hyperpo la rized  cortical neurones by v irtu e  of an  in crease  in  th e ir  

perm eability  to chloride ions (Krnjevic and Schw artz, 1966, 1967). This 

chloride c u rre n t w as found to have a sim ila r rev e rsa l p o ten tia l to 

electrically evoked inhibitory postsynaptic potentials (IPSPs)(Dreifuss et al., 

1969; Krnjevic and Schwartz, 1966, 1967). Thus, i t  was proposed th a t 

na tu ra lly  occurring IPSPs were m ediated by endogenous GABA acting a t a 

new  class of cell surface receptor (Diamond, 1968). This determ ination  of 

th e  m echan ism  of action  of GABA, coupled to i ts  abundance  and
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distribution, lead ultim ately to the appreciation th a t GABA is a very widely 

used inhibitory neurotransm itter in the vertebrate CNS.

Multiple Types of GABA Receptor

W hilst GABA is of m ajor significance w ith in  the  b ra in , i t  is also 

p resen t in  the  periphery. Organs where GABA and GAD have been found 

include the  fem ale reproductive system  (Celotti e t al., 1986), in te s tin a l 

m yenteric plexus (Miki e t al., 1983), gallbladder (Saito e t al., 1985), blood 

vessels (Hamel et al., 1981), u rinary  bladder (Kusimoki e t al., 1984), kidney 

(W helan et al., 1969) and pancreas (Okada et al., 1976). In  the  periphery, 

functional responses apparen tly  due to GABA receptor activation, were 

dem onstra ted  as long ago as 1958 (Hobbiger, 1958a; 1958b). Subsequent 

investigations into the presynaptic actions of GABA in  isolated a tr ia  (on the 

term ina ls of postganglionic sym pathetic nerves deriving from the superior 

cervical ganglion) revealed th a t  stim ula tion  of a population  of GABA 

receptors inhibited the release of [^HJ-noradrenaline. W hilst th is response 

w as mimicked by GABA, it  displayed a different pharm acological profile to 

classical GABA responses. For instance, i t  was insensitive to the  classical 

GABA an tagon ists bicuculline (Bowery e t al., 1981.), 4 ,5 ,6 ,7-tetrahydro 

isoxazolo[4,5-c]pyridin-3-ol (TRIP) , isoguvacine and piperidine-4-sulphonic 

acid  (Bow ery and  H udson, 1979). T his observation  in it ia te d  the  

c h a rac te risa tio n  of two GABA receptor subtypes: the  classical GABA 

receptor and  the so-called bicuculline insensitive GABA receptor. O ther 

sem inal ea rly  findings concerning th is  b icucu lline-insensitive  GABA 

receptor were th a t functional responses were not dependent on the  presence
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of chloride (Bowery et al., 1981), and th a t these receptors were sensitive to 

the  agonist (-)baclofen (4-amino-3-(p-chlorophenyl)-butyric acid) (Bowery et 

al., 1981), which was inactive a t the classical GABA receptor (Curtis et al., 

1974). The role of th is  new receptor as a neurom odulato r | affecting 

n e u ro tra n sm itte r  re lease  w as confirm ed in  severa l iso la ted  tissu e  

p rep a ra tio n s , including tran sm u ra lly  s tim u la ted  rab b it b a s ila r  a rte ry  

(Anwar and  Mason, 1982) and guinea pig ileum  (Kleinrock and Kilbinger, 

1987; Ong and Kerr, 1983). In each of these studies, (-)baclofen was able to 

m odu la te  e lec trica lly -ev o k ed  functions, b u t no t th e  ap p lica tio n  of 

exogenously applied agonists; th is indicated a presynaptic action.

B icuculline-insensitive GABA receptors were also dem onstrated  to 

have a neurom odulatory role in the CNS where the  release of potassium - 

s tim u la ted  [^H J-noradrenaline, [^H]-dopamine and  [% ]-5-H T  w ere all 

a tten u a ted  by (-)baclofen (Bowery et al., 1980; Schlicker e t al., 1984; Gray 

and Green, 1987).

[^H]-GABA and [3H]-baclofen have been used for radioligand receptor 

b ind ing  assays in  r a t  b rain  hom ogenates. These stud ies detected  the 

p resen ce  of two GABA recep to rs, w ith  d iffe ren t pharm aco log ica l 

specificities in  the  CNS (Hill and Bowery, 1981). These au th o rs  also 

designated  the  te rm  GABAa for the  bicuculline-sensitive recep tor and 

GABAb for the bicuculline-insensitive site. The finding th a t  (-)baclofen 

w as consisten tly  active a t the GABAb receptor in  both  functional and 

radioligand binding studies has resulted in  i t  becoming established as the 

prototypic agonist for GABAb receptor-m ediated responses. In  addition to 

possessing  a d ifferen t pharm acological profile, rad io ligand  b ind ing  of

19



tr it ia te d  agonists to the  GABAb receptor differed from bind ing  to the 

GABAa  receptor in  a  num ber of other ways. These included a sensitivity  to 

the  d ivalen t cations, Mg^+ and Ca^+ (Bowery et al., 1983), G uanosine 

triphosphate (GTP) (Hill e t al., 1984) and triton  (Bowery et al., 1983). In  a 

series of classic stud ies, rad ioligand binding  to GABA recep to rs was 

achieved in  slide m ounted sections of r a t  brain. Autoradiographic im ages 

were th u s  produced, and  the distribution  of subtypes of GABA receptor 

w ith in  th e  b ra in  was estab lished  (Bowery e t al., 1984, 1987). These 

experim ents h ighlighted a dram atic spa tia l separa tion  betw een the  two 

receptors. The c learest difference in  the  d istribu tion  of the subtypes of 

receptor was seen in  the  cerebellum, w here GABAb receptors are  found 

a lm ost exclusively in  th e  m olecular layer and  GABAa recep tors are  

p resen t predom inantly in  the granule cell layer (Wilkin et al., 1981). In the 

forebrain , both  types of receptor were widely d istribu ted , w ith  GABAb 

receptors being particu larly  abundant in  the tha lam us and the  superior 

colliculus (Bowery et al., 1984, 1987).

GABAa  Receptors

U nlike GABAb receptors, GABAa receptors gate chloride channels 

(Adams and  Brown, 1975; B laxter and Carlen, 1987). Much inform ation 

about the GABAa receptor has been accumulated, partially  due to the  early 

availability  of na tu ra lly  occurring drugs th a t act specifically and w ith high 

affin ity  a t th is  receptor. These include compounds such as muscimol, a 

n anom olar potency agon ist from  the m ushroom  A m a n i ta  m u s c a r ia  

(K rogsgaard-L arsen  et al., 1979), bicuculline, an  alkaloid derived from
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p lan ts of the genera Dicentra and Corydalis, and the convulsant picrotoxin 

from the p lan t species A nam irta  cocculus.

M olecular biological studies have shown th a t GABAa receptors are 

composed of 5 protein subunits arranged in  the cell m em brane to form a ' 

central ion pore. There are a t least three classes of subunit, designated a , p 

and y. Each of these exists in  a num ber of different forms. V ariation in  the 

type and  re la tive  num ber of each subun it in  the  heterom eric receptor 

m akes subcategories of GABAa receptor possible and the to ta l num ber of 

v a rian ts  m ay be vastf^ The pharmacology of these receptors has been well 

described and includes not only the agonist binding site bu t also m odulatory 

sites for benzodiazepines, barb iturates, convulsants such as picrotoxin, and 

anaesthetic  steroids such as alphaxalone. The binding of GABA to the 

agon ist recognition site causes the  ionophore to open and  th is  allows 

chloride ions to cross the cell membrane.

G A B A a recep to rs are  widely d is trib u ted , bo th  cen tra lly  and  

peripherally  (Bowery and Brown, 1974; Adams and Brown, 1975). They are 

found bo th  pre- and  postsynaptically , and in  bo th  locations GABAa 

receptors are  considered to be inhibitory. Postsynaptically, they m ediate a 

fast inhibitory postsynaptic potential (IPSP) by gating the chloride current. 

T his cu rren t has a reversal potential of around -39 mV and  m ay cause 

hyperpolarization, or depolarization depending upon the resting  potential of 

the  activated  cell. U nder physiological conditions, the  GABAa  receptor 

m ediated IPSPs are often seen to follow a g lu tam ate m ediated excitatory 

postsynaptic potential (EPSP), and it  may function to rapidly term inate  th a t 

response. GABAa receptors also occuij on the term inals of
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excita to ry  neurones. Such receptors a re  p resum ab ly  in n e rv a ted  by 

GABAergic in te rneu rones, which are  th u s  capable of influencing  the  

e x te n t  of d e p o la riz a tio n  in  th e  te rm in a ls , th e re b y  m o d u la tin g  

n eu ro tran sm itte r release. This m echanism  has been used to account for 

p resynaptic  inhibition in  spinal cord, the cuneate and gracile nuclei and 

the thalam us (Bradford, 1986).

GABAb Receptors

\

GABAb receptors also occur centrally  and  peripherally  (Bowery et 

al., 1981). They are found in  pre- and postsynaptic locations, and in  both 

situations they exert an  inhibitory influence. Postsynaptically, for instance 

in  hippocampal pyram idal cells, they gate a potassium  current. The resu lt 

is a re la tive ly  slow, long lasting , IPSP which hyperpolarizes the  cell 

(Andrade e t al., 1986; Gahwiler and Brown, 1985; Nicoll and  Newberry,

1984). GABAb receptors are also coupled to a calcium channel in  such a 

way th a t  agonist binding can cause inhibition of a calcium curren t. The 

reduction in  in tracellu lar calcium caused by the blockade of th is cu rren t is 

a  likely m echanism  for the inhibition of neu ro transm itter release (Bowery 

e t al., 1980). W here neu ro transm itter release is inh ib ited  a t  excitatory 

synapses, GABAb receptor stim ulation results in  ne t inhibition (Potashner, 

1979; Johnston, 1980; Bonanno and Raiteri, 1992). N et excitation, however, 

w ill occur w here GABAb receptors ex ist on inh ib ito ry  te rm in a ls , for 

in stance  GABAb autoreceptors. The existence of such autoreceptors has 

been confirmed, not only in rodent brain  (W aldmeier et al., 1988; G iralt et 

al., 1990) b u t also in hum an cerebral cortex (Bonanno et al., 1989).
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GABAb  Receptors and Second Messeng<ers

N euro transm itter receptors can be divided into two broad categories: 

ionotropic, or ligand gated ion channels, and  m etabotropic, in  which 

agonist binding resu lts in  a change in  the  metabolic processes w ith in  the 

cell. In  th is second class of receptor, the in itia l in trace llu lar changes are 

brought about by a GTP-binding protein (G-protein). T hat GABAb receptors 

belong to th e  la t te r  category has been estab lished  w ith  a v a rie ty  of 

experim en tal evidence: (1) radioligand binding to GABAb receptors is 

sensitive to guanyl nucleotides, which promote the association of G-proteins 

to receptors, (Hill et al., 1984); (2) divalent cations are required for agonist 

binding (Bowery et al., 1983), as they are for other receptors now known to 

be linked to G-proteins (Williams et al., 1978); (3) GABA receptor agonists 

increase GTP-ase activity in b rain  hom ogenates (Ohmori e t al., 1990); (4) 

responses to GABAb receptor activation , such as the  slow IPSPs in  

hippocampal CA3 neurones, can be inhibited by pertussis toxin (a G-protein 

inhib itor), and  can be mimicked by guanosine 5 -0- 13-th io triphosphate 

(G TP-y-S) (Thalm ann, 1988), a  non-hydrolyzable analogue of GTP th a t  

enhances G -protein function by prom oting subun it dissociation (Gilman, 

1987); (5) antibodies raised to G-proteins inhibit (-)baclofen-stimulated GTP- 

ase activ ity  (Dolphin e t al., 1992); (6) [^HJ-GABA bind ing  to GABAb 

receptors in  r a t  b rain  m em brane fragm ents is enhanced by the addition of 

several purified  G -protein species (M orishita e t al., 1990); (7) purified 

GABAb receptors can m ediate the inhibition of adenylyl cyclase activity 

w hen they  are  reconstituted in  an  artificial phospholipid m em brane in the
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presence of adenylyl cyclase and a partially  purified m ixture of G-proteins 

(N akayasu e t al., 1993). No doubt future reconstitution studies w ith purified 

p ro teins will yield an  exhaustive lis t of the  species of G -protein which 

in te rac t w ith  GABAb receptors.

In  order to determ ine the physiological roles for GABAb receptors it 

is necessary to know something of how G-protein linked receptors function. 

The sequence of events believed to follow agonist binding to a G-protein 

linked receptor is shown schem atically in  Figure 1.1. The components of 

the G -protein system  are shown arranged on the in trace llu lar face of the 

cell surface m em brane, although the ir precise organization is no t known 

(1). Briefly, an  agonist binds to the receptor to which the  hetero trim er G- 

protein  is already bound (2). Gaunosine diphosphate (GDP) which is bound 

to the  a  subunit of the G-protein is exchanged for GTP in  the presence of 

m agnesium  (3). The G-protein then  dissociates from the receptor and itse lf 

dissociates into a  and Py subunits (4). The a  subunit causes a  physiological 

response by in teracting  with one of a num ber of effectors (5,6). In itially  the 

a  su b u n it w as considered to be the  | principal in trace llu la r  m essenger, 

however, the Py subunit is also able to influence biochemical events w ithin 

th e  cell, possibly by binding o ther available a  su b u n its  and  th ereb y  

regu la ting  the  active species (8) or by in te rac ting  w ith specific effectors 

itse lf (7) (Lefkowitz, 1992). Following activation of the effector the  a  subunit 

is aga in  freed and GTP is hydrolysed to GDP. The a  su b u n it is now 

available to re-associate w ith a  py un it (9) and to bind to an  unoccupied 

recep to r (for review  see B irnbaum er, 1990; G ilm an, 1987; Casey and 

Gilman, 1988).

2 4



GTP CDF

GTP \ ___ /  GTP

ATP cAMP

GDP + P

Figure 1.1. Receptor mediated G-protein activation. Schematic diagram 
representing the sequence of events that take place during signal 
transduction following the binding of an agonist to a G-protein linked 
receptor A=agonist, R=receptor, a and Py =components of the G-protein, 
E=effector, GDP=guanosine diphosphate, GTP=guanosine triphosphate, 
ATP=adenosine triphosphate, P=inorganic phosphate. For an explanation of 
the sequence of events see text.
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The m echanism  of signal transduction is complicated by the  variety  

of receptors which bind to G-proteins w ith varying degrees of specificity, the 

varie ty  of G-proteins, m any of which in terac t w ith several receptors, and a 

m ultip lic ity  of effectors, each of which m ay be under the  influence of 

several G-proteins.

Classification of G-proteins

M any species of G-protein apparently  exist. These were originally 

categorised into 3 | principal types, on the basis of the  action of th e ir  a  

subunit and the ir sensitivity to bacterial toxins. Gj (inhibitory) inhibits the 

production of cyclic adenosine 3',5 '-m onophosphate (cAMP) by adenylyl 

cyclase, and  is sensitive to toxins derived from B ordatella pertussis. Gg

(stim ulatory) increases the production of cAMP by adenylyl cyclase, and is 

sensitive to toxins from Vibrio cholera. Go (other) is used to describe G- 

proteins th a t do not fit into the first two categories. These categories are no 

longer strictly  accurate, and m ultiple types of each of the a  subunits of Gi, 

Gg and Gq have now been characterised (see B irnbaum er, 1990; Gilman, 

1987; Casey and Gilman, 1988). Nevertheless, the  classification rem ains 

useful in  describing G-protein m ediated events.

GABAb receptors have been dem onstrated to couple pertussis toxin- 

sensitive  G -proteins in  pharm acological stud ies (pertu ssis  toxin  ADP- 

ribosylates Gj and Gq, Andrade et al., 1986). Reconstitution studies have 

been used to dem onstrate th a t GABAb receptors couple to several specific 

forms of G-protein (M orishita et al., 1990). These include Go, G q* (a novel

26



form of Go purified from brain  (Goldsmith et al., 1988)) and G n (one of three 

forms of Gi identified by molecular cloning (Neer and Clapham, 1988)). The 

in te rac tio n  of GABAb receptors specifically w ith  Gi and  Go has been 

corroborated w ith antibody studies (Dolphin e t al., 1992) and reconstitution 

studies using  purified GABAb receptors (N akayasu et al., 1993). These G- 

proteins (Gi and Gq) have been shown to in terac t w ith the proteins shown in 

Table H , GABAb receptor stim ulation is therefore likely to include these 

effects. Indeed, the  m odulation of adenylyl cyclase and  a lte ra tio n s  in  

potassium  channel activity are classic GABAb receptor m ediated responses 

(Bowery, 1989).

In  addition , o th er second m essengers have been linked  to the  

activation of GABAb receptors. One of these is phospholipase A2 (Dum an 

e t al., 1986), the  activation of which leads ultim ately  to the form ation of 

arach idonic  acid, and  the  activation  of subtypes of p ro te in  k inase  C 

(Axelrod, 1988). GABAb receptor activation has also been shown to inhibit 

5-HT- and  h is tam in e-stim u la ted  inosito l phospholipid  m etabolism  in  

mouse cerebral cortex (Godfrey et al., 1988; Crawford and Young, 1990).

W hen in te rp re tin g  th e  actions of GABAb recep tor d rugs, i t  is 

im p o rtan t to rem em ber th a t  the G-protein signal transduction  system  is 

shared  by m any neu ro transm itter receptor system s. The activation of G- 

pro tein  linked system s w ithin the cell m ay therefore be dependant upon a 

varie ty  of agonists, causing both stim ulatory and inhibitory influences. For 

instance, Py freed by GABAb receptor stim ulation m ay cause a  subunits of 

an  un rela ted  G-protein type to be recycled faster, or GABAb receptors m ay 

share  the sam e effector w ith  other neuro transm itters (Wojcik e t al., 1985.
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G-protein
subunit E f fe c to r

OCj

adenylyl cyclase catalytic unit

cAMP phosphodiesterase

potassium channel

OCq potassium channel

p y

unstimulated adenylyl cyclase

a s  stimulated adenylyl cyclase

cAMP phosphodiesterase

phospholipase A2

potassium channel

Table 1.1. Specificity of G-protein subunits. The major targets of 
dissociated G-protein subunits believed to be activated by the GABAg 
receptor. Table adapted from Neer and Clapham (1988).
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This could efFect the tone in  G-protein m ediated effects not directly linked to 

the  GABAb receptor. These interactions are in triguing in  th a t the effects of 

ac tiva ted  receptors are  in teg ra ted  in tracellu larly . In  add ition  several 

receptors m ay bind to one G-protein type e.g. 5-HT and GABAb (Andrade et 

al., 1986), so again activation of other systems will influence the response to 

GABA b receptor activation. These in teractions extend the  influence of 

GABAb receptors as neurom odulators.

1.2. ElectrophysiologLcal Considerations 

Potassium Currents

Baclofen has been noted to induce a m em brane hyperpolarization in  

a num ber of cells types (e.g. ra t  hippocam pal cell bodies (N ew berry and 

Nicoll, 1984a; 1984b; Gahw iler e t al., 1984) and guinea pig hypothalam ic 

neurons (O gata and Abe, 1982)). This has been confirmed as an  outw ard 

p o tass iu m  c u rren t, since the  reversa l p o ten tia l shows th e  expected 

dependence on ex te rna l po tassium  concentration  and  is in h ib ited  by 

ex ternal barium  ions and in ternal cesium ions (Gahwiler and Brown, 1985; 

N ew berry and  Nicoll, 1984b; H ablitz and T halm ann, 1987; Inoue e t al.,

1985). Baclofen continues to cause th is hyperpolarization in  the  presence of 

tetrodotoxin or cadm ium  (Newberry and Nicoll, 1985) and  in  calcium  free 

m edium  (Ogata, 1990), suggesting th a t th is effect is postsynaptic.

I t  w as in itia lly  difficult to im agine a  physiological role for th is  

cu rren t. This was because a t physiological resting  m em brane potentials

2 9



the  GABAa  receptor m ediated change in  Cl" conductance caused a m uch 

g rea te r hyperpolarization th an  the GABAb receptor m ediated potassium  

cu rren t (Gahwiler and  Brown, 1985). Since the endogenous agonist would 

be expected to activate  both receptor types, th e  more m odest GABAb 

recep to r m ed iated  hyperpolarization  would be inconsequen tia l. This 

however seem s not to be the  case, since the  two cu rren ts appear to be 

tem porally  and  spatia lly  separated  (Newberry and  Nicoll, 1985). Thus, 

in trace llu la r recordings made from hippocam pal pyram idal cells revealed 

hyperpolarizations in  response to ionophoretic application of G ABA. The 

fea tu res of these hyperpolarizations differed w hen G ABA was applied to 

d ifferent regions of the  cell. The application of GAB A to the  cell body 

caused  a h y p e rp o la riza tio n  w ith  a fa s t  o n se t and  decay. T his 

hyperpo larization  is due to a bicuculline-sensitive Cl" cu rren t, and is 

therefore due to GABAa receptor activation. The application of G ABA to 

the  dendrites of these cells also produces a hyperpolarizaton which has a 

slower onset and decay (which is consistent w ith  a G -protein m ediated 

effect) and  is res is tan t to bicuculline (Alger and Nicoll, 1982). This second 

cu rren t is therefore likely to be m ediated by GABAb receptor activation. 

Since these two responses occur differentially, depending on the  placem ent 

of the of the ionophoresis electrode, it was concluded th a t GABAa receptors 

were concentrated  on the cell body and  GABAb receptors w ere on the 

dendrites . W here these  populations of recep tors overlap, a b iphasic  

response m ay occur, since the  GABAb response occurs so m uch more 

slowly th a n  th e  GABAa response. B iphasic  IPS Ps w hich f it th is  

descrip tion  have been recorded in  m any species and  cell types: in
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C ontrol P h aclofen  500 îM

10 mV

100 m s

Figure 1.2. Postsynaptic potentials in a rat cortical slice. A typical e.p.s.p. 
followed by a biphasic, GABA mediated i.p.s.p. recorded intracellularly in 
a frontal cortical slice following electrical stimulation of superficial 
cortical layers. Bath application of the GABAb  antagonist phaclofen (500 
uM for 3 min) eliminates the late, long lasting hyperpolarization. Taken 
from Karlsson et al., (1988).
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ex p erim en ta l p rep a ra tio n s  w here excita to ry  a ffe ren t p a th w ay s are  

s tim u la ted , the  biphasic IPSP is seen to follow a g lu tam ate  m ediated  

excitatory postsynaptic potential (EPSP) (Alger, 1984; Crunelli e t al., 1988; 

H irsch and Bum od, 1987; Lancaster and Wheal, 1981; Newberry and Nicoll, 

1984b; Satou, et al., 1982; Stevens et al., 1985; T halm ann and Ayala, 1982). 

In  some of these preparations, the involvem ent of GABAb receptors in  the

la te  long las tin g  hyperpolarization has been dem onstra ted  by selective 

an tagonism  w ith  the GABAb receptor an tagonist phaclofen (Figure 1 .2 ). 

T h is a n ta g o n is t blocks th e  effects of GABAb recep to r agon is ts  in  

hippocampal and thalam ic neurons (Soltesz et al., 1988), in  neocortical cells 

(Karlsson e t a l.,1988) and in  septal cells (Hasuo 1988). The physiological 

role of the  long lasting  hyperpolarization in  the pyram idal cells appears to 

be the inhibition of repetitive firing, causing synaptic communication to fail 

during high frequency transm ission (Davies et al., 1989).

Calcium Currents

There also appears to be an in tim ate  relationship  betw een GABAb 

receptors and  m em brane calcium conductances. The in teraction  betw een 

GABA receptors and calcium channels, however, appears to be complex 

and involve more th an  one type of calcium channel.

In itia l, electrophysiological, stud ies upon th e  effect of GABAb 

recep tor agonists on m em brane curren ts were u n d e rtak en  in  p rim ary  

afferent nerves, where the presence of GABAb receptors had  a lready been 

dem onstra ted . In  dorsal root ganglion cells, th e  activation  of GABAb
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receptors was shown to decrease the duration of calcium dependent action 

po ten tia ls  (D unlap and Fischbach 1981, D esarm enien e t al., 1984). In  

biochem ical stud ies in  cen tra l nervous system  tissue , GABAb receptor 

activation has been shown to inhib it potassium -stim ulated calcium  influx 

into synaptosom es using the fluorescent dye Quin 2 (Bowery and W illiams, 

1986; S tirling  et al., 1989). The modulation of calcium currents by GABAb 

recep to rs has been shown to be sensitive  to the  G -protein  in h ib ito r 

Guano sine 5 '-0-(2-thiodidiphosphate (GDP-p-s ) in  both chick (Holz e t al., 

1986; Rane and  Dunlap, 1986) and ra t  dorsal root ganglion cells (Scott and 

Dolphin, 1986; Dolphin and Scott, 1986; Dolphin e t al., 1989). In  addition, 

GABAb receptor m ediated inhibition of these currents has been shown to be 

reduced by pertussis toxin and enhanced by GTP (Scott and Dolphin, 1986; 

Dolphin and Scott, 1987), suggesting th a t th is action is indeed m ediated by a 

G-protein.

There are a num ber of possible m echanism s for the  influence of G- 

proteins over calcium channels. For example, the activated components of 

the  dissociated G-protein (either a  or py subunits) m ight have a direct effect 

on the  calcium channel. A lternatively, a soluble second m essenger m ight 

be involved. Dolphin et al., (1989) and Green and Cotterell (1988) found no 

evidence for th e  presence of a soluble second m essenger, favouring the  

direct action of a G-protein sim ilar to th a t  described for the  Gs influence 

over L-type calcium channels (Yatani et al., 1988). Several o ther au thors 

favour th is  close coupling hypothesis (Dolphin et al., 1989; Robertson and 

Taylor, 1986). However, the  GABAb receptor m ed iated  inh ib ition  of 

calcium  influx could be an  ind irect response, m ediated  th ro u g h  cyclic 

3’,5 'adenosine m onophosphate (cAMP) dependent phosphorylation. Such

33



cAMP dependen t phosphorylation  has been d em onstra ted  w ith  some 

voltage sensitive calcium channels, specifically the  |3-subunit of calcium

antagonist receptors (Curtiss and Catterall, 1985). An investigation into the 

m odulation of neuronal L-type calcium channels by GABAb receptors has 

suggested a complex effect, since the action of G TP-y-S (a G -protein 

activator) does not accurately mimic the action of baclofen. Thus, GTP-y-S 

inh ib its only one phase of the calcium current, w hereas baclofen causes a 

to tal inhibition. This m ay be evidence th a t calcium channels are  under the 

influence of several G-proteins, like the  adenylyl cyclase cataly tic  u n it 

(Dolphin e t al., 1989). Although both Gi and Gq have been dem onstrated to

inh ib it calcium currents (Hescheler et al., 1986; Dolphin e t al., 1989), the 

class of G-protein responsible for GABAb receptor m ediated inhibition has 

yet to be established.

A fu rth e r  m echanism  through which GABAb recep tor activation  

could influence calcium channel activity is through a change in  m em brane 

perm eability  to another ion, such as potassium. This would induce effects 

in  voltage-dependant calcium channels. Indeed, there  is evidence for this 

in  cu ltured  hippocam pal CA3 cells, in  which the  effect of baclofen on the 

calcium  c u rre n t is  inh ib ited  w hen the  po tassium  c u rre n t is  blocked 

(Gahwiler and Brown, 1985).

O ther evidence, however, points to a d irect effect on the  inw ard  

calcium  cu rren t. In  voltage clam ped cat dorsal root ganglion cells, 

Robertson and Taylor (1986) reported a  reduction in  the  peak am plitude of 

calcium  c u rre n ts  w hich occurred in  th e  absence of any  effects on 

potassium  curren t. This work has been corroborated in  cu ltu red  dorsal
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root ganglion neurons by Dolphin and Scott, (1986) and  receives fu rther 

support from other studies (Dunlap and Fischbach, 1981; Deisz and Lux, 

1985). M oreover, d ihydropyridine calcium  ligands m odulate  GABAb 

rad io ligand  b ind ing  (Al-Dahan and  T halm ann , 1989), suggesting  the  

possib ility  of an  in tim a te  re la tionsh ip  betw een the  d ihydropyrid ine 

sensitive, high voltage activated L-type calcium channel and the  GABAb 

receptor protein.

The m odulation of calcium influx by (-)baclofen has been cited as a 

possible m echanism  by which neuro transm itter release is influenced in the 

te rm in a ls  of p rim ary  afferent cells (C urtis e t al., 1981; H enry, 1982; 

L anthom e and Cotman, 1981). Indeed, th is could provide a m echanism  for 

th e  inh ib ition  of n eu ro tran sm itte r  release  by GABAb receptors a t all 

synaptic  term ina ls where these receptors are situated . However, in  the 

hippocam pus, Cd^+, a  calcium channel blocker, is m arkedly less efficient 

th a n  (-)baclofen as an  inh ib ito r of synaptic responses. This evidence 

suggests th a t  (-)baclofen m ight have a direct effect upon neu ro transm itter 

release, a t  least in  the hippocampus (Thompson e t al., 1992). Indeed, the 

im portance of extracellu lar calcium in  n eu ro tran sm itte r release rem ains 

equivocal (Zucker and Haydon, 1988)

In  sum m ary , GABAb receptor agonists activa te  two m em brane 

curren ts. F irstly  an  outw ard potassium  cu rren t which is responsible for 

IPSPs (Gahwiler and Brown, 1984; Nicoll and Newberry, 1984). Secondly, 

in  dorsal root ganglion cells GABAb receptor agonists inh ib it an  inw ard 

calcium  cu rren t, reducing periods of depolarization (Dolphin and  Scott, 

1986; Robertson and Taylor, 1986). I t has been proposed th a t the direct effect
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(as opposed to voltage dependant, secondary effects) of GABAb receptor 

m ediated  m odulation of calcium cu rren ts  is exclusively p resynaptic  and 

the  m odulation of potassium  currents is exclusively postsynaptic (Dolphin 

and Scott, 1986). However, no direct evidence for th is exists (Stirling e t al., 

1989).

1.3. Agonists and Antagonists at the GABAb Receptor

R esearch into the  role of GABAb receptors in the  cen tral nervous 

system  was initially ham pered by lack of compounds th a t act selectively and 

potently a t  th is receptor. This paucity is reflected in  the first descriptions of 

G A B A b recep to r m ed ia ted  even ts as b icucu lline-in sensitive  GABA 

responses. The first selective GABAb receptor agonist to be identified was 

baclofen. This was produced initially  as a lipophilic analogue of GABA so 

th a t  i t  would cross the  blood b ra in  b a rrie r. Baclofen soon becam e 

estab lished  as centrally  acting m uscle re laxan t and  an tispastic ity  agent 

(see Bowery and P ra tt, 1992). The pharmacological specificity of baclofen 

was determ ined by Bowery et al., (1983) using radioligand receptor binding 

experim ents. These experim ents also determ ined the chiral specificity of 

the  novel receptor. The h igher potency of the  (-)isom er for GABAb 

receptors added credence to the hypothesis th a t  the  therapeu tic  actions of 

baclofen are m ediated through th is receptor, since i t  is the (-) isom er which 

is m ost effective a t inhibiting spinal reflexes in spasticity (Olpe e t al., 1978). 

This isom er is also 20 tim es more potent th an  the (+)isomer a t depressing 

synaptic activity in  the im m ature ra t  isolated spinal cord (Ault and  Evans, 

1978) and two orders of m agnitude more potent as an  antinociceptive in  ra ts
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(W ilson and  Y aksh, 1978), confirm ing these  responses as m ediated  by 

GABAb receptors. For m any years then, (-)baclofen has been the  drug of 

choice for dem onstrating a GABAb receptor m ediated effect. However, care 

m ust be taken  when in terpreting  the effects of baclofen, since a t very high 

concentrations baclofen has agonist effects a t a2-adrenoceptors (Fung et al., 

1985).

More recently , the  phosphinic analogue of GABA, 3-am inopropyl 

phosph în ic  acid (3-APA), has been dem onstrated  to be more po ten t th an  

(-)baclofen in  binding studies, displacing radioligand binding to GABAb 

receptors w ith an  IC5 0  of 1 nM (P ra tt et al., 1989). In functional assays, it  is 

10 to 100 tim es more potent th an  (-)baclofen (Hills e t al., 1989). The 

m e t h y l a t e d  a n a lo g u e  o f t h i s  c o m p o u n d , S K F 9 7 5 4 1  

(3 aminopropyl(m ethyl)phosphinic acid), is also a GABAb receptor agonist. 

A lthough i t  is ra th e r  less potent th an  3-APA as a displacer of GABAb 

receptor radioligand binding, it is approxim ately 10  tim es more potent th an  

3-APA in  e lec tro p h y sio lo g ica l s tu d ie s  (S eab rook  e t a l., 1990; 

1991)(Figure 1.3).

Selective antagonists for the GABAb receptor have also been difficult 

to obtain. GABA itself is a flexible molecule which can adopt a  wide variety  

of conform ations. D espite the  observation th a t  th e  GABAa  recep to r 

p referring  and the  GABAb receptor p referring  conform ations of GABA 

rep resen t two extrem ities of these folding capabilities (Kerr et al., 1990), 

in itia l a ttem p ts  to produce a specific GABAb an tagon ist were flawed by 

activity a t the  GABAa receptor. For instance delta-am ino valeric acid was

37



GABA

40 nM $
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Figure 1.3. The stuctures and binding potency of GABAb  receptor agonists.
These compounds represent published structures which were either used in 
the present study or mentioned in the text. Data was taken from the 
following sources (compounds in brackets represent the radioligand 
against which the displacers were tested): ($)Bowery et al., 1983 ([^H]- 
baclofen); (*) Froestl et al., 1992 ([^H]-3-APA); (+) Pratt et al., 1992 
GABA).
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identified as a GABAb receptor antagonist in  peripheral tissues such as the 

r a t  annococcygeus muscle, (M uhyaddin et al., 1982) the  guinea pig ileum  

(Sawynok, 1986) and the gastrocnemius and p lan tar foot m uscles of the  ra t  

(Schw artz e t al., 1988). However delta-am ino valeric acid was found to be 

active a t GABAa receptors w ith alm ost equal binding potency (Bowery et 

al., 1983). The first really selective antagonist was the  phosphono- analogue 

of baclofen, P-(p-chlorophenyl)-3-aminopropyl phosphonic acid (phaclofen), 

syn thesized  by C heifari e t al. (1987). Phaclofen w as subsequen tly  

dem onstrated to antagonise the action of baclofen in  a  num ber of peripheral 

p re p a ra tio n s , inc lud ing  th e  baclofen-induced d ep ress io n  of tw itch  

responses in  ileum  (Kerr et al., 1987; Ong e t al., 1987). Phaclofen also 

an tagon ized  the  ab ility  of baclofen to cause p resynap tic  inh ib ition  of 

excita tion  in  spinal in terneurons (K err e t al., 1987; D u ta r and  Nicoll, 

1988a). However, phaclofen did not penetrate  the blood brain  b a rrie r  well 

and  was of relatively low potency (pA2= 4, K err e t al., 1990). The fî-hydroxy 

su b stitu ted  sulphonic analogue of baclofen, 3-amino-2-(4-chlorophenyl)-2- 

hydroxypropane sulphonic acid (2 -hydroxysaclofen) has subsequen tly  

proved to be of higher potency (pA2= 5.6, K err et al., 1990). Phaclofen and 2- 

hydroxysaclofen have entered the  lite ra tu re  as "classical" an tagon ists of 

GABAb receptor m ediated responses.

Very recently, however, these two compounds have been superceded 

by  a  se lection  of com pounds from  Ciba-Geigy. The f ir s t  exciting  

d ev e lo p m en t w as th e  p u b lica tio n  of C G P35348, (3 -am inop ropy l- 

(dioxymethyl)-phosphinic acid) w ith a binding affinity of 35 |iM (B ittiger et 

al., 1990). This first compound was soon followed by CGP36742 (B ittiger et 

al., 1992) and  CGP46381 (Olpe et al., 1993), which are the  firs t GABAb
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Figure 1.4. The stuctures and binding potency of GABAb  receptor 
antagonists. These compounds are all published structures which were 
either used in the present study or are mentioned in the text. Data was taken 
from the following sources: (#)Bittiger et al., 1988 ; (*) Froestl et al., 1992; 
(**)01pe et al 1993. All compounds were tested as displacers of [^H]-3-APA
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receptor antagonists to readily cross the  blood b ra in  barrier, although they 

still lack dram atic potency (35 and 5 pM respectively, B ittiger e t al., 1990; 

Olpe e t al., 1990). As one of the earliest orally active compounds, CGP36742 

is the  first GABAb receptor antagonist to be used in  clinical tria ls  where it  

is being assessed as an  antiepileptic (B ittiger e t al., 1992). In  addition, 

CGP54626 is cu rren tly  the  m ost po ten t GABAb recep to r a n ta g o n is t 

available, w ith an  IC50 against GABAb receptor radioligand binding of 4.4 

nM (Froestl e t al., 1992). (Figure 1.4).

1.4. Molecular Biology of the GABAb Receptor

M any insigh ts in to  the m echanism  of receptor activation  and  its  

involvem ent in  cellular processes are gained when the prim ary, secondary 

and  te r tia ry  struc tu re  of the receptor under consideration is elucidated. 

This can only occur w hen the pro tein  has been cloned and  purified  in  

sufficient quantities to allow investigation. Although th is work has not yet 

been completed for the  GABAb receptor, the in itia l steps of solubilization 

and purification have been achieved. Solubilization of the  GABAb receptor 

is possible w ith  a varie ty  of detergents, and has been accomplished w ith 

porcine b ra in  (Facklam  and Bowery, 1993) and  bovine b ra in  (K uriyam a et 

al., 1990). Using bovine b rain  and optim al solubilization conditions w ith 

sodium deoxycbolate, some of the properties of the GABAb receptor are lost. 

These properties include the  sensitivity of [^HJ-GABA binding to calcium 

channel blockers, the  ability  of GABAb receptor agonists to stim u la te  

GTPase activ ity , and  the  ability  of GABAb receptor agonists to inh ib it 

fo rsk o lin -stim u la ted  adenylyl cyclase ac tiv ity  (O bm ori e t a l., 1990;
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K uriyam a e t al., 1990). This deficit m ay be the  resu lt of dam age to the 

receptor, selective solubilization of the components of the  re levan t signal 

transduction  system , or simply the loss of the  m em brane organization of 

these  components. This is an  in teresting  finding because some receptors 

such as the  D2 dopamine receptor exhibit a  sim ilar loss of function (O hara 

et al., 1988), w hilst others, such as the A1 adenosine receptor (N akata, 1989) 

and opioid receptors (Wong et al., 1989), do not. This m ight indicate  th a t 

GABAb receptors share  specific m olecular characteristics w ith  th e  D 2 

receptor. However, the concentration and type of detergent are  critical for 

the  m ain tenance of G-protein coupling during solubilization. The loss of 

function  by some recep tors m ay m erely  re p re se n t poorly optim ized 

solubilization conditions.

Following solubilization, purification was in itia lly  a ttem p ted  w ith 

affin ity  res in  chrom atography using several d ifferent ligands, including 

GABA, 3-aminopropyl phosphonic acid, and (-)baclofen a ttached  by e ither 

the  amino or the carboxyl group. The baclofen affinity resins proved to be 

the  m ost efficient, both of these achieved a purification of around 22 fold. A 

h igher degree of purification (140 fold) was achieved by perform ing gel 

filtration  chrom atography on this extract. GABA binding proteins w ith  two 

d ifferen t m olecular w eights (80 and 240 kDa) were e lu ted  using  th is  

procedure. The higher molecular weight protein m ay be the  consequence of 

extensive glycosylation, or of a proportion of th e  recep tors still being 

complexed to another protein, such as a G-protein (Kuriyam a, 1990). More 

recently, a  definitive purification has been achieved using im m uno-affinity 

beads. These are p repared  w ith a monoclonal antibody ra ised  to the 

partially  purified receptor (Nakayasu et al., 1993; 1992). This study resulted
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in  an  8000-fold purification of the  receptor, and  confirm ed a m olecular 

weight of 80 kDa for the uncomplexed protein.

Over 70 G-protein linked receptors have been cloned and sequenced to 

date. These display a wide range of sequence homology (6  to 93%) (H ibert et 

al., 1993), yet they do have a num ber of highly conserved features. Thus, it  

is possible to deduce some of the  likely charac teristics of the  GABAb 

receptor protein  structure . For instance, o ther G-protein linked receptors 

a re  single proteins w ith seven hydrophobic domains which are  proposed to 

be m em brane  sp an n in g  regions. T hese hydrophobic dom ains are  

in terspersed  w ith hydrophilic loops (Bunzow et al., 1988; Dixon e t al., 1986; 

Kobilka et al., 1988; Bonner et al., 1987). The loops on the cytoplasmic side of 

the  cell m em brane have phosphorylation sites which m ay be responsible for 

desensitization, and these loops presum ably form a G-protein binding site. 

The transm em brane spanning regions are  folded in to  a  helices, and are 

a rran g ed  in  a tig h t bundle. The agonist binding site of m ost G-protein 

linked receptors is located deep in  the centre of th is bundle. This is a  highly 

conserved fea tu re; a recen t survey of six d ifferen t G -protein linked 

receptors revealed th a t  each re ta ined  an a sp a rta te  residue on the  th ird  

m em brane spanning  domain. This residue form ed an  ion p a ir  w ith  a 

cationic am ino group in  the agonist. This ion pairing  was the  | principal 

ionic interaction in agonist binding (Hibert et al., 1993). I t  is in teresting  to 

note in  th is respect, th a t substitution of the amino group of GABAb receptor 

agonists always leads to a  dram atic loss in  affinity (Froestl e t a l.,1992); th is 

finding m ay indicate the  presence of such an  ionic pairing  system  in  the 

GABAb receptor. However the confirmation of these struc tu ra l features as
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characteristics of the GABAb receptor aw aits a more detailed investigation 

of the molecular biology of this protein.

1.5. Aims of the Present Study 

Overview

The range of agonists and  an tagon ists  availab le  for use in  the 

in v es tig a tio n  of GABAb recep tor m ed iated  responses h as increased  

dram atically  in  the las t few years. In  the p resen t study, a num ber of these 

compounds were tested  to characterize in detail the pharmacological profile 

of GABAb receptors in  two different functional assays. E xperim ents were 

also conducted to investigate the role played by glial cells in  one of the 

c lassic  functional assays of GABAb recep to r ac tiv ity , nam ely  th e  

m odulation  of cAMP production in  r a t  cortical slices. In  addition, two 

studies of more direct clinical relevance were conducted. In  the  first, ra ts  

w ere chronically dosed w ith compounds acting  a t  GABAb receptors to 

determ ine th e ir  long term  effects upon GABAb receptor populations. In  

the  second, possible pathological a lte ra tions in  GABAb receptors were 

investigated in  an anim al model of epilepsy.

Pharmacologically Defined Subtypes of G A B^ Receptor

There have been a num ber of reports of sub-populations of GABAb 

receptors w ith  differing pharmacologies. Much of the in itia l speculation in
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these reports was based on the activity, or lack of activity, of the low potency 

an tagon ist phaclofen. For instance, i t  was reported th a t  baclofen acts a t 

two populations of receptors in  the spinal cord; one of these receptors, on 

afferent term inals, was sensitive to phaclofen and the other was insensitive 

(Curtis e t al., 1986; C urtis et al., 1981). Phaclofen was also used, in  a study 

by Stirling e t al. (1989). These authors reported th a t th is compound, along 

w ith  P-phenyl-GABA and 5-am inovaleric acid, was unable to antagonise 

the  inhibition of calcium influx caused in synaptosomes by (-)baclofen. This 

w as in  sp ite  of the  fact th a t  all th ree  compounds had  previously been 

dem onstra ted  to be GABAb receptor antagonists in  o ther system s (K err e t 

al., 1987; Ong et al., 1987; Muhyaddin et al., 1982; Sawynok, 1986). Stirling 

e t al. therefore proposed th a t the GABAb receptors in  th e ir synaptosom al 

p repara tion  had  a different pharmacology to th a t  previously described for 

GABAb receptors in  the periphery. The specificity of phaclofen for certain  

populations of GABAb receptor has received corroboration from a num ber 

of au th o rs . For instance  D u ta r and  Nicoll (1988b) repo rted  th a t  the 

postsynaptic action of (-)baclofen (a K+ dependent IPSP) was antagonized by 

phaclofen, b u t the presynaptic action of (-)baclofen (inhibition of an  afferent 

stim ulated , g lu tam ate m ediated EPSP) was not; H arrison  (1989) reported 

th a t  th e  p resynap tic  inh ib ition  of GABA re lease  by (-)baclofen was 

in sensitive  to phaclofen in  central neurons, and W ang and  D un (1990) 

rep o rted  s im ila r findings for the  release  of excita tory  and  inh ib ito ry  

n eu ro tran sm itte rs  a t afferent term inals in  the spinal cord. These studies 

all agree th a t  phaclofen is able to antagonize the postsynaptic, b u t not the 

presynaptic, actions of baclofen.
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Some compounds, such as carbachol apparently  distinguish  betw een 

th e  a c tiv ity  of GABA and  th e  a c tiv ity  of baclo fen , b lock ing  ^  

hyperpolarizations only in response to the la tte r  (Muller and Misgeld, 1989). ^

This specificity is shared by phaclofen in  some preparations. For instance, 

in  hippocam pal pyram idal cells, phaclofen appears to block a baclofen 

induced K+ dependent IPSP more potently th an  it  blocks a  sim ilar response 

induced by GABA (D utar and Nicoll 1988a). O ther an tagonists display a 

s im ila r  spec ific ity , for in s ta n c e  4 -am in o p y rid in e  in  g u in ea -p ig  

h ippocam pal pyram idal cells (Inoue e t al., 1985,) and  in  guinea-pig  

hypothalam ic neurons (Ogata et al., 1987). A nother kind of specificity is 

shown by the GABAb receptor an tagonist 2 -OH-saclofen. This failed to 

com pletely in h ib it hyperpolarizations induced by topical app lication  of 

GABA in  th e  hippocam pus, though the  sam e concentra tion  of 2-OH- 

saclofen completely antagonised electrically evoked GABA m ediated IPSPs 

(Segal, 1990). In  th is case the  electrically evoked IPSPs are  presum ably 

m ediated  exclusively by synaptic receptors while the  effects of topical 

application m ay be m ediated by extrasynaptic receptors as well. Thus the 

differential sensitivity of the two responses to 2-OH-saclofen m ay indicate a 

pharm acological difference between synaptic and  ex tra  synaptic receptor 

populations (Segal, 1990).

A large  l ite ra tu re  supports the  conten tion  th a t  post-, b u t not 

presynaptic GABAb receptors are sensitive to G-protein inhibitor, pertussis 

toxin. In  these experim ents pertussis toxin is applied by in traven trica la r 

injection prior to the s ta r t  of the experim ent (Colmers and W illiams, 1988; 

D u ta r and Nicoll, 1988b; Colmers and P ittm an, 1989; G allagher e t al., 1990), 

or b a th  applied to cultured  neurons (H arrison, 1989). These d a ta  m ay
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m erely  ind icate  th a t  subpopulations of GABAb receptors a re  coupled to 

d iffe ren t signal tran sd u c tio n  pa thw ays, r a th e r  th a n  in d ica tin g  the  

I occurrence of subtypes of receptor.

The m ost recent, and convincing, work on GABAb receptor subtypes 

has been by Bonanno and R aiteri (1992, 1993), who have proposed th ree  

c lasses of GABAb receptor on the  basis of d ifferen tial sensitiv ity  to 

phaclofen, CGP35348 and the novel an tagonist CGP52432. These au thors 

s tu d ie d  p o ta s s iu m -s tim u la te d  re le a se  of GABA, g lu ta m a te  an d  

so m a to s ta tin  in  r a t  b ra in  synaptosom es. The re lease  of all th ree  

n e u ro tra n sm itte rs  w as inh ib ited  by (-)baclofen w ith  s im ila r potency. 

(-)B aclofen-inh ib ited  GABA re lease  w as in se n s itiv e  to CGP35348; 

(-)baclofen-inhibited g lu tam ate release was insensitive to phaclofen, and 

(-)baclofen-inhibited som atostatin release was sensitive to both, suggesting 

th ree  subtypes of receptor. The highly potent antagonist, CGP52432 was two 

orders of m agnitude more potent as an  antagonist of (-)baclofen-inhibited 

GABA re lease  th a n  i t  was in  the  o ther two assays, confirm ing th a t  

pharm acological differences exist.

This p lethora of experim ental da ta  has produced m any suggestions 

th a t  subtypes of GABAb receptor exist. However, conclusive experim ents 

have yet to be performed, especially since some of the  the  in itia l findings 

have not been corroborated by subsequent work. For instance, Solis and 

Nicoll (1992) failed  to dem onstra te  th e  specificity  of phaclofen  for 

p o stsy n ap tic  GABAb receptor m ediated responses. In  add ition  these 

au thors found th a t the  more recently available GABAb receptor an tagonist 

CGP35348 inh ib ited  both  pre- and postsynaptic  responses w ith  sim ilar
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potency. This adds w eight to the  argum ent th a t  pre- and  postsynaptic 

receptors are sim ilar. Also, unlike phaclofen, CGP35348 and 2 -OH-saclofen 

are able to antagonize both bicuculline-insensitive GABA IPSPs as well as 

baclofen induced IPSPs (Solis and Nicoll, 1992). Indeed pharm acological 

specificity in  th is  assay  is difficult to in te rp re t since electrically evoked, 

GABA-mediated, IPSPs represen t a considerable methodological difference 

to topically applied baclofen. A sim ilar criticism  m ay be levelled a t the 

study  by M uller and  M isgeld (1989) in  w hich carbachol blocked the  

postsynaptic action of ba th  applied baclofen bu t not ionophoretically applied 

GABA. This was tak en  to im ply th a t  there  a re  d ifferent m echanism s 

involved in  the  postsynaptic actions of GABA and baclofen. I t  is essential 

th a t  th is work is corroborated, since the dataware incom patible w ith the  well 

estab lished  hypothesis th a t  GABA is the endogenous n e u ro tra n sm itte r  

which m ediates the slow IPSP (Solis and Nicoll, 1992). Indeed more recent 

w ork in  th is  field has dem onstra ted  th a t  baclofen responses a re  not 

inh ib ited  by carbachol under sim ilar conditions to those in  which i t  fails to 

block GABA responses (Bijak et al., 1991).

Recent work also indicates th a t the specificity of pertussis toxin as a 

postsynaptic inhib itor of GABAb receptor m ediated responses m ay well be 

th e  re su lt of problem s of access to axon term inals. In tra-h ippocam pal 

injections of the  toxin appear to be effective on both pre- and postsynaptic 

actions (S tratton et al., 1991).

The work by Bonnano and R aiteiri rem ains the  m ost in te res ting  of 

these  studies, however, w hilst CGP35348 and CGP52432 are specific for 

su b -p o p u la tio n s  of GABAb recep tor in  th is  functional s tudy , they
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a p p aren tly  displace GABAb receptor radioligand binding  by 1 0 0 % and 

complex displacem ent kinetics have not been reported for these compounds 

(Froestl e t al., 1992). This work therefore requ ires corroboration to the  

ex ten t th a t  GABAb | receptors w ith sim ilar specificities have yet to be 

identified in  other preparations or by the use of different techniques.

In  sum m ary, subtypes of GABAb receptor have been proposed on a 

varie ty  of experim ental data , however none of these studies has yet been 

conclusive so there  rem ains a need for te s ts  w ith  new an tagon is ts  to 

iden tify  com pounds w hich are selective for one sub-population  versus 

another. A convincing dem onstration of GABAb receptor subtypes using 

p harm aco log ica l a g en ts  aw aits  th e  developm ent of h ig h  potency  

antagonists th a t  reflect the specificity of compounds such as Phaclofen and 

CGP35348.

Identification of compounds th a t  are specific for sub-populations of 

G A B A b receptors m ust be a p rim ary  objective in  the  developm ent of 

th e ra p e u t ic  GABAb recep tor drugs. This is because th e  extensive 

neurom odulatory role of GABAb receptors m akes i t  difficult to predict the 

effects of system ic, or even locally applied GABAb receptor drugs a t  the 

level of the  whole anim al. GABAb receptors in terac t extensively w ith  other 

neu ro transm itte rs  a t a  num ber of different functional levels. F irstly , they 

m odulate release of n eu ro transm itte r presynaptically  and  th u s a lte r  the 

levels of ex tracellu lar neu ro transm itter im pinging upon a specific ta rg e t 

cell. At the  level of the  cell surface receptor, GABAb receptors influence 

the  actions of other neuro transm itters where different signal transduction  

pathw ays converge on the  same G-protein, and  w here different G-proteins
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converge on the  same effector (G-protein activated enzyme or ion channel). 

Finally, in tegration of neuro transm itter actions can occur a t the  level of the 

cell m em brane, where the degree of polarization and ion flux is a  property 

of all th e  channels p resen t. Com pounds w hich act a t  specific sub ­

populations of GABAb receptors would rep resen t valuable research  tools

and  possibly therapeutically  effective drugs. I t  was therefore decided to 

investigate the  potency of a selection of recently available GABAb receptor 

agonists and  antagonists upon two functional assays of GABAb receptor 

activation. For th is purpose the GABAb receptor m ediated m odulation of 

cAMP production in  CNS tissue was selected.

Pharm acology o f the  M odulation of Adenylyl Cyclase by  GABAb  R eceptors

The effects of GABAb receptor stim ulation on adenylyl cyclase (ATP 

pyrophosphate-lyase (cyclizing), EC 4.6.1 .1) in  cortical tissue are two-fold: 

an  inh ib ition  of forskolin-stim ulated  adenylyl cyclase activ ity , and  an  

au g m en ta tio n  of (5-ad renocep to r-stim u la ted  adenylyl cyclase activ ity . 

GABAb receptor activation alone has no effect on adenylyl cyclase activity 

(K arbon and E nna, 1985; Hill, 1985). The GABAb recep to r m ediated  

inh ib ition  of for skolin-stim ulated adenylyl cyclase is a well docum ented 

phenom enon (Karbon and Enna, 1985; Hill, 1985), and indicates th a t  the 

G A B A b receptor is linked to the  Gi class of G -proteins. The GABAb 

recep to r m ed iated  augm enta tion  of n o rad ren a lin e-s tim u la ted  adenylyl 

cyclase has also been well characterized (Hill, 1985; K arbon and  Enna, 

1985). GABAb receptors are also able to augm ent adenylyl cyclase activity 

s tim u la ted  by vasoactive in testinal peptide (W atling and  Bristow , 1986),

5 0



adenosine A2, and prostaglandin E l  (Karbon and E nna, 1985). The ability 

to augm ent adenylyl cyclase activity is not confined to GABAb receptors; H I 

h is tam in e  recep to r agonists po ten tia te  H2 recep to r-s tim u la ted  cAMP 

(Al-Gadi an d  H ill, 1985), and  a 2 -a d re n o c e p to r  a g o n is ts  p o te n tia te  

(3-adrenoceptor activation (Leblanc and Ciaranello, 1984). Both inhibitory

and augm enting responses have been confirmed in  hum an  brain , although 

th^ modulatory effects of GABAb receptor activation have not (Kendall et

al., 1992).

I t  w as in itially  proposed th a t the ability of GABAb receptors to both 

inh ib it and  stim ulate  adenylyl cyclase activity was due to the  presence of 

two pools of cAMP. This hypothesis suggested th a t  the  two cAMP pools 

w ere com partm en ta lized  in  d ifferen t cells, possibly  re p re se n tin g  a 

presynaptic and a postsynaptic response (Hill, 1985); one pool was under the 

influence of a  stim ulatory  second m essenger and  one pool w as under the 

influence of an  inhib itory  second m essenger. Thus th e re  m igh t be two 

functionally discrete populations of GABAb receptors in  the  b ra in  (Karbon 

e t al., 1990). The inhibitory response was clearly m ediated  by Gi. Two 

candidates for m ediating the  stim ulatory response have been investigated, 

these  are  phospholipase A2  and phospholipase C. Evidence h as been 

p resen ted  to support th is  hypothesis (for review  see E n n a  and  Karbon,

1987). However, i t  is now considered likely th a t the augm entation response 

is a consequence of th e  activ ity  of dissociated j3y G -p ro tein  su b u n its  

(Lefkowitz, 1992).
I

Two th ings m ake detailed  investigations into the  pharm acological 

profiles of GABAb receptor m ediated responses especially p e rtin en t a t the
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Glial Cells in the Central Nervous System

Neuroglia have been recognized as a distinct class of cells in the CNS since the 
late 1800’s. They can be broadly divided into two categories: macroglia and 
m icroglia. The first of these two subdivisions contains astrocytes and 
oligodendrocytes. Each of these classes of cells contians further subdivisions of 
morphologically and functionally distinct types (Montgomery, 1994)

Astrocytes are estimated to comprise 20-25% of whole brain tissue, with 
densities of up to 50% of the total volume in some brain regions. Approximately 
50% of glial cells in the mammalian brain are astrocytes. Astrocytes seem to have 
three major functions: the guidance and support of neurons during migration and 
growth; the miantianance of the chemical composition of the extracellular fluid 
around neurons (including uptake mechanisms for important neurotransmitters) 
and the modulation of immune reactions by the production of antigens (for review 
see Montgomery, 1994).

The principal function of oligodendrocytes appears to be the formation of myelin 
sheaths around axons. As such they are the counter part of Schwann cells in the 
peripheral nervous system. They are found in high densities in white matter in the 
CNS (for review see Miller et al., 1989).

M icroglia are usually present in the adult mammalian CNS as “ramified 
microglia” , they are small cells, 5-10 |Lim in diameter, with fine radiating 
processes. During tissue infection they convert to “reactive microglia”, these are 
phagocytic amoeboid cells, which remove redundant nerve processess and cell 
debris resulting from cell death. They appear to behave as macrophages do in the 
periphery. They represent 5 to 15% of the volume of brain tissue and are evenly 
distributed throughout the CNS. (for review see Davies et al., 1994).

Davis, B.J., Foster, T. D, and Thomas, W.E., (1994) Cellular forms and functions 
of brain microglia. Brain Res. Bull. 34, 73-78.

Miller, R.H., ffrench-Constant, C. and Raff, M.C. (1989) The macroglial cells of 
the rat optic nerve. Ann. Rev. Neurosci. 12, 517-534.

Montgomery, D.L. (1994) Astrocytes: form, functions and roles in disease. Vet. 
Pathol. 31, 145-167.



p re s e n t  tim e . F irs tly , th e  in c re a s in g  n u m b e r o f re p o r ts  of 

pharm acologically  d is tin c t sub-populations of GABAb recep to rs, and  

secondly the availability  of a  wider range of GABAb receptor agonists and 

an tagon ists th a n  was h itherto  the  case. To th is  end, the  m odulation of 

adenylyl cyclase by GABAb receptors would seem  to rep re sen t an  ideal 

model in  which to determ ine the  potency of new compounds, no t least 

because two apparently  distinct functional assays can be undertaken  in  the 

sam e tissue. The two responses m ay be m ediated  by d ifferent receptors 

populations, and  should specific compounds be identified, the  basis of the 

specificity is unlikely to be due to differential tissue penetra tion  or o ther 

experim ental variables. Thus in the present study a range of agonists and 

an tag o n is ts  was used to determ ine the pharm acological profile of the 

GABAb receptors augm enting and inhibiting stim ula ted  adenylyl cyclase 

activity.

Adenylyl Cyclase in Glial Cells

If  da ta  concerning the modulation of adenylyl cyclase activity  are to 

be of use in  predicting the neuronal activity of GABAb receptor drugs, then  

we m ust presuppose th a t the receptors under consideration are specifically 

located on neurons. In  th is light, it  is worth m entioning glial cells, which 

m ay m ake up the  bu lk  of b ra in  tissu e  and  a re  sen sitiv e  to m ost 

n eu ro transm itters  through receptors which appear to be identical to those 

found on the  neurons them selves. In  addition, glial cells use cAMP as an  

in tra ce llu la r  m essenger. O f p a rticu la r relevance to th is  s tu d y  is the 

observation th a t betw een 75% and 95% of the p -ad ren o cep to r-s tim u la ted
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Additional evidence that adenylyl cyclase, and indeed, p-adrenoceptor stimulated 
adenylyl cyclase is located in glia cells has come from immunocytochemical studies. For 
instance, it has been reported that cAMP assayed by inununocytochemistry is located in 
glial cells in the superior cervical ganglion, (Ariano et al., 1982) this study also 
demonstrated an increase in this pool of cAMP in response to p-adrenoceptor stimulation. 
An initial study into the localization of cAMP in the caudate nucleus was conducted using 
light microscopy. This revealed cAMP staining apparently located in neurons (Ariano and 
Matus, 1981), however, a subsequent ultrastructural investigation by the same group 
revealed that most staining was in fact in astrocytic processes (Ariano et al., 1982). A 
glial reactive component to cAMP staining has also been identified (Stone and Ariano,
1989).

Ariano, M.A., Butcher, L.L. and Appleman, M.M. (1980) Cyclic nucleotides in the rat 
caudate-putamen complex: histochemical characterization and effects of deafferentation 
and effects of deafferentation and kainic acid linfusion. Neuroscience , 5 1269-1276.

Stone, E.A. and Ariano, M.A. (1989) Are glial cells targets of the central noradrenergic 
system? A review of the evidence. Brain Research Reviews, 14 297-309.

Ariano, M.A., Briggs, C.A. and McAfee. D.A., (1982) Cellular localization of cyclic 
nucleotide changes in rat superior cervical ganglion. Cell. Mol. Neurobiol., 2, 143-155.

Ariano, M.A. and Matus, A.I. (1981) Ultrastructural localization af cyclic GMP and 
cyclic AMP in rat striatum, J. Cell Biol., 91 287-292.



cAMP in  ra t  forebrain slices derives from glial cells (Stone e t al., 1990)f^This 

is im portan t since the augm entation of p -adrenocep to r-stim ulated  cAMP 

by GABAb recep tors has been proposed to occur as a  re su lt of an  

in tra c e llu la r  in te rac tion . This inform ation, together w ith  the  recen t 

description of GABAb receptors on glial cells, (Hosli and Hosli, 1992; 1990), 

suggested  th a t  th e  augm en ta tion  of n o rad ren a lin e -s tim u la ted  cAMP 

production in  r a t  cortical slices m ight occur a t  least in  p a rt in  glial cells. 

We therefo re  employed fluorocitrate, a  selective inh ib ito r of glial cell 

resp ira tio n  and ATP production (Stone et al., 1990; P au lsen  et al., 1987; 

H assel, 1992) to elim inate glial cell activity in r a t  cortical slices in  which the 

m o d u la tio n  of adenylyl cyclase by n e u ro tra n sm itte r  recep to rs w as 

investigated.

In  addition the  ability of forskolin and  noradrenaline to stim ulate  

adenylyl cyclase in glial cells was investigated using glial cells in  culture. 

The ability of (-)baclofen to modulate these responses was also investigated.

Dialysed cAMP as an Index of GABAb Receptor Function In Vivo

The physiological relevance of the  in vitro m odulation of adenylyl 

cyclase a c tiv ity  w as in v es tig a ted  using  th e  tech n iq u e  of in  vivo 

m icrodialysis. Most m icrodialysis work has concentrated on m onitoring 

n eu ro tran sm itte rs  and  th e ir m etabolites, which has allowed the  general 

levels of ac tiv ity  in  n e u ro tra n sm itte r  system s to be co rre la ted  w ith  

behavioral s ta te  and to the application of drugs systemically. In  addition, 

levels of n eu ro tran sm itte r can be determ ined in  the  presence of locally
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ap p lied  pharm aco log ica l ag en ts , an d  th e  r e s u l ta n t  ch an g es in  

n e u ro tran sm itte r levels can be in terp reted  as effects upon the  release of 

re levan t neuro tran sm itte r s. Because m icrodialysis is used principally  for 

m easuring  neuro transm itter release its value has alm ost exclusively been 

in  the  investigation of presynaptic m echanism s. Since neuronal cAMP is 

believed to be derived predom inantly from postsynaptic cells (Onali et al.,

1988), th is  raises the  possibility th a t  th a t i t  can be used as an  index of 

activation for postsynaptic receptors in vivo (H utson and Sum an-C hauhan,

1990).

cAMP is produced intracellularly  as a second m essenger in  response 

to to a varie ty  of neu ro transm itter receptors, (Stoof and  K ebabian, 1981; 

Lazareno et al., 1985). I t  is also found extracellularly. For instance, in vivo, 

i t  h as been dem onstrated  to occur in  the  cerebrospinal fluid of R h e s u s  

monkeys (Post et al., 1979) and in the lateral ventricle of the ra t  (Korf et al., 

1976). In  vivo studies have also dem onstrated th a t the  concentration of th is 

ex tracellu lar pool of cAMP is dependent on the  activation of cell surface 

receptors (Hutson and Sum an-Chauhan, 1990; Stone and John, 1990), and  

as such i t  is believed to be derived from the in tra-cellu lar pool, by a  poorly 

described "overflow" or "egress". The concentration of ex tracellu lar cAMP 

has been dem onstrated to reflect the in tracellu lar concentration of cAMP in  

a  num ber of in vitro studies (Stoof and Kebabian, 1981; B arber and Butcher, 

1983; L azareno et al., 1985; Egaw a e t al., 1988). The p resen t study  

investigated  the  effect of GABAb receptor stim ulation  upon ex tracellu lar 

levels of cAMP in  th e  fron tal cortex of r a t  u sing  th e  techn ique of 

in trace reb ra l m icrodialysis. Two lines of though t prom pted th is  study. 

F irstly , GABAb receptor stim ulation has no in trinsic  effect upon baseline
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cAMP levels in vitro (Hill e t al., 1985; E nna  and Karbon, 1984). This is 

presum ably because adenylyl cyclase is inactive in  an  extensively washed, 

cross chopped cortical slice preparation. To predict the  effect of a  GABAb 

recep to r agon ist on adenylyl cyclase in vivo i t  is necessary  to know 

som ething about adenylyl cyclase in vivo, in  particu lar, w hether there  is 

any  tonic activity, and if  there  is, is i t  receptor/Gs m ediated, or does i t  

mimic the  effect of forskolin. Secondly, th is technique would provide an  

index of the  activity of GABAb receptor drugs in vivo, providing inform ation 

on th e ir potency, b rain  penetration, and perhaps the ir ha lf life.

1.6. Clinical Implications of the Present Study

The extensive neurom odulatory role of GABAb receptors both in  the 

CNS and in  the  periphery m eans th a t the therapeutic  potential for GABAb 

recep to r d rugs is v a st (see Bowery and  P ra t t ,  1992). C lin ical and  

ex p erim en ta l d a ta  have revealed  a num ber of th e  m ost prom ising  

therapeu tic  strategies. These include the  use of GABAb receptor drugs in  

depression, epilepsy, spasticity and pain.

Depression

Because of th e ir  slow onset of action the  clinical effectiveness of 

an tidep ressan t drugs is believed to be caused by a physiological change in 

the  b ra in  b rough t about by long term  use. One such change, which is 

consistently  observed following the chronic adm in istration  of these drugs,
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is dow n-regulation of p-adrenoceptors and 5-HT receptors (for review see 

P ra t t  and  Bowery, 1992). In teresting ly , increases in  GABAb receptor 

rad io ligand  binding to ra t  cerebral cortical m em branes have also been 

described. This change follows chronic tre a tm e n t w ith  a  num ber of 

d if fe re n t  a n tid e p re s s a n t  th e ra p ie s . T hese  in c lu d e  b o th  d ru g  

adm in istra tion  and electroshock therapy and were first described by Lloyd 

e t al., (1985). Despite the fact th a t some au thors have failed to reproduce 

these  findings in  toto (Cross and Horton, 1988; McManus and Greenshaw, 

1991; Szekely et al., 1987) this effect rem ains an  in teresting  lead. Indeed, a 

grow ing lite ra tu re  supports the  involvem ent of GABAb recep tor up- 

regu lation  in  antidepressan t trea tm en t (see P ra tt  and Bowery, 1990; 1993; 

Lloyd, 1990), and a wide variety  of an tidep ressan t drugs have now been 

rep o rted  to increase GABAb receptor num bers. These include tricyclic 

an tid e p re ssa n ts  (am itrip ty line , desipram ine), 5-HT u p take  inh ib ito rs  

(fluoxetine , c italopram ), an  a 2 -ad ren o cep to r a n ta g o n is t  (idazoxan), 

a n tid e p re s s a n t benzodiazepines (adinazolam  alp razo lam ), com pounds 

w hich  in crease  GABA activ ity  (progabide, fengabine), dopam inergic 

com pounds (bupropion, nom ifensine), m ixed u p tak e  b lockers and  

m onoam ine  oxidase in h ib ito rs  (trazodone a n d  ip rin d o le ), an d  a 

phosphod iesterase  inh ib ito r (rolipram ). In  co n tra s t reserp in e , w hich 

depletes m onoam ines and induces depression in  hum ans (Goodwin e t al., 

1972), reduced radioligand binding to GABAb receptors, following chronic 

adm in istration  (for review see Lloyd, 1990).

Two stud ies have been perform ed in  which a functional assay  of 

G A BA b recep tor activation  was investigated  following an tid ep re ssan t 

trea tm en t. The first of these was undertaken in  mouse b ra in  following the
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chronic adm in istra tion  of im ipram ine. I t  was found th a t  the  ab ility  of 

(-)baclofen to augm ent p-adrenoceptor-stim ulated cAMP production was 

enhanced (Suzdak and Giantusos 1986). The second study was undertaken  

in  r a t s  fo llo w in g  c h ro n ic  a d m in is t r a t io n  o f im ip ra m in e , 

desm ethylim ipram ine or m aprotiline (Szekely e t al., 1987). These authors 

repo rted  no effect on the  ability  of (-)baclofen to m odulate  forskolin- 

stim ulated  adenylyl cyclase activity. These data  suggest th a t up-regulation 

m ay occur in  a sub-population of GABAb recep to rs assoc ia ted  w ith  

enhancem ent of p-adrenoceptor activity.

If  th e  up regu la tion  of GABAb receptors seen in  th ese  stud ies 

underlies the  therapeutic  activity of an tidep ressan t drugs, th en  i t  m ight 

suggest th a t  depressive illness was associated w ith  decreased GABAergic 

tone. Indeed , B e rre ttin i e t al. (1982), observed decreased  GABA 

concentrations in  cerebrospinal fluid of un treated , depressed patien ts, and 

P e tty  an d  S h erm an  (1984), observed a low er th a n  no rm al p lasm a 

concentration of GABA in  sim ilar patients.

More direct evidence th a t  decreased GABAergic tone is associated 

w ith  depression comes w ith the  observation th a t  the  pro-GABA drugs, 

progabide and  fengabine are an tid ep ressan t (Lloyd e t al., 1983; 1987; 

Morselli et al., 1980; Musch and G arreau 1986). However, the role of GABA 

in  depression appears to be complex since the  GABAb agonist (-)baclofen 

has been shown to exacerbate depression in  depressed pa tien ts (Post et al., 

1991). T hus a num ber of s tud ies have d irec ted  a tte n tio n  tow ards 

GABAergic system s as targets for an tidep ressan t drugs, even though the
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significance of changes in  GABA levels, and  reg u la tio n  of recep to r 

num bers, has yet to by established.

F or m any  years, i t  w as believed  th a t  th e  p rim a ry  effect of 

a n tid e p re s s a n t  d ru g s w as to cause  an  in c rease  in  th e  sy n ap tic  

concentration of monoamines by blocking the ir uptake (Khun, 1958). I t is 

conceivable th a t  an  up-regulation of presynaptic GABAb receptors would 

rep re sen t a com pensatory response to th is. T hat is to say a  feedback 

m echanism  m ay exist whereby elevated  synaptic levels of m onoam ine 

cause a  decrease in  m onoam ine re leased  from axon te rm in a ls . This 

feedback m echanism  could be m ediated by the inhibitory action of GABA a t 

GABAb! receptors on m onoam inergic term ina ls. N evertheless, the

in c re ase  in  m onoam inergic tone caused  by chronic a n tid e p re ss a n t 

trea tm e n t apparen tly  rem ains sufficiently g rea t to cause down-regulation 

in  p-adrenocep to rs and  5 -HT2 receptors. The pharm acological profile of 

chronic an tidep ressan t adm inistration  is th u s an  increase in  monoam ine 

availability , a  down-regulation of postsynaptic m onoam ine receptors and 

an  up-regulation of GABAb receptors, possibly located presynaptically. I t 

is possible to propose th a t a GABAb receptor an tagon ist m ight induce a 

sim ilar spectrum  of effects. Such a compound would antagonise the  action 

of endogenous GABA a t GABAb beteroceptors. This would in itia lly  

en hance  m onoam ine re lease , w hich would in  tu rn  cause  a  down 

regu la tion  of P-adrenoceptors and  5 -HT2 , receptors. F inally , chronic 

adm in istra tion  of a GABAb antagonist m ight cause an  upregulation in  the 

GABAb receptors. This raises the  possibility th a t  a GABAb an tagon ist 

m igh t possess an tidep ressan t activity. This novel therapeu tic  s tra tegy  

m ight repay investigation, since cu rren t an tidepressan t therapy  is lim ited
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by parasym pathetic  and cardiovascular side effects, and of course a  delayed 

onset of action (Lloyd, 1990). In  the  p resen t study levels of radioligand 

binding to GABA receptors was assessed following chronic adm inistration  

of (-)baclofen, and the antagonists CGP36742 and CGP46381 to determ ine if  

th e  an tagon is ts  m irrored the  effects of an tidep ressan ts . The ab ility  of 

G A B A b recep to rs to m odulate  adenylyl cyclase ac tiv ity  w as also 

investigated  after these chronic dosing regimes.

Epilepsy

The clinical syndrome of epilepsy is characterized by a sudden and 

excessive b u rs t of activity  by neurons in  a p a rticu la r p a r t  of the  b ra in  

(M eldrum, 1990). The locality of th is seizure activity w ithin the  b ra in  gives 

rise  to a  num ber of different syndrom es w hich can be d ifferen tia ted  

clin ically  (for review see M eldrum, 1990). Thus, the  epilepsies can be 

c lassified  in to  e ith e r  focal epilepsy (also called  p a r t ia l  epilepsy) or 

generalized  epilepsy. Focal epilepsy m ay be associated w ith  d ram atic  

convulsions, b u t generalized  epilepsy is charac terized  by periods of 

com plete behavioural a rre st. In  a few p a tien ts , a focal se izure  m ay 

p rog ress to a generalized seizure, b u t in  general the  syndrom es are  

d istinc t. Focal epilepsy can be fu rth er subdivided in to  two categories: 

sim ple p a rtia l seizures and complex p a rtia l seizures. Sim ple p a rtia l 

se izu res (also called focal cortical seizures) are  cortical in  origin, and, 

depending upon the ir precise location, pa tien ts  m ay have m otor, sensory, 

autonom ic, or psychic symptoms. These seizures m ay sp read  to the  

hippocam pus, the basal ganglia, the thalam us and b ra in  stem . Complex
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p artia l seizures (also called tem poral lobe or limbic seizures) typically s ta r t 

in  the  tem poral lobe, bu t usually involve other limbic structures such as the 

hippocam pus and the amygdala.

G eneralized seizures, also called absence seizures because of the 

absence of behav io ra l activ ity , a re  ch arac te rized  by rh y th m ic  and  

sym m etrical cortical discharges. The involvem ent of the  thalam us as well 

as the  cortex in  these discharges has been known for some tim e (William, 

1953; 1965). The^ principal pathophysiology of th is  condition appears to 

involve an  oscillating signal betw een these  two struc tu res. The site  of 

origin of th is rhythm  is contested. One possibility is th a t a central nucleus 

s itu a te d  in  the  lower b ra in  stem  is involved. This would sa tisfy  two 

essential criteria, firstly, a centrally located nucleus is in  an  ideal situation  

to send signals to both hem ispheres of the  h igher b ra in  sim ultaneously. 

T h is w ould account for th e  b ila te ra l syn ch ro n isa tio n  observed  in  

electroencephalograph (EEG) recordings. Secondly, cen tral, lower b ra in  

stem  nuclei are involved in  m aintaining and adjusting sta tes of arousal. I t 

is therefore in triguing th a t the characteristics of the EEG during periods of 

epilepsy resem ble those seen in  certain states of sleep (Penfield and Jasper, 

1954). However, the first of these two argum ents has been countered by the 

o bserva tion  th a t  th e  b ila te ra l synchron iza tion  m ig h t depend  upon 

tra n sm iss io n  th ro u g h  the  corpus callosum  ra th e r  th a n  a common 

brainstem  source (Meldrum, 1990). In addition Bancaud et al., (1974) has 

show n th a t  absence seizures can be triggered  by u n ila te ra l e lectrical 

stim ulation  of the frontal cortex. This led Gloor (1979) to suggest th a t  the 

tr ig g e r  sites  are  located  in  the  cortex, w ith  th e  se izure  sp read ing  

subsequen tly  to the  tha lam us. N evertheless, a  p rim ary  role for the
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th a lam u s in  th is  seizure condition is likely (M eldrum  1990), no t least 

because of its  powerful rhy thm  generating  capabilities (S teriade  and  

Llinas, 1988).

As th e  principle inhibitory  n e u ro tra n sm itte r  in  the  m am m alian  

cen tra l nervous system  is GABA, and as epilepsy can  be view ed as 

hyperexcitab ility  of cen tral neurons, GABA h as long been a  focus of 

research  for antiepileptic drugs. Interference w ith  GABAa  receptors is 

likely  to play an  im portan t role in  the in itia tion  and sp read  of seizure 

activ ity  and it  is well known th a t GABAa  agonists, e.g. muscimol (Enna 

and  Beutler, 1985) and compounds th a t increase GABA concentration, e.g. 

y -v iny l GABA, (M eldrum  and Horton, 1978) or which enhance GABA 

function, e.g. benzodiazepines (M eldrum  and B raestrup , 1984), a re  all 

an tico n v u lsan t. Conversely GABAa an tagonists such as picrotoxin and 

bicuculline are  all convulsant (Enna and Beutler, 1985). In  addition, GABA 

has been found to he elevated in patients w ith epilepsy (Woods et al., 1979), 

which m ay represen t activation of an endogenous feedback m echanism , to 

com pensate for neuronal hyperexcitability.

GABAb receptor agonists, as inh ib ito rs of g lu tam ate  release  and 

m em b ran e  h y p e rp o la riz in g  ag en ts , m ig h t be p re d ic te d  to  have 

a n tic o n v u lsa n t ac tiv ity . Indeed baclofen h a s  been  show n to be 

an ticonvu lsan t against a num ber of chemically induced seizures in  ra ts , 

for exam ple isoniazid and strychnine induced seizures (N iak et al., 1976) 

and  kainic acid induced seizures (Ault e t al., 1986). However, baclofen 

appears to be pro-convulsant in  other models, for instance i t  exacerbates 

epileptic myoclonus in  in  kindled ra ts  (Cotterell and Robertson, 1987). This
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m ay be due to the  relative im portance of postsynaptic  inh ib ition  and  

p resynap tic  d isinhib ition  in  d ifferent models. These discrepancies are 

para lle led  by electrophysiological findings, in  which baclofen can inh ib it 

epileptiform  activity (Swartzwelder e t al., 1986), bu t also can decrease inter- 

ictal (between seizure) events which indirectly causes an  increase in  ictal 

(seizure) events (Swartzwelder et al., 1987). Thus, the ultim ate effectiveness 

of p resen t GABAb receptor agonists as anticonvulsants in  focal epilepsy is 

still unknow n (Karlsson e t al., 1990). This is, however, one field where the 

developm ent of compounds which a re  specific for sub-populations of 

GABAb receptor may yet yield dram atic results.

(a) The Function of GABAb Receptors in the Thalamus

One of the m ost exciting recent developments in  the field of GABAb 

receptor research  concerns the apparen t function of GABAb receptors in  

the  thalam us. GABAb receptors apparently  prepare' thalam ocortical cells 

for b u rs t firing  by activating calcium curren ts. In  such a  case, GABA 

could no longer be considered simply an  inhibitory  n eu ro transm itte r, bu t 

m ust be considered as an  essential component in  the  generation of bursts of 

excitation. To understand  how th is can happen i t  is necessary to consider 

the  physiology of the thalam us. E arly  m echanistic studies in  the  thalam us 

u tilized  the  la te ra l geniculate slice, in  which electrical stim u la tion  of 

sensory afferent fibers (the optic tract) gave rise to an  excitatory, followed by 

an  inhib itory  potential in  postsynaptic cells w ith in  the  la te ra l geniculate 

nucleus (H irsch, and Burned, 1987; C runelli e t al., 1988; Soltesz, e t al., 

1989). This sequence of postsynaptic potentials is essentially sim ilar to th a t

6 2



w hich h as  previously  been described in  hippocam pal py ram idal cells 

(Alger and Nicoll, 1982; Newberry and Nicoll, 1985). The EPSP in  thalam ic 

cells was m ediated by an  excitatory amino acid, probably L-glutam ate. The 

IPSP was biphasic, a characteristic of IPSPs in  m any p reparations. The 

in itia l phase was a dram atic  hyperpolarization, which w as likely to be 

m ediated v ia GABAa  receptors, since i t  had  a reversal potential consistent 

w ith  a chloride curren t (Kelly e t al., 1979, Crunelli e t al., 1988). This in itial 

hyperpolarization was also reversibly blocked by bicuculline and picrotoxin 

a t  c o n c e n tra tio n s  th a t  a re  eq u a lly  effective a t  in h ib it in g  th e  

hyperpolarization  th a t arises from the ionophoretic application of GABA 

(H irsch and  Burned, 1987; Crunelli e t al., 1988; Soltesz e t a l.,1989). In 

contrast, the  la te r and longer lasting phase of the IPSP is dependent upon 

potassium  and  was blocked by the GABAb receptor an tagonists phaclofen 

and  2-OH-saclofen (see Bowery, 1989; Soltesz et al., 1989; 1988; K err et al., 

1987). It also had a long latency to onset (20-50 ms) which is consistent w ith 

a G-protein activated response. The late phase of the IPSP is thus likely to 

be m ediated by the action of GABA upon GABAb receptors. This sequence 

of postsynaptic potentials, an excitatory response followed by a fast GABAa , 

and  a  slow GABAb receptor m ediated IPSP, m ay be a common feature  in  

thalam ic physiology. The sequence occurs in  thalam ocortical cells (Soltesz 

e t al., 1989; H u et al., 1989), and in a high proportion of all thalam ic cells 

(Hirsch and Bum od, 1987; Crunelli et al., 1988; Soltesz et al., 1989, H u et al., 

1989) upon electrical stim ulation of the relevant cortical afferents.
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(b) Voltage Dependant Effects of GABAb Receptor Stim ulation Upon 

Calcium Channels

I t  is possible to ascribe a num ber of functions to GABAb receptors in 

reg u la tin g  the  flow of sensory inform ation in to  the  tha lam us; GABAb 

receptor m ediated IPSPs hyperpolarize a postsynaptic cell for periods of 50- 

400 msec, and  th u s  m ay in h ib it repe titive  firing  as th ey  do in  the  

hippocampus. Secondly, presynaptic GABAb receptors presum ably exhibit 

a neurom odulatory  role on excitatory and inh ib ito ry  neuro tra n sm itte r  

release. F inally , i t  seems th a t the  long lasting  IPSP  is well su ited  to 

activate a particu lar type of calcium channel (for review see S teriade and 

L linas, 1988). This has suggested ano ther physiological role for GABAb 

receptors which is described here.

There are a variety of different calcium channels and these have been 

classified in to  two broad groups on the basis of th e ir electrophysiological 

properties (Bean, 1989). These are, high voltage activated calcium channels 

(which include N, L and P type channels) which activate a t high thresholds 

(positive to -20 mV), and low voltage activated calcium channels which are 

relevant to the  present study.

Low voltage activated calcium channels are  responsible for the  "T" 

type calcium  curren t. P rior to opening these  channels need to be de­

inactivated  by m em brane potentials g reater th an  -75 mV, after which they 

become activated a t potentials less than  -70 mV. At resting  potentials of -60 

mV a single GABAb receptor-m ediated, potassium  dependent, IPSP will 

have sufficient am plitude, and duration  to allow de-inactivation of these
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channels (Crunelli e t al., 1989). The GABAb receptor m ediated IPSP also 

decays sufficiently rapidly to activate the  calcium curren t, both  in vitro, 

(Crunelli e t al., 1989) and in vivo (Roy et al., 1984). U nder physiological 

conditions, the  resu lt of the  calcium dependent depolarization is often a 

high frequency b u rst of action potentials (Roy et al., 1984; C runelli e t al., 

1988; Soltesz et al., 1989). This raises the in triguing  possibility th a t  these 

action potentials m ay travel in  a circuit which u ltim ately  sends a signal 

back  to the  tha lam us, (Such a circuit could ex ist en tire ly  w ith in  the  

th a lam u s or extend to the cortex (Morison and  B asset, 1945). Indeed, 

system s of reciprocal innervation between the cortex and the  thalam us are 

well described (Jones, 1983)). I t is conceivable th a t when the signal re tu rns 

to th e  th a lam u s i t  m ight generate  an o th e r sequence of postsynap tic  

poten tials sim ilar to the first. If  th is is the case, then  here m ight be the 

m echan ism  by w hich rhy thm s of activ ity  a re  gen era ted  w ith in  the  

tha lam us. Thus, a reas of the thalam us m ight show repetitive, rhythm ic 

activity, consisting of successive EPSPs, IPSPs, calcium  depolarizations, 

and  action potentials. An essential link in  these oscillations of activity is 

the  activation  of GABAb receptors which, therefore, have a  unique and 

im portan t function in  the thalam us. Rhythmic bursts of activity which fit 

th is  description have been recorded in m any parts  of the b rain  (Figure 1.5), 

th ey  are  te rm ed  spike and wave discharges and  indeed they  appear to 

em anate  from the thalam us. The specific struc tu res or cells which release 

th e  GABA responsible for activating the IPSPs have yet to be identified. 

GABAergic cells in  the nucleus reticularis have been proposed as a  key site 

(S teriade  and  L linas, 1988). Indeed, lesions of the  nucleus re ticu la ris  

e lim in a te  sp o n tan eo u s long la s tin g  h y p e rp o la riza tio n s  in  th e  ca t
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R hythm ic o sc illa tio n s in  m em brane  
p oten tia l in  the thalam us.

A

300 msB
50 mV

150 ms

Cl-

Figure 1.5. Rhythmic oscillations in membrane potential in the thalamus.
(A) spontaneously occuring oscillations in membrane potential in a relay 
neuron from the ventral lateral thalamic nucleus of an anaesthetized cat 
(intracellular recording). (B) Stimulation of the motor cortex can induce a 
similar pattern of bursting in thalamic relay neurons. (C) interpretation of 
the response shown in (B) in terms of the ions responsible for the changes in 
potential. Diagram taken from Roy et al., 1984.
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ventroposterior nuclei in vivo (Steriade and Llinas, 1988). In  addition, cells 

of the  nucleus re ticu laris  a re  reciprocally connected to thalam ocortical 

relay  neurons of the dorsal thalam ic nuclei, where powerful rhy thm s have 

been recorded. These thalam ocortical cells could also provide the  link by 

which rhy thm s are transm itted  to the cortex. F u rth e r evidence suggesting 

th a t  the  nucleus re ticu la ris  is the  principle site  of rhy thm  generation  

includes the  observation th a t  EEG synchronization is absen t in  the  the 

an te rio r thalam ic nuclei th a t  do not have connections w ith  the  nucleus 

reticu laris, (Mulle e t al., 1985), and EEG synchronization is also absen t in 

re lay  nuclei th a t have had  the ir connections w ith the  nucleus re ticu laris 

lesioned (S teriade e t al., 1985). The rhy thm s also pe rsist in  the  nucleus 

re ticu laris a fter it  has been isolated from other thalam ic nuclei. However, 

GABAb receptor m ediated IPSPs can be recorded in  vitro in  the  absence of 

the  nucleus re ticu la ris (H irsch and Burned, 1987; C runelli e t al., 1988; 

Soltesz e t a l.,1989). Thus, i t  is also possible th a t the GABA responsible for 

IPSPs derives a t  least in p a rt from local interneurons.

(c) Physiological Relevance of Spike and Wave Discharges

Spike and  wave d ischarges have been d em o n stra ted  bo th  in  

physiological and pathological conditions. For instance, they are believed to 

p lay  an  im p o rtan t role in  slow wave sleep. D uring  w aking hours the  

rh y th m s  a re  sup p ressed  by severa l possib le  m echan ism s. Such 

m echanism s include an  increased cholinergic in p u t from the  b ra in  stem  

(Hu e t al., 1989; Crunelli and Leresche, 1991), increased noradrenergic tone 

w hich depolarizes th e  cell to around  -55 mV, and  th u s  reduces the
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am plitude of the  GABAb receptor m ediated hyperpolarization (McCormick 

1989; C runelli and Leresche 1991), and  increased in tra -tha lam ic  GABAb 

receptor m ediated inhibition. The involvement of GABAb receptors in  sleep 

is backed up by the observation th a t intravenous baclofen increases b u rst 

firing in  thalam ocortical cells of the ventrobasal complex (Clarke, 1983) and 

causes decreased arousal. Baclofen adm in istra tion  in  hum ans resu lts  

in itia lly  in  EEG synchronization, drow siness and sedation  (see Bowery 

1989; Young and Delwaide 1981b).

(d) Absence Epilepsy

A bnorm al b u rs t  firing  has been  associated  w ith  a t  le a s t  one 

patho log ica l condition and th a t  is absence, or p e ti t  m al ep ilepsy  

(H uguenard and Prince, 1992). This is a  type of generalized non-convulsive 

epilepsy th a t  occurs mostly in  children, and presen ts itse lf  as m om entary 

lapses in  consciousness, during which the characteristic  EEG p a tte rn  can 

be recorded. This EEG p a tte rn  consists of b ila tera lly  synchronous spike 

and wave discharges which occur with a frequency around 3 Hz. Again it 

is th e  tha lam us th a t  plays an  im portan t role in  the  generation  of these 

discharges, both  in  anim al models (Avoli and Gloor, 1982a; 1982b; Buzsaki 

e t al., 1988; Vergnes e t al., 1987; 1990) and in  hum an  p e tit m al pa tien ts 

(W illiam  1953). The involvem ent of GABAb receptors in  in  th is  type of 

epilepsy is confirmed by the fact th a t  progabide, a  pro GABA drug, and 

baclofen cause these a ttacks to occur more frequently  in  pa tien ts  already 

susceptible to them  (Gloor and Fariello, 1988).
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There are  a num ber of models of absence epilepsy, one of the  m ost 

recently  described is an  inbred stra in  of rats: the Genetic Absence Epilepsy 

R a t from  S trasbou rg  (GAERS). These an im als express an  autosom al 

dom inan t ch arac teristic  which gives rise  to the  sym ptom s of absence 

epilepsy (M arescaux e t al., 1992c). C haracteristic b ila tera lly  synchronous 

spike and  wave discharges, occur spontaneously w hen th e  an im als are 

awake b u t quiescent. The attacks occur a t a  ra te  of about 1 per m inute and 

have a  m ean duration of 17 s. D uring these discharges the anim als become 

imm obile yet display rhythm ic tw itches of th e ir vibrissae (Lannes e t al., 

1988; M arescaux e t al., 1984a). The b ra in  s tru c tu re s  involved in  the 

generation  of these spike and wave discharges are  the  la te ra l thalam ic 

relay , the  re ticu la r nuclei and the  frontoparietal cortex, (Vergnes e t al., 

1987; 1990; Lui et al., 1992).

These anim als appear to represent a good model of pe tit m al epilepsy, 

not only in  the sim ilarity of the symptoms w ith the hum an disease b u t also 

in  the  types of drugs th a t effect the  seizure condition (M arescaux e t al., 

1992b; 1992c). Thus, drugs such as benzodiazepines, sodium  valproate , 

ethosuxim ide and trim ethadone, all of which suppress p e tit m al seizures 

in  h u m an s, a re  also effective in  th is  model. A n ticonvu lsan ts th a t  

specifically suppress focal or convulsive epilepsy such as carbam azepine, 

phenytoin and  phénobarbital have little  effect or aggravate the  seizures. In  

addition, drugs th a t induce seizures th a t have been used in  anim al models 

of p e tit m al epilepsy all enhance the expression of seizures. These drugs 

include  I pentelenetetrazole, penicillin , y -hydroxy h u ty ra te , and  TH IP 

(Depaulis e t al., 1988; M arescaux et al., 1984; 1987; 1984b; 1992c; Vergnes, 

1982;). The m ost pertinen t observation for the present study is th a t the novel
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GABAb receptor an tagonist CGP35348 is a potent inhib itor of seizures in  

these anim als (Marescaux, et al., 1992a). The crucial role played by GABAb 

recep to rs in  the  genera tion  of spike and  wave d ischarges and  the  

effectiveness of CGP35348 suggests th a t  an  enhancem en t of GABAb 

receptor function m ight be the  prim ary  physiological, change underlying 

the  seizures seen in  these anim als. One way in  which cells m ight become 

supersensitive to GABAb receptor stim ulation is by over expression of th is 

receptor. To investigate th is possibility the  density of GABA receptors in  

specific b ra in  nuclei was investigated using receptor autoradiography.

1.7. Other Therapeutic Targets 

Spasticity

The racem ic m ix tu re  of baclofen (L ioresal) is  a lre ad y  used  

extensively  in  the  clinic as an  an tispastic ity  agen t (H aas e t al., 1985). 

Spasticity  is a d isorder of muscle tone which consists of an  increase  in  

excitability of the segm ental spinal reflex arc. Reflexes in  th is system  are 

in itia ted  w hen skeletal muscle is stretched and the muscle spindles w ithin 

it  a re  activated. These muscle spindles activate prim ary l a  afferent nerves, 

which en te r the  spinal cord via the  dorsal root and  synapse w ith  a lpha 

m otor neurons in  the ventral horn. The alpha motor neurons innervate  the 

sam e muscle from which the  afferent signal is derived, when activated they 

cause its  contraction. Physiologically, hyperexcitab ility  of these  a lpha  

m otor neu rons re su lts  in  an  increase  in  tonic s tre tc h  reflexes and  

exaggerated tendon jerks. Clinically i t  resu lts in  painful and  d istu rb ing
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flexor and  extensor spasm s which can occur e ither spontaneously or as a 

re su lt of cutaneous stim uli. Such hyperexcitability can re su lt from from 

one of a  num ber of lesions, such as traum atic  in jury  or m ultiple sclerosis. 

T his la t te r  disease often resu lts  in  dam age to a  num ber of neuronal 

system s, in  particu lar, the descending corticospinal, vestibulospinal and 

reticu lospinal pathw ays. Abnormal m uscle tone which does not involve 

th is  sp ina l reflex, such as dyston ia  and  P a rk in so n ian  rig id ity , is 

specifically excluded from th is definition of spacticity. The effectiveness of 

baclofen in  spasticity is due prim arily to its effect on th is spinal reflex. This 

is dem onstrated  by the fact th a t i t  is as effective in  patien ts w ith  complete 

spinal transactions as i t  is in pa tien ts w ith less severe lesions (Young and 

Delwaide, 1981a). Its  mode of action appears to be the  inhib ition  of the 

release  of excitatory neuro transm itters (Fox e t al., 1978; A ult and  Evans, 

1981) which presum ably impinge upon the alpha m otor neuron.

Pain

System ically applied baclofen is antinociceptive and th is  m ight also 

be due to decreased neuro transm itter release in  the  spinal cord. However 

cen tra l ad m in is tra tio n  also produces antinociception, suggesting  th a t  

h igher centres may be involved (Cutting and Jordan  1975; Levy and Proudfit 

1977; B artolin i et al., 1981). Finally, (-)baclofen is used clinically in  the 

trea tm en t of trigem inal neuralgia (Terrence e t al., 1985).
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1.8. Summary of the Aims of the Present Study

The aim s of the p resent study are prim arily  to investigate in  detail 

several aspects of the  GABAb receptor m odulation of adenylyl cyclase. 

These include the  use of newly available agonists and  an tag o n is ts  to 

characterize in  detail the pharmacological profile of populations of GABAb 

receptors which inhib it forskolin stim ulation, and augm ent noradrenaline- 

stim ula ted  adenylyl cyclase activity. Experim ents were also conducted to 

investigate  the  possible mechanisms by which th is dual effect m ight occur, 

in  the  sam e sample of tissue, in  particular to investigate the  possibility th a t 

d ifferent cell types, such as glia and neurons, m ight be involved. This 

en tailed  the  use of a glial cell toxin (fluorocitrate) in  ra t  cortical slices, and 

perfo rm ing  th e  a ssay  in  glial cells in  cu ltu re . The techn ique  of 

in tra c e re b ra l m icrodialysis was used to investiga te  th e  physiological 

relevance of the  modulation of adenylyl cyclase activity by GABAb receptors 

in vivo.

The recen t availability  of orally active antagonists for the  GABAb 

recep to r p rom pted  an  investigation  in to  changes in  GABAb recep to r 

radioligand binding and function brought about by chronic adm inistration  

of these  drugs.

The effectiveness of GABAb receptor an tag o n is ts  in  a llev ia ting

seizures in  an  anim al model of absence epilepsy (GAERS) suggested th a t 

a n  en hancem en t in  GABAb receptor function m igh t be th e  p rim ary  

physiological change underly ing  th e ir  pathology. As a consequence
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receptor autoradiography for GABAa  and GABAb receptors was performed 

on the  brains of GAERS to investigate this possibility.
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M aterials and M ethods
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D eterm ination o f the Effects of GABAb Receptor Ligands Upon cAMP 

Production in Rat Cortical Slices

M ale W istar ra ts  (body w eight 250-300g) were killed by cervical 

dislocation and  th e ir  b ra ins rap id ly  removed. The cerebral cortex was 

dissected and cross chopped (250 x 250 pm a t 90°) using a M cllwain tissue 

chopper. T issue slices were suspended in  K rebs R inger B uffer (KRB) 

containing 118 mM NaCl, 4.7 mM KOI, 2.5 mM CaCl2, 1.2 mM M gS04, 1.2 

mM KH 2 P O 4 , 25 mM NaHCOs, H  mM glucose and 0.28 mM ascorbate. 

T his suspension  w as gassed continuously w ith  95% oxygen/5% carbon 

dioxide, and  m ain tained  a t 37°C. Cortical slices were suspended in  the 

proportion of one cortex to 100 ml KRB, and were washed for 1 hour and 30 

m in  in  3 changes of KRB. Prior to the ir addition to assay tubes, the slices 

w ere decanted in to  a glass te s t tube and allowed to settle. 50 pi aliquots 

(containing approxim ately 1 mg of protein) of the  sedim ented slices were 

th en  added to polyethylene tubes containing 400 pi of KRB or 350 pi KRB and 

50 pi of KRB containing dissolved GABAb receptor agonist. A ntagonists 

were tested  in  the presence of 30 pM (-)baclofen. C oncentration/response 

curves for agon ists and  an tag o n is ts  w ere defined w ith  a t  le a s t  6 

concentrations I  each separated by half a log unit. All determinations were earned 

out in  triplicate. After addition to the assay tubes, the slices were agitated  

briefly w ith a stream  of 95% oxygen and allowed to equilibrate for 10 m in a t 

37°C in  the presence the tes t drug. Three 50 pi aliquots of the  cortical slice 

p reparation  were reserved for protein determ ination.

The assay was commenced by the addition of 50 pi of 100 pM forskolin 

or 50 pi of 1 mM noradrenaline (Final concentration 10 pM and 100 pM
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respectively, final assay volume 500 pi), im m ediately followed by agitation 

w ith a stream  of 95% oxygen. Assays were routinely incubated for 10  m in 

for pharmacological studies, and for intervals between 2 and 14 m inutes for 

tim e course experim ents. Each determ ination was carried out in  triplicate. 

B asal cAMP levels were m easured  in  tubes containing only tissue  slices 

and  KRB. The assay was term ina ted  by im m ersing the  assay  tubes in  a 

n ea r boiling w aterbath  for 3 min. The contents of the cooled assay  tubes 

w ere tra n s fe rre d  to 1.5 ml E ppendorf m icrofuge tubes. T hese were 

centrifuged for 3 m in a t 3000 revolutions per m inute (rpm) in  an  Eppendorf 

bench top centrifuge to remove tissue debris. Aliquots of the  su p ern a tan t 

were stored a t -20°C until assayed for cAMP content.

2.2. Assay of cAMP in Supernatant From Cortical Slices

The following assay procedure is based on the m ethod of Brown et al.,

(1971)

Preparation of cAMP Binding Protein

Twenty bovine adrenal glands were collected from a local slaughter 

house and  placed on ice. Throughout the  p repara tion  procedure, th is 

tissue  was m ain tained  a t 4 °C. The cortical tissue was dissected from the 

adrenal glands and added to 1.5 volumes of ice cold 50 mM Tris HCl buffer 

containing 0.25 M sucrose, 25 mM KCl and 5 mM MgCl2  (4 °C, pH 7.4).

This m ixture was homogenised using a  W aring b lender (m axim um  speed 

for 2  min). The homogenate was centrifuged a t 2000 G for 5 m in in  50 ml
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centrifuge tubes using a Beckm an J2-21M /E refrigerated  centrifuge. The 

su p e rn a ta n t was collected, pooled and  red ispensed  in to  clean  50 ml 

cen trifuge  tubes, th e n  recen trifuged  a t  5000 G for 15 m in. This 

su p e rn a ta n t, w hich contained the  cAMP binding  p ro tein , w as pooled, 

thoroughly  mixed and dispensed into microfuge tubes in  500 pi aliquots. 

These were stored a t -20  °C prior to use.

Titration of Binding Protein With [^H]-cAMP

To determ ine the concentration of binding protein a t which the  cAMP 

assay  was m axim ally sensitive, 7 dilutions (between 5 fold and 120 fold) of 

b inding protein  were prepared in  duplicate. 50 pi of these dilutions were 

incubated w ith  150 pi aliquots of 2.5 nM [^H]-cAMP (adenosine 3',5'-cyclic 

phosphate[2,8-^H] ammonium salt, 28.9 Ci.mmol'^) in  50 mM Tris HCl (pH

7.4, 4°C). The final assay volume was made up to 350 pi. U nder these assay 

conditions th e  optim al concen tra tion  of cAMP b ind ing  p ro te in  w as 

considered to be a 1:40 dilution (Figure 2.1). This concentration was chosen 

because i t  was sufficiently low to allow the occupation of a  relatively small 

proportion of the  binding sites, thus conferring m axim um  sensitiv ity  upon 

the  assay (Cheng and Prussoff, 1973). This concentration of [^H]-cAMP and 

b ind ing  p ro te in  also provided a  sufficiently  h igh  num ber of DPM to 

accurately plot a  standard  curve

77



6000 -I

5000 -

2
CL
Q

4000 -

• O
§  3000 -
o
CO

2000  -

1000
1 0 100 1000

binding protein dilution factor

Figure 2.1. cAMP binding protein titration curve. 150 pi of 2.5 nM [^H]- 
cAMP was incubated with increasing dilutions of cAMP binding protein in 
a final assay volume of 350 pi to determine a suitable dilution for routine 
assay conditions.
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B inding Protein Assay for cAMP

I N ine s tan d ard  c o n ce n tra tio n s  o f cA M P w ere p rep a red  

in  th e  c o n c e n tra tio n  ra n g e  0.3 nM - pM in  d istilled  w ater. 

These were stored a t -20  °C prior to use. The assay was set up on ice, in  1.5 

m l microfuge tubes to which were added e ither 50 pi of s tandard  cAMP or 

50 pi of unknow n sam ple. S tan d ard  concentrations w ere assayed  in  

duplicate. Unknow n samples were assayed in  triplicate. 150 pi aliquots of 

50 mM Tris HCl (pH 7.4) containing 2  mM theophylline (assay buffer) and 

2.5 nM  [3H]-cAMP were dispensed into each assay  tube. The binding 

reaction was commenced by the addition of 100  pi of binding protein (diluted 

1:40 in  assay  buffer). Total [^HJ-cAMP binding  was determ ined  in  the 

absence of cold cAMP (standard or unknown) and non specific binding was 

determ ined in  the absence of binding protein. The tubes were vortex mixed 

and  incubated overnight a t 4 °C.

On the following day a 2% (wt/vol) solution of bovine serum  album in 

w as prepared  in  assay buffer. Activated charcoal was suspended in  th is in 

th e  proportion of Ig  in  10 ml. cAMP bound to the  binding pro tein  was 

sep a ra ted  from  unbound cAMP by d ispensing  100 pi a liquo ts of th is  

suspension into all assay tubes. The tubes were rapidly vortex mixed and 

centrifuged for 5 m in a t 3000 rpm  in  an  Eppendorf bench top centrifuge. 

The su p e rn a tan t was decanted into 20 ml scintillation vials, to which 8 ml 

of O ptipbase scintilla tion fluid was added. The scin tilla tion  v ials were 

vortex mixed. The am ount of radioactivity in  the su p ern a tan t (bound) was 

quantified  by liquid scintillation spectrophotom etry for 3 m in in  an  LKB
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Figure 2.2. Standard curve for the assay of cAMP. A typical log 
concentration/inhibition curve plotted for known concentrations of cold 
cAMP. against 1 nM [^H]-cAMP. Standard concentrations were assayed 
in duplicate, data are from a single experiment.
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1219 R ack b e ta  liq u id  sc in tilla tio n  co u n te r (42% efficiency). The 

"radioim m unoassay" ite ra tiv e  curve fittin g  program  on th e  R ackbeta 

counter was u tilised  to convert d isin tegrations per m inute (DPM) in  the 

unknow n sam ples to concentration  of cAMP. This w as achieved by 

reference to the  s tan d ard  concentrations. A typical s tan d ard  curve is 

shown in  Figure 2.2.

R esults were in itia lly  expressed as pmol of cAMP per mg protein  

(pmol mg-l). The h a lf m axim ally effective m olar concentration (EC50) was 

estim ated  for each of the  drugs tested  by fitting  an  asym m etric sigmoid 

curve to th e  d a ta  using  a lea s t squares curve fittin g  function in  a 

com m ercially  availab le  d a ta  analysis package ("Fig P", Fig. P erfect 

Research Software, Nashville) for an  IBM PC. The EC50 was converted to a 

pECso (negative logarithm  of the EC50 ). All da ta  represents the m ean of a t 

lea s t 3 separa te  experim ents. W hen expressed in  graph form, d a ta  from 

pharm acological stud ies were transform ed to percen t inh ib ition  of the  

forskolin response or percent enhancem ent of the  noradrenaline response. 

This was to norm alise variation between assays.

Protein Assay

The am ount of cortical tissue used in  the  cAMP assay was estim ated 

by pro tein  determ ination. The method used was th a t  of Bradford (1976). 

This assay is based on the  binding of an azo dye "Coomassie B rillian t Blue 

G-250" to protein, causing a shift in  the absorbance m axim um  of the  dye 

from 465 nm  to 595 nm. Briefly, 100 mg of Coomassie Blue dye was

81



2.50 -I

oto
XI

1.48 -

1.14 -

0 .80  -

0 .500 .4 00.300.200.100.00
1/[protein] f j g

Figure 2.3. Standard curve for the assay of protein concentrations. This 
double reciprocal plot was prepared using known concentrations of bovine 
serum albumin, and was used to assay the concentraion of protein in rat 
cortical slice preparations. Data represents triplicate determinations from 
a single typical assay.
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dissolved in  50 ml of 95% ethanol. 100 ml of 85% (w/v) phosphoric acid was 

added to th is and  the solution was ultim ately diluted to a filial volume of 1 

litre  w ith water. For the assay, 1 ml aliquots of th is solution were added to 

e ith e r 100 |l i 1 of unknown sample or 100 |il of a  s tandard  concentration of 

protein. Absorbance was read a t 595 nM using a Cecil CE505 double beam  

u ltrav io le t spectrophotom eter. The concentration of pro tein  in  unknow n 

sam ples w as estim ated  by comparison w ith  a  s tan d ard  curve p repared  

from 10 concentrations of bovine serum  album in ranging from 10 to 100 |ig 

m l'l. A typical standard  curve is shown in  Figure 2.3.

The Involvement of GUal Cells in cAMP Overflow

(a) Experiments with Fluorocitrate

Cross chopped cortical slices were prepared  from ra t  cerebral cortex, 

as described previously. These were washed for 10 m inutes in  KRB in  the 

proportion of 1 cortex in  100 ml. The KRB was asp ira ted  and replaced, 

w h ils t th e  suspension  was tu rb u le n t i t  w as divided in to  2  a liquots. 

F luorocitrate (final concentration 0.1 mM) was added to one aliquot, w hilst 

the  second aliquot (control) received an  | equivalent quan tity  of KRB. The 

cortical slices were m aintained in  these solutions, a t 37 °C w ith  continuous 

oxygenation for 2 hours. A fter th is period the  slices were rin sed  in  3 

changes of KRB. This was followed by ano ther 30 m in incubation period. 

The slices were fu rther rinsed in  3 changes of KRB after which they  were 

allowed to sedim ent and dispensed into assay tubes as before.
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(b) cAMP Production in Cultured Glial Cells

C ultures of astrocytes were grown to confluency (approxim ately 4 

days) in  24 well "multiwell" plates. On the  day of the  experim ent the 

growing m edium  was aspirated from the wells and  the cells were rinsed  in 

th ree  changes of KRB (37 °C). After the  addition of 2 ml of KRB, the 

m ulti well p lates were re turned  to the incubator. After a 2  hour incubation 

period the  p lates were removed and the incubation m edium  aspirated. The 

cells were washed in three changes of KRB. KRB (2 ml) was again pipetted 

into each of the wells. On th is occasioi^the wells where the  effect of GABAb 

receptor stim ulation  was to be investigated received KRB containing 0.1 

mM (-)baclofen. This was followed by a 10 m in pre-incubation. The cAMP 

generating  stage of the assay was commenced by the  addition of forskolin 

(final concentration 10 pM) or noradrenaline (final concentration 100 pM). 

E ach of these  compounds was added to wells containing (-)baclofen and 

wells w ithout. I Basal cAMP was determ ined in  the  rem ain ing  wells. 

The p late was incubated under these conditions for 10 m inutes after which 

the  incubation was term inated by floating the m ultiwell plate on the  surface 

of a  n e a r  boiling w ater bath . Up to th is  poin t the  p la tes  h ad  been 

m ain tained  a t 37 °C throughout the experim ent. Cells were then  lysed by 

floating the p late in  a ba th  sonicator for 3 min. Finally  the  contents of the 

wells were vigorously mixed w ith a p ipette  before being tran sfe rred  to 

microfuge tubes. These were centrifuged for 5 m inutes a t 3000 rpm  in  a 

bench top centrifuge to remove tissue debris. The su p e rn a tan t from th is 

was assayed for cAMP using the binding protein assay.
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Materials

The following m aterials were obtained from the specialist suppliers 

in  brackets: R ats (B antin  Kingman); [^HJ-cAMP (New E ngland Nuclear); 

Charcoal "Norit GSX" (BDH); bovine serum  album in "fraction V" (Sigma, 

C a t No. a-4503) and O ptipbase (LKB Scintilla tion Products). All of the  

GABAb receptor active m aterial used in  th is study ((-)baclofen, SKF97541, 

3-APA, CGP47656, CGP44533, CGP44532, CGP49311A, CGP46381, 

CGP45025, CGP35348, CGP45397, CGP36742) was obtained from Ciba Geigy. 

A strocy te  cell cu ltu res  were provided by D r B rian  P earce  of th is  

departm ent. All other m aterials were obtained from commercial sources.

2.4. Intra Cerebral Microdialysis Methods 

Dialysis Probe Construction

The shaft of the probe was constructed from a 20 mm leng th  of 24 

gauge sta in less steel tubing. Into th is was inserted  two lengths of fused 

silica tubing (in ternal diam eter (id) 40 pm, outer d iam eter (od) 140 pm). At 

the  lower (dialysing) end of the probe, one length  of th is tubing term inated  

10 m m  short of the end of the steel tube, the other term inated  4 mm beyond. 

At the  upper (external) end of the probe, in le t and outlet ducts were created 

by individually inserting  the two fused silica tubes into each of two 10  mm 

lengths of 27 gauge stainless steel tubing. The two pieces of fused silica 

tub ing  were sealed into the three pieces of stainless steel tubing a t th is "Y"

85



junction  w ith  epoxy resin, (Figure 2.4). This junction was given struc tu ra l 

rig id ity  w ith  den ta l acrylic. The dialysing m em brane w as constructed 

from  an  10 m m  length  of cuprophan capillary m em brane (MW cut off a t 

10,000). This was threaded over the exposed length of fused silica tubing a t 

the  lower end of the probe, and into the lum en of steel tubing constituting 

the  shaft. Epoxy resin  was used to seal th is m em brane to the  steel shaft, 

and  to plug its  lower end. Perfusion lines were made from 100 m m  lengths 

of polythene tubing (id 0.28 mm, od 0.61 mm), these were pushed onto the 

in le t and  ou tle t ducts, and the  junctions were sealed w ith  ho t m elt 

adhesive. A schem atic d iagram  of the  com pleted probe is show n in  

F igure 2.5.

Dialysis Probe Implantation

All dialysis probes were implanted into the frontal cortex.

Male w istar ra ts  of 250-300g body weight were anaesthetised  w ith 400 

mg kg-l chloral hydrate  i.p. and placed in  a stereotaxic fram e. A short 

sag itta l incision was m ade in  the skin above the  dorsal surface of the 

cranium , and  the  skin and superficial tissue were reflected to reveal the 

bones beneath . A pertures were made in  the righ t parie ta l and  left frontal 

bones using a  dentist's burr. Stainless steel screws were driven into these 

openings to assis t in  securing the dialysis probe. S tereotaxic co-ordinates 

(obtained in itially  from Paxinos and W atson (1986), and la te r confirmed by 

dissection) were used to locate a spot on the righ t frontal bone vertically  

above the  rig h t frontal cortex and an terio r to the  caudate nucleus. An 

apertu re  was opened a t th is point using the burr, tak ing  care not to damage 

the  tissue im m ediately beneath. The m em branes enclosing the  b ra in  (dura
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po ly e th y len e  tu b e  
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Figure 2.4. Construction of dialysis probe. Longitudinal section through a 
dialysis probe showing the method of construction. Joints between the fine 
bore silica tubing and the stainless steel tube are sealed using epoxy resin 
(C). Dental acrylic gives the whole junction structural rigidity (B) and hot 
melt adhesive seals the junction between the stainless steal tubing and the 
polyethylene perfusion lines (A).
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Dialysis Probe
schematic diagram

bone

brain tissue

dialysing
membrane

Figure 2.5. Schematic diagram of a dialysis probe. The perfusing solution 
enters the probe at (A) and flows through the lumen of the silica glass tubing 
to the tip of the probe. Upon leaving the silica glass tube (B) it flows back up 
the outside of the silica glass tubing, wetting the inside of the dialysing 
membrane. It proceeds into the lumen of the steel shaft of the probe from 
whence it is collected by the shorter length of silica glass tubing and 
delivered to the outflowing perfusion line.
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m ater and pia m ater) were cut through a t th is point using the sharp  tip of a 

hypoderm ic needle.

A new dialysis probe was filled w ith artificial cerebro-spinal fluid 

(ACSF) containing NaCl 124 mM, KCl 5.4 mM, MgS0 4  0.6 mM, NaHCOg 25 

mM, KH2PO 4 1 mM, Glucose 6  mM and CaCl2 1.3 mM, pH 7.4 and  filtered 

th rough  a sterile single use filter un it (pore size 0 .2  pm) im m ediately prior 

to  use . E ach  probe was checked for leaks and  blockages before 

im plantation. The tip of the probe'  ̂was then  inserted  vertically into the ra t  

b rain , 3.9 m m  anterio r to bregma, 1.5 mm righ t of centre and  5 mm below 

dura , using the  stereotaxic frame. The probe was secured in  th is  position 

u sin g  den ta l acrylic, which also assisted  in  closing the  wound. The 

openings in  the  polythene tubing used to perfuse the  dialysis probe were 

tem porarily  plugged. The ra t  was removed from the stereotaxic fram e and 

allowed to recover overnight in  the cage in  which the  experim ent would 

subsequently  be performed. The ra ts  were constrained in  cubic perspex 

cages (side length 260 mm ) in  which they were given free access to food and 

w ater. The anim als were adm itted  to the cage via a  hinged lid, in  the 

centre of which was a circular hole 25 mm in  diam eter through which the 

perfusion lines were threaded. The lines were kep t tau g h t by m eans of 

counter weights.

Forskolin-Stimiilated Adenylyl Cyclase in Vivo

A 500 pi gas tig h t H am ilton syringe was filled w ith  ACSF and 

a ttached  to a H arvard  A pparatus syringe infusion pum p "2 2 ". This was
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used  to perfuse the  im planted  dialysis probe via 500 m m  of fine bore 

polythene tubing (i.d. 0.28 mm, o.d. 0.61 mm). This tubing was connected to 

the  in le t tube of the dialysis probe w ith a 10  mm length of w ider d iam eter 

tub ing  (i.d. 0.58 mm, o.d. 0.96 mm). Experim ental m anipulations in  the 

com position of the  perfusate  were m ade by changing over perfusion  

system s a t th is point. The probe was perfused a t a ra te  of 2  pi min*^, and 

the  r a t  rem ained unanaestbetized, and restricted  only by the  confines of the 

experim ental cage for the duration  of the  experim ent. F ractions were 

collected for 30 m in periods, in  1.5 ml microfuge tubes via a 300 m m  length 

of Carnegie perfusion line. The in itia l 30 m in fraction was collected and 

analysed for cAMP, b u t i t  gave high and variable resu lts and  was no t used 

in  subsequent analysis. The second fraction was designated "fraction 1", 

and  subsequent fractions were num bered sequentially. F ractions 1 to 3 

were used to estab lish  a baseline level of cAMP in  the  dialysate. At the 

beginning of the  fraction 4, adenylyl cyclase was stim ulated  by changing 

the  perfusate from ACSF to ACSF containing 100 pM forskolin. A fter 30 

m in the perfusate was changed back to control ACSF. This in itia l period of 

stim ulation (SI) was used to normalise the experim ental data . The second 

period of stim ulation (S2 ) was commenced a t the  beginning of fraction 9 and 

again lasted for 30 min. For this period the ACSF contained either 100 pM 

forskolin (control experiments) or 100 pM forskolin plus one of a range of 

concen tra tions of (-)baclofen (0.01 - 10.0 mM). The experim en t was 

term ina ted  a fte r fraction 11 and the anim al destroyed. The placem ent of 

the  probe was confirmed by dissection. The effect of (-)baclofen alone was 

determ ined by introducing the highest concentration used (10 mM) into the 

probe a t fraction 4, and continuing to perfuse w ith th is concentration of 

(-)baclofen u n til fraction 6  when the experim ent was te rm ina ted . The
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fractions of dialysate were stored a t -20 °C until assayed for cAMP content, 

using  a binding protein assay (Brown et al., 1971, described in  a previous 

section.). Each 60 pi fraction allowed a single cAMP determ ination. The 

re su lts  were expressed graphically e ither as the  concentration of cAMP 

(nM) in  each fraction or as a percentage of baseline cAMP. The effect of 

(-)baclofen upon forskolin-stim ulated cAMP was determ ined by sum m ing 

the  m olar concentrations of cAMP in  those fractions in  which cAMP was 

e levated  (fraction 4 and 5 for S I and fractions 9 and  10 for 82), and 

su b trac tin g  th e  baseline cAMP levels (taken  as the  m ean  of the  two 

frac tions preceding the  period of stim ula tion) the  elevation  in  cAMP 

concentration for the 82 stim ulation was then  divided by the  elevation in  

cAMP concentration for the 82 stim ulation (82/81 ratio). All experim ents 

were conducted a t least in  triplicate.

Noradrenaline-Stimiilated Adenylyl Cyclase in Vivo

To determ ine the  effect of (-)baclofen on no rad rena line-s tim u la ted  

cAMP production the following modifications were m ade to the  forskolin 

m ethod: the  dialysis probe was perfused a t  a ra te  of 1 .2  pi m in '^ and 

fractions were collected for 10 m in periods; adenylyl cyclase was stim ulated 

w ith  10 mM noradrenaline by changing over the perfusion system  a t the 

beginning of fraction 6  for 10 min. The slow perfusion ra te  and the  short 

periods of fraction collection however m eant th a t the  new AC8 F did not 

reach  the  dialysing m em brane until the beginning of fraction 7. The effect 

of (-)baclofen on noradrenaline-stim ulated  adenylyl cyclase activ ity  was 

investigated by perfusing with AC8 F containing 10 mM noradrenaline and
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10 mM (-)baclofen, the  effect of (-)baclofen alone w as de te rm ined  by 

perfusing the  probe w ith 10 mM (-)baclofen for fractions 6  to 12. The pooled 

sam ples from 5 individual ra ts  allowed a single piont de te rm ina tion  of 

cAMP concentration. Experim ents were conducted in  trip lica te  (15 rats). 

The resu lts  were expressed graphically as concentration of cAMP (nM) in  

each fraction.

Materials

The following item s mentioned in the m ethods section were obtained 

from the specialist suppliers in  brackets: 24 gauge sta in less steel tubing 

and 27 gauge stainless steel tubing (Tomlinson Tube and In strum en t Ltd.); 

fused silica tubing  (Scientific Glass Engineering), den tal acrylic "Duralay" 

(H e a lth  Co.), cup rophan  cap illa ry  m em brane (A rm strong  B radley), 

polythene tubing  (Portex Ltd.), hot m elt adhesive (RS Components), skull 

screws, l/4 x lB  (the Clerckenwell Screw Co), filters for sterilising  ACSF 

(Sarto rius "m inisart"), Ham ilton gastigh t syringes (V.A. Howe), Carnegie 

perfusion  line  (C arnegie M edicine Inc). R a ts (B an tin  K ingm an) and 

(-)baclofen (Ciba Geigy). The cages in which the  dialysis w as perform ed 

were m ade up by Dave Tullet on site.

* The effects of (-)baclofen upon noradrenaline-stimulated cAMP were assessed 
by comparing the levels of cAMP at each time point with ANOVA followed by 
Dunetts multiple range test, and by estimating the area under the elevated portion 
of each curve, comparing these means with a two way Students t-test.
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2.5. Autoradiography Methods 

Tissue Preparation

Male w istar ra ts  (250 to 300 body weight) were anaesthetized  w ith 

sodium  pentobarbitone (0.4 mg.kg i) and perfuse/fixed w ith  200 ml of 0.1% 

paraform aldehyde in  0.01 M phosphate buffered saline (4 °C), adm inistered 

tran scard ia lly . Those p a rts  of the  b ra in  contained w ith in  the  cranium  

(from the  olfactory bulb to the b rain  stem) were dissected on ice, trim m ed 

and  m ounted on a cryostat chuck using O.C.T. m ounting m edium . The 

b ra in  and chuck were then  rapidly frozen by im m ersion in  isopentane (-35 

°C) before being transferred  to a -70 °C freezer, where they were stored for a t 

least 18 hours.

New microscope slides were cleaned by soaking in  0.2 M hydrochloric 

acid in  95% in d u stria l m ethylated  sp irits  for 5 m in. The slides were 

thoroughly dried  in  an  oven. Thus cleaned the  microscope slides were 

subm ersed  in  0.5% (w/v) gelatine solution contain ing  0.05% chromic

potassium  sulphate for 1 min and dried in  a  w arm  oven.

B rain  tissue  and  microscope slides were placed in to  the  cryostat 

cham ber 30 m in  before section cu ttin g  com m enced to allow  th e ir  

tem pera tu re  to equilibrate to -2 0  °C. Successive 10  pm  thick sections were 

cut from the tissue either in  the parasag ittal or transverse  plane and  thaw  

m ounted onto microscope slides, one per slide. The m ounted sections were 

allowed to dry a t room tem perature for one hour before storage a t -20 °C.
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B inding Experim ents.

The binding experim ents were carried out as described by Bowery et 

al. (1987; 1984) and  Cbu e t al. (1987) who bave determ ined  optim al 

conditions for the  binding of [^HJ-GABA binding to sections of r a t  brain . 

This technique is used routinely in th is laboratory. Sections of b ra in  tissue 

were thaw ed a t room tem perature and washed for 60 m in in  two changes of 

50 mM Tris HCl (pH 7.4, wash and assay buffer), a fter which the  sections 

were dried a t  room tem perature. Each section was encircled w ith  a line 

from a "Pap pen" to re ta in  the incubation m edium , after which they  were 

incubated w ith radioligand. This was achieved by pipetting 100 pi of assay 

buffer contain ing  50 nM [^HJ-GABA (96.4 Ci/mmol) onto the  section. 

GABAb receptors were labelled in  the presence of 2.5 mM CaCl2 and 40 pM 

isoguvacine, non specific binding was determ ined on an  adjacent section in  

the  presence of 100  pM (-)baclofen. GABAa receptors where labelled in  the 

presence of 10 0  pM (-)baclofen and absence of CaCl2 , non-specific binding 

was determ ined in  the presence of 100 pM isoguvacine.

A fter 20 m in the  incubation was te rm in a ted  by a sp ira tin g  the 

incubation m edium  and washing away non-specific binding. For GABAb 

receptor radioligand binding the sections were agitated  for 3s in  each of 2 

b a ths of ice cold assay buffer (1, 2, 3 and 5 s were used for prelim inary  "off 

rate" studies. Figure 2 .6 ) and 2  x 15 s for GABAa binding (2.5, 5, 7.5, 10 and 

15 s were used in  prelim inary "off rate" studies. Figure 2.7). The sections 

were then  rinsed  briefly in ice cold distilled w ater, excess liquid was again
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Figure 2.6. The effect of washing upon GABAb  receptor radioligand  
binding in sections. [^H]-GABA was applied to sections in the presence of 
100 pM isoguvacine and in the presence and absence of 40 pM (-)baclofen. 
Slides were incubated for 20 minutes before being washed for 2, 4, 6 and 10 s. 
Slides were subsequently immersed in scintillation fluid in 20 ml 
scintillation vials, soaked over night and vortex mixed, before the 
radioactivity in each vial was estimated in a Beta-counter. Experiments 
were performed in triplicate, this graph represents the data from a single 
typical experiment.
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Figure 2.7. The effect of washing upon GABAa  receptor radioligand
binding in sections. [^H]-GABA was applied to sections in the presence of 
100 |iM (-)baclofen and in the presence and absence of 40 pM isoguvacine. 
Slides were incubated for 20 minutes before being washed for 5, 10, 15, 20 
and 30 s. Slides were subsequently immersed in scintillation fluid in 20 
ml scintillation vials, soaked over night and vortex mixed, before the 
radioactivity in each vial was estimated in a Beta-counter. Experiments 
were performed in triplicate, this graph represents the data from a single 
typical experiment.
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asp ira ted  from the surface of the sections, before they were laid  in  a stream  

of w arm  a ir to dry.

Bound radioactivity was visualised by apposing the sections to tritium  

sensitive Hyperhlm -^H for 3 to 4 weeks. The la ten t im ages th u s produced 

were developed in  Kodak D-19 for 2 m in a t 20 °C and fixed in  Kodak Unifix 

for 4 min.

The optical density of specific areas of the radiographic im ages were 

quantified  using  a Q uantim et 970 im age analyser. These readings were 

converted to mCi of radio activity per mg of protein by reference to polymer 

s ta n d a rd s^  Specifically bound radiolabel was calculated by subtracting  non­

specific binding. The non-specific value was determ ined from the relevant 

section in  precisely the  same location as the  to tal. D ata  were ultim ately  

expressed  as finol specific [3H]-GABA binding per mg of protein . The 

anatom ical location of brain  regions selected for study were identified using 

"The r a t  b ra in  in  stereotaxic co-ordinates" (Paxinos and  W atson, 1986). 

Each d a ta  point represents the m ean of th ree  densitom eter readings taken  

from each structure, from each of three ra t  brains (9 readings, n=3).

D ark  field im ages of representative autoradiographs were produced 

by photographically "printing" the autoradiographs. To do th is  the  tritium  

sensitive film was used as a negative and prin ted  onto Kodak resin  coated 

photographic paper. This was processed w ith Ilford "Ilfospeed" chemicals. 

Typical im ages for to ta l and non-specific binding for GABAa  and GABAb 

binding are shown in  Figure 2.8.

* Tritium micro-scales (Amersham) g ^



2.8. Dark field autoradiographs of [^H]-GABA binding to GABAa  and 
GABAb  receptors. Binding was performed in parasagittal sections of rat 
brain approximately 1.8 mm from the midline. The binding reaction was 
carried out at room temperature for 20 min, using 50 nM [3H]-GABA. 
GABAb  receptors were labelled selectively in the presence of 40 pM 
isoguvacine (S), non-specific binding was defined in the presence of 100 pM 
(-)baclofen (4). GABAa  receptors were labelled selectively in the presence 
of 100 pM (-)baclofen (I), non-specific binding was defined with 40 pM 
isoguvacine (2).
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2.6. Preparation of the Brains of Genetic Absence Epilepsy Rats

T he b ra in s  from  th re e  r a ts  w hich in  vivo  h ad  show n th e  

ch arac teristic  spike and  wave discharges of absence epilepsy, and  th ree  

anim als from the same stra in  which did not show th is characteristic, were 

obtained from Dr. C. M arescaux. These brains had  been rapidly dissected 

from anim als a fte r decapitation and were stored a t -70 °C in  tra n s it  and 

storage. 10  pm thick parasag itta l sections of these ra t  brains were cut by 

c ry o s ta t, a n d  GABAa and GABAb recep to r a u to ra d io g ra p h y  w as 

perform ed as previously described.

Materials

The following item s m entioned in  the  tex t were obtained from the 

specialist suppliers in  brackets: pentobarbital (Sagatal) 60 mg/ml (RMB 

A nim al H ea lth  Ltd); O.C.T m ounting compound (TissueTek); prem ium  

microscope slides, 76x26x1.2 mm (BDH); the Pap pen was a gift of Miles 

Ltd. (UK); [3R]-GABA (4-animo-n-[2,3-3H]butyric acid), radioactive polymer 

stan d a rd s  and  H y p e r f i lm -3 H  (Am ersham  In te rna tiona l pic., A m ersham , 

UK); iso g u v ac in e  (C am bridge  R esea rch  B iochem icals); baclo fen  

(CGP11973A) w as a  gift from Ciba Geigy; D-19 developer, photographic 

fixative, and  Photographic paper (Kodabrom II RC) were m anufactured  by 

Kodak and obtained from local suppliers, Ilfospeed photographic chemicals 

were m anufactured  by Ilford, emd obtained from the sam e supplier. The 

frozen Genetic Absence Epilepsy R at b rains were the k ind  gift of D r C. 

M arescaux a t the  Clinique Neurologique, C.H.U. in  Strasbourg. All other
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item s are  commercially available and were purchased  from  suppliers of 

laboratory  m aterials.

2.7. Chronic Dosing of Rats with GABAb Receptor Active Compounds.

Twenty four rats (male, wistar, body weight 230-25Og) were randomly assigned to 

four experimental groups. Each experimental group received either (-)Baclofen, 

CGP36742 or CGP46381. These compounds were dissolved in sterile 

physiological saline solution and injected intraperitoneally daily. (-)Baclofen was 

administered at a dose of 10 mg kg"l d a y l ,  whilst CGP36742 and CGP46381 were 

administered at a dose of 100 mg kg~l d a y l. The fourth group of animals received 

injections of the saline vehicle alone. This treatment regime was continued for a 

period of three weeks. Twenty four hours after the last injection the animals were 

killed. From each experimental group, three of the animals were processed to 

provide brain tissue for GABAg receptor autoradiography, and three of the animals 

were processed to provide cortical slices for the cAMP overflow assay (both of these 

procedures have been described previously).
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3
The Pharm acology o f GABAb R eceptor 
M ediated M odulation of Forskolin- and 

Noradrenaline-Stim ulated Adenylyl Cyclase
A ctivity In Vitro
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3.1. Introduction

In  recen t years, the  num ber of available  d rugs w ith  w bieb to 

in v e s t ig a te  GABAb recep to r m ed ia ted  re sp o n ses  b a s  in c re ased  

dram atically. I t  was thus considered apposite to investigate the potency of a 

varie ty  of these new compounds in biochemical assays of GABAb receptor 

function. Two closely related  biochemical correlates of GABAb receptor 

activation were selected for th is study, nam ely the  inhibition of forskolin- 

s t im u la te d  adeny ly l cyclase ac tiv ity , an d  th e  a u g m e n ta tio n  of 

n o rad ren a lin e -s tim u la ted  adenylyl cyclase activ ity . The com pounds 

selected for th is  study  included GABAb receptor agonists, such as the

classical agonists (-)baclofen, SKF97541 and 3-APA, as well as several 

novel compounds (CGP47656, CGP44533 and CGP44532). GABAb receptor 

an tagonists were also tested  for their ability to antagonise the  m odulatory 

responses caused  by (-)baclofen. The an tag o n is ts  selected for study  

included  recen tly  pub lished  com pounds (CGP46381, CG P35348 and  

CGP36742) as well as novel compounds (CGP49311A, CGP45025 and 

CGP45397). A detailed pharmacological profile, allowing a comparison of 

these 2  responses, was thus undertaken for the first time.
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3.2. R esu lts

Characterisation of Forskolin- and Noradrenaline-Stimulated Adenylyl 

Cyclase Activity in Rat Cortical Slices

B oth forskolin  and  no rad renaline  w ere found to concen tra tion  

dependently  stim ulate cAMP production in  ra t  cortical slices (Figure 3.1). 

Forskolin had  little  or no effect on cAMP production a t 1 |iM, b u t a t  higher 

concentrations had a dram atic effect; 0.1 mM produced the  highest levels of 

adenylyl cyclase stim ulation (1750 % of basal levels). This appeared to be a 

m axim ally effective concentration. N oradrenaline was ineffective a t 1 pM 

and  10 pM, however 100 pM produced over 80% of the m axim um  response 

to noradrenaline, which was seen a t 1 mM (480% above basal levels).

Time Dependence of cAMP Production

Time course studies were undertaken to investigate the linearity  and 

ra te  of production of cAMP in th is assay system. In  the presence of 10 pM 

forskolin, the ra te  of cAMP production was found to be 36.9 ± 14.0 pmol mg 

protein" 1 m in i (mean ± standard  error of the m eans (SEM), n=10). In  the 

p resence  of 100 pM noradrenaline, the  ra te  of cAMP production was 

13.5 ± 7.9 pmol mg protein"^ min"I (n=13). The ra te  of cAMP production in 

the  presence of forskolin and noradrenaline proved to be linear under the 

these  assay  conditions for a t least the firs t 12  m inutes of the  incubation
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Figure 3.1. Dose dependency of forskolin- and noradrenaline-stimulated 
cAMP production. These concentration/response curves were obtained by 
incubating aliquots of rat cortical slices with increasing concentrations of 
forskolin or noradrenaline for 10 min. Both compounds showed a 
concentration dependent increase in the amont of cAMP recorded in the 
supernatant. Graphs represent results from a single typical experiment.
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Figure 3.2. Time course for the generation of forskolin-stimulated cAMP 
in rat cortical slices. Adenylyl cyclase was stimulated by the addition of 10 
) l i M  forskolin to the incubation medium. Under these conditions the 
production of cAMP was linear for at least 14 min. The rate of cAMP 
production was reduced, but remained linear, in the presence of 100 pM 
(-)baclofen. Time points were assayed in triplicate, the graph represents 
data from a single typical experiment.
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Figure 3.3. Time course for the generation of noradrenaline-stimulated 
cAMP in rat cortical slices. Adenylyl cyclase was stimulated by the 
addition of 100 |iM noradrenaline to the incubation medium. Under these 
conditions the production of cAMP was linear for at least 14 min. The rate 
of cAMP production was enhanced, but remained linear, in the presence of 
100 |iM (-)baclofen. Time points were assayed in triplicate, the graph 
represents data from a single typical experiment.
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period (Figure 3.2 and 3.3). I  Basal levels of cAMP were 18.2 ± 2 .2

pmol m g pro tein ' 1 and did not increase significantly during the  period of 

th e  incubation . This value represen ts approxim ately 5% of the  cAMP 

assayed in  tissue slices after incubation w ith 10  pM forskolin for 10  m in 

(norm al assay  conditions).

C haracterisation of the M odulation of Adenylyl Cyclase Responses by 

(-)Badofen

C oncentrations of forskolin (10 pM) and no rad renaline  (100 pM) 

which produced near m axim al stim ulation of cAMP levels were selected as 

s tan d ard  assay  conditions. These conditions were used to investigate  a 

range of concentrations of (-)baclofen to characterise  the  m odulation of 

these two responses. (-)Baclofen was found to concentration dependently  

inh ib it forskolin-stim ulated adenylyl cyclase activity w ith a  pECgo of 6.07 ±

0.29 (m ean, ± SEM, n=3. F igure 3.4), and  to augm ent noradrenaline- 

stim ulated  adenylyl cyclase activity with a pECso of 5.04 ± 0.17 (n=3. Figure 

3.5). Time course experim ents were conducted in  which a n ear m axim ally 

effective concen tra tion  of (-)baclofen (100 pM) w as included  in  the  

in cu b a tio n  m edium . (-)Baclofen was th u s  seen  to have a sim ila r 

m odulatory effect a t all the tim e points a t which it  was tested  (Figure 3.2 

and  3.3). The ra te  of production of cAMP rem ained linear in  the  presence 

of (-)baclofen for the duration of the experiment. The inclusion of 100 pM 

(-)baclofen in  the incubation medium reduced forskolin-stim ulated cAMP 

production  by 40.3 ± 4.57 % (n=10). 100 pM (-)B ac lo fen  in c re a se d  

noradrenaline-stim ulated cAMP by 119 ± 28.5 % (n=13).
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Figure 3.4. The effect of (-)baclofen upon forskolin-stimulated cAMP 
production in rat cortical slices. This concentration response curve was 
obtained by incubating slices for 10 min with increasing concentrations of 
(-)baclofen in the presence of 10 pM forskolin. The maximum inhibition 
caused by (-)baclofen occurred at around 10 pM, after which there was no 
further inhibition. Graph represents the mean data from 3 separate 
experiments, which have been normalised by expressing results as the 
percentage of the response elicited by 10 pM forskolin. BG = background.

109



CD(/)
O  400 
Q .
CO
CD

300 -

ce
S  200
"Oce
c  100 H

BG

II

0.3

X

“T
1.0 3 .0

I

1 0 3 0
I I

1 0 0  3 0 0 ( - ) b a c lo f e n  îM 
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Figure 3.5. The effect of (-)baelofen upon noradrenaline-stimulated cAMP 
production in rat cortical slices. This concentration response curve was 
obtained by incubating slices for 10 min with increasing concentrations of 
(-)baclofen in the presence of 100 pM noradrenaline. The maximum effect 
caused by (-)baclofen occured at 100 pM, after which there was no further 
enhancement. Graph represents the mean data from 3 separate 
experiments, which have been normalised by expressing results as the 
percentage of the response elicited by 100 pM noradrenaline. BG = 
Background.
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Characterisation of GABAb Receptor Agonists as Modulators of Adenylyl 

Cyclase Activity

Five GABAb receptor agonists (SKF97541, 3-APA, CGP44532, 

CGP44533 and CGP47656) were tested for the ir ability to mimic (-)baclofen 

as m odulators of adenylyl cyclase activity. All of the compounds were able 

to in h ib it fo rskolin-stim ulated  adenylyl cyclase activ ity  w ith  a sim ilar 

m axim um  response to 100 pM (-)baclofen (which was included as a control 

in  each assay). The potency of these agonists spanned approxim ately one 

order of m agnitude, the highest potency was displayed by SKF97541 (pECgo 

= 6 .6 6 ), and  the  lowest potency by CGP44532 (pECgo = 5.63)(Table 3.1, 

Figures 3.6 to 3.10).

As au g m e n te rs  of n o ra d re n a lin e -s tim u la te d  adeny ly l cyclase 

activ ity , the  agonists ranged in  potency approxim ately  1.5 orders of 

m agnitude, from SKF97541 (pECgo = 6 .11 ) to CGP47656 (pECgo = 4.48) (Table 

3.1). One compound (CGP47656) produced a m axim um  response th a t  was 

significantly  sm aller th an  the response to 100 pM (-)baclofen. Thus, 

CGP47656 produced a 1.39-fold increase in  noradrenaline-stim ulated cAMP 

production , w hereas baclofen produced a 2.36-fold increase  (ANOVA 

followed by Duncans m ultiple range test, p<0.05. Figure 3.7). Nevertheless 

CGP47656 gave a sim ilar maximum response to (-)baclofen as an  inhibitor 

of fo rsk o lin -stim u la ted  adenylyl cyclase ac tiv ity  (F igure  3.7). The 

rem ain ing  compounds (SKF97541, 3-APA, CGP44532 and CGP44533) all 

produced  s im ila r  m axim um  responses to 100 pM (-)b ac lo fen  as
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Forskolin Noradrenaline

Compound P ^ 5 0 SEM P ^ 5 0 SB/I

SKF97541 6.66 0.52 6.11 0 .32

CGP47656 6.44 0.05 4 .4 8 * 0 .26

(-)baclofen 6.07 0.29 5 .0 4 * 0 .17

CGP44533 5.67 0.45 4 .94 0 .32

3-APA 5.66 0.38 5.01 0 .20

CGP44532 5.63 0.03 5 .54 0 .32

Table 3.1. The potency of GABAb  receptor agonists as modulators of 
adenylyl cyclase activity. GABAb receptor agonists were tested for their 
ability to modulate forskolin and noradrenaline-stimulated adenylyl 
cyclase activity. Concentration response curves were defined with at least 7 
concentrations in duplicate at half decade intervals. Parameters for the 
concentratiôn response curve were estimated by fitting a logistic equation to 
the data from each experiment using a least squares curve fitting program 
in "Fig-P" on an IBM compatible PC. The geometric mean of the half 
maximally effective concentration is expressed as a pECgo and is shown in 
the left hand column for each assay condition, the SEM for these values is 
reported in the right hand column. * significantly different from potency 
from the forskolin assay p<0.05 two way Students t-test).
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Figure 3.6. Modulation of forskolin- and noradrenaline-stimulated 
adenylyl cyclase activity by SKF97541. This concentration/effect curve 
was obtained by incubating increasing concentrations of SKF97541 with rat 
cortical slices in the presence of forskolin (10pM)(upper graph, n=7) and 
noradrenaline (100pM)(lower graph, n=7). BG = background, 
FO=forskolin, NA = noradrenaline, BA = (-)baclofen in the presence of 
either forskolin or noradrenaline.
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Figure 3.7. Modulation of forskolin- and noradrenaline-stimulated 
adenylyl cyclase activity by CGP47656. This concentration/effect curve 
was obtained by incubating increasing concentrations of CGP47656 with rat 
cortical slices in the presence of forskolin (10pM)(upper graph, n=3) and 
noradrenaline (100pM)(lower graph, n=3). BG = background, 
FO=forskolin, NA = noradrenaline, BA = (-)baclofen in the presence of 
either forskolin or noradrenaline.
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Figure 3.8. Modulation of forskolin- and noradrenaline-stimulated 
adenylyl cyclase activity by CGP44533. This concentration/effect curve 
was obtained by incubating increasing concentrations of CGP44533 with rat 
cortical slices in the presence of forskolin (10|iM)(upper graph, n=3) and 
noradrenaline (lOOpM)dower graph, n=4). BG = background, 
FO=forskolin, NA = noradrenaline, BA = (-)baclofen in the presence of 
either forskolin or noradrenaline.
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adenylyl cyclase activity by 3-APA. This concentration/effect curve was 
obtained by incubating increasing concentrations of 3-APA with rat 
cortical slices in the presence of forskolin (10pM)(upper graph, n=3) and 
noradrenaline (100pM)(lower graph, n=4). BG = background, 
FO=forskolin, NA = noradrenaline, BA = (-)baclofen in the presence of 
either forskolin or noradrenaline.
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Figure 3.10. Modulation of forskolin- and noradrenaline-stimulated 
adenylyl cyclase activity by CGP44532. This concentration/effect curve 
was obtained by incubating increasing concentrations of CGP44532 with rat 
cortical slices in the presence of forskolin (10pM)(upper graph, n=3) and 
noradrenaline (100pM)(lower graph, n=3). BG = background, 
FO=forskolin, NA = noradrenaline, BA = (-)baclofen in the presence of 
either forskolin or noradrenaline.
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augm enters of noradrenaline-stim ulated adenylyl cyclase activ ity  (Figures 

3.6 to 3.10).

All of the GABAb receptor agonists were less potent in  th e ir ability to 

enhance noradrenaline-stim ulated cAMP production th an  in  the ir ability to 

in h ib it  fo rsk o lin -stim u la ted  cAMP production  (F igure  3.11). This 

difference achieved sta tistica l significance (ANOVA followed by Duncans 

m ultip le range test, p<0.05) for two of these compounds. Thus, (-)baclofen 

enhanced  n o rad rena line-s tim u la ted  cAMP production  w ith  a potency 

approxim ately  one order of m agnitude lower th a n  i t  inh ib ited  forskolin- 

s t im u la te d  cAMP p roduction . S im ila rly , C G P47656 a u g m e n te d  

n o ra d re n a lin e -s tim u la te d  cAMP production  n e a r ly  two o rd ers  of 

m agn itude  less poten tly  th a n  i t  inh ib ited  fo rsko lin -stim u lated  cAMP 

production (Table 3.1).

Characterization o f GABAb Receptor Antagonists on GABAb Receptor 

Mediated Modulation of Adenylyl Cyclase

A range of GABAb receptor antagonists were tested  for th e ir ability to 

antagonise  th e  effects of 30 pM (-)baclofen under these assay  conditions. 

The h ighest concentration of each of the compounds tested  gave inhibition 

of the  (-)baclofen response which was not significantly different from 1 0 0 % 

inh ib ition . The pECgo for each of these  compounds a t  inh ib iting  the 

(-)haclofen m ediated  inhib ition  of forskolin-stim ulated  adenylyl cyclase 

assay ranged from 5.45 for CGP49311A to 3.87 for CGP36742. Concentraton 

response curves for these GABAb receptor an tagonists, a re  illu s tra ted  in
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Forskolin Noradrenaline
Compound P ^ 5  0 SEM P^^50 SEM

CGP49311A 5.45 0.30 5 .55 0 .32

CGP46381 4.98 1.02 4 .9 5 0 .53

CGP45024 4 .54 0 .30 5.31 0 .6 5

CGP35348 4.49 0 .48 4 .70 0 .2 7

GGP45397 4.12 0 .23 4 .96 0 .33

GGP36742 3.87 0 .16 4.81 0 .5 5

Table 3^. Potency of GABAb  receptor antagonists against the (-)baclofen 
modulation of adenylyl cyclase activity. GABAb receptor antagonists were 
tested for their ability to inhibit the modulation of forskolin- and 
noradrenaline-stimulated adenylyl cyclase brought about by (-)baclofen. 
Dose response curves were defined with at least 7 concentrations in 
duplicate at half decade intervals. Parameters for the dose response curves 
were estimated by fitting a logistic equation to the data from each 
experiment using a least squares curve fitting program in Fig-P on an IBM 
compatible PC. The geometric mean of the half maximally effective 
concentration is expressed as a pECso and is shown in the left hand column 
for each assay condition, the SEM for these values is reported in the right 
hand column.
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Figure 3.14. Antagonism by CGP45024 of the modulation adenylyl cyclase 
by (-)baclofen. Antagonism of (-)baclofen-inhibited forskolin-stimulated 
adenylyl cyclase activity (upper graph), and (-)baclofen augmented 
noradrenaline-stimulated adenylyl cyclase activity (lower graph), by 
increasing concentrations of CGP45024. Graphs represent the mean of three 
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Figure 3.16. Antagonism by CGP45397 of the modulation adenylyl cyclase 
by (-)baclofen. Antagonism of (-)baclofen-inhibited forskolin-stimulated 
adenylyl cyclase activity (upper graph), and (-)baclofen augmented 
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separate experiments. Data has been normalised by expressing the data as 
% of the forskolin or % of the noradrenaline response. The error bars on the 
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Figure 3.12 to 3.17. No statistical difference was found in  the potency of any 

of the  compounds as the  an tagonists of (-)baclofen-inhibited, forskolin- 

s tim u la ted  adenylyl cyclase activity  and as an tagon is ts  of (-)baclofen- 

augm ented  no radrenaline-stim ula ted  adenylyl cyclase activ ity  (ANOVA 

followed by D uncans m ultiple range test, p>0.10) The potency of these 

a n ta g o n is ts  is shown in  Table 3.2. However, w ith  th e  exception of 

CGP46381 all of these compounds were slightly more potent a t  antagonising 

th e  augm en ta tion  of noradrenaline-stim ulated  adenylyl cyclase activ ity  

th a n  th ey  were a t an tagonising  the  inh ib ition  of fo rsko lin -stim ulated  

adenylyl cyclase activity (Figure 3.18).

3.3. Discussion

The p resen t investigation was concerned w ith  the  m odulation of 

adenylyl cyclase via the  activation of cell surface GABAb receptors. In 

o rder to see th is  m odulatioi^ the  enzyme was s tim u la ted  w ith  e ith er 

forskolin or noradrenaline. Forskolin is a novel diterpene derived from the 

In d ian  p la n t Coleus forskolii (B hat et al., 1977), which is believed to 

s tim u la te  adenylyl cyclase by an  action a t the  cataly tic  su b u n it itse lf  

(S eam on and  D aly, 1981; Seam on e t a l., 1981). I t  is  a  u sefu l 

pharm acological tool w ith which to investigate the m odulation of adenylyl 

cyclase because i t  allows the expression of Gi m ediated inhibition, such as 

th a t  produced by GABAb receptor activation. The o ther effect of GABAb 

receptor activation upon adenylyl cyclase is stim ulatory. This effect is seen 

w hen the  enzyme is already stim ulated by a  subunits derived from the  Gg 

class of G-protein (Hill, 1985; W atling and Bristow, 1985; Lefkowwitz, 1992). 

In  the  p resen t study th is was achieved by stim ulating (3-adrenoceptors w ith
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th e ir  n a tu ra l agonist noradrenaline. Compounds such as isoprenaline are 

m ore selective p-adrenoceptor agonists th a n  no rad renaline . However, 

noradrenaline  was selected for use in  the  p resen t study for two reasons. 

F irs tly  so th a t  d irect comparisons could be m ade w ith  previous work in  

which noradrenaline had  been used, and secondly so th a t  the  study would 

rem ain  physiologically relevant. I t should be born in  m ind th a t  a t high 

concentra tions of noradrenaline  an  in te rac tion  w ith  a 2 -ad re n o ce p to rs  

m ight in  itse lf  augm ent the actions of noradrenaline a t  P -adrenoceptors. 

In  the  p resen t study  100 |iM noradrenaline  gave a  sim ila r m axim um  

response to isoprenaline (data not shown) suggesting th a t  th is  effect was 

neglig ible . C oncentration response curves to forskolin and noradrenaline 

allowed the  selection of a ju s t maxim ally effective concentration of each of 

these  compounds (lOOpM noradrenaline and 10|xM forskolin) w ith  which to 

investigate the  effect of GABAb receptor agonists.

(-)Baclofen was found to dose dependently  in h ib it the  forskolin 

response and  to dose dependently augm ent the  noradrenaline  response. 

T his is a  well characterised  profile, and  the  p resen t findings a re  in  

agreem ent w ith those of other authors (Enna and Karbon, 1984; Karbon and 

E nna , 1985; Hill, 1985 and Wojcik and Neff, 1984). (-)Baclofen had  no 

discernible effect upon baseline cAMP production. This in  keeping w ith the 

findings of H ill (1985) and Karbon and E nna (1985). However, Wojcik and 

N eff observed an  inh ib ition  of basal cAMP levels in  th e  presence of 

(-)baclofen. They recorded the ir baseline cAMP levels in  the  presence of 

added GTP which in  itse lf  promotes G-protein subun it dissociation, and 

hence artificially raises levels of adenylyl cyclase activity.

129



Tim e course experim ents dem onstra ted  th a t  u n d e r these  assay  

conditions, w hen cAMP was stim ulated  w ith 10 |iM forskolin or 100 pM 

noradrenaline, the production of cAMP was linear for the duration  of the 

s ta n d a rd  incubation  period (10 min). W hen 100 pM (-)baclofen was 

included in  the  incubation medium, forskolin-stim ulated cAMP production 

w as inh ib ited  and noradrenaline-stim ulated  cAMP was augm ented. In  

each  case th e  lin earity  of cAMP production w as m ain ta in ed . Since 

(-)baclofen showed a sim ilar degree of m odulation a t  all tim e points a t 

which i t  was tested, th is indicated th a t the effects of (-)baclofen were due to 

a  change in  the  ra te  of cAMP production and no t a p la teau in g  of the 

response. This is consistent w ith the hypothesis th a t  the  m odulation of 

th ese  responses by GABAb receptor stim ulation  is due to an  allosteric 

m odulation of the  enzyme by a second m essenger, and  no t due to some 

other effect such as depletion of precursors.

The potency of six GABAb receptor agonists w ere detem ined as 

m odu la to rs of adenylyl cyclase activity . These included  (-)baclofen, 

SKF97541, 3-APA and three novel compounds, CGP47656, CGP44533 and 

CGP44532. The structures of the novel compounds is given in  figure 3.11. 

All of th e  agonists tes ted  were more po ten t as inh ib ito rs of forskolin- 

stim ula ted  adenylyl cyclase activity th an  they were as agents augm enting 

the  noradrenaline response. Moreover, two of the  agonists tested  exhibited 

s ta tis tic a lly  significant selectivity  for m odulating  forsko lin -stim ulated  

adeny ly l cyclase ac tiv ity  over m odula ting  n o rad re n a lin e -s tim u la ted  

adenylyl cyclase activity. These were (-)baclofen and CGP47656. There are 

a nu m b er of possible explanations for th is  difference in  potency of 

(-)baclofen and CGP47656 in  the two assays. One possibility is th a t there are
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Figure 3.19. Structures of novel GABAb  receptor ligands used in the 
present study. Six of the compounds used to investigate the pharmacology of 
GABAb receptor mediated modulation of adenylyl cyclase activity were 
recently synthesized by Ciba-Geigy. No previous biological data have been 
reported for these compounds, although their effectiveness as GABAb 
receptor agonists and antagonists was confirmed by Ciba-Geigy.
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two pharm acologically d istinct types of GABAb receptor w ith  different 

a ffin ities for these  agonists. One receptor, for w hich (-)baclofen and 

CG P47656 h ad  h igh  affinity, would be responsible  for m ed ia ting  an  

inhibitory  action on adenylyl cyclase and a second receptor, for which these 

com pounds h ad  a  lower affinity would be responsible th e  stim u la to ry  

action. Evidence for pharmacologically distinguishable subtypes of GABAb 

receptor has been described by Bonnano and R aiteri (1992; 1993). These 

a u th o rs  in itia lly  divided GABAb receptors into baclofen sensitive and 

baclofen insensitive receptors. This la te r  class of receptor is, a t p resent, 

rep resen ted  only by an  autoreceptor in  the spinal cord. The p resen t study 

describes a difference in  potency for (-)baclofen a t  inhibiting] forskolin- 

s tim u la ted  adenylyl cyclase activity and a t  augm enting  noradrenaline- 

stim u la ted  adenylyl cyclase activity. I t  is possible th a t  the  difference in  

potency for (-)baclofen reflects th is  classification of GABAb receptors. 

However, two im portan t factors m ust be considered w hen using agonists to 

classify receptors. F irstly , there  is the  possibility  th a t  agonists m ight 

d isp lay  d ifferen t affinities for the sam e receptor w hen th a t  receptor is 

coupled to different G-proteins (Kenakin and Morgan, 1988). T hat is to say, 

a ll G -proteins m ay not induce the optimal conform ational change for high 

affinity agonist binding. In the present case, GABAb receptors coupled to 

the  inhibitory  response are likely to be bound to Gi, w hereas the  receptors 

m ed iating  the  augm entation  response m ay be linked to e ith er Gi or Gq. 

These are the  two classes of G-protein which have been dem onstra ted  to 

bind to GABAb receptors (Morishita e t al., 1990). However, th is m ay not be 

the  exp lanation  for the  differences in  agonist potency observed in  the 

p resen t study, since only two of the six agonists showed selectivity  for 

in h ib ition  of forskolin-stim ulated  adenylyl cyclase activ ity . G -protein
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m odulation of agonist affinity would be likely to affect all of the compounds 

tested.

The second im portan t consideration when using agonists to classify 

receptors involves intrinsic efficacy and receptor reserve. The potency of an 

agonist is determ ined by its binding affinity and its  in trinsic  efficacy. The 

binding affinity of a drug is a m easure of the num ber of receptors to which 

i t  binds a t a  given concentration. The in trinsic efficacy is the proportion of 

receptors, to which the drug is bound, which become activated. An agonist 

w ith  low in trinsic  efficacy m ust bind to a larger num ber of receptors th an  

an  agonist of high in trinsic  efficacy in order to elicit a response of sim ilar 

m agnitude. I f  a full response can be elicited by a  high efficacy agonist 

b ind ing  to only a proportion of the receptors i t  m ay not be possible to 

d istingu ish  betw een a high affinity, low efficacy compound and  a high 

efficacy, low affinity compound.

According to classical receptor theory, a single agonist m ay have 

different potencies in  two different functional assays. This is possible when 

a large proportion of the available receptors need to be occupied in  one 

functional assay  to produce a m axim um  response (low receptor reserve), 

b u t occupation of a sm all proportion of the  available receptors elicits a 

m axim um  response in  the other assay (large receptor reserve). Agonists of 

high in trinsic  efficacy (full agonists) are relatively insensitive to differences 

in  recep to r reserve, b u t dose response curves to agonists w ith  lower 

in tr in s ic  efficacy (which m ay be p a rtia l agonists in  some functional 

models) will be shifted to the righ t in  system s w ith a  low receptor reserve. 

A num ber of examples of th is have been described in  the  lite ra tu re . For
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instance the D2 dopamine receptor partia l agonist 3-PPP displays apparen t 

selectivity for presynaptic D2 receptors which have a high receptor reserve, 

over postsynaptic  D2 receptors, which have alm ost no receptor reserve 

(Meller e t al., 1987; Meller et al., 1988). Receptor reserve has also been used 

to explain discrepancies in the pharmacology of d-LSD (Hoyer and Boddeke, 

1993) w hich has been described variously as a 5 HT2 recep to r agonist 

(G lennon, 1990) or an tagon ist (Pierce and  Perou tka, 1990) in  d ifferent 

m odels. R ecently, cell lines expressing the  sam e cloned recep to r in  

differing num bers have been used to dem onstrate th a t  the  potency of 132- 

adrenoceptor agonists (George e t al., 1988) and  5-HT receptor agonists 

(Farg in  e t al., 1988; Farg in  e t al., 1989) increase w ith  h igher levels of 

receptor expression. Indeed shifts in potency of two orders of m agnitude 

have been recorded w ith increased levels of receptor expression (Fargin e t 

al., 1989). In terestingly , different receptor reserves, and  hence agonist 

potencies m ay occur where a single population of receptors in te rac ts  w ith 

two different second m essenger systems. Thus when a single population of 

recep tors is linked  to two different effectors by th e  sam e G -protein a 

"reserve” m ay occur a t the level of the effector. Similarly, different reserves 

m ay occur a t the  level of the G-protein, where the  same receptor population 

is linked to two G-proteins which are present in  different num bers (Hoyer 

and Boddeke, 1993).

In  th is  context i t  is w orth review ing the  m echanism s by which 

GABAb receptors m ight influence adenylyl cyclase activity. I t  was in itially  

suggested th a t one way to account for the duplex effect of GABAb receptor 

activa tion  upon stim ulated  adenylyl cyclase activ ity  was to propose the 

p resence  of two pools of adenylyl cyclase. T hese pools could be
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com partm entalized, possibly in  different cells, one under the  influence of a 

stim ulatory  second m essenger and one under the influence of an  inhibitory 

second m essenger. Thus there m ight be two functionally discrete GABAb 

receptors in  the brain  (Karbon et al., 1990). Initially there  was some debate 

as to which second m essenger, activated by GABAb receptors, caused the 

augm en ta tion  response. Two candidates w ere phospholipase A2  and  

phospholipase C. Indeed, evidence has been presented to suggest th a t these 

enzymes m ight be involved to some extent (for review see E nna and  Karbon, 

1987). However, a  num ber of features of the G-protein signal transduction  

system  have recently been described, which allow a more likely m echanism  

for th is duplex response to be proposed. Of relevance in  th is context is the 

cloning of four types of adenylyl cyclase (Krupinski e t al., 1989; Feinstein  et 

al., 1991; B akalyar and Reed, 1990; Gao and Gilman, 1991) term ed types I to 

IV. The sensitiv ity  of these enzymes to G -protein m odulation has been 

investigated by expressing them  in cell lines (SF9 cells) along w ith purified 

G-protein subunits. As predicted, type I and type III were both stim ulated 

by the a  subun it of Gg (Ug) subunits and slightly inhib ited  by py subunits 

(presum ably  th e  Py subun it was complexing the  activated  ag su b u n it) . 

Types II and  IV adenylyl cyclase, however, gave surprising  resu lts . Like 

types I and  III, they  were stim ula ted  by t t g ,  b u t th is  response was 

d ram atica lly  enhanced  by the  presence of the  Py su b u n it (Tang and  

G ilm an, 1991; Gao and  Gilman, 1991). This action of py could clearly 

provide an  explanation for the augm entation of p -adrenoceptor-stim ulated  

adenylyl cyclase by GABAb receptor activation. Indeed, i t  m ay be a 

common m echanism  for all o ther such responses, such  as th e  a 2 -  

adrenoceptor m ediated potentiation of p-adrenoceptor stim ulation  (Leblanc 

and C iaranello, 1984), the H I histam ine receptor m ediated potentiation of
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H 2  receptor stim ulation (Al-Gadi and Hill, 1985), and the  effects of GABAb 

receptor activation upon vasoactive in testinal peptide stim ulation  (W atling 

and  Bristow, 1986). These effects of py have been fu rth e r confirm ed by 

F ed e rm an  e t al. (1992) as follows: m am m alian  HEK293 cells were 

transfected  w ith  a2-adrenoceptors. Initially, activation of these  receptors 

inh ib ited  cAMP production, presum ably via Gi. W hen co-transfected w ith 

type II adenylyl cyclase a2-adrenerg ic  stim u la tion  w as now found to 

stim ulate  adenylyl cyclase activity. This appeared to be due to the  action of 

Py from Gi since the response was blocked by co-transfection w ith  the  a  

subun it of transducin , which scavenges Py subunits.

I t  is re levan t to the p resent study th a t  a h igher num ber of free py 

subun its  are  required to m axim ally enhance the activity  of ag activated  

adenyly l cyclase th a n  a  g subunits a re  requ ired  to in itia lly  stim u la te  

adenylyl cyclase activity (Tang and Gilman, 1991; Federm an e t al., 1992). 

T his is u n d ers tandab le , if  i t  were no t the  case th en  presum ably  the 

dissociation of Gg would provide sufficient a  and Py subunits to m axim ally 

stim u la te  the  enzyme. Thus, the a  subun it m ediated effects of GABAb 

receptor activation upon adenylyl cyclase require  the  activation of fewer 

recep tors th a n  the  py m ediated effects. T hat is to say, the  a  su b u n it 

m ediated  effect upon adenylyl cyclase will have a relatively  high receptor 

reserve and  the  py m ediated effects will have a  re la tively  low receptor 

reserve. Thus we m ight expect a low efficacy agonist to be selective for the 

forskolin (ai) actuated  GABAb receptor m ediated response ra th e r  th a n  the 

noradrenaline  (py) actuated response. This argum ent will only apply if  the 

ra te  of signal transduction is not lim ited by a low density of G-proteins. G- 

p ro te ins, however, appear to be p resen t in  cells in  in  concentrations
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p e rh a p s  two orders of m agnitude g rea te r th a n  ^ -ad ren o cep to rs  an d  

adenylyl cyclase, indicating th a t th is is unlikely to be the  case (Aluosi et al., 

1991). To explain the results of the present study it  is neccesary to propose 

th a t  (-)baclofen, which had significantly lower potency as an  augm enter of 

n o rad ren a lin e-s tim u la ted  adenylyl cyclase activity , has low er in trin sic  

efficacy th a n  agonists whose potency rem ains more sim ilar in  the  two 

assay  conditions (SKF97541, CGP44533, 3-APA and CGP44532). CGP47656 

appears to be even more selective for the inhibition of forskolin-stim ulated 

adenylyl cyclase activity th an  is (-)baclofen (two orders of m agnitude ra th e r 

th a n  one). This would suggest th a t  i t  is a compound w ith  even lower 

in trin sic  efficacy. Indeed the dose response curve to th is  compound as an  

a u g m e n te r  of n o ra d re n a lin e -s tim u la te d  show s a n o th e r  re la te d  

phenom enon. The m axim um  effect elicited by th is compound w as lower 

th a n  th a t  elicited by (-)baclofen, i.e. i t  is a  p a rtia l agonist. Thus i t  is 

possible to hypothesize th a t CGP47656 has such low in trinsic  efficacy th a t it 

is unab le  to activate sufficient num bers of receptors to cause a  m axim al 

effect. Thus, the m axim um  response is lim ited by the  num ber of receptors 

in  the  preparation.

In  the  p resen t study, the agonist 3-APA was h a lf  a  log u n it less 

po ten t a t  augm enting  noradrenaline-stim ulated  adenylyl cyclase th a n  it  

w as a t  m odula ting  forskolin-stim ulated  adenylyl cyclase, though  th is  

difference was not statistically significant. Scherer e t al., (1988) also tested 

a  sing le  con cen tra tio n  of 3-APA as a m o d u la to r of fo rsko lin  and  

n o rad ren a lin e -s tim u la ted  cAMP. They repo rted  th a t  3-APA w as an  

agonist in  its  ability to inhibit forskolin-stim ulated adenylyl cyclase activity, 

b u t w as ineffective as an  augm enter of noradrenaline-stim ulated  adenylyl
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cyclase activity. These au thors proposed two pharm acologically d istinct 

GABAb receptors on the basis of these data. There is, then  a discrepancy in 

the  selectivity of 3-APA between the study by Scherer (completely selective) 

and  the p resen t study (poorly selective). This m ight now be explained in  

term s of different num bers of viable receptors in  the preparation  used in  the 

p resen t study and th a t used by Scherer et al. (1988). A reduced num ber of 

viable receptors would decrease the  receptor reserve. If  the  num ber of 

viable receptors were sufficiently reduced i t  m ight cause a  low efficacy 

agonist to become specific for the functional response w ith  the  h ighest 

receptor reserve, in  th is  case inhibition of forskolin-stim ulated adenylyl 

cyclase. This hypothesis would also explain why F erkany  e t al. (1988) 

observed pharm acological specificity in  functional assays, b u t not in  the 

binding experim ents reported in  the sam e study. In trinsic  efficacy m ight 

also explain why S tirling et al. (1980) found th a t phaclofen, ô-am inovaleric 

acid and p-phenyl G ABA, possessed agonist activ ity  w h ilst subsequen t 

studies have described them  as antagonists (K err e t al., 1987; Ong et al., 

1987; M uhyaddin et al., 1983 and 8awynokl986) . Thus, these compounds 

m ay be very weak partia l agonists; in  m ost functional assays they  occupy 

receptors, b u t fail to cause a m easurable response. In  the  synaptosom al 

p repara tion  used by Stirling  et al. they m ay be able to occupy sufficient 

num bers of receptors for th e ir agonist activity  to be expressed. These 

observations therefore, m ay support the involvement of receptor reserve in 

GABAb receptor pharmacology.

In  sum m ary, i t  is possible to propose pharm acologically d istinc t 

GABAb receptors on the  basis of agonist potency (Scherer e t al., 1988), 

however, a lternative  hypotheses exist, and for the tim e being Occams razor
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dem ands th a t  we accept differing in trinsic  efficacies as the  reason  why 

some agonists show selectivity in  these two assay systems.

In  contrast to agopists, the potency^ of antagonists is defined only by 

th e ir  binding | affinity , Thus a selection of antagonists were tested  in  these 

assay  system s to establish  the ir ability to antagonize the  action of 30 |xM 

(-)baclofen. These compounds included the  firs t of a new generation  of 

GABAb receptor antagonists produced by Ciba Geigy (CGP35348) as well as 

two compounds which are of in terest because they have been dem onstrated 

to cross the blood b ra in  barrier (CGP46381 and CGP36742). A num ber of 

o th e r  novel an tag o n is ts  were provided by Ciba Geigy, (CGP49311A, 

CGP45024, and  CGP45397, the struc tu res for which a re  given in  figure 

3.19). The pECso for these compounds as an tag o n is ts  of (-)baclofen- 

inhibited, forskolin-stim ulated adenylyl cyclase activity ranged from 3.87 to 

5.45. H ow ever, none of these  an tagon is ts  showed any  s ta tis tic a lly  

significant selectivity (ANOVA followed by Duncans m ultip le  range test) for 

one assay system  over the other. There is evidence from previous work th a t 

some an tagon is ts  can d istinguish  sub-populations of GABAb receptors. 

For instance, phaclofen has been dem onstrated to be a GABAb an tagonist 

in  a  nujnber of assay systems. These include peripheral tissues such as 

the  r a t  annococcygeus muscle (M uhyaddin et al., 1982), and  the guinea pig 

ileum  (Sawynok, 1986; Ong et al., 1987; K err et al 1987) as well as central 

nervous system  tissue such as hippocampal and thalam ic neurons (Soltesz 

e t al., 1988), neocortical cells (Karlsson e t a l.,1988) and  in  sep ta l cells 

(H asuo 1988). However, of the  GABAb receptors in  th e  sp inal cord, 

phaclofen is selective for those on the term inals of prim ary afferents (Curtis 

e t al., 1986; C urtis et al 1981). Similarly, in the hippocampus presynaptic,
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b u t not postsynaptic GABAb receptors are sensitive to phaclofen (D utar and 

Nicoll 1988b). Phaclofen is also ineffective ag a in st baclofen induced 

calcium influx in synaptosomes (Stirling et al., 1989). Thus it  is possible to 

p re sen t a case for phaclofen sensitive and phaclofen insensitive  GABAb 

receptors (D utar and Nicholl, 1988; H arrison, 1989; W ang and  D un 1990; 

W illiam s and  Lacaille; 1990 and C urtis et al., 1981 and 1986) However, 

phaclofen is a relatively  weak an tagonist a t  GABAb receptors, (binding 

potency 130 pM (Froestl e t al., 1992)) and m ay itse lf possess some agonist 

properties (Stirling et al., 1980). As such, reports of phaclofen sensitive and 

insensitive  GABAb receptors m ust be in terpreted  w ith care un til the  work 

is repeated  w ith higher potency antagonists.

GABAb antagonists of higher potency th an  phaclofen have recently 

become available and have been dem onstra ted  to be selective for sub­

popu la tions of GABAb receptors in  a t lea st one study. Thus, release 

reg u la tin g  GABAb receptors have been classified by Bonanno and R aiteri 

(1993a; 1993b) on the basis of their sensitivity to two antagonists. Receptors 

regu la ting  G ABA release were relativly insensitive to CGP35348, receptors 

regu la ting  g lu tam ate  release were relatively insensitive to phaclofen and 

receptors regu lating  som atostatin  release were highly sensitive to both of 

these antagonists. In  the present study, CGP35348 showed no specificity for 

e ith e r forskolin or noradrenaline-stim ulated adenylyl cyclase activity. The 

an tagon ist phaclofen was not used because of its  low potency. Thus the 

pharm acological divisions proposed by Bonanno and R aiteri have not been 

reflected in  the  present work.
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W ith the  exception of CGP46381 all of the an tagonists used in  the 

p resen t study were m arginally more potent as inhibitors of (-)baclofen as an  

augm en ter of noradrenaline-stim ulated  adenylyl cyclase activ ity  (Figure 

3.7). The explanation for th is may be the lesser potency of (-)baclofen in  this 

assay .

In  Sum m ary, da ta  from the present study does not suggest th a t  the 

inhibition of forskolin-stim ulated adenylyl cyclase and the augm entation of 

n o ra d r e n a l in e - s t im u la te d  ad en y ly l cyc lase  a re  m e d ia te d  by 

pharm acologically distinguishable receptors. These d a ta  do not of course 

preclude the  possibility th a t a newly developed antagonist will distinguish  

betw een these two responses. However, it  should be borne in  m ind in  future 

s tu d ies  th a t  recen t advances in  the  field of m olecular biology have 

e lucidated  th e  m echanism s by which the  inh ib ition  and  augm en ta tion  

responses m ay occur, and th a t these mechanism s m ay involve only a  single 

populaton of receptors. Intriguingly, th is study has highlighted the fact 

th a t, under certain  circum stances i t  is possible to develop, agonists w ith 

a p p a ren t specificity for sub-populations of receptors in  the  absence of 

confirmed receptor subtypes.
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4
The Effects of GABAb Receptor A ctivation  
Upon Basal, Forskolin- and Noradrenaline- 

Stim ulated Adenylyl Cyclase A ctivity In Vivo
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4.1. Introduction

T his study  investigated  the  possibility of using  the  technique of 

m icrod ia ly sis  to a ssess  GABAb recep tor ac tiva tion  in  vivo. I t  was 

perfo rm ed  to allow a com parison to be m ade betw een  th e  in  vivo  

pharmacological modulation of adenylyl cyclase activity and  th a t  previously 

described in vitro. In addition, since no in vivo assay has been developed to 

dem onstrate  th a t  GABAb receptor drugs cross the blood b ra in  barrier, th is 

study  was undertaken  to examine w hether in  vivo m icrodialysis could be 

used in  th is  capacity.

Several differences betw een in vivo and in vitro  p repara tions m ay 

influence the ability  of drugs to m odulate adenylyl cyclase activity. One 

im p o rta n t difference betw een these  p rep a ra tio n s  is th e  in fluence of 

endogenous neurotransm itters. Since in vitro p reparations are  extensively 

w ashed, endogenous n eu ro tran sm itte rs  a re  largely  rem oved from  the  

system , while these neuro transm itter influences would be fully functional 

in  a  dialysis experim ent. Such endogenous influences could m arkedly  

influence the  effects of GABAb receptor agonists. For example, in  vitro, 

(-)baclofen h a s  no influence on b asa l cAMP levels, b u t au g m en ts  

no rad renaline-stim u la ted  cAMP levels. In  the  presence of endogenous, 

tonic, activation of p-adrenoceptors in vivo, (-)baclofen adm in istration  alone 

m ight influence the levels of cAMP. Another m ajor difference betw een in  

v itro  slice p rep a ra tio n s and the  m icrodialysis p rep a ra tio n  is th a t  the  

in te g r ity  of neu ro n a l c ircuits is largely  m a in ta in ed  in  th e  d ialysis 

p rep a ra tio n . T hus, drugs m ay have effects in  vivo  w hich canno t be
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observed  in  vitro  since they  are  dependent upon neu rona l c ircu itry  

destroyed in  the in vitro slice preparation.

The f ir s t  experim ents described here  exam ine th e  ab ility  of 

(-)baclofen to influence the basa l levels of cAMP in  vivo. T his was 

investigated  by adm inistering à high concentration | of (-)baclofen through the 

dialysis probe. In  addition, in  order to dem onstra te  th a t  the  adenylyl 

cyclase a c tiv ity  m easu red  in vivo  was sensitive  to m odu la tion  by 

pharm acological agents, the effects of forskolin and  noradrenaline  were 

exam ined. Since these two compounds have previously been dem onstrated 

to s tim u la te  adenylyl cyclase activ ity  in  vivo  (Hutson, and Suman- 

C hauhan, 1990; Stone and John 1990) th e se  e x p e rim e n ts  w ere 

perform ed to validate our m easurem ent of cAMP efflux. Finally, the effects 

of (-)baclofen upon these two responses were examined, to see if  the  in vivo 

effects of (-)baclofen mimicked those seen in vitro.

4.2. Results

In^^tro Recovery of cAMP

To te s t the  validity of the microdialysis m ethod, experim ents were 

perform ed to investigate the in vitro recovery of cAMP. D ialysis probes 

w ere im m ersed in  a  solution of 2.5 nM [3R]-cAMP in  a rtific ia l cerebro­

spinal fluid (ACSF) m aintained a t 37 °C. The probes were perfused w ith 

ACSF a t  1 .2  and 2 pi min'^. The am ount of radioactivity  in  the  dialysate 

w as th e n  quan tified  using liquid sc in tilla tion  spectrophotom etry  and
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expressed as a  percentage of the radioactivity outside the probe. The in  vitro 

recovery of cAMP was thus determined to be 26 ± 3.2 % (n = 4) a t a  flow rate  

of 2 pi m in’l and 35 ± 3.6 % (n = 4) a t a flow ra te  of 1.2 pi m in i. The in vivo 

resu lts  were not corrected for the recovery rate.

The ability of (-)baclofen to diffuse out of the probe was determ ined by 

a sim ila r m ethod. Dialysis probes were im m ersed in  a sm all volume of 

ACSF (200 pi), m aintained a t 37 °C. The probes were perfused w ith ACSF 

containing 10 mM (-)baclofen, a t a rate  of 1.2 and 2 pi m in i for \  hour. The 

concentration of (-)baclofen in  the bath ing  ACSF was th en  bioassayed by 

de te rm in ing  the  ability  of aliquots of th is  liquid to in h ib it forskolin- 

stim ula ted  adenylyl cyclase activity in  a r a t  cortical slice p reparation . At 

both  flow ra te s  sam ples of the bathing m edium  gave m axim um  inhibition 

of th e  forskolin response. W hen compared to responses from s tan d ard  

concen tra tions of (-)baclofen, th is suggested th a t  the  concentra tion  of 

(-)baclofen outside the probe was alm ost equivalent to the  concentration 

in side.

Forskolin-Stimiilated cAMP Production In Vivo

The effect of (100 pM) forskolin upon dialysed cAMP levels w as 

in itia lly  investigated using a  perfusion ra te  of 2 pi min-1 and collecting 30 

m inu te  fractions. However, in the absence of phophodiesterase inhib itors 

no discernible a ltera tion  in cAMP levels were observed in  response to the  

forskolin pulse (Figure 4.1).
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Figure 4.1. The effect of forskolin upon dialysed cAMP in the absence of 
phosphodiesterase inhibitors. Dialysis was performed as described in the 
text, 100 pM forskolin was administered in the dialysing medium from the 
beginning of fraction 5 until the end of the experiment. Data is expressed as 
concentration (nM) of cAMP in the dialysate. No phosphodiesterase 
inhibitors were included in this protocol. (n=3).
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A ro b u st effect of forskolin  upon baseline  cAMP levels was 

established  in  experim ents in which the dialysis probe was perfused a t a 

ra te  of 2 pi m in ,̂ and the ACSF used contained the  phosphodiesterase 

in h ib ito r  3 -iso b u ty l-1 -m e th y lx an th in e  (IBMX) a t  a  concen tra tion  of 

1 mM. Forskolin  (lOOpM) was adm inistered  th rough  the  probe for the  

d u ra tio n  of two separa te  fractions: 4 and  9. This caused a significant 

increase in  the  basal concentration of cAMP in  the dialysate in  the  fraction 

during  which the  forskolin was adm inistered, and the subsequent fraction 

(fractions 4 and  5, and 9 and 10)(Figure 4.2). Due to a high degree of 

variability  betw een anim als, a two-pulse protocol was chosen to investigate 

the  effects of (-)baclofen. The first stim ulation was used to norm alise the 

d a ta  and the second stim ulation was used to examine the effects of drugs on 

the  forskolin response. For each anim al, the increase in  cAMP caused by 

the  first pulse of forskolin (SI) was determ ined by calculating a m ean basal 

level from fractions 2 to 3, subtracting th is baseline value from the  m ean 

stim ulated  levels observed during fractions 4 and 5. The increase in  cAMP 

caused by the  second pulse (82) was calculated in  a  sim ilar m anner, using 

fractions 7 and 8  for basal release, and 9 and 10 for stim ulated  release. A 

ra tio  betw een the effects of forskolin during these two pulses (82/81) was 

th e n  calcu lated  for each experim ent. The 82/81 ra tio  u n d er control 

conditions was 0.73 ± 0.25.
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Figure 4.2. The effect of forskolin upon dialysed cAMP in the presence of
IBMX. Data is expressed as concentration (nM) of cAMP in the Dialysate. 
Normalized data (percent of baseline) for these experiments is shown in 
Figure 4,4. Forskolin (100 p.M) was administered through the probe during 
fractions 4 and 9. The phosphodiesterase inhibitor IBMX (1 mM) was 
present in the dialysis probe perfusing medium throughout the experiment. 
Significant elevations in cAMP were recorded in fractions 4 and 5, and 9 
and 10 (* p<0.05 and ** p<0.01, one way Students t test)(n = 9).
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The Effect of (-)Baclofen Upon Baseline Levels of cAMP

To investigate  the  effect of 10 mM (-)baclofen on baseline  cAMP 

levels, dialysis probes were perfused a t a ra te  of 2 pi m in ^, and  fractions 

were collected for 30 m in periods. 10 mM (-)Baclofen was included in  the 

dialysing m edium  a t the  beginning of fraction 5, and rem ained  un til the 

end of the experiment. Basal cAMP levels were very stable, a t levels near 3 

nM. The in troduction of 10 mM (-)baclofen in to  the  d ialysing m edium  

failed to influence th is level of cAMP (Figure 4.3).

The Effect of (-)Baclofen Upon ForskoHn-Sthnnlated cAMP In Vivo

In  order to investigate  the effect of (-)baclofen upon forskolin- 

stim u la ted  adenylyl cyclase activity in vivo, a series of experim ents were 

conducted which were sim ilar to those described for the  determ ination  of 

the  action of forskolin. Thus, the dialysis probe was perfused a t a ra te  of 2 

pi m in 'i  w ith  ACSF containing 1 mM IBMX and fractions were collected 

for periods of 30 min. Two pulses of forskolin (100 pM) were adm inistered, 

a t  fractions 4 and 9. D uring the firs t of these pulses (81) forskolin was 

adm inistered alone. During the second of these pulses (82) one of a  range of 

concentrations of (-)Baclofen (10 pM to 10 mM) was added to the  perfusing 

m edium  along w ith forskolin. Both pharmacological agents were removed 

from the dialysing medium a t the beginning of fraction 1 0 .
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Figure 4.3. The effect of (-)baclofen upon baseline levels of cAMP in 
dialysates The data is expressed as the concentration of cAMP (nM) in 
dialysate derived from the frontal cortex of rats. The probes were perfused 
at a rate of 2pl min'^, the duration of each fraction was 30 min. Data shows 
a stable baseline for the first 4 fractions (2 hours), and the lack of effect of 10
mM (-)baclofen, which was administered via the probe for the duration of 
fraction 5 and 6, Data represent the mean values from 3 rats.
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(-)Baclofen adm inistration  had  no influence on forskolin-stim ulated 

cAMP efflux in vivo a t concentrations up to 10 mM (Figures 4.5 to 4.8). The 

d a ta  a re  sum m arized in  82/81 ratios in  Figure 4.9. Though there  was a 

tendency for 82/81 ratios to increase in  the presence of (-)baclofen, these 

differences were not statistically  significant (ANOVA followed by D unnetts 

m ultiple range test, p>0 .1 0 ).

Noradrenaline-Stimulated cAMP Production In Vivo

The effect of 1 mM noradrenaline  upon basal cAMP levels was 

in itia lly  investigated using a sim ilar protocol to th a t designed to investigate 

the  effect of forskolin. 1 mM ascorbate was included in  the  AC8 F used for 

perfusing the  probe to prevent oxidation of the noradrenaline. Using th is 

protocol, no stim ulation  of cAMP by noradrenaline was observed (Figure 

4.10).

The failure to observe an effect of noradrenaline in  th is  assay m ight 

be due to the  rap id  desensitisation of p-adrenoceptors. This can cause 

agonist induced elevation of of cyclic nucleotides to re tu rn  to basal levels 

w ith in  30 m inu tes, despite the  continued presence of n eu ro tran sm itte r  

(H arden , 1983). The protocol was re-designed to enable exam ination of 

cAMP efflux over a shorter time fram e th an  th a t used for forskolin. Thus, 

d ialysate fractions were collected for periods of 10 m inutes. In  addition, to 

increase  the  cAMP concentration in  each sam ple, th e  perfusion  ra te  

th rough  the dialysis probe was reduced to 1 .2  pi m in i (U ngerstedt, 1984)
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Figure 4.4. The effect of two pulses of forskolin upon the level of cAMP in 
dialysate from rat frontal cortex. 100 jxM forskolin was administered 
through the probe during fractions 4 and 9. Numbers along the abscissa 
represent fraction number. Data are expressed as percent of baseline levels 
(mean of the concentration in the first three fractions). This figure 
represents the same data as that shown in figure 4.2 (* p<0.05, **p<0.01, one 
way Students t-test. n = 9).
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Figure 4.5. The effect of 10 |iM (-)baclofen upon the increase in dialysed 
cAMP caused by 100 fxM forskolin. Forskolin was included in the 
perfusion buffer for the duration of fraction 4 and fraction 9. (-)Baclofen 
was included in the perfusion buffer for the duration of fraction 9. Numbers 
on the abscissa represent fraction number (n=3).
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Figure 4.6. The effect of 100 |iM (-)baclofen upon the increase in dialysed 
cAMP caused by 100 p.M forskolin. Forskolin was included in the 
perfusion buffer for the duration of fraction 4 and fraction 9. (-)Baclofen 
was included in the perfusion buffer for the duration of fraction 9. Numbers 
on the abscissa represent fraction number (n=3).
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Figure 4.7. The effect of 1 mM (>)baclofen upon the increase in dialysed 
cAMP caused by 100 |iM forskolin. Forskolin was included in the 
perfusion buffer for the duration of fraction 4 and fraction 9. (-)Baclofen 
was included in the perfusion buffer for the duration of fraction 9. Numbers 
on the abscissa represent fraction number. (n=3).
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Figure 4.8. The effect of 10 mM (-)baclofen upon the increase in dialysed 
cAMP caused by 100 jliM forskolin. Forskolin was included in the 
perfusion buffer for the duration of fraction 4 and fraction 9. (-)Baclofen 
was included in the perfusion buffer for the duration of fraction 9. Numbers 
on the abscissa represent fraction number. (n=3).
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Figure 4.9 Graphie representation of the S2/S1 ratios for (-)haclofen. Four 
concentrations of (-)baclofen were assessed for their ability to inhibit 
forskolin-stimulated cAMP in rat frontal cortex dialysates. (-)Baclofen 
was applied during the second (82) period of stimulation, The effect of 
(-)baclofen is represented by expressing this response as a ratio of the 
control (81) response (82/81 ratio). (Control, n = 9, others n = 3).
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In  order to collect sufficient dialysate to assay the concentration of cAMP 

using  the  binding protein method, the sam ples from 5 individual anim als 

were pooled. The resu lts of an  experim ent perform ed using th is  protocol 

a re  shown in  F igure 4.11. This figure shows a g radual decline in  the 

quan tity  of cAMP recovered in  dialysate during the first four sam ples, until 

a  steady baseline is reached a t around fraction 4. A dram atic  rise  in  the 

levels of cAMP was recorded during the f irs t period of no rad renaline  

s tim u la tio n , b u t no response re su lte d  from  th e  second period  of 

s tim u la tio n . A gain th is  was assum ed to be due to desensitiza tion . 

Accordingly, fu tu re  experim ents utilized a one-pulse protocol, and  direct 

com parisons were made between anim als.

The Elffect of (-)BacIofen Upon Baseline Levels of cAMP

Since a  different protocol (perfusion rate , fraction length) was used to 

assay  the  effects of noradrenaline on cAMP in  dialysates, i t  was necessary 

to re-determ ine the effect of (-)baclofen alone using th is protocol. The resu lt 

of these experim ents are shown in Figure 4.12. (-)Baclofen (10 mM) neither 

s tim u la ted  no r inh ib ited  baseline levels of cAMP w hen used  in  th is  

m a n n e r .

The Effect of a Sin^e Pulse of Noradrenaline Upon cAMP Levels In Vivo

U sing the  slower flow ra te  (1.2 pi m in-l), and  tak in g  fractions a t 

m ore frequen t in te rvals th an  in  the case of forskolin, i t  w as possible to
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Figure 4.10. The effect of 1 mM noradrenaline upon basal levels of cAMP 
in dialysates (30 min fractions, flow rate=2 jil.min 1). The probes 
implanted into the frontal cortex of rats, and experimental conditions 
similar to those used to analyse the effect of forskolin were used. 
Noradrenaline was administered at fractions 4 and 9, for the duration of 
the fraction, (n = 3).
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Figure 4.11. The effect of two pulses of noradrenaline upon cAMP level in 
dialysates (10 min fractions, flow rate=1.2 pl.min '^) Probes were 
implanted into the frontal cortex of rats. In order to improve the sensitivity 
and temporal resolution of the dialysis procedure, probes were perfused at a 
rate of 1.2 pi.min"fractions were collected for 10 minute time periods. 
Noradrenaline was present in the perfusing medium for the duration of 
fractions 5 and 19. Fractions 9 to 17 were not analysed. Graph represents 
data obtained from the pooled samples derived from 5 individual animals, 
each point represents a single cAMP measurement.
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Figure 4.12 The effect of 10 mM (-)baclofen upon baseline levels of cAMP 
(10 min fractions, flow rate=1.2 |Lxl.min "1). An initial decline in the level 
of cAMP in the dialysate in the first three fractions followed by a steady 
baseline. 10 mM (-)baclofen was introduced into the perfusing medium at 
fraction 7 and remained until the end of the experiment, it did not appear to 
influence the level of cAMP. Data represents the pooled samples from 5 
anim als.
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Figure 4.13. Stimulation of cAMP by noradrenaline (ImM) in dialysates.
Probes were implanted in rat frontal cortex and were perfused at a rate of 
1.2 pi min" .̂ Fractions were collected for 10 min periods. Data points are 
the mean of three experiments in which the samples were derived from the 
pooled dialysate of 5 animals (15 animals, n = 3) * p < 0.05 one tailed 
Students t-test.
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Figure 4.14. The effect of (-)baclofen upon noradrenaline-stimulated 
cAMP in dialysates. Probes were implanted into the frontal cortex and 
perfused at a rate of 1.2 pl.min" .̂ Fractions were collected for 10 min 
periods. During fraction 7 animals received either noradrenaline (1 mM) 
or noradrenalin plus (-)baclofen (10 mM). Data represents the mean of 
three experiments in which the samples were derived from the pooled 
dialysate of 5 animals (15 animals, n = 3).
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record an  increase in  cAMP levels in  dialysates as a  consequence of a 10 

m in  pulse of noradrenaline. Significant increases in  cAMP concentration 

were recorded during the pulse and in  the fraction im m ediately following it 

(Figure 4.13).

The effect of (-)Badofen upon Noradrenaline Stimulated cAMP In Vivo

The influence of (-)baclofen upon th is response was investigated  by 

perfusing  the  dialysis probe w ith  ACSF containing 1 mM noradrenaline  

and  10  mM (-)baclofen for the  duration  of one fraction. The resu lts  are 

shown in  F igure 4.14. Although (-)baclofen and noradrenaline appeared to 

produce a g rea te r m axim al response th a n  noradrenaline  alone, and  the 

levels of cAMP rem ained more elevated for a longer period of tim e, these 

effects were no t s ta tis tica lly  significant (ANOVA followed by D unnetts  

m ultiple range test, p>0 .1 0 ).
The effects of (-)baclofen upon noradrenaline-stimulated adenylyl cyclase activity 
were also analysed by comparing the area under the elevated portion of each 
curve. No statistically significant difference was found (Students t-test, n=3).

4.3. Discussion

Experim ents were conducted to explore the  feasibility  of m easuring 

cAMP in  dialysates derived from ra t  frontal cortex. The in itia l studies were 

concerned w ith  the m easurem ent of baseline concentrations of cAMP, and 

u tilized  a flow ra te  of 2 pi m in i, fractions were collected for periods of 30 

m in . The b ase lin e  concen tra tion  of cAMP w as d e te rm in ed  to be 

approxim ately 3 nM in  the dialysing medium. This baseline was sim ilar to 

th a t recorded by Egawa et al. (1988) in the frontal cortex, bu t was lower than
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th a t  detected by H utson and Sum an-C hauhan (1990) in  the  stria tum . This 

suggests th a t  regional varia tions in  the concentration  of ex trace llu la r 

cAMP occur.

P revious stud ies have a ttem p ted  to calcu late  th e  ex trace llu la r 

concentrations of cAMP in b rain  tissue by evaluating the  in  vitro  recovery 

efficiency of the  dialysis probe and correcting for th is factor in  vivo (Stone 

and John, 1990). However, this m ethod is subject to a num ber of unknown 

variables. F irstly , the  ra te  of diffusion of cAMP th rough  b ra in  tissue  is 

unknow n. This will affect the ex ten t to which cAMP is depleted in  the 

vicinity of the  probe. I t is also probable th a t the phosphodiesterase inhibitor 

IBMX diffuses out of the  probe, artificially raising  cAMP concentration in 

the  vicinity of the probe. Thus, in  the present study, no estim ate was made 

of the extracellular concentration of cAMP in  the brain.

Experim ents were performed to determ ine the effect of (-)baclofen on 

baseline cAMP levels. The adm inistration of 10 mM (-)baclofen through the 

dialysis probe did not a lte r baseline levels of cAMP. This is consistent w ith 

in  vitro  studies where (-)baclofen also did not a lte r unstim ula ted  levels of 

cAMP. However, since in  vitro (-)baclofen influenced no rad renaline  or 

forskolin-stim ulated  adenylate cyclase activity, the failure to observe any 

effect of (-)baclofen in vivo suggests th a t the endogenous tone in the  adenylyl 

cyclase system  is relatively  low. In  addition, since (-)baclofen did not 

influence basal cAMP levels, it  is unlikely th a t  th is compound influenced 

reg ional activa tion  of ^ -ad renocep to rs in  vivo  by ac tiv a tin g  GABAg 

receptors on noradrenergic term inals (Bowery e t al., 1980). The lack of

effect of (-)baclofen in  these assay conditions m ight also be due
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(-)baclofen ac tu a lly  reach ing  GABAb receptors. This could occur if  

(-)baclofen failed to diffuse out of the dialysis probe. Experim ents conducted 

here suggest th a t th is is not the case, indeed (-)baclofen appears to diffuse 

ou t of th e  probe rela tively  freely. However, these  experim ents do not 

determ ine the  ex tent to which (-)baclofen diffuses through b ra in  tissue, or 

th e  ra te  a t  which i t  is cleared from the brain . Both of these  could be 

expected to dram atically  effect the concentration of (-)baclofen in  b ra in  

tissue. A nother explanation for the lack of effect of (-)baclofen is th a t  the 

G A B A b receptors in  frontal cortex m ight already  be fully occupied by 

endogenous agonist.

The effects of forskolin, by contrast w ith the effects of (-)baclofen, 

were relatively dram atic. A concentration of forskolin was selected to be 10 

fold g rea ter th a n  th a t which gave a near m axim al stim ulation of cAMP in 

the  in  vitro  experim ents. This was to allow for the efficiency w ith which 

com pounds diffuse th rough  the  dialysing m em brane and  th rough  the  

surrounding  tissue. This concentration of forskolin, adm inistered  through 

the  probe for 30 m in caused an elevation in  cAMP to around 275% of basal 

level, and  cAMP rem ained elevated for 1 hour. I t  was noted th a t w hilst the 

basal level of cAMP recorded in these experim ents was relatively stable in 

each anim al, a  high degree of variation was found in  basal levels betw een 

anim als, a  feature of cAMP dialysis th a t was noted by H utson and  Suman- 

C hauhan  (1990). These variations m ight be due to differences in  the  micro 

environm ent around the  tip of the dialysis probe. Such differences m ight 

include the  ex ten t of gliosis around the probe, the precise location of the 

probe w ithin  the  cortical lam inae and small variations in  the  specification 

of the dialysis probe.
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In  order to investigate the effect of GABAb receptor stim ulation upon 

th is  response  i t  w as necessary  to use an  in te rn a l control in  each 

experim ent. I t  was decided to include two periods of stim ula tion  w ith  

forskolin in  each experim ent (S I and 82). The firs t period of stim ulation  

w as used  to s tan d ard ise  the  p rep a ra tio n  and  th e  second period of 

stim ula tion  was used to investigate the effects of (-)haclofen. In  control 

experim en ts the  82 stim ula tion  was sm aller th a n  th e  81 s tim u la tion  

(82:81=0.73 ± 0.25). A lthough in  th is  case the  82:81 ra tio  w as not 

significantly  different from unity , in  m any release experim ents i t  is less 

th a n  one. T his is likely to he due to fatigue, e ith e r pharm acological 

desensitisa tion , or depletion of precursors. (-)Baclofen w as included, 

du rin g  th e  second period of stim ulation  a t  4 concentrations a t decade 

in te rvals  betw een 10 pM and 10 mM. W hilst all of these gave apparen tly  

la rg e r  82:81 ra tio s  th a n  the  control response, none w as significantly  

g rea ter th an  the control ratio. This was particu larly  in te resting  since from 

the  in  vitro d a ta  i t  was expected th a t GABAb receptor stim ulation  would 

e x e rt an  inh ib ito ry  effect upon forsko lin -stim ulated  adenylyl cyclase 

activity.

There are  a  num ber of possible explanations for th is lack of effect of 

(-)baclofen in  addition to those already discussed in  the  context of baseline 

cAMP. For instance, i t  is possible th a t forskolin and baclofen have different 

diffusion ra te s  th rough  the tissue. Thus (-)baclofen m ight reach  only a 

sm all proportion of the adenylyl cyclase th a t is stim ulated by forskolin. I t  is 

also im p o rtan t to apprecia te  th a t  th ere  are  fundam en ta l differences 

betw een the  in vivo m icrodialysis m ethod and the  in vitro  cortical slice

167



assay. One of the  most striking differences is th a t the cortical slice assay is 

te rm in a ted  by n ear boiling tem pera tu res, a process which presum ably  

lyses m any of the  cells in  the p reparation . The subsequent assay  then  

detects cAMP which is derived from both in trace llu la r and  ex tracellu lar 

pools. In  m icrodialysis experim ents in  which an im als are  allowed to 

recover over n ight, m uch of the  tissue dam age is repaired , and  cAMP is 

derived exclusively from the extracellular space. This raises the  possibility 

th a t  baclofen does m odulate cAMP production in vivo, b u t ex tracellu lar 

cAMP concentrations do not reflect in tracellu lar concentrations.

E xperim ents were also perform ed to assess the  possibility of using 

th e  technique of m icrodialysis, under these experim ental conditions, to 

investigate  the  effects noradrenaline upon cAMP production. However, no 

response to 1 mM noradrenaline was recorded. I t  is possible th a t  the 

reason  for th is  lack of response was desensitisation  of P -ad renocep to rs, 

such th a t  elevated cAMP levels only occurred during the first few m inutes 

of the  30 m inute fraction. To counter this, fractions were collected for 10 

m inute  periods. In  addition, to increase the  concentration of cAMP in  the 

d ialysate  a slower perfusion ra te  (1.2 pi m in'^) was used. To compensate 

for these  two changes fractions from five individual an im als were pooled 

for th e  assay  of cAMP a t  each tim e point. U sing these  param ete rs  a 

noradrenaline-stim ulated  increase in  the cAMP was recorded for a  period 

of 20 m in. However, even after a lapse of 100 m inutes a second pulse of 1 

mM noradrenaline was ineffective, suggesting again th a t  the  receptors had 

desensitised. This made the two pulse method used to determ ine the effets 

of (-)baclofen upon forskolin-stim ulated adenylyl cyclase activ ity  unusable 

in  th e  p resen t case. Thus, the m ost viable way to assess the  effect of
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G A B A b recep to r stim u la tio n  upon n o ra d re n a lin e -s tim u la ted  cAMP 

production w as to make a direct comparison of the absolute values of cAMP 

in  a single pulse. W hen th is was done the addition of 10 mM (-)baclofen 

ap p eared  to cause a g rea ter m axim al response th a n  w as seen in  the 

presence of noradrenaline alone, and the levels of cAMP rem ained elevated 

for a  longer period of time. However these differences were not statistically  

significant. Again there  are several possibilities why GABAb receptor 

stim ula tion  failed to enhance the  levels of cAMP seen in  th e  presence of 

noradrenaline. I t is possible th a t the release of endogenous noradrenaline 

has been inhibited  by the presence of the GABAb receptor agonist working 

a t  term inal autoreceptors. A lternatively the  GABAb receptors responsible 

for m odula ting  adenylyl cyclase m ay be fully occupied by endogenous 

GABA.

Conclusions

In  sum m ary , th e  a d m in is tra tio n  of va rious concen tra tions of 

(-)baclofen through the probe did not appear to m odulate baseline levels of 

cAMP dialysed from ra t  frontal cortex. In  contrast, both  forskolin and 

noradrenaline  (under different conditions) caused an  elevation of dialysed 

cAMP. However, ne ither of these responses was modified in  the

presence of (-)baclofen. The reason why GABAb receptor stim ulation  failed 

to m odulate forskolin and noradrenaline-stim ulated cAMP aw aits fu rth er 

experim ents. O f particu lar value would be the determ ination of the  effect of 

a GABAb receptor antagonist to investigate any interference of endogenous 

GABA a t the relevant GABAb receptors.
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5
The Involvem ent of Glial Cells in  R eceptor 

M ediated Adenylyl Cyclase A ctivation in  Rat
Cortical Slices.
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5.1. Introduction

B rain  slices are frequently used as an  experim ental p repara tion  of 

neuronal tissue  in  neurophysiological experim ents. In  m any cases, such 

as in  neu ro transm itte r release studies or electrophysiological studies, i t  is 

le g itim a te  to assum e th a t  th e  n e u ro tra n sm itte r  rec ep to rs  u n d e r 

investigation  are neuronal. However, in  these preparations glial cells are 

p re se n t in  g rea te r num bers th a n  th e  neurons them selves (H ertz  and 

R ichardson, 1984). Glial cells are  known to possess adenylyl cyclase (for 

review see H ertz and Richardson, 1984), P-adrenoceptors (Hosli and  Hosli, 

1982) and  GABAb receptors (Hosli and  Hosli, 1990). Indeed, i t  has been 

reported  th a t up to 95% of cAMP produced as a resu lt of p -ad ren o cep to r 

activation  in  r a t  forebrain slices is derived from glial cells (Stone e t al., 

1990). T h is ra ises  th e  possib ility  th a t  GABAb re c ep to r m ed ia ted  

augm entation  of p-adrenoceptor-stim ulated cAMP actually  occurs in  glial 

cells. This hypothesis is supported by the observation th a t  the  GABAb 

recep to r m ed iated  m odulation of p -ad ren o cep to r-s tim u la ted  cAMP is 

absen t in  a preparation of synaptosomes (Hill and Dolphin, 1984). Since the 

G A B A b recep to r m ed iated  in h ib itio n  of fo rsk o lin -s tim u la ted  cAMP 

plroduction is in tac t in  synaptosomal preparations (Wojcik and Neff, 1984; 

Hill and  Dolphin, 1984) i t  suggests th a t th is response, in  contrast, m ay be 

p re sen t in  a  purely  neuronal p reparation . In  th e  p resen t study  two 

experim ents were under taken  to exam ine the  role of glial cells in  the  

GABAb receptor m ediated m odulation of cAMP production. In  the  first, 

th e  specific glial cell toxin fluorocitrate was used to e lim inate glial cell 

m etabolism  from ra t  cortical slices. The second experim ent involved the
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investigation  of forskolin and noradrenaline-stim ulated  adenylyl cyclase 

activity in  glial cells in  culture.

5.2. Results

cAMP Overflow in Control and Fluorodtrate Treated Rat Cortical Slices

Control r a t  cortical slices were incubated  w ith  various agents to 

stim ulate  cAMP production. Relatively low levels of cAMP were detected in 

u n  s tim u la ted  slices (1.3 ± 0.6 pmol mg p ro te in ^  m in '^ , n=3). In  the 

p resence  of 10 |iM forskolin the  production of cAMP w as enhanced  

approx im ate ly  12 fold (15.2 ± 3.27 pmol mg protein-^ min-^, ANOVA, 

followed hy Duncans m ultiple range tes t p<0.01, n=3). In  order to compare 

the  effects of o ther trea tm en ts  the  rem ain ing  d a ta  w as norm alized hy 

expressing i t  as the percentage of the forskolin response in  these un trea ted  

slices. Thus, in  control slices (-)haclofen (100 pM) inhibited the  response to 

forskolin to 62.3 ± 3.6% of the response to forskolin alone. N oradrenaline 

(100 pM) caused an  enhancem ent of cAMP production which w as ra th e r  

less d ram atic  th a n  th a t  caused hy 10 pM forskolin (24.3 ± 0.33% of the 

forskolin  response), h u t which nevertheless rep re sen ted  a  sign ifican t 

increase  over unstim ula ted  cAMP levels (ANOVA, followed hy D uncans 

m ultiple range test, p<0.01). In the presence of (-)haclofen the response to 

noradrenaline was increased to 43.3 ± 11.2% of the forskolin response. This 

represented  a significant increase over the response to noradrenaline alone 

(ANOVA, followed hy Duncans m ultiple range test, p<0.01)(Figure 5.1).
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Figure 5.1. Forskolin and noradrenaline-stimulated adenylyl cyclase 
activity in control rat cortical slices. Levels of cAMP in control rat cortical 
slices assayed under the following conditions: background (BG), 10 nM 
forskolin (F), in the presence and absence of 100 |iM (-)baclofen (B), and 100 
pM noradrenaline (N) in the presence and absence of 100 pM (-)baclofen 
(B). Data are expressed as a percentage of the forskolin response, (n = 3).
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In  fluorocitra te-treated  slices, forskolin-stim ulated cAMP overflow 

was reduced to 22.0 ± 3.2% of the level achieved in  control slices (Figure 5.2). 

N oradrenaline (100 |iM) was unable to enhance cAMP production in  these 

slices. In  contrast to the control slices, (-)baclofen did not inh ib it forskolin- 

s tim u la te d  adenylyl cyclase activ ity  or influence the  levels of cAMP 

produced in  the  presence of noradrenaline (Figure 5.3).

cAMP Production in Glial Cell Culture

The background levels of cAMP detected in  cultured  glial cells was 

very low (3.7 ± 0.7 pmol ml’i). Incubating the cells w ith forskolin (10 pM) for 

10 m in produced a 306 fold increase in  the level of cAMP (1132 ± 109 pmol 

m l 'l) .  However, (-)baclofen (100 pM) did not m odulate  th is  response. 

Sim ilarly, noradrenaline (100 pM) alone produced a 93 fold stim ulation  of 

cAMP overflow, bu t again th is response was not influenced by the  presence 

of (-)baclofen (Figure 5.4).
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Figure 5^. The effect of fluorocitrate upon forskolin-stimulated adenylyl 
cyclase activity in rat cortical slices. Levels of cAMP in control rat cortical 
slices and slices pretreated with fluorocitrate were assayed following 
incubation for 10 min with 10 pM forskolin. Pretreatment with 
fluorocitrate under the present conditions causes a reduction in adenylyl 
cycalase activity of 78% (n = 3),
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Figure 5.3. The effect of fluorocitrate upon the ability of (-)baclofen to 
modulate forskolin and noradrenaline stimulated adenylyl cyclase 
activity. Levels of cAMP in control rat cortical slices and slices pretreated 
with fluorocitrate were assayed under the following conditions: 
background (BG), 10 pM forskolin (F) in the presence and absence of 100 
pM (-)baclofen (B), and 100 pM noradrenaline (N) in the presence and 
absence of 100 pM (-)baclofen (B). Data are expressed as a percentage of the 
forskolin response in control slices, (n = 3).
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Figure 5.4. The GABAg modulation of forskolin- and noradrenaline- 
stimulated adenylyl cyclase in glial cells. The concentration of cAMP in 
cultured glial cells was assayed after stimulation of adenylyl cyclase 
under various pharmacological conditions. The conditions represent 
background (BG), 10 pM forskolin (For), in the presence and absence of 100 
pM (-)baclofen (Bac), and 100 pM noradrenaline (NA) in the presence and 
absence of 100 pM (-)baclofen, (n = 4),
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5.3. Discussion

The experim ents described in th is chapter were designed to examine 

th e  role of glial cells in  the GABAb recep tor m ed iated  m odulation  of 

adenylyl cyclase activity in  two different ways. The first used the  glial cell 

toxin fluorocitrate to produce a  slice preparation  containing only neuronal 

e lem en ts. F luo roc itra te  functions as an  in h ib ito r of acon itase  (EC

4.2.1.3.)(Peters, 1957), halting the tricarboxylic acid cycle a t th is point. This 

stops m etabolic processess w ithin the cell, halting  the  production of ATP, 

th e  e ssen tia l p recurso r of cAMP (Fonnum , 1985; M uir e t al., 1986). 

F luorocitrate is reported to be specific for glial cells by v irtue  of a selective 

up tak e  process, which is considered to be the  sam e m echanism  which 

allows glial cells to selectively take up unfluorinated  c itra te  and acetate 

(O'Neal and  Koeppe, 1966; Fonnum, 1985). In  the p resen t study ra t  cortical 

slices were pre-incubated w ith fluorocitrate, using identical conditions to 

those found by Stone et al., (1990) to selectively elim inate glial cell activity 

from slices. These authors found th a t th is trea tm en t regim e left neuronal 

activ ity  in tac t. Thus, in trace llu la r recordings from "bursting" cortical 

neurons revealed th a t  resting  m em brane poten tials were not a lte red  by 

fluorocitrate trea tm en t, and neither was the  ability  of these  neurons to 

generate action potentials in  response to depolarizing currents. In  addition 

these  au th o rs  used a p reparation  of h e a r t tissue  to dem onstra te  th a t  

p r e tr e a tm e n t  w ith  flu o ro c itra te  did n o t d ire c tly  in flu e n ce  th e  

p-adrenoceptor m ediated activation of adenylyl cyclase, they also found th a t 

flu o ro c itra te  w as equally  effective in  th e  presence an d  absence of 

phosphod iesterase  inh ib ito rs, ind ica ting  th a t  i ts  effects w ere no t a 

consequence of phosphodiesterase activation (Stone et al., 1990).

178



In  the  presen t study, p re trea tm en t of b rain  slices w ith fluorocitrate 

e lim ina ted  a large proportion of forskolin -stim ulated  adenylyl cyclase 

activity. This resu lt is consistent w ith the  idea th a t  m uch of the  adenylyl 

cyclase activity in  b ra in  slices is derived from glial cells. However, a  small 

pool of adenylyl cyclase was résisten t to the actions of fluorocitrate, and this 

m ay well be located in  neuronal cells. P re trea tm en t w ith  fluorocitrate 

abolished the  elevation in  cAMP production m ediated by noradrenaline. 

This is in  broad agreem ent w ith Stone e t al. (1990), who found th a t  up to 

95% of the adenylyl cyclase activity stim ulated by p-adrenoceptor activation 

em anated  from glial cells. D ata from the p resen t study supports the  idea 

th a t  adenylyl cyclase activity is present in  both neuronal and glial elem ents 

in  r a t  b rain  slices, and th a t alm ost all of the adenylyl cyclase activity th a t 

responds to p-adrenoceptor activation is located in  glial cells.

In  the  second series of experim ents in  th is  study, cell cu lture  was 

used to create a preparation containing only glial cells. N oradrenaline and 

forskolin produced a relatively  large stim ulation  of cAMP production in  

these  cu ltures, suggesting th a t glial adenylyl cyclase m akes an  im portan t 

contribution to the cAMP production in  ra t  b rain  slices. The localization of 

P-adrenoceptor-stim ulated  cAMP in  glial cells is an  im p o rtan t finding 

since i t  ind icates th a t  glial cells are a  ta rg e t for the neuronal adrenergic 

system  in  r a t  brain . Indeed some authors have proposed th a t they  m ay be 

the  m ain  ta rg e t (M inneman et al., 1978; N ahorski e t al., 1979). This is 

in te re s tin g  since i t  suggests th a t  the  trophic, m etabolic and  up take  

functions perform ed by glia may be under neuronal control.
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In  the  p resen t study it  was found th a t  the  m odulation of adenylyl 

cyclase activ ity  by GABAb receptors was abolished in  both  of the  above 

preparations. There are a num ber of possible explanations for th is. For 

instance, the  m odulation of cAMP overflow by GABAb receptors m ight rely 

upon the  presence of both glial cells and  neurons. Such a rela tionsh ip  

m ight involve a  soluble in tercellu lar m essenger which com m unicates the 

activation of one cell type w ith the other. A lternatively the  GABAb receptor 

m ediated  m odulation of adenylyl cyclase m ay be absen t from one or both 

p repara tions for o ther reasons. For instance, the inhib ition  of glial cell 

m etabolism  in  a slice preparation  m ay inh ib it the  activ ity  of neurons by 

rem oving the  trophic and supportive functions a ttr ib u te d  to glial cells. 

This, however, is unlikely considering the short periods of tim e th a t  b rain  

slices are  m ain tained  in vitro. The GABAb receptor m ediated m odulation 

of adenylyl cyclase activity may also be absent from cultured cells for other 

reasons. For instance, cells in  cu ltu re  are  known to be biochem ically 

d ifferent, and  to express different genes to the sam e cells in  in ta c t CNS 

tissue. I t  is therefore possible th a t  the  ability  of GABAb receptors to 

m ediate  th e  m odulation of adenylyl cyclase activ ity  is lost du ring  the 

process of cell culture.

In  sum m ary the glial cell toxin, fluorocitrate, and  cultured glial cells 

w ere used  to investigate the possibility th a t a proportion of the  GABAb 

receptor m ediated  m odulation of cAMP production occurs in  glial cells. 

The ability  of forskolin and noradrenaline to stim ulate  cAMP production 

w as m arkedly  reduced in  b rain  slices trea ted  w ith  fluorocitra te. Both 

forskolin and  noradrenaline were able to stim ulate cAMP production in  a
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glial cell culture. These d a ta  confirm previous suggestions (Stone e t al., 

1990) th a t  a large proportion of cAMP is derived from glial cells. GABAb

recep to r m ediated  m odulation of adenylyl cyclase was ab sen t in  both  

p reparations raising  the possibility th a t both cell types are  required.

Problems associated with the interpretation of slice data

Whilst the stimulation of cAMP production, and indeed many neurotransmitter 
release assays have been well characterized in cross chopped cortical slices, the 
interpretation of these data in a physiological context contains a number of pitfalls. 
Some of these are inherent in the nature of the slice preparation itself (for instance 
the removal of axonal input from other brain regions) others are due to the 
preparation techniques often used to prepare slices. Of major consideration in this 
context is tissue damage. Light microscopy of mechanically chopped slices has 
shown many pathological changes, for instance, large necrotic nerve cells may be 
characterized by swollen and vacuolated cell bodies and small necrotic neurons may 
be characterized by condensed, nuclei, expanded cytoplasm and swollen structures 
witihin the neuropil. Shrunken nerve cell dendrites also occur). Transmission 
electron microscopy of similar preparations has revealed the disruption of many 
cellular components (nuclei, mitochondria, golgi apparatus and endoplasmic 
reticulum) as well as swollen glial cell processses and neuronal fibres. Tissue 
damage of this kind is particularly extensive in mechanically chopped slices, such as 
those used in the present study. For a comprehensive review see Alger et a.l (1984). 
A rigorous interpretation of the slice data presented here, in particular with reference 
to the cell types involved in the production of cAMP, would depend upon 
undertaking a histological examination of the slices used for these experiments and 
determining the levels of preservation of the cell types involved.

Alger, B.E., Dhanjal, S.S., Dingledine, R., Garthwaite, J, Henderson, G., King, 
G.L., Lipton, P., North, A., Schwartzkroin, P.A., Sears, T.A., Segal, M., 
Whittingham, T.S. and Williams, J. (1984) Brain Slice Methods: Evaluating Slice 
Data: Histology, in Brain Slices, (Dingledine R., ed) pp 413-421 Plenum. New 
York.
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6

The Effect o f Chronic A dm inistration of 
GABAb Receptor A ntagonists and (-)Baclofen  

Upon GABAb Receptors
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6.1. Introduction

CGP46381 and CGP36742 are the first orally active GABAb receptor 

an tag o n is ts . They have been used  in  the  p re sen t study  along w ith  

(-)baclofen to investigate the possible effects of long term  adm inistration  of 

G A B A b receptor drugs, upon populations of GABAb receptors. These 

effects have been assayed using two techniques. F irstly , th e  ability  of 

GABAb receptors to m odulate adenylyl cyclase activity in  cerebral cortex 

w as d e te rm in ed  in  b ra in s  of chronically  dosed an im als. Secondly, 

autoradiography was used to assess local changes in  [^H]-GABA binding to 

GABAb receptors.

6.2. Results

Adenylyl Cyclase Modulation in Chronically Dosed Animals

In  saline trea ted  anim als, 10 |iM forskolin cause a  dram atic  18 fold 

stim u la tion  of adenylyl cyclase activ ity  (ANOVA, followed by D uncan's 

m u ltip le  range  tes t, p<0.01). In  th e  sam e group of an im als  100 pM 

iso p ren a lin e  caused a  2.8 fold increase  in  th e  b asa l level of cAMP 

production. (ANOVA, followed by D uncan's m ultiple range tes t, p<0.01. 

F igure 1), Because of the  wide variation between experim ental anim als, the 

ab ility  of GABAb receptor stim ulation  to m odulate these  responses was 

expressed  as percen t inhibition of forskolin response (F igure 6 .2 ), and
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Figure 6.1. The effect of chronic dosing upon forskolin- and isoprenaline- 
stimulated adenylyl cyclase in rat cortical slices. The concentration of 
cAMP in supernatant of slices was determined after stimulation of 
adenylyl cyclase with either 10 pM forskolin (forsk.) or 100 pM 
isoprenaline (isop), both in the presence or absence of 100 pM (-)baclofen 
(bac). The responses in slices derived from animals that had been treated 
with (-)baclofen, CGP46381 or CGP36742 did not differ from saline treated 
animals (ANOVA followed by Duncans multiple range test p>0.05).
All drugs were administered I P.
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Figure 6.2. GABAb  receptor mediated modulation of forskolin-stimulated 
adenylyl cyclase activity in chronically dosed animals. The modulation 
of forskolin-stimulated adenylyl cyclase activity by 100 pM (-)baclofen was 
expressed as a percentage of the response to 10 pM forskolin. None of the 
responses to (-)baclofen in drug treated animals differed from saline 
treated controls (p>0.05, ANOVA, followed by Duncans multiple range 
test).
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Figure 6.3. GABAq receptor mediated modulation of isoprenaline- 
stimulated adenylyl cyclase activity in chronically dosed animals. Data 
for the modulation of isoprenaline-stimulated adenylyl cyclase activity by 
100 |xM (-)baclofen is expressed here as percent enhancement of the of the 
response to 100 pM isoprenaline. None of the responses to (-)baclofen in 
drug treated animals differed from that in saline treated controls (p>0.05, 
ANOVA, followed by Duncans multiple range test).
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percent augm entation of the isoprenaline response (Figure 6.3). In  control 

sam ples the presence of 100 |iM (-)baclofen caused a 40% inhibition of the 

forskolin  response (ANOVA followed by D uncan 's m ultip le  range  test, 

p<0.01) and a 129% increase in the isoprenaline response (ANOVA followed 

by D uncan 's m ultip le  range test, p<0.01) in  the  saline tre a te d  control 

a n im a ls .

Chronic adm inistration of CGP46381, CGP36742 (100 mg kg-^ day^^ or 

(-)baclofen (1 0  mg kg  ̂ day^) did not significantly a lter the absolute ra tes of 

cAMP production in  the  presence of forskolin or isoprenaline, nor did it  

significantly a lte r the absolute ra te  of cAMP production in  the  presence of 

100 |iM (-)baclofen (ANOVA followed by D uncan 's m ultip le  range test, 

p>0.05)(Figure 6.1). The ability  of (-)baclofen to m odulate forskolin and 

iso p ren a lin e -s tim u la ted  adenylyl cyclase also rem ained  u n a lte re d  in  

chronically dosed anim als (ANOVA followed by D uncan's m ultip le range 

test, p>0.05)(Figures 6 .2  and 6.3).

Autoradiography of GABAb Receptors in Chronically Dosed Animals.

D ark field images of representative sections of b rain  from each group 

of an im als a re  shown in Figure 6.4. An anatom ical description of these 

sections, showing the structures selected for quan titative  analysis is shown 

in  F igures 6.5 and 6 .6 . No gross changes in  the  d istribu tion  of GABAb 

receptors, caused by drug adm inistration  was ap p a ran t in  these  images. 

The resu lts  of quan tita tive  analysis of the  au torad iographs is shown in  

F igures 6.7 to 6.9. For each reading, specific binding w as calculated by
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Figure 6.4. Distribution of GABAq receptors in chronically dosed  
animals. Dark field autoradiographs of the distribution of [^H]-GABA 
binding to GABAq receptors in parasagittal sections of rat brain 
approximately 1.8 mm from the midline. Binding was performed in: 1, 
saline treated control animals; 2, Baclofen (10 mg.kg'^day^); 3, CGP36742 
(100 mg kg'l day^); 4, CGP46381 (100 mg kg*̂  day^). The binding reaction 
was carried out at room temperature for 20 min, using 50 nM [3H]-GABA, 
GABAq receptors were labelled selectively in the presence of 40 |liM  
isoguvacine and non-specific binding (not shown) was defined in the 
presence of 100 pM (-)baclofen.
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Figure 6.5. Anatomy of the rat brain. An anatomic description of the 
regions seen in a parasagittal section of ra t brain approximately 1.8 mm 
from midline (cf. Figure 6.4). The labelled areas were those selected 
quantitative analysis in the present study. The outline and nomenclature 
are taken from Paxinos and Watson (1986).
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C A l p y r a m id a l  c e ll la y e r  

 ^  C A l r a d ia tu m
CA2 o r i e n i

C A 2 p y r a m id a l  c e ll la y e r
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CA3 o r ie n s
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Figure 6.6. Anatomy of the ra t hippocampus An anatomic description of the 
regions of the hippocampus seen in a parasagittal section of ra t brain 
approximately 1.8 mm from midline (cf. Figure 6.4). The labelled areas 
were those chosen for quantitative analysis in the present study. The 
outline and nomenclature are taken from Paxinos and Watson (1986).
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F igure 6.7. The effect of chronic adm in is tra tion  of (-)baclofen upon 
GABAb  recep to r rad io ligand  binding . Quantitative analysis of levels of 
[^H]-GABA binding to GABAb receptors in autoradiographs of brains of 
rats dosed with saline or (-)baclofen (10 mg kg'^day'^) for three weeks. The 
areas analysed are: cerebellum granule cell layer (C.GC), cerebellum
deep nuclei (C.DN), cerebellum molecular layer (C.ML), outer occipital 
cortex (O.CXP), inner occipital cortex (O.CXO), outer frontal cortex 
(F.CXO), inner frontal cortex (FCXI), outer hind limb cortex (H.CXO), 
inner hind limb cortex (H.CXI), superior colliculus (S.C.), lateral posterior 
thalam us nucleus (LP.TH), lateral dorsal thalamic nucleus (LD.TH), 
caudate putamen (C.PUT), substantia nigra (S.NIG), dentate guyrs 
(D.GYR), stratum  oriens (0), pyramidal cell layer (P) and stratum  
radiatum (R) of the hippocampus have been divided into CAl, CA2 and CA3 
zones, anterior olfactory nucleus (A.OLF) and olfactory bulb (OLF.B), (*= 
significantly different from saline p < 0.05, Students t-test).
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Figure 6.8. The effect of chronic administration of CGP46381 upon GARif^ 
re c e p to r  rad io lig an d  binding. Quantitative analysis of levels of [^H]- 
GABA binding to GABAb receptors in autoradiographs of brains of rats 
dosed with saline or CGP46381 (100 mg kg'^day^) for three weeks. The 
areas analysed are: cerebellum granule cell layer (C.GC), cerebellum
deep nuclei (C.DN), cerebellum molecular layer (C.ML), outer occipital 
cortex (O.CXP), inner occipital cortex (O.CXO), outer frontal cortex 
(F.CXO), inner frontal cortex (FCXI), outer hind limb cortex (H.CXO), 
inner hind limb cortex (H.CXI), superior colliculus (S.C.), lateral posterior 
thalam us nucleus (LP.TH), lateral dorsal thalamic nucleus (LD.TH), 
caudate putamen (C.PUT), substantia nigra (S.NIG), dentate guyrs 
(D.GYR), stratum  oriens (O), pyramidal cell layer (P) and stratum  
radiatum (R) of the hippocampus have been divided into CAl, CA2 and CA3 
zones, anterior olfactory nucleus (A.OLF) and olfactory bulb (OLF.B). (*= 
significantly different from saline p < 0.05, Students t-test).
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Figure 6.9. The effect of chronic administration of CGP36742 upon G AR;^ 
re c e p to r  rad io lig an d  b inding . Quantitative analysis of levels of [^H]- 
GABA binding to GABAb receptors in autoradiographs of brains of rats 
dosed with saline or CGP36742 (100 mg kg'^day’ )̂ for three weeks. The 
areas analysed are: cerebellum granule cell layer (C.GC), cerebellum
deep nuclei (C.DN), cerebellum molecular layer (C.ML), outer occipital 
cortex (O.CXP), inner occipital cortex (O.CXO), outer frontal cortex 
(F.CXO), inner frontal cortex (FCXI), outer hind limb cortex (H.CXO), 
inner hind limb cortex (H.CXI), superior colliculus (S.C.), lateral posterior 
thalam us nucleus (LP.TH), lateral dorsal thalamic nucleus (LD.TH), 
caudate putamen (C.PUT), substantia nigra (S.NIG), dentate guyrs 
(D.GYR), stratum  oriens (0), pyramidal cell layer (P) and stratum  
radiatum (R) of the hippocampus have been divided into CAl, CA2 and CA3 
zones, anterior olfactory nucleus (A.OLF) and olfactory bulb (OLF.B). (*= 
significantly different from saline p < 0.05, Students t-test).
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su b tra c tin g  non-specific b inding from a to ta l b ind ing  value. R esults 

rep resen t the  m ean of three such readings. Each value was taken  from one 

of th re e  sep ara te  sections, each of which was derived from a d ifferent 

an im al of the  sam e experim ental group (n=3). The difference betw een the 

m ean  density  of binding in  the drug trea ted  anim al was com pared to the 

density  of binding in  the equivalent brain  area in  the  saline trea ted  anim al 

u sing  a S tu d en ts  t  test. This revealed s ta tis tica lly  significant (p<0.05) 

differences in  the  levels of binding in  trea ted  anim als in  several areas. 

Chronic adm in istration  of (-)baclofen (10  mg/kg) caused a  down-regulation 

of 54% in  [3H]-GABA binding to GABAb receptors in  the  inner layers of the 

occipital cortex, and an  up-regulation of GABAb receptors in  6  out of the 27 

a re a s  analysed . A reas showing an  up-regulation  in  GABAb receptors 

included the outer layers of the frontal cortex (2 0 %), the inner layers of the 

fron tal cortex (6 8 %) and the la te ra l dorsal thalam ic nucleus (159%), the 

substan tia  n igra  (96%), the dentate gyrus (72%) and the CA2  pyram idal cell 

layer of the hippocampus (50%).

C hronic  a d m in is tra tio n  of CGP46381 (100 m g/kg) caused  a 

sta tis tica lly  significant up-regulation of GABAb receptor binding in  only 

one a re a , th e  la te ra l  do rsa l th a lam ic  n u c leu s (115%). C hronic  

adm in istration  of CGP36742 (100 mg/kg) caused a significant up-regulation 

in  3 of the  a reas  th a t  were investigated, these were the  la te ra l dorsal 

th a lam ic  nucleus (103%) the  su b s ta n tia  n ig ra  (156%) an d  th e  CA3 

pyram idal cell layer in the hippocampus (6 8 %).

195



6.3. D iscussion

In  the  p resen t study ra ts  where chronically dosed w ith the  GABAb 

recep to r an tg o n ists  CGP35348 or CGP36742, or th e  GABAb agonist 

(-)baclofen. The effects of these trea tm en ts  upon GABAb recep tors was 

investiga ted  using  two biochemical assays. F irstly , to investiga te  the  

fu nc tiona lity  of GABAb receptors following chronic ad m in is tra tio n  of 

drugs, cross chopped cortical slices were prepared  from the  experim ental 

a n im a ls  an d  th e  ab ility  of (-)baclofen to m odu la te  fo rsko lin  and  

isoprenaline-stim ulated  adenylyl cyclase was investigated. The trea tm en ts 

used  in  th is  study did not a lte r the  ability of forskolin or isoprenaline to 

stim ula te  adenylyl cyclase activity, or the ability of 1 0 0  pM (-)baclofen to 

m odulate these  two responses. These da ta  are  in  broad agreem ent w ith 

th a t  of P ra t t  and  Bowery (1993), however, these au tho rs found an  up- 

regu lation  of forskolin-stim ulated adenylyl cyclase activ ity  as a resu lt of 

chronic CGP36742 trea tm en t, a finding which has not been repeated  in  the 

p resen t study.

To exam ine the  possibility th a t  these chronic trea tm e n ts  induced 

localized changes in  GABAb receptor density th a t could not be detected in 

th e  cortical slice p rep a ra tio n  an  au to rad iog raph ic  s tu d y  of GABAb 

receptors was undertaken. The saline trea ted  controls revealed high levels 

of [3H]-GABA binding to GABAb receptors in  the m olecular layer of the 

cerebellum , in  the  cortex (in p a rticu la r the  ou ter layers), th e  superior 

colliculus and  in  the  thalam us (in particu lar the la tera l dorsal and  la tera l 

posterio r nuclei). This is in  agreem ent w ith  previous stud ies on the  

distribution of GABAb receptors (Bowery et al., 1984; 1987).
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All of th e  com pounds tes ted  had  some effect on th e  levels of 

radioligand binding to GABAb receptors in  a t  least one of the  a reas under 

investigation. The compound which had the m ost wide ranging effects was 

th e  specific agonist (-)baclofen. Chronic trea tm en t w ith (-)baclofen induced 

a  down-regulation in  radioligand binding in  the inner layers of the  occipital 

cortex. This finding can be explained as a  classical effect of chronic dosing 

w ith  an  agonist. Thus, a  com pensatory down reg u la tio n  is induced 

th rough  over activation of receptors. Chronic trea tm en t w ith  (-)baclofen 

also induced  up-regulation  of GABAb receptors in  some areas. These 

a reas included the  inner and outer layers of the frontal cortex, the  la te ra l 

dorsal thalam ic nucleus, the substan tia  nigra, the den ta te  gyrus and  the 

CA2 pyram idal cell layer of the hippocampus. This new finding is less easy 

to explain.

One way to explain the ability of (-)baclofen to induce an  up regulation 

of GABAb recep to rs is to hypothesize th a t  (-)baclo fen  is ac tin g  

p refe ren tia lly  a t  p resynaptic  receptors. This action would reduce the  

am ount of endogenous G ABA released into the synaptic cleft a t GABAergic 

synapses. This reduction in  release m ight cause a  com pensatory up- 

reg u la tio n  in  th e  num ber of postsynap tic  GABAb recep tors. This 

h y p o th es is  p resupposes th a t  th e  dow n-regu la tion  in  th e  synap tic  

concentra tion  of G ABA m ust more th an  com pensate for the  increased  

concentration  of (-)baclofen in  the brain . Thus the  efficacy w ith  which 

(-)baclofen reduced n eu ro tran sm itte r release m u st be g rea te r th a n  its  

ability  to stim ulate  (and cause down-regulation of) postsynaptic receptors. 

Since there  is no evidence th a t (-)baclofen acts preferentially  a t presynaptic
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receptors, th is  would require the presynaptic GABAb receptor to be more 

efficiently coupled to its  effectors than  the postsynaptic receptor. W hilst th is 

assertion  is purely speculative, there may be good physiological reasons for 

i t  being  tru e . For instance, if  both  pre- and  postsynap tic  receptors 

desensitised  to the same extent then  the following scenario m ight prevail. 

A rise  in  the  synaptic concentration of G ABA would cause both pre- and 

postsynaptic receptors to desensitise to compensate. The desensitisation of 

p resynaptic  receptors however would allow yet more GABA to be released 

causing fu rth e r postsynaptic desensitisation. E quilibrium  m ight never be 

a tta ined . If  presynaptic receptors did not show de sensitisation  th en  a rise 

in  released  GABA would cause presynaptic inhibition, and  postsynaptic 

dow n-regu la tion  of receptors. B oth of these  m igh t be reg a rd ed  as 

com pensatory m echanism s. Thus i t  is conceivable th a t  dosing w ith  an  

agon ist m igh t cause an  up-regulation  in  rad io ligand  recep to r b inding  

under these circum stances.

An alternative  explanation for the up-regulation in  GABAb receptor 

rad io ligand  b ind ing  seen following chronic dosing w ith  (-)baclofen is 

re la ted  to the  novel findings described in  chap ter 3, from w hich i t  was 

proposed th a t  (-)baclofen m ight have p a rtia l agon ist p roperties . If  

(-)baclofen has a lower in trin sic  efficacy th a n  the  endogenous agonist 

GABA, and if  GABAb receptors are highly sa tu ra ted  w ith GABA in  vivo, 

th en  (-)baclofen m ight show an tagon is t p roperties. These an tag o n is t 

properties could reveal themselves as an  up-regulation in  GABAb receptors 

following chronic dosing.
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W hilst such a detailed study of the  effects of chronic dosing w ith 

(-)baclofen has not been reported before, Suzdak and G iantusos (1986) have 

reported  a down-regulation in  high affinity binding of [^HJ-GABA binding 

to GABAb receptors, and an up-regulation of low affinity binding sites in  

m ouse b ra in  hom ogenates, suggesting  th a t  th e  effects of chronic 

adm in istration  of (-)baclofen may indeed be complex.

C hronic dosing w ith the  two novel an tagon is ts , CGP46381 and  

CGP36742, produced less wide spread effects, both  of these  compounds 

produced an  up-regulation in  radioligand receptor b inding in  the  la te ra l 

dorsal thalam ic nucleus. In addition CGP36742 produced an  up-regulation 

in  rad io ligand  receptor b inding in  the  su b s ta n tia  n ig ra  and  the  CA3 

pyram idal cell layer. Up-regulation of receptors is the  classical response to 

chronic trea tm en t w ith antagonists, and is thus easier to explain th an  the 

up-regulation seen as a resu lt of chronic (-)baclofen adm in istra tion . The 

reason why these effects were specific for discrete b ra in  nuclei m ay reflect 

the  degree of activa tion  of GABAb receptors in  these  nuclei. Thus, 

an tagonists are  only effective in  regions where receptors are endogenously 

activated. So we can speculate th a t in  the la tera l dorsal thalam ic nucleus 

in  pa rticu lar the GABAb receptors are more frequently activated th an  those 

elsew here. A lternatively , the  GABAb receptors in  th is  region m ay be 

unusually  sensitive to desensitisation by the action of agonists.

I t  is in teresting  to observe th a t chronic trea tm en t w ith antagonists or 

the agonist (-)baclofen all induced an up-regulation of GABAb receptors in 

the la te ra l dorsal thalam ic nucleus. The sim ilarity  of effects of (-)baclofen 

with those of the antagonists may be explained either as the activation of the
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presynap tic  receptors decreasing the concentration of endogenous agonist, 

or as (-)baclofen expressing antagonist properties.

I t  is in teresting  to compare the present da ta  witl^ those obtained from 

s tu d ie s  in  w h ich  a n im a ls  have  b een  ch ro n ic a lly  dosed  w ith  

a n tid e p re ssa n ts . A num ber of these  stud ies have d em o n stra ted  up- 

regu la tion  of GABAb receptors in  the frontal cortex. For instance Pile and 

Lloyd (1984) acheived an increase in the total num ber of binding sites (Bmax) 

of betw een 39% and 6 6 % using am ytrip taline, desipram ine, citalopram , 

v iloxazine an d  pargyline. These findings w ere ex tended  to include 

nom ifensine and zimeldine (16% and 34% increase respectively) by Lloyd et 

al., (1985).

This is an  in te res tin g  comparison, the  p resen t study  has shown 

GABAb receptor antagonists can up-regulate GABAb receptors, a  feature 

of m any  an tid ep ressan ts . In addition GABAb agonists a re  capable of 

inhib iting  monoamine release (Bowery et al., 1980), and it  is therefore likely 

th a t  an  an tag o n is t would increase monoam ine release. Increasing  the  

synaptic concentration of monoamines is believed to be the  m echanism  by 

w hich an tidep ressan ts work. These comparisons suggest the  theoretical 

possibility th a t GABAb receptor antagonists have an tidepressan t activity.

However, there are a num ber of features relating  to the up-regulation 

of GABAb receptors by chronic adm in istra tion  of an tid ep re ssan ts  th a t  

rem ain  to be explained. For instance, the effect of desipram ine on GABAb 

receptors appears not to be dose dependant (Lloyd e t al., 1985). Some 

w orkers rep o rt d ifferent responses to chronic dosing w hen b ind ing  is

2 0 0



perform ed w ith  [^HJ-GABA or [^HJ-baclofen (Szekley et al., 1987). Indeed, 

two studies have found no effect of chronic an tidepressan t trea tm en t upon 

GABAb receptor radioligand binding (Cross and Horton, 1988; M cManus 

and  Greenshaw , 1991). Im portantly Cross e t al., (1988) found no change in 

G A BA b receptors in  e ither drug free or an tid ep ressan t trea te d  suicide 

v ictim s. P r a t t  and  Bowery (1993) m ay have resolved  some of the  

d iscrepancies in  e a rlie r  stud ies by dem onstra ting  very  localized up- 

regu la tion  of GABAb  receptors in  lam ina I of the frontal cortex. This was 

in  response to chronic desipram ine, and  chronic CGP36742. However, 

such an  up-regulation was not seen in  the p resen t study, suggesting the 

presence of an  as yet undescribed variable and indicating th a t  th is effect of 

chronic GABAb receptor activation requires fu rther investigation.

The involvem ent of GABAergic system s in  depressive  illness 

rem ains a  complex phenomenon. Some studies suggest th a t  a  decrease in  

GABAergic tone m ay be involved in  the prim ary pathology of th is  disorder 

(B e rre ttin i e t al., 1982). If  i t  is possible to deduce th e  m echanism s 

underly ing  affective disorders by studying changes brought about by the 

chronic adm inistration  of effective trea tm en ts to norm al anim als, then  the 

up-regulation of GABAb receptors seen in  m ost studies (for review see P ra t 

and  Bowery, 1993) suggests th a t GABA and GABAb receptors are involved 

in  depressive illness. However the most likely cause of th is  up-regulation 

in  receptors is a dow n-regulation in  the  concentration of GABA in  the 

b rain . Thus i t  is not possible to say w hether depression is associated w ith 

enhanced, or reduced GABAb receptor activity. In  the p resen t study it  is 

not| possible to resolve the  relative im portance of these two effects. The 

adm inistration  of a  GABAb receptor antagonist is capable of causing either
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of these possibilities depending upon the relative im portance of its  pre- and 

postsynaptic  activity. Thus the  value of GABAb receptor an tagon ists in  

affective disorders aw aits a more detailed study of the role of GABAergic 

system s in  th is  disease, and investigations in to  the  rela tive  potencies of 

GABAb receptor antagonists a t pre- and postsynaptic receptors.
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7
GABA Receptors in Genetic Absence 

Epilepsy Rats, an Autoradiographic Study
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7.1. Introduction

GABA b receptors are  thought to play an  im portan t role in  the 

generation  of rhythm ic activity by the thalam us. They m ediate a  long 

las tin g  K+ dependent hyperpolarization which p repares the  thalam ic 

cells to fire a  b u rs t of action potentials (Crunelli and Leresche, 1991). I t  

is hypo thesized  th a t  some of these  action  po ten tia ls  trav e l in  a 

thalam ocortical loop, re tu rn ing  to the thalam us to stim ula te  a  fu rth er 

GABA b receptor m ediated hyperpolarization. This m echanism  m ay 

underly  the the  "spike and wave" discharges seen in  generalized non- 

convulsive, or p e tit m al epilepsy. Thus GABAb receptors m ay play a 

fundam ental role in  pe tit m al epilepsy.

A ra t  model of p e tit m al epilepsy has recently  been described 

(M arescaux et al., 1984a; 1984b; 1987; Vergnes et al., 1982; 1987). This is 

an  inbred  s tra in  of r a t  term ed Genetic Absence E pilepsy R ats from 

S trasbou rg  (GAERS). Both the  sym ptom s and  pharm acology of the  

seizure condition in  these anim als resem bles hum an p e tit m al epilepsy. 

One of the  p rim ary  symptoms in  these anim als is the  generation  of 

b ila tera lly  synchronous spike and wave discharges.

Seizures in  these anim als can be m anipu lated  by a varie ty  of 

drugs, m ost in teresting ly  they are  am eliorated by the GABAb receptor 

an tagonist CGP35348 (Marescaux et al., 1992a). This finding, coupled to 

th e  im p o rta n t role ap p aren tly  p layed by GABAb receptors in  the 

generation of spike and wave discharges in  the  thalam us (Crunelli and 

Leresche, 1991) led to the  hypothesis th a t  a  pathological a lte ra tion  in
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GABAb receptors m ight underlie this seizure condition. To investigate 

th is  possibility, autoradiography was used to compare the  am ount of 

rad io ligand  b ind ing  to GABAb and GABAa  receptors in  GAERS and 

s im ila r ra ts  th a t  did no t show the  sym ptom s of generalized  non- 

convulsive epilepsy.

The a reas of the  b rain  selected for study were chosen e ith e r for 

th e ir  im plication in  epilepsy, or because they were areas w here GABAa 

or GABAb recep tors are  p a rticu la rly  dense, and  th u s  GABAergic 

m echanism s are  likely to be im portant. A reas included in  the  firs t 

category include cortex, the  thalam ic nuclei and  hippocam pus. O f 

th ese , the  cortex and  the  thalam ic nuclei have been m ost clearly  

im plicated in  absence epilepsy. They represen t a reas w here spike and 

wave d ischarges have been recorded. The la te ra l dorsal, la te ra l 

p oste rio r and  v en tra l posterio r nuclei and  the  poste rio r tha lam ic  

nuc lear group are  relay nuclei which are likely to be included in  the 

n e u ro n a l c ircu its  responsib le  for abnorm al o sc illa to ry  rh y th m s 

(Mclachan e t al., 1984; Vergnes et al., 1987; 1982). The hippocampus was 

selected as i t  has frequently  been used as an  in vitro p rep ara tio n  in  

which to study epileptiform activity (Ault e t al., 1983; Sw artz welder e t 

al., 1986), a lthough i t  appears not to be involved in  spike and  wave 

d ischarges. The m olecular layer and  the  g ra n u la r  lay e r of the  

cerebellum  were selected since they have the  h ighest levels of GABA 

binding in  the  brain , and also provide a good separation of GABAa sites 

from GABAb sites. The granular layer has a high ratio  of GABAa sites 

to GABAb sites (5:1) and the molecular layer has a high ratio of GABAb 

sites to GABAa sites (2 :1).
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7.2. R esu lts

D ark  field im ages of the d istribution  of [^H]-GABA binding  to 

G A B A a receptors in  p a rasag itta l sections of r a t  b ra in  is shown in  

F igure 7.1.(1 and  2). The sections come from one b ra in  which showed 

the  genetic absence epilepsy syndrome, and  one th a t  did not. The 

sections rep resen t to ta l binding in  each of these brains. [^HJ-GABA 

binding  to GABAb receptors is shown in two sim ilar sections in  Figure

7.1. (3 and  4). The am ount of specifically bound rad ioactiv ity  was 

estim ated  in  the  following regions: inner fronto-parietal cortex (lam inae 

V-VI); ou ter fronto-parietal cortex (lam inae I-IV); hippocam pus (CAl 

Oriens); la te ra l thalam ic nucleus; latero-posterior tha lam ic  nucleus; 

v en tra l posterior thalam ic nucleus; stria tum ; and  the  m olecular and  

granu le  cell layer of the cerebellum. The anatom ical location of these 

regions is illu s tra ted  in  Figure 7.2. The d a ta  from the  qu an tita tiv e  

analysis are shown in  Figures 7.3 to 7.4.

There was no significant difference in  the d istribution  of binding 

to GABAa receptors (ANOVA, F(i 4 )<0 .1 0 , p=0.76) or GABAb receptors 

(ANOVA, F (i 4)<0 .1 0 , p=0.98) between the control and  epileptic brains. 

N either was there  any difference in  the levels of specific binding in  any 

of th e  indiv idual struc tu res from which density  values w here taken , 

e ither in  the  case of GABAa receptors (ANOVA, followed by D uncans 

m ultip le range test, p>0.05) or GABAb receptors (ANOVA, followed by 

D uncans m ultiple range test, p>0.05).
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7.1. The distribution of GABAa  and GABAb  receptors in GAERS.
Dark field autoradiographs of the distribution of radioligand binding to 
GABAa  and GABAb receptors in parasagittal sections of rat brain 
approximately 1.8 mm from the midline. Binding was performed for 
GABAb  receptors in: 1) control and 2) seizure prone rats, Binding was 
performed for GABAa  receptors in: 3) control and 4) seizure prone rats. 
The binding reaction was carried out at room temperature for 20 min, 
using 50 nM [3H]-GABA. GABAb  receptors were labelled selectively in 
the presence of 40 pM isoguvacine and non-specific binding (not shown) 
was defined in the presence of 100 pM (-)baclofen. GABAa  receptors 
were labelled selectively in the presence of 100 pM (-)baclofen, and non­
specific binding (not shown) was defined with 40 pM isoguvacine.
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hippocompu
la te r a l  d o rsa l  th a la m ic  n u c le u s

la te r a l  p o s te r io r  th a la m ic  n u c le u s

o u te r  f r o n to - p a r ie u i  co rtex
c e re b e llu m , m o le c u la r  la y e r

in n e r  fro n to -p a r ie ta lc e re b e llu m , g r a n u la r  la y e r

v e n tra l  la te r a l  th a la m ic  n u c le u s

p o s te r io r  th a la m ic  n u c le a r

Figure 7.2. Areas of rat brain selected for quantitative analysis An
anatomic description of the regions seen in a parasagittal section of rat 
brain approximately 1.8 mm from midline (cf. Figure 7.1). The 
labelled areas are those chosen for quantitative analysis in the present 
study. The outline and nomenclature are taken from Paxinos and 
Watson (1986).
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Figure 7^. Comparison of the levels of radioligand binding to GABAb  
recep to rs  in  GAERS and contro l r a t  b ra in . Density readings were 
taken from autoradiographs prepared from parasagittal sections of rat 
brain. Binding was performed with 50 nM [^H]-GABA as described in 
the text. The brain areas are abbreviated as follows: inner fronto­
parietal cortex (IC); outer fronto-parietal cortex (00); lateral dorsal 
thalam ic nuclei (LD); lateral posterior thalam ic nucleus (LP); 
posterior thalamic nuclear group (PT); venteral posterior thalamic 
nucleus (VP); cerebellum, molecular layer (CM); cerebellum granular 
layer (CG) and hippocampus (HP).
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Figure 7.4. Comparison of the levels of radioligand binding to GABAa  
receptors in GAERS and in control rat brain. Density readings were 
taken from parasagittal sections of GAERS and control rat brain. 
Radioligand binding was performed with 50 nM [^HJ-GABA as 
described in the text. The brain areas are abbreviated as follows: inner 
fronto-parietal cortex (IC); outer fronto-parietal cortex (OC); lateral 
dorsal thalamic nuclei (LD); lateral posterior thalamic nucleus (LP); 
posterior thalamic nuclear group (PT); venteral posterior thalamic 
nucleus (VP); cerebellum, molecular layer (CM); cerebellum granular 
layer (CG) and hippocampus (HP).
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7.3. D iscussion

The d is tr ib u tio n  of GABAa recep to r rad io ligand  b ind ing  in  

control sections was in  broad agreem ent with th a t reported by Bowery et 

al. (1987). H igh levels of radioligand binding were recorded in  the 

granule cell layer of the cerebellum, while lower levels were recorded in  

the  cortex and hippocampus, and molecular layer of the  cerebellum.

The distribution of GABAb receptor radioligand binding in  control 

sections was also in  agreem ent w ith th a t  described by Bowery e t al. 

(1987) and  Cbu e t al. (1990). The h ighest levels of GABAb receptor 

rad io lig an d  b ind ing  w ere p resen t in  th e  m olecu lar lay e r of the  

cerebellum, the  zonal layer of the superior colliculus, the  outer layers of 

the  cortex and the  thalam us.

A visual comparison of the autoradiographs derived from control 

and  epilepsy prone ra ts  did not reveal any gross struc tu ra l changes, or 

differences in  the  distribution of GABAa or GABAb receptor radioligand 

binding. Q uantitative analysis of the optical density of a reas of the  film 

represen ting  specific b ra in  nuclei was undertaken.

W hen levels of binding in sections from epileptic anim als GAERS 

brains were compared to levels of binding in  sections from non-epileptic 

anim als, no differences were found in  the  am ount of [^HJ-GABA binding 

to GABAa  recep to rs  or GABAb  recep to rs in  any  of th e  a re a s  

investigated. The concentration of [^HJ-GABA used for these studies (50
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nM ) was close to the value for the dissociation ra te  constan t (Kd) of 

GABA for GABAa and GABAb receptors. This has been determ ined to 

be approxim ately 110 nM (Zukin et al., 1974; E nna and Snyder, 1975; 

Krogsgaard-Larsen et al., 1981) and 70 nM (Hill and Bowery, 1981, Hill et 

al., 1984) respectively. Thus the assay should have been sensitive both to 

changes in  affin ity  (Kd) and also to changes in  the  to ta l num ber of 

recep to rs in  th e  p rep a ra tio n  (Bmax)- The p resen t d a ta  therefore  

suggests th a t  i t  is unlikely th a t  the prim ary  pathology in  th is  seizure 

condition is an  over abundance or a change in  affinity of e ither of these 

two receptors.

The receptor of prim ary  in te re s t in  th is  study is th e  GABAb 

receptor. I t  is im plicated in  absence epilepsy both by the  crucial role 

p layed  by GABAb receptors in  the  th a lam u s in  g en e ra tin g  the 

charac te ristic  spike and wave discharges, and also by th e  ability  of 

CGP35348 the  GABAb receptor an tagonist to reduce the  du ra tion  of 

these  seizures. These two powerful pieces of evidence suggest th a t 

GABA-ergic neuro transm ission  m ediated by GABAb receptors m ight 

s till u n d erly  th e  seizure condition. For in stance  th e re  m igh t be 

abnorm al receptors s itu a ted  outside the  a reas investiga ted  here  or 

a ltered  sub-populations of GABAb receptors which represen t too small a 

fraction of the to tal receptor density to be characterized accurately in  the 

p resen t study. Also, the  present study does not elim inate the  possibility 

th a t  th e re  m ig h t be a lte ra tio n s  in  GABAb re c ep to r  m ed ia te d  

neuro transm ission  caused by irregularities in  the receptor a t locations 

o ther th an  the  agonist recognition site. For instance in  the efficiency of 

signal transduction  and G-protein coupling. Increases in  GABAergic

21 3



tone caused by elevated neurotransm itter levels would not be detected in  

th is  study.

GABAa  receptors have not been im plicated in  absence epilepsy to 

th e  sam e ex ten t as GABAb receptors. N evertheless some GABAa 

receptor drugs do effect spike and wave discharges in  GAERS. Some 

agonists , such as TH IP, increase the  du ra tion  of these  d ischarges, 

w h ils t  a n ta g o n is ts  a t  th e  GABAa re c e p to r  a re  in e ffec tiv e . 

B enzodiazepine agonists suppress spike and  wave d ischarges, and  

inverse agonists increase the ir duration. Pathological changes in  th is 

receptor are  thus a possibility, although i t  is not possible to predict the 

n a tu re  of these changes since benzodiazepines seem to have the opposite 

effects to competitive GABAa receptor agonists. The lack of change in 

GABAa  receptor radioligand binding is also in te resting  to the  extent 

th a t  it  m ay highlight a possible dichotomy in  the pathology of convulsive 

ep ilep sy  and  non-convulsive epilepsy. P rev ious s tu d ie s  have  

d e m o n s tra te d  changes in  GABAa recep to r rad io lig an d  b ind ing  

associated w ith  convulsive epilepsy. In  particu lar, down regulation  of 

receptors has been noted in  DBA/2 mice (Horton e t al., 1982) and in  

hum ans w ith convulsive epilepsy (Lloyd et al., 1981).

The lack of changes in  GABAb receptor radioligand binding in  

the  p resen t study is in  contrast to studies th a t have been perform ed in  

the  letharg ic  m ouse model of p e tit m al epilepsy. This m ouse has an  

au tosom al recessive m u ta tion  which causes spon taneous absence 

seizures. I t  is reported th a t these anim als have reduced num bers of 

GABAb receptors in  the cerebral cortex, and reduced GABAb receptor
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function  in  th e  hippocam pus (Hosford e t al., 1992). T his is an  

in te re s tin g  finding in  th a t  i t  fu rth er im plicates GABAB receptors in  

p e tit m al epilepsy. However, the lack of change in  GABAb receptors in  

GAERS ra ises  the  possibility th a t  p e tit m al epilepsy is a clinically 

defined syndrome which results from one of several possible lesions.

In  conclusion, the present study suggests th a t i t  is unlikely th a t 

m ajo r a lte ra tio n s  in  GABAa or GABAb recep to r expression  are  

responsible for the seizures displayed by GAERS. However these d a ta  do 

not exclude the  possibility th a t  a change in  the  levels of endogenous 

agonist, or a  change in  signal transduction  are  responsible for the 

susceptability to seizures.
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Summary

The p resen t study was concerned p rim arily  w ith  aspects of the 

m odula tion  of adenylyl cyclase activity  by GABAb receptors. In  vitro, 

GABAb receptor activation inhibits forskolin-stim ulated adenylyl cyclase 

activity , b u t augm ents noradrenaline-stim ulated adenylyl cyclase activity. 

The physiological explanation for th is duplex effect has been one of the 

puzzles of GABAb receptor pharmacology since it  was firs t described (Hill, 

1985; Karbon and  Enna, 1984 and Wojcik and Neff, 1984).

This bi-directional effect of GABAb receptor stim ulation  has given 

rise to two hypotheses which have been investigated in  the p resen t study. 

F irstly , i t  has been postulated th a t the stim ulatory  and inhibitory  effects 

upon adenylyl cyclase m ay be caused by the  activation  of two separa te  

populations of GABAb receptors. The present study has investigated  the 

potency of a range of GABAb receptor agonists and antagonists on these two 

responses to bu ild  up a pharm acological profile of each p o stu la ted  

popu lation  of receptors. Four of the  six agonists te s te d  (SKF97541, 

CGP44533, 3-APA and  CGP44532) showed no s ta tis tic a l difference in  

potency as inhibitors of forskolin-stim ulated adenylyl cyclase activity  or as 

a u g m e n te rs  of n o rad re n a lin e -s tim u la ted  adenyly l cyclase ac tiv ity . 

(-)Baclofen and CGP47656, however, were a t  least one order of m agnitude 

more potent a t  inhibiting forskolin-stim ulated adenylyl cyclase activity th an  

th ey  w ere a t  augm en ting  n o rad ren a lin e-s tim u la ted  adenyly l cyclase 

activity. This was in terpreted  as m eaning th a t these two compounds had a 

r e la tiv e ly  low in tr in s ic  efficacy, an d  th a t  th e  a u g m e n ta tio n  of
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noradrenaline had  a lower receptor reserve th an  the inhibition of forskolin- 

stim ulated activity. The observation th a t CGP47656 was a partia l agonist in  

the  augm entation of noradrenaline-stim ulated adenylyl cyclase activity can 

also be explained in th is way.

An im portan t development in resolving the  effects of GABAb receptor 

m odulation  on adenylyl cyclase activ ity  has been th e  cloning of four 

different types of adenylyl cyclase. This has allowed the m odulatory effects 

of purified G-protein subunits to be investigated w ith each of these isoforms 

(see Lefkowitz, 1992)). The allosteric enhancem ent by Py of ag stim ulated  

activity in types II and III of the enzyme seems currently  to be the m ost 

likely explanation  for the augm entation  of p -a d re n o c e p to r-s tim u la te d  

adenylyl cyclase activity by GABAb receptor agonists.

The relative potencies of agonists in the p resen t study is in  keeping 

w ith the stoichiometry of the interaction of a  and Py subunits w ith adenylyl 

cyclase (reviewed by Hoyer and Boddeke, 1993). Thus, a  relatively  large 

num ber of Py subunits are required to maxim ally express the  augm entation 

response, b u t a relatively small num ber of G-proteins need to be activated to 

m axim ally express a  subunit modulation. If  the  G-protein subunits which 

m ediate the  GABAb receptor m odulation of adenylyl cyclase activ ity  are 

derived from the  sam e population of receptors and G-proteins, th is  would 

indicate a large receptor reserve for the inhibition of forskolin-stim ulated 

adenylyl cyclase activity and a small receptor reserve for the  augm entation 

of noradrenaline-stim ulated adenylyl cyclase activity. Confirm ation of th is 

in te rp re ta tio n  of the  presen t resu lts would come m ost convincingly from 

cultured cells in  which the level of expression of GABAb receptors could be
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controlled. A lternatively, reconstitution studies, could by perform ed, using 

cloned adenylyl cyclase, purified a  and Py G-protein subunits and  purified 

GABAb receptors.

None of the antagonists tested showed specificity for e ither of the  two 

effects of GABAb receptor stim ulation . This ind icates th a t ,  w ith  the 

p resen tly  available compounds, the  GABAb receptors in  these two assays 

a re  pharm acologically identical. A corollary of the  finding th a t  the  a  and 

py subunits from the same G-protein could be responsible for inhibition and 

a u g m e n ta tio n  of adenyly l cyclase is th a t  bo th  resp o n ses m ay be 

accommodated w ithin the same cell. However, it  rem ains possible th a t the 

d iffe ren tia l expression  of the  four types of adenylyl cyclase in  sub­

populations of cells m ay m ean th a t the inhibitory and stim ulatory  effects 

a re  in  fact m ediated by sub-populations of GABAb receptors. W henever 

such divisions exist it  is possible th a t pharmacologically d istinct receptors 

m ight be identified. Thus, the assessm ent of GABAb an tagonists on each 

of these responses should continue.

The second hypothesis tested  in  the p resen t study concerns the  cell 

types in  which the  GABAb receptor m odulation of adenylyl cyclase takes 

place. I t  has been shown th a t GABAb receptors occur on a varie ty  of cells 

w ith in  CNS tissue. These can be d istinguished pharm acologically, for 

exam ple dopaminergic, adrenergic, serotonergic (Bowery e t al., 1980) and 

GABAergic (W aldm eier e t al., 1988), or anatom ically , for exam ple 

cerebellar g ranule cells, (Wojcik and Neff, 1984) hippocam pal pyram idal 

cells (Newberry and Nicol, 1985) and Glial cells (Hosli and Hosli, 1990). In  

order to give physiological m eaning to the m odulation of adenylyl cyclase by
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GABAb receptor activation it  is necessary to discover which cells are  thus 

affected . In  addition, i t  is possible th a t  the inhibitory and the  stim ulatory  

effects upon adenylyl cyclase occur in  separate  populations of cells. The 

m odulatory  responses m ight thus be m ediated via d ifferent in trace llu la r 

signal tran sd u c tio n  m echanism s (e.g. d ifferent G -proteins or d ifferen t 

isoforms of adenylyl cyclase). I t  has previously been dem onstrated th a t p- 

a d ren erg ic  agon ists  a re  unab le  to s tim u la te  adenyly l cyclase in  a 

synaptosom al p repara tion , w hilst a  response to forskolin rem ains. In  

synaptosom es also, (-)baclofen fails to m odulate adenylyl cyclase activity in 

th e  presence of a P-adrenoceptor agon ist, b u t n e v e rth e le ss  in h ib its  

forskolin-stim ulated adenylyl cyclase activity (Hill and Dolphin, 1984). This 

suggested  th a t  the  cellu lar s tru c tu res  involved in  the  in te rac tion  of p- 

adrenoceptors w ith  adenylyl cyclase, and possibly GABAb receptors, m ight 

be destroyed in  synaptosom al p reparations. Such s tru c tu res  m ight, for 

instance, be neuronal cell bodies or glial cells. Credence is given to the glial 

cell hypothesis by the discovery th a t up to 95% of p-adrenoceptor-stim ulated 

cAMP in  ra t  cortical slices is derived from glial cells (Stone e t al., 1990). 

The hypothesis th a t a  proportion of the adenylyl cyclase activity recorded in 

the  p resen t study is derived from glial cells, was tested  w ith  two series of 

experim ents. The first involved the use of the glial cell toxin, fluorocitrate. 

T his com pound e lim ina ted  n o rad ren a lin e-s tim u la ted  adenylyl cyclase 

activity , and  a large proportion of forskolin-stim ulated adenylyl cyclase 

activ ity  in  r a t  cortical slices. I t  also elim inated the  m odulatory effect of 

(-)baclofen in  both assay conditions. This would seem to confirm th a t  much 

of the  adenylyl cyclase activity recorded in  cortical slices orig inates from 

glial cells. I t  also suggests th a t the  GABAb receptor m ediated m odulation 

of adenylyl cyclase activity is also located in  glial cells.
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In  the  second series of experim ents adenylyl cyclase activ ity  was 

investiga ted  in  a glial cell culture. Both no rad renaline  and  forskolin 

p roduced  d ra m a tic  in c reases  in  adenyly l cyclase ac tiv ity  in  th is  

preparation. However, (-)baclofen was ineffective as a m odulator. Thus the 

m odulation of adenylyl cyclase activity was not seen in  cortical slices which 

had  been trea ted  w ith a  glial cell toxin, or in  glial cell cultures. This leaves 

us w ith  the speculative conclusion th a t both neurons and glia are  required 

for the  expression of the complete profile of adenylyl cyclase m odulation. 

Before th is  conclusion can be draw n, a num ber of fu rth e r  experim ents 

should be perform ed. F irstly , the specificity of fluorocitrate  h as  been 

dem onstrated under the conditions in  which it  is used in  the  p resen t study 

by (Stone et al., 1990)). Nevertheless, th is specificity should be confirmed. 

GABAb receptors have been dem onstrated on astrocytes by Hosli and  Hosli 

(1990; 1992) however, the  ability of (-)baclofen to in te rac t w ith  GABAb 

receptors on glial cells in  the present study should be confirmed, e ither by 

the  use of radioligand binding studies or some other electrophysiological or 

biochem ical assay. E stab lish ing  such protocols for the  investigation  of 

populations of GABAb receptors on different cell types in  prim ary  culture 

and  cell lines m ay well prove in stru m en ta l in  elucidating  the  specific 

effects of GABAb receptor mediated m odulation of adenylyl cyclase activity.

In trac ran ia l microdialysis was perform ed to determ ine the  effect of 

drugs upon adenylyl cyclase activity  in vivo. The analysis of cAMP in  

perfusa tes derived from dialysis probes im plan ted  in  r a t  fron tal cortex 

revealed th a t  cAMP levels were enhanced by both forskolin (100 pM) and 

noradrenaline  (1 mM). This confirmed the  findings of previous studies
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(H utson and  Sum an-C hauhan, 1990; Egawa e t al., 1988). Since GABAb 

recep to r ac tiva tion  m odulates forskolin and  n o rad ren a lin e-s tim u la ted  

adenylyl cyclase activ ity  in vitro, experim ents were also conducted to 

determ ine the  effect of GABAb receptor activation upon these responses in  

vivo. Thus, (-)baclofen (lOmM) had no effect upon baseline levels of cAMP. 

Also (-)baclofen did not significantly a lte r the  elevated levels of cAMP 

caused by the  adm in istra tion  of forskolin or noradrenaline. I t  is thus 

unlikely  th a t  the  p resen t protocol can be used as an  index of activ ity  of 

agonist drugs a t central GABAb receptors in vivo. However, i t  is possible 

th a t  the  GABAb receptors being investigated were already fully occupied by 

endogenous G ABA. Thus, i t  is a priority to investigate  the  effects of an  

an tagon ist such as CGP54626 using th is protocol. If  such a  compound is 

ineffective, then  an  alternative explanation for the lack of GABAb receptor 

m o d u la tio n  in  vivo m ust be sought. One possibility  is  th a t  in  vivo 

m icrodialysis detects only extracellular cAMP, w hilst in vitro in trace llu lar 

cAMP is  re leased  w hen cortical slices a re  boiled to te rm in a te  the  

experim ent. Thus i t  is conceivable th a t  ex trace llu lar cAMP does not 

accu ra te ly  re flec t in tra c e llu la r  cAMP concen tra tions. T his find ing  

prom pts an  investigation  into the tran sp o rt or diffusion m echanism s by 

which cAMP leaves cells, and questions the relevance of using cAMP efflux 

as an  index of in tracellu lar adenylyl cyclase activity.

D ata  are  presented here upon the effects of chronic adm inistration  of 

GABAb receptor drugs upon GABAb receptor function and  [^Hj-GABA 

binding to GABAb receptors. N either of the two antagonists, CGP35348 or 

CGP36742 (100 mg kg l day^), or the agonist (-)baclofen (10 m g kg-1 day^) 

caused a change in  the  responsiveness of adenylyl cyclase to forskolin or
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noradrenaline, or the ability of (-)baclofen to m odulate these two responses. 

However, a  series of changes in  radioligand binding to GABAb receptors 

w as de tec ted  using  autorad iography . For (-)haclofen th ese  changes 

included both up- and down-regulation of binding, suggesting a complex 

mode of action involving pre- and postsynaptic receptors. B oth of the 

an tag o n is ts  produced localized up-regulations in  the  su b s ta n tia  n igra, 

tha lam us and hippocampus. In  view of the complex and ra th e r  localized 

changes revealed here, th is study should be regarded as prelim inary  work. 

F u r th e r  stud ies should concentrate on the  a reas  h igh ligh ted  here  by 

changes in  radioligand receptor binding. In  particu lar, the  complex profile 

of (-)baclofen should he confirmed. If the relative efficacies of CGP35348 and 

CGP36742 are to be determined, then the doses of each should be modified in 

the  ligh t of recen t d a ta  to account for differences in  m etabolism , b ra in  

penetra tion , bioavailability  or binding potency. As the  two drugs have 

d ifferent s tru c tu res , th is  would confirm any effects as being caused by 

occupation of GABAb receptors.

U p-regulation of GABAb receptors has been linked to an tidepressan t 

therapy  (Lloyd et al., 1985). To give weight to the argum ent th a t  GABAb 

receptor an tagon ists could be an tidepressan t, i t  would be appropria te  to 

m easure levels of other receptors known to be regulated by an tidepressan t 

trea tm en t, in  particu lar p-adrenoceptors (Banerjee e t al., 1977) and  5 -HT2 

recep to rs (P ero u tk a  and  Snyder, 1980). In  a fu r th e r  s tu d y  using  

rad io ligand  binding, sa tu ra tio n  analysis should be used  to determ ine 

receptor num bers. In  addition the newly developed antagonists should be 

tested  in  anim al models of depression.
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A utorad iography  was also employed to in v estig a te  pathological 

changes in  GABA receptors in  genetic absence epilepsy rats . S im ilar levels 

of rad io ligand  binding to GABAa and GABAb receptors were found in  

norm al and  pathological brains. This indicates th a t the biological basis of 

th is  seizure condition m ust either reside in  m inute changes, beyond the 

sensitiv ity  of the p resent study, or lie elsewhere. In  view of the  crucial role 

p layed  by GABAb receptors in  the  generation  of seizu res, and  the  

effectiveness of the GABAb antagonists CGP 35348 as a therapy , fu ture 

experim ents should still concentrate on th is neu ro transm itte r system . In 

th is  light, i t  would be in teresting  to assess the  level of activity a t GABAb 

receptors by determ ining  the concentration of endogenous GABA w ithin  

re levan t a reas of the thalam us. I t  would also be in te resting  to determ ine 

the  sensitiv ity  of functional assays of GABAb receptor activation, such as 

m odulation of adenylyl cyclase activity.

The Future

Recent years have seen several dram atic developments in  the  field of 

GABA b receptor pharmacology. F irstly , th e  availab ility  of compounds 

(p articu la rly  an tagon ists) w ith  activ ity  a t th is  recep tor h as  m ade the 

detailed  investigation of the pharmacological profiles of GABAb receptors 

possible for the first time. This work may eventually lead to the definition of 

pharm acologically distinguishable subtypes of GABAb receptor.

Secondly, the dem onstration th a t GABAb receptors are crucial to the 

generation of absence seizures and the development of an  antagonist which
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crosses th e  blood b ra in  b a r r ie r  p rom ises a new  g e n e ra tio n  of 

therapeu tica lly  effective GABAb receptor drugs. These discoveries give a 

certa in  indication th a t  the coming years will be an  exceptionally fru itfu l 

period in  GABAb receptor research.
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