
LOCALIZATION AND FUNCTION OF 

MAMMALIAN THALAMIC GABAg RECEPTORS 

- THEIR ROLE IN ABSENCE EPILEPSY

by

KEITH PHILIP PARRY 

B.Sc.

Department of Pharmacology, 

The School of Pharmacy, 

University of London.

Thesis submitted for the degree of Doctor of Philosophy,

October 1997.



ProQuest Number: 10105127

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 10105127

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

Intrathalamic administration of pertussis toxin was found to decrease the spike-and-wave 

discharge (SWD) of Genetic Absence Epilepsy Rats from Strasbourg (GAERS). These 

injections of pertussis toxin were also found to reduce autoradiographically determined 

[^-G A B A  binding to GABAg binding sites, but not GABA^ binding sites, in the 

thalamus. The results indicate that pertussis toxin-sensitive G-proteins are involved in the 

occurrence of SWD in GAERS, as well as providing further evidence for the involvement 

of thalamic GABAg receptors. The distribution of [^H]-GAB A binding to GABA^ and 

GABAg binding sites was determined autoradiographically in the absence epilepsy rat 

model Wistar Albino Glaxo, bred in Rijswijk (WAG/Rij) and the non-epileptic agouti rat 

strain (ACI). No difference between the strains was identified.

[^-GABA binding to GAB Ag binding sites in the thalamus of the Rhesus monkey was 

also investigated. The results suggest that GABAg binding in thalamic nuclei is primarily 

associated with the level of input from the nucleus reticularis thalami (NRT), rather than 

the density of local circuit intemeurones (LCN) and associations with input from the basal 

ganglia.

An investigation of GABAg receptor-mediated modulation of cAMP and cGMP second 

messenger systems in vitro was undertaken. The ability of the GABAg receptor agonist, 

(-)baclofen, to inhibit forskolin-stimulated cAMP levels was demonstrated in rat thalamic 

slices. Nitric oxide donors, excitatory amino acid receptor agonists and veratridine 

stimulated an increase in the cGMP level of rat cerebellar slices. (-)Baclofen and the 

GABAg receptor antagonist, CGP 35348, were found to be incapable of modulating 

unstimulated and stimulated cGMP levels in rat cerebellar slices. Similarly veratridine 

increased the cGMP level of rat forebrain slices in a manner not altered by (-)baclofen or 

CGP 35348.
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Chapter 1 : General introduction

1.1. GABA receptor pharmacology

1.1.1. Early history

It was first proposed that y-amino-butyrate (GABA) could represent an inhibitory 

transmitter in the nervous system by Elliot (1959). However it was not until Kmjevic and 

Schwartz (1967) demonstrated that GABA hyperpolarised cortical neurones by increasing 

their permeability to Cl' ions, in a manner that could be equated with synaptically mediated 

inhibition, that this was conclusively identified. As a consequence it was proposed that 

naturally occurring inhibitory postsynaptic potentials (IPSPs) were mediated by 

endogenous GABA acting at a new class of cell surface receptor (Diamond 1968). It has 

been reported that GABA functions as a neurotransmitter at up to 30% of all brain 

synapses (Bloom and Iversen 1971) and that a major proportion of inhibitory synapses in 

the central nervous system (CNS) utilize GABA as their neurotransmitter (Nicoll et al 

1990). GABAergic neurones are widely distributed throughout the CNS and comprise 

both local neural networks and inter-regional circuits (Chase and Tamminga 1979).

An investigation of the action of GABA on the release of noradrenaline from the terminals 

of postsynaptic sympathetic nerves in isolated atria led to the identification of GABA 

receptor subtypes. GABA decreased the release of [^H]-noradrenaline in a manner that 

was insensitive to the previously established GABA receptor alAgonists bicuculline and 

picrotoxin, and the established GABA receptor agonists, such as isoguvacine and 4, 5, 6, 

7-tetrahydroisoxazolo-pyridine-3-ol (THIP), were inactive (Bowery et al 1981). The 

compound 4-amino-3-(4-chlorophenyl)-butyric acid (baclofen), which was inactive at the 

classical GABA receptor (Curtis et al 1974), was found to behave as an agonist (Bowery 

et al 1981). Similarly it was demonstrated that K^-stimulated [^H]-noradrenaline, [^H]- 

dopamine and [^H]-5-hydroxy-tryptamine (5-HT) release from brain slices was also 

decreased by baclofen and that this response was not altered by bicuculline (Bowery et al

1980). Using a rat brain synaptosomal preparation Hill and Bowery (1981) demonstrated 

that [^-baclofen and [^-GABA, in the presence of isoguvacine to saturate bicuculline- 

sensitive GABA site binding, competed for a common recognition site. At this point the
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Chapter 1 : General introduction

terms GABA^ and GABAg receptor were introduced to describe the bicuculline-sensitive 

GABA receptor and bicuculline-insensitive GABA receptor respectively (Hill and Bowery

1981). The existence of a third GABA receptor subtype, designated the GABAç receptor, 

has also been postulated (Drew et al 1984).

1.1.2. GABA^ receptors

GABA^ receptors gate a Cl'-channel and are a member of the ligand-gated ion channel 

family of receptors. They are activated by GABA and structural analogues of GABA such 

as the alkaloid muscimol, derived from the mushroom Amanita muscaria, and synthetic 

analogues including isoguvacine and TRIP (for review see Macdonald and Olsen 1994). 

Molecular biology studies have determined that the GABA^ receptor is a multi-subunit 

receptor with a central pore (for review see Macdonald and Olsen 1994). Five different 

GABA^ receptor subunit types have been identified termed a, p, y, Ô and p. Multiple 

subtypes have also been shown to exist within most of the subunit types indicating the 

possibility of receptor heterogeneity (for review see Macdonald and Olsen 1994). 

Investigations have determined that as well as the GABA site there are modulatory sites 

such as the benzodiazepine site, barbiturate site, steroid site and picrotoxin site on the 

GABA^ receptor complex. The GABA^ receptor current has been shown to be blocked 

by the compound bicuculline that probably competes with GABA for binding to the 

receptor (for review see Macdonald and Olsen 1994).

GABAa receptors are widely distributed both centrally and peripherally. Current 

understanding suggests that GABA^ receptors are predominantly located on postsynaptic 

membranes, although a presynaptic location, as suggested by early studies in the spinal 

cord (Désarmenien et al 1984), can not be ruled out.
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1.1.3. GABAg receptors

1.13.1. Receptor binding

The characteristics of radioligand binding to the GABAg receptor were found to differ 

from binding to the GABA^ receptor in a number of ways. For example radioligand 

binding to the GABAg binding site in a whole rat brain membrane preparation was found 

to be dependent on the presence of Mg^  ̂and Ca^̂ , and reduced by incubation with the 

detergent Triton X-100 (Bowery et al 1983). GABAg site binding was also reduced by 

guanine nucleotides and pertussis toxin (PTx) indicating that they are coupled to PTx- 

sensitive guanine nucleotide binding proteins (G-proteins). The term G-proteins describes 

a family of heterotrimers composed of an a-, p- and y -subunit that couple membrane 

bound receptors to cellular effectors (for review see Hepler and Gilman 1992). The a- 

subunit possesses a guanine nucleotide binding site and when guanosine-triphosphate 

(GTP) is bound the a-subunit dissociates from the p y-subunit complex and interacts with 

cellular effector systems. All a-subunits have intrinsic GTPase activity and can thus 

hydrolyse the GTP to guanosine-diphosphate (GDP) plus free inorganic phosphate. When 

GDP is bound to the a-subunit it forms a tight association with the p y-subunit complex 

and is inactive. Receptor activation of the G-protein is believed to promote the release of 

GDP from the heterotrimer, which then allows the binding of GTP. PTx is a bacterial 

toxin from Bordatellapertussis that contributes to the pathogenesis of whooping cough. 

It has been determined that PTx catalyses the adenosine-diphosphate (ADP)-ribosylation 

of the a-subunit of specific G-proteins, namely Ĝ  and G  ̂(Reisine 1990). The ADP- 

ribosylation of these G-protdns inactivates them and stabilises the G-protein heterotrimer. 

This has the effect of leaving receptors coupling to G-proteins in a low affinity binding 

state.

Autoradiographic and membrane binding studies have demonstrated that GABAg, but not 

GABA^ receptor site binding was reduced by PTx and that guanine nucleotides diminish 

receptor affinity (Asano et al 1985, Hill et al 1984, Knott et al 1993, Ohmori et al 1990). 

The reduction of GABAg receptor site binding in PTx treated bovine cerebral cortex 

membrane preparation was proportional to the degree of ADP-ribosylation of Ĝ  and G„
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a-subunit sized proteins (Asano et al 1985). Furthermore, the addition of PTx-sensitive 

G-proteins purified fi"om bovine cerebral cortex to pertussis toxin treated membranes was 

able to restore high afiBnity binding to the GABAg binding site (Asano et at 1985). It has 

also been shown that GABAg receptor agonists, GABA and (-)baclofen, increased 

GTPase activity in bovine cerebral cortex homogenates in a PTx-sensitive manner 

(Ohmori et al 1990) and that antibodies raised against G-proteins Gj and G  ̂inhibit (- 

)baclofen stimulated GTPase activity (Dolphin et al 1992). Experiments with purified 

subspecies of G-proteins determined that GABAg receptors selectively couple Ĝ , G„* and 

Gi.1, but not Gj. 2  (Morishita et al 1990).

Comparison of autoradiographically determined GABA^ and GABAg site binding in rat 

brain demonstrated that GABA^ binding was generally similar or higher than GABAg site 

binding (Bowery et al 1987, Chu et al 1990). However GABAg site binding appears to 

be greater than GAB A^ site binding in brain areas such as the cerebellar molecular layer 

and certain thalamic nuclei (Bowery et al 1987, Chu et al 1990).

1.1.3.2. Second messengers

It has been well established that GABAg receptors are coupled to adenylate cyclase (AC) 

and the production of the second messenger cyclic adenosine-3', 5'-monophosphate 

(cAMP). (-)Baclofen has been shown to reduce forskolin stimulated cAMP production 

in brain slices, membrane preparations, cell culture and in vivo (Hill 1985, Karbon and 

Enna 1985, Lemos et al 1995, Wojcik and Neff 1984, Xu and Wojcik 1986). The 

evidence indicates that the ability of (-)baclofen to reduce AC activity is PTx-sensitive, 

indicating the involvement of G-proteins (Travagli et a l\9 9 \, Xu and Wojcik 1986). In 

contrast (-)baclofen has also been shown to augment receptor activated stimulation of 

cAMP production in brain slices induced by noradrenaline, isoprenaline, histamine, 

adenosine and vasoactive intestinal peptide (VIP) (Hill 1985, Karbon and Enna 1985, 

Watling and Bristow 1986). More recent investigations have demonstrated that both of 

these (-)baclofen mediated responses are reduced by GABAg receptor antagonists 

(Cunningham and Enna 1996, Knight and Bowery 1996). For a more detailed description 

of the relationship between GABAg receptors and AC activity see section 5.1.2..
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(-)Baclofen has also been shown to decrease the levels of the second messenger cyclic 

guanosine-3', 5'-monophosphate (cGMP) in the cerebellum in vivo (Bemasconi et al 1992, 

Gumulka et al 1979, Mailman et al 1978) in a manner that was blocked by GABAg 

receptor antagonists (Bemasconi et al 1992). However current understanding suggests 

that this is not a direct association between GABAg receptor activation and guanylate 

cyclase (GC), the enzyme that synthesizes cGMP, but rather that it represents an indirect 

association. For a more detailed description of the relationship between GABAg receptors 

and cGMP levels in the cerebellum see section 6.1.3.5..

Evidence also exists that suggests a link between GABAg receptors and the 

phosphoinositide system. The intracellular messengers formed from this pathway arise 

from phosphatidylinositol-4, 5-bisphosphate (PIP2), a phospholipid formed by the 

phosphorylation of phosphatidylinositol (PI). PIP2  is hydrolysed by the enzyme 

phospholipase C into the second messengers inositol-1, 4, 5-trisphophate and 

diacylglycerol. (-)Baclofen has been shown to inhibit 5-HT stimulated PI tumover in 

mouse cortical slices (Godfrey et al 1987) and histamine stimulated inositol phosphate 

formation in rat cortical slices (Crawford and Young 1988). Additionally (-)baclofen has 

been reported to enhance PI tumover induced by N-methyl-D-aspartate (NMDA) in rat 

cerebellar slices (Smith and Li 1991).

1.1.3.3. Presynaptic and postsynaptic

Initial studies demonstrated that GABAg receptor activation reduced transmitter release 

(Bowery et al 1980, Bowery et al\9%\) indicating a presynaptic location. Further studies 

led the discovery of postsynaptic GABAg receptor mediated activity. An investigation of 

hippocampal pyramidal neurones identified a postsynaptic action of GABA and (- 

)baclofen that was insensitive to GABA^ receptor antagonists, involved an increase in the 

K^-conductance that was blocked by Ba^̂  and resulted in a slow inhibitory postsynaptic 

potential (IPSP) (Gahwiler and Brown 1985, Newberry and Nicoll 1984). The effect of 

(-)baclofen was found to be sensitive to guanine nucleotides and PTx, thus indicating the 

involvement of PTx-sensitive G-proteins (Andrade et al 1986). The physiological 

significance of postsynaptic GABAg receptors has been supported by the finding that
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neurones of the hippocampus, neocortex and thalamus exhibit slow BPSPs in response to 

afferent fibre activation that appear to be GABAg receptor mediated, whilst GABA^ 

receptor activation is responsible for fast IPSPs (Dutar and NicoU 1988a, Karlsson et al 

1988, Soltesz et al 1988). Current findings have suggested that the response to (- 

)baclofen in hippocampal pyramidal neurones and spinal cord neurones is indicative of a 

situation where GABAg receptors are directly coupled to K^-channels by G-proteins 

(Andrade et al 1986, Kamatchi and Ticku 1991).

(-)Baclofen has been reported to decrease the release of GABA via autoreceptors on 

GABAergic terminals (Baneijee and Snead 1995, Pittaluga et al 1987). Activation of 

GABAg heteroreceptors has also been reported to reduce the release of glutamate 

(Baneijee and Snead 1995, Potashner 1979) cholecystokinin (CCK) (Conzelmann et al 

1986), somatostatin (Bonanno et a l\99\) and monoamines (Bowery et al 1980, Gray and 

Green 1987). The mechanism(s) underlying presynaptic GABAg receptor activity remain 

unclear at present. It has been proposed that GABAg receptor activation may decrease 

neurotransmitter release by reducing Câ  ̂ influx through voltage-gated Ca^^-channels 

(Deisz and Lux 1985, Dunlap and Fischbach 1981, Guyon and Leresche 1995, Scholz and 

Miller 1991) or may directly modulate neurotransmitter release downstream of the Ca^- 

channels (Scholz and Miller 1992). Another possibility is that the activation of K - 

conductance(s) may indirectly reduce Câ "̂  influx (Thompson and Gâhwiler 1992). It is 

important to note that there may be a combination of these effects in the physiological 

situation and that variation may exist between neurone types.

1.1.3.4. Agonists and antagonists

The first selective G A B^ receptor agonist to be identified was baclofen, an analogue of 

GABA that could cross the blood brain barrier. The pharmacological specificity of 

baclofen for the GABAg receptor was determined by radioligand receptor site binding 

studies (Bowery etal 1983, Hill and Bowery 1981). It was determined that the (-) isomer 

had a greater affinity for the GABAg receptor (Bowery et al 1983). More recently the 

phosphinic analogue of GABA, 3-aminopropyl phosphinic acid (3-APA), was proposed 

as a more potent displacer than baclofen of [^H]-GABA binding at GABAg sites (Pratt et
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al 1989). 3-APA and its methylated analogue 3-aminopropyl-methyl-phosphinic acid (SKF 

97541 and CGP 35024) were found to be selective GABAg receptor agonists in a variety 

of functional assays, but their relative potencies were reported to be variable (Cunningham 

and Enna 1996, Hills et al 1989, Knight and Bowery 1996, Ong et al 1990, Pratt et al 

1989, Seabrook et al 1990). The GABA analogue 3-aminopropyl phosphonic acid (3- 

APPA) is another selective GABAg receptor agonist, but this compound is less potent as 

a displacer of baclofen and GABA binding to GABAg sites than 3-APA (Ong et al 1990, 

Scherer etal 1988). 3-APPA was found to inhibit forskolin stimulated cAMP levels whilst 

isoprenaline stimulated cAMP levels were unaltered (Scherer et al 1988). The existence 

of pharmacologically distinct subtypes of GABAg receptor has been suggested as an 

explanation for this variation in response to 3-APPA (Scherer et al 1988).

More recently, novel phosphinic analogues of GABA with selectivity and agonist 

properties for the GABAg receptor have been described. These include the agonists 3- 

amino-2-(*S)-hydroxypropyl-methyl-phosphinic acid (CGP 44533) and 3-amino-2-(/?)- 

hydroxypropyl-methyl-phosphinic acid (CGP 44532) and the partial agonist 3- 

aminopropyl-difluoromethyl-phosphinic acid (CGP 47656) (Froestl et al 1995, Knight and 

Bowery 1996).

The lack of development of highly selective GABAg receptor antagonists had hindered the 

investigation of GABAg receptor molecular biology and function. The first selective 

GABAg receptor antagonist was the phosphonic derivative of baclofen, 3-amino-2-(4- 

chlorophenyl)-propyl-phosphonic acid (phaclofen) (Kerr et al 1987). Following the 

discovery of phaclofen it was determined that the sulphonic acid derivative of baclofen, 

3-amino-2-(4-chlorophenyl)-2-hydroxypropyl-sulphonic acid (2-hydroxy-sacIofen), was 

a slightly more potent GABAg receptor antagonist (Kerr et al 1988). However, both these 

compounds do not cross the blood brain barrier. More recently, Ciba-Geigy have 

developed compounds with antagonistic properties at the GABAg receptor. The first of 

these was the GABA analogue 3-aminopropyl-(diethoxymethyl)-phosphinic acid (CGP 

35348) which could cross the blood brain barrier, but had similar affinity for the GABAg 

receptor as saclofen and 2-hydroxy-saclofen in the l-40pM range (Olpe et al 1990). CGP 

35348 has been followed by other compounds such as 3-aminopropyl-n-butyl-phosphinic
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acid (CGP 36742) and 3-aminopropyl-cyclohexylmethyl-phosphinic acid (CGP 46381) 

(Bittiger et al 1992, Olpe et al 1993). However the affinity of these compounds for the 

GABAg receptor was still in the same range (Bittiger et al 1992, Olpe et al 1993). CGP 

36742 is active when administered orally and was the first GABAg receptor antagonist to 

be used in clinical trials (Bittiger et al 1992).

The determination of GABAg receptor antagonists with affinities in the nanomolar range 

came about following the substitution of groups onto the nitrogen of the amino group to 

form compounds such as 3-Â -(3, 4-dichlorobenzyl)aminopropyl-f-diethoxymethyl- 

phosphinic acid (CGP 52432), 3-A^-(l-(5)-(3, 4-dichlorophenyl)ethyl)amino-2-(iS)- 

hydroxy-propyl-P-cyclohexylmethyl-phosphinic acid (CGP 54626) and 3-Â -(l-(«S)“(3, 4- 

dichlorophenyl)ethyl)amino-2-(iS)-hydroxy-propyl-P-benzyl-phosphinic acid (CGP 55845) 

(Bittiger et al 1993, Froestl et al 1992). Many antagonist compounds with affinities for 

the GABAg receptor in the nanomolar range have now been described in vitro (Froestl 

et al 1996). These compounds have also been shown to be active when administered 

orally and exert in vivo effects (Froestl et al 1996, Getova et al 1997, Marescaux et al

1996).

A new class of GABAg receptor antagonist with a structure unrelated to the phosphinic 

acid based family of compounds has recently been described. This compound, (+)-5, 5- 

diethyl-2-morpholineacetic acid (SCH 50911), has an affinity for the GABAg receptor of 

about IpM (Boiser a/ 1995). SCH 50911 administered intraperitoneally (i.p.) has also 

been shown to be effective against absence seizures (Hosford et al 1995a, Richards and 

Bowery 1996). Furthermore it has been suggested that SCH 50911 penetrates the blood 

brain barrier more effectively than the phosphinic acid based GABAg receptor antagonists 

(Richards and Bowery 1996).

1.1.3.5. Molecular biology

Initial studies indicated the partial purification of a GABAg receptor from bovine brain by 

baclofen affinity chromatography (Ohmori and Kuriyama 1990). The partially purified 

preparation was used as an antigen to raise a monoclonal antibody termed GB-1, that was
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found to be specific for an 80 KDa GABA-binding protein (Kuriyama et al 1992). 

Additionally the purified preparation mimicked the binding characteristics of the GABAg 

receptor and when reconstituted with purified G-protein and AC on a phospholipid 

membrane, baclofen was able to inhibit AC activity (Nakayasu et al 1993). The indication 

was that the 80 KDa GABA-binding protein represented the GABAg receptor. Recently 

the monoclonal antibody GB-1 has been used in the immunohistochemical determination 

of GABAg receptor distribution in the rat brain (Kimura et al 1996). Immunoreactive 

staining was found in neurones rather than glia and the distribution was in general 

agreement with previous autoradiographical studies (Kimura et al 1996).

More recently the group of Kaupmann et al (1997) have reported the expression cloning 

of GABAg receptors. This investigation demonstrated that photoaffinity labelling of 

cortical, cerebellar and spinal membrane preparations with the high affinity GABAg 

receptor antagonist [^^ Î]-CGP 71872 revealed two putative GABAg receptors with 

relative molecular weights of 100 KDa and 130 KDa. These native receptors were found 

to be jV-glycosylated as shown by the reduction in the relative molecular weight to 90 

KDa and 110 KDa respectively following cleavage with N-glycosidase F (Kaupmann et 

al 1997). A variety of established GABAg receptor agonists and antagonists were also 

reported to displace [^^ Î]-CGP 71872 binding to the native receptors (Kaupmann et al

1997). Kaupmann et al (1997) also reported the expression cloning of GABAg receptor 

complementary deoxyribonucleic acid (cDNA). This was achieved using a cDNA library 

constructed from immature rat cortex and cerebellum. Numerous cDNA clones were 

screened for binding to the high affinity GABAg receptor antagonist [^^ Î]-CGP 64213 

until a single cDNA clone was identified. The protein encoded by this was termed 

GABAgRla and was found to have a relative molecular weight similar to the 130 KDa 

native GABAg receptor. Using the GABAgRla cDNA as a probe to screen the cDNA 

library led to the isolation of several more clones. One of these clones encoded a protein 

that was termed GABAgRlb with a relative molecular weight that was similar to the 100 

KDa native GABAg receptor.

The GABAgRla/b proteins appear to contain seven transmembrane domains, a feature 

that is indicative of G-protein coupled receptors (Kaupmann et al 1997). Determination
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of the distribution of GABAgRl messenger ribonucleic acids (mRNAs) by in situ 

hybridization demonstrated that the mRNA was expressed in the cerebral cortex, 

pyramidal cell layer of the hippocampus, granular layer of the dentate gyrus, basal ganglia 

and throughout the thalamus, being particularly prominent in the medial habenula and 

medial geniculate nucleus (Kaupmann et al 1997). In the cerebellum the mRNA was found 

to be abundant in Purkinje cells, with more moderate levels in the granular layer 

(Kaupmann etal 1997). GABApRl mRNAs were also found to be expressed in neurones, 

but not glia. Comparison of GABAgRl mRNA and GABAg binding site distribution 

revealed some similarities, but also some differences. The distribution of GABAgRl 

mRNA expression and the fact that GABAg binding sites are more abundant in the 

molecular layer supports the suggestion that GABAg receptors are located on Purkinje 

cell dendrites and granule cell parallel fibres in the cerebellum (Kaupmann et al 1997). 

When GABAgRl a/b proteins were expressed in HEK293 cells, the cloned receptors were 

found to be negatively coupled to AC (Kaupmann et al 1997).

1.1.3.6. Receptor heterogeneity

Evidence supporting the existence of GABAg receptor subtypes has come from a variety 

of sources. For example, early electrophysiological investigations of the pharmacological 

properties of pre- and postsynaptic GABAg receptors demonstrated that phaclofen 

blocked postsynaptic, but not presynaptic, GABAg receptor mediated activity in the 

hippocampus (Dutar and Nicoll 1988b, Harrison 1990). Further investigations suggested 

that phaclofen, 2-hydroxy-saclofen and CGP 35348 were antagonists at both postsynaptic 

GABAg receptors, in the hippocampus and substantia nigra (SN), and presynaptic GABAg 

receptors on excitatory and inhibitory neurones in the hippocampus and excitatory 

neurones in the caudate putamen (CPu) (Davies et al 1990, Seabrook et al 1990, 

Thompson and Gahwiler 1992, Pitler and Alger 1994). However in the cortex, phaclofen 

and 2-hydroxy-saclofen were reported to decrease the postsynaptic GABAg receptor 

response, whilst not exhibiting any presynaptic effects (Deisz et al 1993).

Evaluation of the effects of more potent GABAg receptor antagonists on paired-pulse 

depression (PPD) of IPSPs in the hippocampus has demonstrated that CGP 36742 and
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CGP 46381 had very weak effects, whilst CGP 55845 and CGP 52432 produced a much 

larger, but still incomplete, reduction of the PPD (Olpe et al 1994). As these compounds 

are known to be GABAg receptor antagonists at postsynaptic receptors it was suggested 

that these findings may indicate differences between pre- and postsynaptic receptors (Olpe 

et al 1994). CGP 55845 has also been reported to reduce the PPD in cortical slices 

indicating an action at presynaptic receptors, as well as blocking postsynaptic receptors 

(Deisz 1996).

A recent electrophysiological investigation of the pharmacology of GABAg receptors in 

the thalamus demonstrated that CGP 35348 blocked the GABAg receptor mediated IPSP 

in thalamocortical neurones (TC neurones), whilst 2-hydroxy-saclofen evoked a 

hyperpolarization that was also blocked by CGP 35348 (Emri et al 1996). It was 

suggested that 2-hydroxy-saclofen acts as a partial agonist at postsynaptic CGP 35348- 

sensitive GABAg receptors (Emri et al 1996). In the same investigation the amplitude of 

evoked excitatory postsynaptic potentials (EPSPs) in TC neurones following sensory 

afferent stimulation was reduced by (-)baclofen. The response to (-)baclofen was 

antagonized by CGP 35348, but only partially antagonized by 2-hydroxy-saclofen. This 

was a presynaptic GABAg receptor mediated response as postsynaptic GABA^ and 

GABAg receptor responses were blocked with bicuculline and intracellular injection of N- 

(2, 6 -dimethylphenylcarbamoyl-methyl)-triethyl-ammonium bromide (QX 314) 

respectively (Emri et al 1996). The amplitude of the EPSPs was increased when CGP 

35348 was applied alone, but decreased when 2-hydroxy-saclofen was applied alone in 

a manner that was not blocked by CGP 35348. The indication is that 2-hydroxy-saclofen 

has an antagonist action on presynaptic CGP 35348-sensitive GABAg receptors, together 

with an agonist effect on presynaptic CGP 35348-insensitive GABAg receptors and/or 

another presynaptic receptor type (Emri et al 1996).

Functional evidence for multiple GABAg receptor subtypes has been demonstrated by 

release studies. By focusing on the ability of GABAg receptor to modulate 

neurotransmitter release, pharmacologically distinct GABAg receptors have been 

identified. Initial investigations were performed by studying the ability of (-)baclofen to 

reduce K^-evoked neurotransmitter release in a rat cerebrocortical synaptosomal
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preparation. It was demonstrated that GABAg receptors on GABAergic terminals were 

phaclofen-sensitive and CGP 35348-insensitive, GABAg receptors on glutamatergic 

terminals were phaclofen-insensitive and CGP 35348-sensitive and GABAg receptors on 

somatostatin terminals were phaclofen- and CGP 35348-sensitive (Bonanno and Raiteri 

1992, Bonanno and Raiteri 1993a). In a later study these apparent GABAg receptor 

subtypes were designated GABAgi,, GAB Agi p and GABAgi^ respectively (Bonanno and 

Raiteri 1993b). However in a further study it was found that (-)baclofen and 3-APA 

reduced GABA release from cortical synaptosomes, whilst GABA release from spinal 

cord synaptosomes was not altered by (-)baclofen, but was reduced by 3-APA (Bonanno 

and Raiteri 1993a, Bonanno and Raiteri 1993b). This apparent (-)baclofen-insensitive 

GABAg receptor subtype was designated GABAg2 . Furthermore the GABAg receptors 

on GABAergic terminals in the spinal cord were reported to be phaclofen-insensitive and 

CGP 35348-sensitive (Bonanno and Raiteri 1993b).

Comparison of the ability of CGP 52432 to antagonize the (-)baclofen-induced reduction 

of GABA, glutamate and somatostatin release from rat cerebrocortical synaptosomes 

demonstrated that CGP 52432 was effective against all three, but was more selective for 

the G A B ^ autoreceptor ( Bonanno and Raiteri 1993a, Lanza et al 1993). In a later study 

GABA and (-)baclofen were found to reduce both somatostatin and CCK release from rat 

cerebrocortical synaptosomes, but CGP 47656 was only able to reduce somatostatin 

release (Gemignani et al 1994). The effect of (-)baclofen on somatostatin and CCK 

release was antagonized by phaclofen, CGP 35348 and CGP 52432, although CGP 52432 

was more selective for the GABAg receptor modulating CCK release (Gemignani et al

1994). The GABAg receptor on CCK terminals appeared to represent yet another subtype 

and was designated GABAg^g (Gemignani et al 1994). Pharmacological characterization 

of the GABAg autoreceptor in a human cerebrocortical synaptosomal preparation 

demonstrated that it was similar to that in the rat. GABA release was reduced by (- 

)baclofen and 3-APA, whilst the reduction induced by (-)baclofen was antagonized by 

CGP 52432 and phaclofen, but unaltered by CGP 35348 (Fassio et al 1994). Similarly the 

GABAg receptor on glutamatergic terminals in the human cortex displayed similar 

pharmacological properties to those previously reported in the rat (Bonanno et al 1997). 

However it must be noted that another investigation of the pharmacological properties of
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GABi^ receptors on GABAergic and glutamatergic terminals in rat cortical slices, found 

no evidence of pharmacologically distinct receptors (Waldmeier et al 1994). This 

investigation used the same GABAg receptor antagonists as the previous studies, but 

utilised slices rather than synaptosomes and electrical stimulation of neurotransmitter 

release rather than K^-evoked release. It was proposed that differences in the 

methodology could account for the apparently contradictory results (Waldmeier et al

1994).

Other functional evidence for pharmacologically distinct GABAg receptors has been 

demonstrated by investigation of GABAg receptor mediated modulation of AC activity. 

In an early investigation it was found that (-)baclofen reduced forskolin-stimulated cAMP 

levels and increased the isoprenaline induced p -adrenoceptor-mediated stimulation of 

cAMP levels in rat cortical slices. In contrast 3-APPA reduced the forskolin response, but 

was ineflfective against the isoprenaline response (Scherer et al 1988). The indication was 

that pharmacologically distinct GABAg receptors may underlie this difference (Scherer 

et al 1988). Using a variety of GABAg receptor agonists Knight and Bowery (1996) 

demonstrated that their inhibition of forskolin-stimulated cAMP levels and augmentation 

of noradrenaline-stimulated cAMP levels were generally of similar potency. However (- 

)baclofen and CGP 47656 were found to be more potent as inhibitors of the forskolin 

response than augmentors of the noradrenaline response (Knight and Bowery 1996). It 

was postulated that this difference may be explained by proposing that there are 

pharmacologically distinct GABAg receptors or these compounds may display low 

intrinsic eflScacy (Knight and Bowery 1996). There is in fact evidence to suggest that CGP 

47656 is a partial agonist at GABAg receptors (Knight and Bowery 1996). In the same 

investigation the ability of various GABAg receptor antagonists, such as CGP 35348, 

CGP 36742 and CGP 46381 to reduce the effect of (-)baclofen on the forskolin and 

noradrenaline responses was analysed. Each antagonist displayed similar potency in the 

two assays, indicating that the response was mediated by pharmacologically similar 

receptors (Knight and Bowery 1996). However a similar investigation in rat cortical slices 

found that some GABAg receptor antagonists, with greater affinity for the GABAg 

receptor than those used by Knight and Bowery (1996), such as CGP 52432, CGP 54626, 

CGP 55845 and SCH 50911, exhibited greater potency for reducing the (-)baclofen-
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mediated augmentation of the isoprenaline response than the reduction of the forskolin 

response (Cunningham and Enna 1996). This provided evidence that pharmacologically 

distinct GABAg receptor subtypes were involved in the modulation of AC activity 

(Cunningham and Enna 1996). The recent cloning of two different GABAg receptors has 

provided further evidence supporting the existence of GABAg receptor heterogeneity 

(Kaupmann et al 1997).

1.1.3.7. Therapeutic potential

A variety of effects have been implicated in the response to GABAg receptor activation. 

For example these include both centrally and peripherally mediated effects such as muscle 

relaxation, hypothermia, analgesia, hypotension, reduced memory retention and effects on 

epileptic activity (for review see Bowery 1989, Bowery 1993, Bowery and Pratt 1992, 

Bowery et al 1990). Present and future studies have to assess the physiological 

significance of these effects and to identify which have therapeutic potential. It is well 

established that baclofen exhibits analgesic properties in rodents, at least in part, through 

the activation of GABAg receptors within the spinal cord (Malcangio et a l\9 9 \, Sawynok

1987). GABAg receptor antagonists have also been reported to prevent baclofen-induced 

antinociception (Malcangio et al 1991). However, evidence for baclofen as an analgesic 

in man is generally lacking. The exception to this is in the relief of pain associated with 

trigeminal neuralgia (Fromm et al 1984). A recent study has also reported that baclofen 

could potentiate morphine analgesia in the treatment of post-operative pain (Gordon et 

al 1995). A role for GABAg receptor activity in cognitive function was indicated by the 

finding that baclofen could decrease memory acquisition and retention in rats 

(Schwartzwelder et al 1987). More recently it was demonstrated that GABAg receptor 

antagonists could improve the cognitive function of mice, rats and monkeys (Getova et 

al 1997, Mondadori etal 1992).

Of particular interest to the present investigation is the involvement of GABAg receptors 

in epilepsy. GABAg receptor agonists and antagonists have been shown to exacerbate and 

attenuate respectively the non-convulsive absence seizures of both genetic and 

pharmacologically derived animal models of absence epilepsy (Hosford et al 1992,
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Hosford et al 1995a, Liu et al 1992, Marescaux et al 1992a, Marescaux et al 1992b, 

Marescaux etal 1996, Puigcerver e /a /1996, Smith and Fisher 1996, Snead 1992a, Snead 

1992b, Snead 1996a, Vergnes et al 1984). At high doses the phosphinic acid based 

GABAg receptor antagonists have also been reported to induce convulsive seizures in 

previously non-epileptic rats, perhaps by altering neurotransmitter release in favour of 

cortical and limbic excitation (Marescaux et al 1996).

The recent development of more potent GABAg receptor antagonists that are active when 

administered orally and the prospect of GABAg receptor heterogeneity, with compounds 

exhibiting selectivity for subtypes, indicates that exciting times may lie ahead in the 

development of therapeutic applications for GABAg receptor ligands.

1.1.4. GABAç receptors

It was suggested in an early study that the GABA analogue c/5 -4 -aminocrotonic acid 

(CACA) might activate a third class of GABA receptor in the CNS (Johnston et al 1975). 

These receptors which are insensitive to both bicuculline and baclofen were later 

designated GABA^ receptors (Drew et al 1984). GABA^ receptors are found 

predominantly in the vertebrate retina, although there have been GABA^ receptor-like 

effects reported in the CNS (for review see Bormann and Feigenspan 1995). Current 

evidence indicates that GABA^ receptors are composed of p subunits (see section 1.1.2.) 

and form a membrane ionophore, similar to other ligand gated ion channels (Bormann and 

Feigenspan 1995). It has also been suggested that the GABA^ receptor channel is Cl' 

selective like the GABA^ receptor (for review see Bormann and Feigenspan 1995). CACA 

does represent a selective GAB A^ receptor agonist as postulated in earlier investigations 

(for review see Bormann and Feigenspan 1995). GABA^ receptors, unlike GABA^ 

receptors, do not respond to benzodiazepines, barbiturates or steroids, however they are 

antagonized by picrotoxin (Bormann and Feigenspan 1995).
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1.2. Absence epilepsy

1.2.1. Human absence epilepsy

The term epilepsy is used to describe a series of disorders that are characterized by the 

occurrence of seizures. Seizure refers to a change in behaviour that is associated with 

rhythmic firing of populations of CNS neurones (McNamara 1994). The behavioural 

effect of a seizure can range from a short lapse of awareness to a prolonged convulsive 

fit. The diversity and individual nature of epileptic disorders has led to difficulties in terms 

of classification. Current terminology and classification is based on that provided by the 

International League Against Epilepsy (Commission 1989). In brief, epileptic seizures can 

be classified into partial seizures, where the origin is focal, and generalized seizures, where 

the origin is more widespread and involves both cerebral hemispheres. Partial seizures can 

be further segregated into simple and complex. Simple partial seizures are accompanied 

by the preservation of consciousness, whilst complex partial seizures are associated with 

a loss of consciousness. Generalized seizures involve a loss of consciousness and can be 

separated into seizures such as myoclonic, clonic-tonic and absence. A myoclonic seizure 

describes a brief contraction of muscles, whilst a tonic-clonic seizure (otherwise known 

as grand-mal) involves sustained muscle contractions (tonic) followed by muscle 

contractions alternating with periods of muscle relaxation (clonic). Patients may 

experience one or more seizure type depending on their particular epileptic condition. 

Absence, non-convulsive or petit-mal epilepsy describes an epileptic syndrome that is 

distinguished by the presence of generalized absence seizures.

In humans a generalized absence seizure is characterized by a sudden interruption of 

activity, a vacant stare, inability to answer questions, no subsequent recollection of events 

that occurred during the seizure, eye blinking and facial myoclonic jerks (Loiseau 1992). 

Associated with the absence seizures are bursts of spontaneous, bilaterally symmetrical 

spike-wave-discharges (SWD) at a frequency of 3-4Hz, superimposed on a normal 

electroencephalograph (EEG) background, a phenomena first recorded by Gibbs et al 

(1935).
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Absence epilepsy is mainly a disorder of childhood with an onset between the ages of 2  

years and adolescence (Loiseau 1992, Morton and Pellock 1996). Absence seizures are 

the sole or prominent feature in childhood absence epilepsy (onset 2 - 1 2  years) and 

juvenile absence epilepsy (onset around puberty) (Loiseau 1992, Morton and Pellock 

1996). These conditions tend to disappear with adulthood and medication can often be 

discontinued in most patients with these conditions if the symptoms have been controlled 

for about 2 years (Morton and Pellock 1996). Absence seizures can also occur in 

myoclonic juvenile epilepsy (onset around puberty), that is characterized by myoclonic 

seizures and requires lifelong therapy. However, these are quite rare and occur in only 10 

to 38% of patients (Loiseau 1992, Morton and Pellock 1996). Rare absence seizures can 

also occur with tonic-clonic seizures, photosensitive epilepsy and in brain damaged 

children (Loiseau 1992). Diagnostic problems exist in some patients because of the 

occurrence of atypical absence epilepsies with SWD frequencies lower or higher than the 

classical 3-4Hz. Despite the behavioural consequences associated with SWD, the 

cognitive abilities such as intelligence of typical absence epilepsy patients is considered to 

be normal (Lennox and Lennox 1960).

The level of arousal and vigilance appears important in the generation of SWD as they 

occur more frequently during periods of quiet wakefulness, also termed drowsiness, and 

are suppressed during attentive behaviour or unexpected stimulation (Jung 1962, 

Kellaway etal 1990). An investigation of a child with absence seizures demonstrated that 

the SWD originated from the thalamus and spread to the cortex (Williams 1953) 

suggesting an important role for these structures in the genesis of absence seizures. 

Investigation of cerebral energy metabolism through positron emission tomography (PET) 

studies in humans with typical absence epilepsy has demonstrated that seizures are 

associated with a general increase throughout the brain with no focal hyperactivity (Engel 

etal 1985, Ochs etal 1987). However, a more recent PET study has suggested that along 

with the overall increase in cerebral energy metabolism, that there is an additional increase 

in the thalamus, although this did not precede cortical activity (Prevett et al 1995).

The clinical profile of generalized absence seizures demonstrates that they are 

pharmacologically unique. Effective treatments include ethosuximide, valproate and the
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benzodiazepines, clonazepam and clobazam (Morton and Pellock 1996). Carbamazepine, 

which is effective in generalized and partial convulsive epilepsies, actually worsens 

generalised absence seizures in children (Snead and Hosey 1985) and carbamazepine 

therapy has been shown to induce the appearance of absence seizures in adult patients 

(Liporace et al 1994). GABAergic agonists, inhibitors of GABA-transaminase (GABA- 

T), the enzyme that catalyses the breakdown of GABA, and inhibitors of GABA uptake 

are anticonvulsant in generalised and partial convulsive epilepsies (for review see Loscher 

and Schmidt 1994, Morton and Pellock 1996). However the GABAergic agonist 

progabide and the GABA-T inhibitor y-vinyl-GABA (vigabatrin), have been shown to be 

ineffective against or exacerbate generalised absence seizures in humans (Luna et al 1989, 

Stefan et al 1988).

1.2.2. Animal models

Animal models of generalized absence epilepsy have provided important experimental 

tools in increasing our understanding of absence seizures and the underlying mechanisms 

of action. It has been proposed that for the validation of an animal model certain 

requirements must be fulfilled. These include neurophysiological, behavioural and 

pharmacological similarities with the human condition such as the characteristic SWD and 

similar effects with clinically active drugs (Fariello and Golden 1987, Snead 1988, Snead

1995). The most common models have been developed in rodents and whilst they fulfil 

the requirements, there appears to be a peculiar species variation which manifests itself 

in the reported frequency of the SWD. The human condition is characterized by the 

presence of 3-4Hz SWD. However rodent models appear incapable of generating this 

frequency of SWD and instead exhibit a higher frequency SWD. It is important to be 

aware of this limitation of rodent models, but to understand that it may be due to 

interspecies variation in the intrinsic properties of the neuronal circuitry generating the 

SWD and associated absence seizures.

Various animal models of generalized absence epilepsy have been developed both 

pharmacologically and genetically. Some of the most commonly used pharmacological 

models referred to in the text include the feline generalised penicillin epilepsy model, the 
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Y-hydroxy-butyrate (GHB) rat model and the low dose pentylenetetrazol (PTZ) rat model 

(for review see Snead 1992c). Genetic models displaying spontaneous SWD include the 

genetic absence epilepsy rat from Strasbourg (GAERS) (Marescaux et al 1992c), the 

Wistar albino Glaxo rat strain, bred in Rijswijk, The Netherlands (WAG/Rij) (Coenen et 

al 1992) and the lethargic {Ih/lh) mouse strain (Hosford et al 1992). A brief description 

of the animal models used in the present investigation, namely GAERS and WAG/Rij, will 

be followed by an account of how animal models have contributed to our understanding 

of absence epilepsy through the investigation of animal models.

I.2.2.I. The GAERS model

This genetic model of absence epilepsy was identified in the early 1980s when 30% of 

Wistar rats of both sexes from a breeding colony were found to exhibit spontaneous 

bilaterally synchronous 7-1 IHz SWD (Vergnes et al 1982). The SWD, that occurred 

more frequently during periods of quiet wakefulness, were associated with sudden 

immobility and twitching of the face and vibrissae suggesting similarities with human 

absence epilepsy (Vergnes et al 1982). This was further supported by pharmacological 

evidence as ethosuximide, trimethadione, valproate and the benzodiazepine, diazepam, all 

suppressed the spontaneous SWD, which was enhanced by carbamazepine and phenytoin 

(Marescaux et al 1984a). The SWD of GAERS, like the human condition, are also 

increased by GAB A-mimetics which can also induce the appearance of SWD in rats of the 

non-epileptic control strain (Marescaux et al 1992c, Micheletti et al 1985, Vergnes et al

1984). The condition was 'bred in' to the population to produce the GAERS strain and 

bred out' to produce a control strain without spontaneous SWD (Marescaux et al 1992c)

Investigations of the genetic transmission of SWD in GAERS has indicated that a number 

of genes are involved, since the duration of SWD and the age of onset vary so greatly 

amongst GAERS (Marescaux et al 1992c). However, it has been demonstrated that 

transmission is dominant and autosomal due to the almost complete presence of SWD in 

male and femals offspring from control and GAERS crosses (Marescaux et al 1992c). The 

age of GAERS has also proved important in the development of SWD. Studies have 

demonstrated that GAERS begin to show SWD by 4-5 weeks of age and all display SWD
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by 4 months. However, the number of SWD does not peak until six months (>l/min) and 

the duration of each SWD does not reach maximum until eighteen months (approximately 

30s) (Marescaux etal 1992c, Vergnes et al 1986). This differs from the human condition 

which is usually associated with childhood and tends to disappear with adulthood. The 

ontogenetic development of absence epilepsy thus appears to be different in the rat and 

human, perhaps due to differences in brain maturation.

SWD recorded in GAERS have been linked to the level of arousal as SWD occurred 

predominantly during the period of quiet wakefulness when compared with active 

wakefulness and sleep (Lannes et al 1988, Marescaux et al 1992c). Investigation of 

behavioural activity such as locomotion and social interactions demonstrated that there 

was no difference between GAERS and their non-epileptic control strain (Marescaux et 

al 1992c, Vergnes et al 1991). In the same study the learning ability of GAERS in 

avoidance and food reinforced learning tests tended to be greater than the control strain. 

However, the investigators suggested that this may not be due to the epileptic 

characteristics, but rather that it was due to other factors uncontrollably selected into the 

strain. In a more recent investigation it was found that the ability to learn was enhanced 

in GAERS when compared with presumed non-epileptic Wistar rats (Getova et al 1997).

I.2.2.2. The WAG/Rij model

The WAG/Rij strain is another genetic rat model of absence epilepsy that shares many 

traits with the GAERS model. These rats are an inbred strain that display 

electrophysiological and behavioural activity similar to that seen in human absence 

epilepsy. WAG/Rij rats, of either sex, show spontaneous 7-11 Hz SWD in the cortical 

EEG that is bilaterally symmetrical and generalized over the cortex (Coenen et al 1992, 

van Luijtelaar and Coenen 1986). The behavioural characteristics associated with SWD 

in the WAG/Rij rat, such as general immobility accompanied by vibrissal twitching and 

accelerated breathing, are thought to be equivalent to those found in the human condition 

(van Luijtelaar and Coenen 1986). A control strain of rat that is almost free of SWD has 

also been demonstrated in the ACI (agouti) strain, thus providing a tool for studying 

comparative differences in the WAG/Rij model (Inoue et al 1990). The pharmacology of
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the WAG/Rij strain is comparable with the human condition. Clinical anti-absence 

epileptics, ethosuximide, trimethadione and valproate decrease the SWD, whilst 

carbamazepine and phenytoin increase the SWD (Peeters et al 1988). It has also been 

demonstrated that GABAmimetics increase the SWD of the WAG/Rij strain (Peeters et 

al 1989a).

Genetic studies using the WAG/Rij and ACI strains have demonstrated a dominant 

inheritance of a single autosomal gene in determining the presence of SWD and also 

determined that several modulating genes determine the number of SWD (Coenen et al 

1992, Peeters et al 1990a). This is similar to the reported genetic traits of the GAERS 

strain discussed previously. SWD in WAG/Rij occurs predominantly during quiet 

wakefulness although SWD also occur, but to a lesser extent, during all types of sleep and 

wakefulness (Drinkenburg et al 1991). Thus, SWD are more likely to appear during a 

period of cortical EEG transition between the relatively synchronized neuronal activity of 

sleep and the relatively desynchronized neuronal activty of wakefulness (Drinkenburg et 

al 1991). Age dependent expression of SWD in WAG/Rij is similar to that seen in 

GAERS with animals younger than 3 months of age displaying few if any SWD (Coenen 

and van Luijtelaar 1987). Tests of the cognitive abilities of WAG/Rij rats demonstrated 

that during a learned task the number of SWD decreased (van Luijtelaar et al 1991), 

which was supported by the determination that high levels of arousal were accompanied 

by a low number of SWD in WAG/Rij rats (Coenen et al 1991).

1.2.3. Thalamocortical mechanisms and synchronized oscillatory 

neuronal activity

An early investigation demonstrated that the SWD of a child with absence seizures could 

be recorded over the cortex and in the thalamus (Williams 1953). Similarly, SWD have 

been recorded from both the cortex and thalamus of pharmacologically derived and 

genetic animal models of absence epilepsy (Baneijee et al 1993, Fariello and Golden 1987, 

Hosford et al 1995b, Inoue et al 1993, McLachlan et al 1984, Vergnes et al 1987). 

However, SWD have not been recorded from the hippocampus of most animal models 

(Baneijee et al 1993, Hosford et al 1995b, Inoue et al 1993, Vergnes et al 1987). The
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indication is that whilst the cortex and thalamus are intimately involved in the genesis and 

regulation of SWD associated with absence seizures, the hippocampus, which is involved 

in convulsive epileptic seizures has no apparent role in the development of absence 

seizures (Kandel et al 1996, Vergnes et al 1990). A recent study indicated that 

thalamocortical SWD activity in WAG/Rij rats and Fischer 344 rats, another genetic 

animal model of absence epilepsy, is not related to hippocampal activity (Kandel et al 

1996). An exception is the tottering {tg/tg) mouse model of absence epilepsy where SWD 

were recorded simultaneously in the cortex and hippocampus (Noebels 1984). However 

this may be explained by the fact that this model exhibits additional disorders such as focal 

motor seizures and mild hind limb ataxia (Kostopoulos 1992), which may contribute to 

the appearance of SWD in the hippocampus.

An understanding of thalamocortical mechanisms in the generation of SWD has come 

about through investigation of the role of the thalamus and cortex in synchronized 

oscillatory activity. EEG synchronization supposes the coactivation of a large number of 

neurones and is characterized by the appearance of rhythmic waves (Steriade and Llinas

1988). The appearance of synchronous waves, such as sleep spindles with a frequency of 

7-14Hz, can be recorded over most of the cortical surface during the state of quiet 

wakefulness and during EEG synchronized sleep (quiet sleep) (Steriade and Llinas 1988). 

It is during these arousal states that the SWD of absence seizures, another rhythmic 

phenomena, are most easily recorded in humans (Kellaway et al 1990) and in animal 

models (Drinkenburg etal 1991, Lannes et al 1988). In contrast, EEG desynchronization 

is the disruption of EEG rhythmic activity and is typified during active wakefulness and 

rapid eye movement (REM) sleep, which are both brain activated states (Steriade and 

Llinas 1988) and are both associated with the appearance of fewer SWD in humans 

(Kellaway etal 1990) and in animal models (Drinkenburg e/ a/ 1991, Lannes et al 1988). 

The implication is that the underlying mechanisms of sleep spindles and the SWD of 

absence seizures are similar.

Evidence underlying the role of the thalamus in the generation of sleep spindles was 

demonstrated in decorticated cats where spindles could still be recorded in the thalamus 

(Morison and Bassett 1945). However, the development of SWD in animal models of
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absence epilepsy has been shown to be dependent on both the cortex and thalamus, as 

neither structure appears to be able to generate the SWD on its own (Avoli and Gloor 

1982, Vergnes and Marescaux 1992). Therefore, the generation of SWD is similar but 

distinct from that of sleep spindles.

Sleep spindle oscillations are generated at the thalamic level and imposed on the cerebral 

cortex via thalamocortical projections. Thalamocortical neurones (TC neurones) were 

found to be capable of generating two patterns of neuronal firing. These were tonic firing, 

in the form of single or repetitive individual spikes and phasic firing, following membrane 

hyperpolarization in the form of rebound bursts of fast spikes dependent on a low 

threshold Ca^^-conductance that could trigger multiple action potentials (Jahnsen and 

Llinas 1984a, Jahnsen and Llinas 1984b, Llinas and Jahnsen 1982). It was suggested that 

this rebound bursting property of TC neurones contributed to the development of spindle- 

related rhythmic burst discharges during membrane hyperpolarization in TC neurones, that 

occurred during EEG synchronous sleep (for review see Steriade and Llinas 1988). The 

low threshold Ca^^-conductance was later identified as being mediated by T-type Ca^- 

channels that are deinactivated by membrane hyperpolarization (Coulter et al 1989, 

Crunelli etal 1989). As well as the low threshold T-type Ca^^-current (Ij), the production 

of the rebound burst of action potentials is also dependent on a hyperpolarization 

activated cation current (IJ in TC neurones that underlies the activation of T-type Ca^- 

channels once they have been deinactivated (McCormick and Pape 1990).

In vivo and in vitro recording of TC neurones from the dorsal lateral geniculate thalamic 

nucleus (dLGN) have demonstrated the existance of an IPSP in response to optic tract 

stimulation, composed of a GABA^ receptor-mediated component and a GABAg 

receptor-mediated component (Crunelli et al 1988, Hirsch and Bumod 1987, Soltesz et 

al 1989). The GABAg receptor-mediated IPSP has the ability to deinactivate the low 

threshold T-type Ca^^-channel, thus suggesting a priming function for GABAg receptors 

in the generation of low threshold Câ  ̂potentials and the associated burst firing of TC 

neurones (Crunelli and Leresche 1991). The GABAg receptor agonist, (-)baclofen, does 

not directly effect the T-type Ca^^-channel of TC neurones of the dLGN, but appears to 

induce burst firing purely via its hyperpolarizing ability (Guyon and Leresche 1995). High
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threshold N- and L-, but not P-type, Ca^^-currents are also present on TC neurones, 

together with an uncharacterized high threshold current (Guyon and Leresche 1995, 

Pfrieger et al 1992). The N-type and uncharacterized current of TC neurones could be 

partially blocked by (-)baclofen in a manner sensitive to GABAg receptor antagonists that 

may also lead to an alteration in the firing of TC neurones (Guyon and Leresche 1995). 

The spindle oscillations of TC neurones are thus thought to be due to IPSPs that can lead 

to spike bursts which are transferred to the cortex.

It was determined that sleep spindle oscillations in the cat, in vivo, were abolished in TC 

neurones disconnected from the nucleus reticularis thalami (NRT) (Steriade et al 1985) 

and that spindle rhythmicity could be generated in a deafferented NRT (Steriade et al

1987). This led to the proposal that the NRT was the pacemaker of rhythmic activity. The 

NRT is a thin, sheet-like nucleus made up of GABAergic neurones, that surround the 

anterior and lateral aspects of the dorsal thalamus (Houser et al 1980, Jones 1985). NRT 

axons project to thalamic nuclei and provide inhibitory GABAergic innervation of TC 

neurones (Jones 1985, Mitrofanis and Guillery 1993, Thomson 1988) (see Figure 1.1). 

NRT neurones also receive collaterals from both thalamocortical and corticothalamic 

systems and are themselves interconnected (Jones 1985, Mitrofanis and Guillery 1993). 

In addition, the NRT receives aflferents fi'om various brainstem centres and from the basal 

forebrain that are thought to relate NRT activity to the level of arousal (Mitrofanis and 

Guilleiy 1993). A more recent investigation has demonstrated that unilateral electrolytic 

and ibotenic acid lesions of the NRT in vivo, were able to induce abnormal EEG rhythms 

primarily in the contralateral frontoparietal cortex of rats with no propensity to abnormal 

EEG activity (Marini et al 1995). The abnormal EEG sequences were associated with 

immobility and mild myoclonic facial jerks that resembled the behavioural manifestations 

of absence seizures (Marini et al 1995).

Like TC neurones, NRT neurones have been shown to exhibit tonic firing and phasic 

rebound burst firing properties which are dependent on the level of membrane 

hyperpolarization (Avanzini et al 1989, Contreras et al 1993). The burst firing ability of 

NRT neurones is also Ca^^-dependent, although the T-type Câ  ̂channel differs from that 

of TC neurones in terms of its biophysical properties (Hueguenard and Prince 1992). The
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Figure 1.1. Basic thalamocortical circuitry

A schematic diagram of basic thalamocortical circuitry showing the relationship between the neurones of the 
nucleus reticularis thalami (NRT), thalamocortical (TC) neurones of the thalamic relay nuclei and the 
corticothalamic (CT) neurones of the cerebral cortex. (Based on Figure lA  from Snead 1995).
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key to repetitive burst firing in NRT neurones lies in the associated Ca^^-dependent-K^- 

conductance, which initiates the burst-after-hyperpolarization (BAHP) that drives the 

membrane potential towards the level at which the T-type Ca^^-channel is deinactivated 

(Avanzini etal 1989). BAHPs mediated by Ca^^-dependent K^-conductances are common 

to NRT and TC neurones, although there is a wide variation in their time course and 

pharmacological properties between thalamic nuclei. For instance McCormick and Prince 

(1988) characterized the presence of at least three different kinds of afier- 

hyperpolarization (AH?) designated fast (fAHP), medium (mAHP) and slow (sAHP) in 

guinea pig thalamic neurones of the parataenial nucleus in vitro. The fAHP was fast in 

onset and short in duration, whilst the mAHP was longer in duration. These corresponded 

with the two types of AHP reported by an early study following a single action potential 

(Jahnsen and Llinas 1984a, Jahnsen and Llinas 1984b). The sAHP was pronounced 

following a train of action potentials or after the generation of a low threshold Ca^̂  spike 

(McCormick and Prince 1988). In these studies repetitive neuronal burst firing was not 

obtained. In a later study performed with rat NRT neurones in vitro, repetitive neuronal 

burst firing was exhibited and a BAHP demonstrated together with a fAHP, that was 

displayed following single spike neuronal firing (Avanzini et al 1989).

Other evidence suggested that spindle oscillations were due to the nature of the 

interactions between TC neurones and NRT neurones. It was demonstrated by von 

Krosigk et al (1993) in ferret thalamic slices that during recorded spontaneous spindle 

activity IPSPs could be recorded in TC neurones of the dLGN that were occasionally 

followed by rebound bursts of action potentials. GABAergic neurones of the 

perigeniculate nucleus (PGN), that can essentially be described as part of the NRT (Jones

1985), were suggested as the source of the IPSPs since these neurones were shown to 

receive EPSPs that appeared in synchrony with the burst firing of the TC neurones. The 

other possible source of the IPSPs were the GABAergic local circuit intemeurones (LCN) 

of the thalamic relay nuclei, but there was no recorded activity fi'om these neurones during 

osdllatory activity in this preparation (von Krosigk et al 1993). LCN in the dLGN were 

initially thought to have a limited role in thalamic neuronal activity, since in the cat dLGN 

they appeared to lack the typical Ij of TC and NRT neurones (McCormick and Pape

1988). However, more recent studies have demonstrated that the LCN of the dLGN of
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rats do possess Ij, but the expression of burst firing is prevented by the compensatory 

activity of the transient A-type K^-current (Pape et al 1994). It has been postulated 

that under certain regulatory conditions, where this balance is altered, that burst firing 

activity could be induced in these LCN such that they may support synchronization (Pape 

et al 1994). Other in vitro studies in cat and rat dLGN slices, with the NRT removed, 

suggested that the LCN were responsible for the IPSPs recorded in the TC neurones 

(Crunelli et al 1988, Hirsch and Bumod 1987, Soltesz et al 1989). The distribution of 

GABAergic LCN in the thalamus differs between species and individual thalamic nuclei. 

For example the involvement of GABAergic thalamic LCN in rodent thalamus appears 

limited given their reported absence from most thalamic nuclei with the exception of 

nucld such as the dLGN and lateroposterior thalamic nucleus (LP) (Barbaresi et al 1986, 

Jones 1985, Ohara et al 1983). In the rat dLGN it has been postulated that the 

GABAergic IPSPs of TC neurones arise following activation of LCN, as they persist in 

slices lacking functional NRT connections (Crunelli et al 1988). Thus, it is possible that 

the role of the LCN in thalamocortical activity varies between species and between 

thalamic nuclei, which may explain the reported differences.

In response to the recorded EPSPs, the PGN neurones of the ferret thalamic slice 

preparation exhibited a low threshold Câ "̂  spike and subsequent rebound burst firing (von 

krosigk etal 1993). Also recorded in PGN neurones was a BAHP which was thought to 

represent the activation of a Ca^"^-activated-K^-current (von Krosigk et al 1993). A 

mechanism was proposed by von Krosigk et al (1993) for the generation of spindle waves. 

The activation of a critical number of PGN neurones led to the inhibition of TC neurones 

and the subsequent deinactivation of the low threshold Ca^^-channel, which led to the 

generation of rebound burst firing of action potentials in TC neurones. The resulting 

action potentials in TC neurones could then depolarize PGN neurones and thus activate 

a low threshold Ca^^-channel and induce rebound burst firing in PGN neurones. It was 

also proposed that the synchronized properties of the oscillatory activity could be due to 

the large degree of overlap in the reciprocal connections between TC and PGN neurones. 

Thus, spindle oscillations are dependent on both the intrinsic properties of thalamic 

neurones and neuronal thalamo-cortical circuitry. In the same study, slice spindle activity 

could be abolished or its fi*equency reduced to 2-4Hz, therefore resembling SWD, by the
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local or bath application of the GABA^ receptor antagonist bicuculline. This was 

associated with an enhanced burst firing of TC neurones. The GABAg receptor antagonist 

2 -hydroxy-saclofen abolished the spontaneous slowed oscillations present after the 

administration of bicuculline, but did not alter spindle activity. This implicates the same 

neuronal machinery as spindle activity and also suggests the critical involvement of 

GABAg receptors in the generation of SWD. Interestingly, the feline penicillin model of 

absence epilepsy which involves intramuscular injection of penicillin, itself a weak GABA^ 

antagonist, appears to come about because of the gradual transformation of spindle 

activity into SWD activity (Gloor and Fariello 1988).

The NRT receives inputs fi'om both thalamic relay nuclei and the cortex via the collaterals 

of TC and corticothalamic (CT) neurones. That these inputs to the NRT are excitatory in 

nature and more specifically excitatory amino acid (EAA) mediated has been established 

(de Curtis et al 1989). This has also been supported by the finding that there is a high 

density of EAA binding sites within the NRT (Monaghan and Cotman 1982, Monaghan 

and Cotman 1985).

An investigation of intracellular recordings from the NRT neurones of rat thalamic slices 

demonstrated that iontophoretic administration of glutamate and the non-NMDA agonists, 

kainate and quisqualate, produced a depolarization and tonic firing (de Curtis et al 1989). 

In the same investigation aspartate and NMDA induced a depolarization and were 

associated with a sustained discharge that occasionally took the form of burst firing. The 

responses to aspartate and NMDA, but not glutamate, kainate and quisqualate were 

blocked by the selective NMDA receptor antagonist, 2-amino-5-phosphonovalerate 

(AP5). It was noted that this may not necessarily suggest that glutamate and aspartate are 

binding to different subtypes of EAA receptor, but rather that their predominant action 

on certain subtypes may obscure action on others (de Curtis et al 1989). In the same 

investigation stimulation of CT neurones by electrical stimulation at the internal capsule 

level, aswell as TC neurones whose co-stimulation could not be ruled out, induced EPSPs 

in the NRT neurones made up of both an early AP5-insensitive component and late AP5- 

sensitive component. Thus the response appeared to be both aspartate and glutamate 

mediated. The apparent variation in the effects of these neurotransmitters on NRT
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neurones may have implications in the mode of neuronal firing in thalamocortical circuitry 

(de Curtis et al 1989). In a more recent study, intra-NRT or internal capsule stimulation 

induced EPSPs in NRT neurones, partly by directly activating NRT neurones, but largely 

through CT and TC neurone stimulation of NRT neurones (Huguenard and Prince 1994a). 

The EPSPs were found to be both NMDA and non-NMDA receptor mediated 

(Huguenard and Prince 1994a).

The spontaneous spindle-like neuronal activity associated with TC and PGN neuronal 

burst firing in the ferret thalamic slice preparation was found to be abolished by the non- 

NMDA receptor antagonist, cyano-7-nitroquinoxaline-2, 3-dione (CNQX), but unaltered 

by the NMDA receptor antagonist AP5, when applied to the bath or locally to the NRT 

(Bal et al 1995a, von Krosigk et al 1993). In this same preparation the oscillations 

resembling those of absence seizures induced by bath applied bicuculline were also found 

to be blocked by local application of CNQX to PGN neurones (Bal et al 1995a).

In support of the experimental evidence, computer models utilising the 

electrophysiological properties of TC neurones have suggested that they are not capable 

of sustaining oscillations of spindle frequency (7-14Hz) on their own (Destexhe et al 

1993, Lytton et al 1996). Experimentally, TC neurones excite NRT neurones which, in 

turn, inhibit TC neurones and thus elicit rebound bursts of action potentials that are 

transmitted to the cerebral cortex (Steriade et al 1993, von Krosigk et al 1993). However, 

computer models of an isolated NRT network have demonstrated that oscillations can be 

developed at spindle fi'equencies, although not in a completely synchronous manner 

(Destexhe et al 1994, Golomb et al 1994). An extension of the models to include TC 

neurones and the connections between TC and NRT neurones have shown that spindle 

fi*equency oscillations could be generated in a synchronous fashion (Destexhe et al 1993, 

Golomb etal 1996).
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1.2.4. Thalamocortical mechanisms underlying absence epilepsy

It has been demonstrated in lesion studies of the feline penicillin model and GAERS that 

both the cortex and thalamus are necessarily involved in the generation of SWD (Avoli 

and Gloor 1982, Vergnes and Marescaux 1992). However, evidence suggests that the 

involvement of each brain region is different in the two models, since in the feline 

penicillin model SWD occur first in the cortex and then in the thalamus (McLachlan et al 

1984) whereas in GAERS thalamic SWD generally precedes cortical SWD (Marescaux 

et al 1992c, Vergnes et al 1987). WAG/Rij rats display the same pattern as GAERS 

(Inoue et al 1993), whilst in the GHB rat model and Ih/lh mice, SWD occur 

simultaneously in the cortex and thalamus (Baneijee et al 1993, Hosford et al 1995b). It 

has been postulated for the feline penicillin model that the cortex is the primary brain 

region in the generation of SWD via cortical hyperexcitability (Avoli et al 1983, Gloor 

and Fariello 1988). Similarly it has been reported that there is increased excitability of 

pyramidal neurones in layer V of the cerebral cortex of stargazer {stg/stg) mice, another 

genetic model that display SWD, when compared with non-epileptic wildtype (+/+) mice 

(Di Pasquale et al 1997). It has been postulated that this may contribute to the mechanism 

of inherited absence epilepsy in the stargazer mouse model (Di Pasquale et al 1997). The 

investigation of cerebral energy metabolism in GAERS and their control strain performed 

using the technique of quantitative 2-[^^C]-deoxyglucose autoradiography demonstrated 

that energy metabolism was consistently higher in GAERS and also suggested that the 

increase was widespread throughout the brain and not associated with local changes to 

thalamocortical circuitry (Nehlig et al 1992). Treatment with ethosuximide was found to 

abolish the SWD of GAERS, but the increased energy metabolism was unchanged, 

thereby indicating that there was no association between SWD and the increased energy 

metabolism (Nehlig et al 1992, Nehlig et al 1993).

The mapping of spontaneous SWD in GAERS, WAG/Rij and Ih/lh mice has identified 

similar areas of the brain where SWD can be recorded. In GAERS, SWD occured most 

prominently in the frontoparietal cortex, the lateral thalamus and to a lesser extent in the 

other areas of the cerebral cortex, CPu, SN, hypothalamus and in certain areas of the 

midline thalamus (Marescaux et al 1992c, Vergnes et al 1987, Vergnes et al 1990). The
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role of the cortex in the generation of SWD was confirmed by studies in which the cortex 

was lesioned, by both suctioning of the dorsal cortex and application of KCl to induce 

depression over the whole cortex, which resulted in an absence of SWD in the thalamus 

(Vergnes and Marescaux 1992). Similarly, electrolytic lesions of the lateral thalamus, 

which included thalamic relay nuclei that project to the cortex and the NRT, supressed 

cortical SWD (Vergnes and Marescaux 1992). Selective lesions of the anterior, 

ventromedial and medial thalamus did not alter the cortical SWD (Vergnes and Marescaux

1992). A specific role for the NRT in the generation of SWD was postulated based on the 

evidence supporting the involvement of the NRT in oscillatory activity. Local injection of 

the cytotoxic agent, ibotenic acid, into the thalamic nuclei of GAERS induced restricted 

focal lesions (Avanzini et al 1993). Lesion of the NRT greatly suppressed cortical SWD, 

whilst lesions of the thalamic relay nuclei only induced a smaller suppression of the SWD 

(Avanzini et al 1993).

Investigation of the neurones in the ventrolateral thalamic nucleus (VL), NRT and 

neocortex has concluded that there is no reduction in the total neurone number of GAERS 

when compared with their control strain (Sabers et al 1996). Given that neurone loss has 

been described in the hippocampus and cerebellum of animal models of generalised 

convulsive epilepsy the absence of any neurone loss in GAERS supports the hypothesis 

that crucial differences exist in the pathophysiology underlying convulsive and absence 

epilepsies (Sabers et al 1996).

In agreement with a thalamocortical origin for SWD, spontaneous and rhythmic multiple 

unit firing concurrent with the spike component of the cortical SWD of WAG/Rij have 

been recorded in the frontal cortex, thalamic relay nuclei, NRT and mediodorsal thalamic 

nucleus (MD) (Inoue et al 1993). Additionally spontaneous and rhythmic multiple unit 

firing concurrent with the wave component of the cortical SWD of WAG/Rij have been 

recorded in the centrolateral thalamic nucleus (CL) and paracentral thalamic nucleus (PC) 

(Inoue et al 1993). The SWD of Ih/lh mice was recorded predominantly in the frontal 

cortex, thalamic relay nuclei and NRT, but was also present in the CPu and thalamic 

reunions nucleus (Hosford et al 1995b). In the GHB rat and feline penicillin models the 

resulting SWD present a similar distribution to that of the genetic models with the
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prominence of SWD in the frontoparietal cortex and lateral thalamus (Avoli et al 1983, 

Baneijee et al 1993, McLachlan et al 1984).

1.2.5. Pharmacology of absence epilepsy

i.2.5.1. Voltage activated Ca^ channels and their role in absence epilepsy

Selective anti-absence epileptic compounds, such as ethosuximide, have been shown to 

block the Ij that is partly responsible for the burst firing of TC and NRT neurones 

(Coulter et al 1990, Huguenard and Prince 1992). It was hypothesized that this action of 

ethosuximide was responsible for its ability to suppress SWD. This was supported by the 

finding that in rat thalamic slices displaying 2-5Hz oscillations, ethosuximide reduced the 

amplitude of the ly in both TC and NRT neurones by approximately 30-40% which 

resulted in a small decrease in the probability of neuronal burst firing (Huguenard and 

Prince 1994a). Clinically, ethosuximide has been found not to effect human sleep spindles, 

but has a selective effect against generalized 3Hz SWD (Kellaway et al 1991). This may 

be related to differences in the underlying cellular mechanisms of sleep spindles and SWD. 

In particular it has been suggested that during a sleep spindle not as many TC neurones 

fire as during slower oscillations (von Krosigk et al 1993). Therefore, during the slower 

oscillatory rhythms of SWD in which more TC neurones fire, the T-type Ca^ channels of 

these TC neurones may be more likely to display incomplete deinactivation than during 

sleep spindle oscillations, so possibly making SWD more susceptible to the effects of 

ethosuximide (Huguenard and Prince 1994a).

Cd̂  ̂has been shown to block the Ca^^-currents and Ca^^-dependent-K^-currents of NRT 

neurones in vitro (Avanzini et al 1989). The involvement of Ca^^-dependent activity in the 

NRT in the occurrence of SWD in GAERS has been previously suggested by the ability 

of Cd^ t̂o supress the SWD of GAERS when injected into the NRT (Avanzini et al 1992, 

Avanzini etal 1993). Similar injections of Cd̂  ̂into thalamic relay nuclei also suppressed 

SWD, but to a much lesser extent than when injected into the NRT (Avanzini et al 1992, 

Avanzini et al 1993). As TC and NRT neurones exhibit similar calcium conductances it 

was postulated that the greater effect of Cd^  ̂injected into the NRT was not dependent 

_______________________  51



Chapter 1 : General introduction

on Ca^ -̂channel blockade, but rather that the eflfect was more likely mediated via an effect 

on the Ca^^-dependent-K^-conductance underlying the novel BAHP of NRT neurones 

(Avanzini et al 1993). However, it was noted that Cd^  ̂could also block those Ca^- 

channel conductances associated with neurotransmitter release which may also be 

involved in SWD activity. The indication is that Ca^^-dependent oscillatory properties of 

the NRT are particularly important in the expression of SWD in GAERS.

Studies of GAERS and their non-epileptic control strain have demonstrated that the ly of 

TC neurones from the dLGN and ventrobasal thalamic nucleus (VB), a collective term for 

the ventroposterior-lateral thalamic nucleus (VPL) and ventroposterior-medial thalamic 

nucleus (VPM), did not differ between the two strains (Guyon et al 1993, Tsakiridou et 

al 1995). However, the amplitude of the ly in the NRT neurones of GAERS was greater 

than in the non-epileptic strain (Tsakiridou et al 1995). In the same study there was no 

difference between the two strains of the high threshold L-type Ca^̂  current (II) in NRT 

and TC neurones of the VB. The increase in the amplitude of the ly of NRT neurones of 

GAERS may enhance the probability of burst firing and contribute to appearance of SWD 

(Tsakiridou et al 1995). Further evidence to support this idea has been provided by a 

recent investigation of low-voltage activated currents in the NRT of GAERS (Meis et al

1996). A transient outward current (I^  exists that mirrors and opposes ly in various 

classes of thalamic neurone. The interplay between and ly underlies the pattern of low- 

voltage-activated spike firing observed in thalamic neurones. As stated previously (see 

section 1.2.3.) it has been reported that the interaction between the particular and ly of 

LCN prevents the generation of low threshold Câ  ̂spikes in these neurones (Pape et al

1994). In contrast, the relationship between 1̂  and ly in TC and NRT neurones is shifted 

towards the generation of low threshold Câ  ̂spikes and burst firing (Meis et al 1996, 

Pape et al 1994). The properties and density of 1̂  in the NRT neurones of GAERS and 

their control strain were found to be similar (Meis et al 1996). However, taken with the 

reported increase in amplitude of the ly in the NRT neurones of GAERS, the lack of a 

change in the 1 ^ to compensate for this difference suggests that the balance between I^ and 

ly in NRT neurones is further shifted towards ly in GAERS (Meis et al 1996). As a 

consequence this will promote low threshold Câ  ̂ spikes in NRT neurones and thus 

facilitate the burst firing of thalamic circuits (Meis et al 1996).
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I.2.5.2. GABAergic-mediated mechanisms in absence epilepsy

Drugs that enhance GABAergic neurotransmission are used in the clinical treatment of 

generalized convulsive epilepsy. These include the barbiturates and benzodiazepines, 

which act via modulatory binding sites on the GABA^ receptor complex, progabide, a 

GABA^ receptor agonist, y-vinyl-GABA, a GABA-T inhibitor, and tiagabine, a GAB A 

uptake blocker (Lôscher and Schmidt 1994). However, investigation of human absence 

epilepsy suggests that an enhancement of GABAergic neurotransmission is ineffective or 

actually exacerbates absence seizures (Luna et al 1989, Stefan et al 1988) and has led to 

the hypothesis that the underlying mechanism involves excessive GABA-mediated activity. 

This has been supported by research carried out in animal models of absence epilepsy 

where systemic and intracerebroventricular (i.c.v.) administration of GABA receptor 

agonists, inhibitors of GABA-T and inhibitors of GABA reuptake have been shown to 

increase the SWD associated with absence seizures (Coenen et al 1995a, Hosford et al 

1992, Marescaux et al 1992c, Peeters et al 1989a, Vergnes et al 1984).

The specific role played by GABAergic neurotransmission in the thalamus of GAERS has 

been demonstrated by the use of intrathalamic injections of y-vinyl-GABA. When injected 

into the thalamic relay nuclei y-vinyl-GABA increased the SWD, whilst injection into the 

NRT area suppressed the SWD, and injection into the thalamic midline nuclei had no 

effect (Liu etal 1991a). This suggests that an increase in GABAergic neurotransmission 

in the thalamic relay nuclei may, via the resulting hyperpolarisation, shift TC neurones into 

burst firing mode and thus increase the appearance of SWD. The effect of y-vinyl-GABA 

in the NRT of GAERS can be explained in terms of the intrareticular GABAergic circuitry 

between NRT neurones and the inhibitory effect of this on the burst firing of NRT 

neurones (Spreafico et al 1988). Also, GABAmimetic compounds administered 

systemically or intrathalamically can actually induce SWD-like activity in the EEG of 

previously non-epileptic animals (Fariello and Golden 1987, Liu et al 1991a). The 

pathogenesis underlying the generation of SWD in GAERS may therefore be related to 

an excessive GABAergic input, possibly originating from NRT neurones, onto TC 

neurones. Immunocytochemical studies of GABA and glutamic acid decarboxylase 

(GAD), the enzyme that catalyses GABA synthesis, have demonstrated that the density
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and distribution of immunoreactive elements in the frontal cortex and thalamus were 

unaltered in GAERS and their control strain (Spreafico et al 1993). In a recent finding, 

extracdlular GABA in the voitrolateral thalamus of GAERS was shown to be greater than 

that in the control strain, suggesting a possible mechanism for the initiation of absence 

seizures in this model (Richards et al 1995). The higher levels of GABA in GAERS 

appeared not to be a consequence of seizure activity as drugs that altered the SWD did 

not change the GABA level. This supports the proposal that GABAergic transmission 

within the thalamus has an underlying role in the generation of SWD in GAERS. 

GABAergic involvement in the expression of SWD in WAG/Rij rats has also been 

indicated by the reported impairment of frontoparietal cortical GABAergic inhibition in 

WAG/Rij rats when compared with non-epileptic control Wistar rats (Luhmann et al

1995). The role of GABA^ and GABAg receptors in absence epilepsy has been studied 

in various animal models and a number of potentially important differences have been 

identified in epileptic animals when compared with non-epileptic controls.

(a) GABA^ receptors and absence epilepsy

Systemic administration of GABA^ receptor agonists has been shown to enhance SWD 

in GAERS (Marescaux etal 1992c, Micheletti et al 1985, Vergnes et al 1984), the GHB 

rat model and the low dose PTZ model (Snead 1984, Snead 1992c). Similarly, i.c.v. 

administration of the GABA^ receptor agonist, muscimol, increased the number of SWD 

in WAG/Rij (Peeters et al 1989a). In an extension to this, the GABA^ receptor agonist 

TRIP has actually been shown to induce bilaterally synchronous SWD in previously non

epileptic rats that were associated with behaviour reminiscent of a generalised absence 

seizure (Fariello and Golden 1987). However, in GAERS and the GHB model the 

disorder does not appear to be simply a GABA^ receptor-mediated event as systemic 

administration of the GABA^ receptor antagonists bicucuUine and picrotoxin had no effect 

on the SWD of GAERS (Marescaux et al 1992c, Micheletti et al 1985), and similarly 

bicuculline failed to alter the SWD in the GHB rat model (Snead 1984). This is 

contradicted by the reported suppression of the SWD of WAG/Rij rats by bicuculline 

administered i.c.v. (Peeters et al 1989a). It must be noted that the dose range of GABA^ 

receptor antagonists that could be administered was limited by the convulsive properties
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of these compounds, as demonstrated in WAG/Rij rats by the occurrence of body twitches 

in response to bicuculline (Peeters et al 1989a) and the development of convulsive 

seizures in GAERS by high doses of bicuculline (Marescaux et al 1992c). This and the 

differences in the route of drug administration may have interfered with the reported 

activity of these compounds in the different models of absence epilepsy.

Intrathalamic administration of muscimol into GAERS, like y-vinyl-GABA, increased 

SWD when injected into the thalamic relay nuclei and decreased SWD when injected into 

the NRT area, but had no effect when injected into the thalamic midline nuclei (Liu et al 

1991a). This can be explained based on the current understanding of thalamic GABAergic 

circuitry. The proposed enhancement of SWD by increased GABAergic neurotransmission 

in the thalamic relay nuclei appears to be mediated via an increase in GAB A^ receptor- 

mediated neurotransmission of TC neurones and a resultant increase in burst firing (Liu 

et al 1991a). The ability of muscimol injected into the NRT area to decrease SWD, 

presumably by a prevention of burst firing, suggests that intrareticular GABAergic 

circuitry is also GABA^ receptor-mediated (Liu et al 1991a).

Plasma membrane binding studies of [^H]-muscimol binding to the GABA^ binding site 

demonstrated that the binding was unaltered in the cortex of Ih/lh mice when compared 

with control +/+ mice (Hosford et al 1992, Lin et al 1993). An autoradiographic study 

on the distribution of GABA^ binding sites in GAERS and their non-epileptic control 

strain suggested that there was no difference in binding to the GABA site in various brain 

regions, including the cortex and numerous thalamic nuclei (Knight and Bowery 1992). 

Further autoradiographic studies on the GABÂ  ̂ receptor complex of GAERS have 

demonstrated no difference in the high and low affinity GABA sites, benzodiazepine sites 

and the picrotoxin site in the cortex and thalamus when compared with their control strain 

(Snead et al 1992). However, a decrease in binding to the high and low affinity GABA 

sites was reported in the CA2 region of the hippocampus in GAERS that appeared to be 

due to a decrease in the number of sites (Snead et al 1992). Given the lack of involvement 

of the hippocampus in the recorded SWD in GAERS the significance of this difference is 

unknown. A more recent autoradiographic investigation demonstrated that there was a 

reduction in the ability of GABA to enhance benzodiazepine binding, whilst there was no
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difference in benzodiazepine binding itself, in the outer layers of the frontoparietal cortex 

and in the anterior and medial thalamus of GAERS when compared with their control 

strain (Spreafico et al 1993). Furthermore, immunocytochemical analysis of the P2-P 3  

subunits of the GABA^ receptor complex, the location of the GABA site, in GAERS and 

their control strain demonstrated a decrease in the level of these subunits in the 

sensorimotor cortex and in the anteroventral thalamic nucleus (AV) (Spreafico et al

1993). The indication is that an impairment of the GABA^ receptor system may be 

involved in the underlying mechanism of this model of absence epilepsy. However, the 

relevance of the difference in the AV may be limited given that mapping studies 

demonstrated that SWD were not particularly prevalent in the AV of GAERS (Vergnes 

et al 1990). On the other hand the reported difference in the frontoparietal cortex may be 

of crucial importance given the known role of this brain area in the generation of SWD 

in GAERS (Vergnes and Marescaux 1992, Vergnes et al 1990). A reduction of GABA 

mediated inhibition in the cortex could induce cortical hyperexcitability and thus lead to 

an enhancement of thalamocortical oscillatory activity through the cortical input to the 

thalamus (Spreafico et al 1993). However, the reported changes in the GABA^ receptor 

system may represent a consequence of SWD activity rather than the cause.

The action of systemically administered benzodiazepine ligands on the SWD of animal 

models of absence epilspsy has been extensively researched. It has been established that 

ligands at the benzodiazepine modulatory site on GAB A^ receptors can be classified as 

full agonists, which enhance the actions of GABA at the GAB A^ receptor by increasing 

the fi’equency of Cl channel opening, partial agonists and antagonists, as well as inverse 

agonists which produce the opposite effect to full agonists (for review see Sieghart 1992). 

The full agonists diazepam and ZK 93423 suppressed the SWD of GAERS and induced 

sedation whilst the partial agonists ZK 91296, Ro 166028 and CGS 9896 suppressed the 

SWD of GAERS, but did not induce sedation (Jensen et al 1984, Marescaux et al 1984a, 

Marescaux etal 1992c). Similarly, diazepam reduced the SWD of WAG/Rij rats, but also 

induces sedation, whilst ZK 91296 supressed the SWD of WAG/Rij rats without inducing 

sedation (Coenen and van Luijtelaar 1989). Low doses of flumazenil (Ro 151788), a 

benzodiazepine antagonist, did not alter the SWD of GAERS (Marescaux et al 1984b) or 

WAG/Rij rats (Peeters et al 1990b). In contrast, higher doses of flumazenil were found
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to suppress the SWD of GAERS (Marescaux et al 1984b), but not WAG/Rij rats (Peeters 

et al 1990b). It has also been determined in GAERS that low doses of the full inverse 

agonist, methyl 6, 7-dimethoxy-4-ethyl-p-carboline-3-carboxylate (DMCM), increased 

the SWD, whilst higher doses induced convulsions (Marescaux et al 1992c). The partial 

inverse agonists FG 7142 and 7K  90886 increased the SWD of GAERS (Marescaux et 

al 1992c) and FG 7142 was found to aggrevate the SWD of WAG/Rij rats (Coenen and 

van Luijtelaar 1989).

The augmentation of the SWD of GAERS by the GABA^ receptor agonist THIP and y- 

vinyl-GABA was also abolished by diazepam (Marescaux et al 1985). It was thus 

postulated that the action of diazepam could not be interpreted as a simple generalized 

potentiation of GABA^ receptor mechanisms. This was thought to indicate that the 

opposing effects of GABAmimetics and diazepam in GAERS may be due to differences 

in GABA^ receptor selectivity between brain regions or due to the actions of diazepam 

in other neurotransmitter systems (Marescaux et al 1985). However, the recent finding 

in rat thalamic slices that the benzodiazpine agonist, clonazepam, could enhance recurrent 

GABA^ receptor-mediated inhibition between NRT neurones and thus suppress the 

GABAergic inhibition of TC neurones by NRT neurones, has demonstrated how such an 

apparent contradiction could exist (Huguenard and Prince 1994b). It was found that the 

effect of clonazepam on GABA^ receptor mediated inhibition appeared to be more 

prominent in NRT neurones than on GABA^ receptor mediated IPSPs evoked in TC 

neurones (Huguenard and Prince 1994b). In fact it was found that clonazepam reduced 

the G A B ^ receptor mediated IPSP, evoked in TC neurones following NRT stimulation, 

more prominently than any action to enhance GABA^ receptor mediated IPSPs in TC 

neurones (Huguenard and Prince 1994b). Further investigation in isolated neurones has 

demonstrated that benzodiazepine efficacy in augmenting GABAergic responses is 

regionally selective with greater efficacy seen in the NRT neurones relative to both TC 

and cortical neurones (Gibbs eta l 1996). Therefore, selective benzodiazepine-mediated 

enhancement of intrareticular inhibitory GABAergic systems, reduces GABAergic NRT 

output and thus acts to dampen thalamocortical oscillations and as a result SWD (Gibbs 

e ta l 1996).
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(b) GABAg receptors and absence epilepsy

Systemic administration of GABAg receptor agonists has been shown to increase the 

SWD in GAERS (Vergnes et al 1984, Marescaux et al 1992a), Ih/lh mice (Hosford et al 

1992) and in the GHB and low dose PTZ rat models (Snead 1992a, Snead 1992b). The 

involvement of GABAg receptors in the pathogenesis underlying absence seizures was 

supported by the demonstration that systemically administered GABAg receptor 

antagonists could suppress the SWD in GAERS (Marescaux eta l 1992a, Marescaux et 

al 1992b, Marescaux et al 1996, Richards and Bowery 1996), Ih/lh mice (Hosford et al 

1992, Hosford et al 1995a), old Wistar rats (Puigcerver et al 1996) and in the 

pharmacologically derived GHB, low dose PTZ (Hosford et al 1995a, Snead 1992a, 

Snead 1992b) and AY-9944 rat models (Smith and Fisher 1996). The particular 

involvement of intrathalamic GABAg receptor-mediated neurotransmission in the 

occurrence of SWD in GAERS and Ih/lh mice was demonstrated by reports that 

intrathalamic injections of (-)baclofen and CGP 35348, into both thalamic relay nuclei and 

NRT, were able to increase and suppress respectively the cortical SWD (Hosford et al 

1995b, Liu et al 1992, Marescaux et al 1992b). In the GAERS study, injections of (- 

)baclofen and CGP 35348 into the midline thalamic nuclei did not alter the SWD, whilst 

(-)baclofen injections into relay thalamic nuclei of non-epileptic rats could induce the 

appearance of SWD-like activity in the cortical EEG (Liu et al 1992). Therefore increased 

GABAg receptor-mediated activity at the level of the NRT and TC neurones can enhance 

SWD in GAERS and Ih/lh mice.

The response to (-)baclofen in the thalamic relay nuclei of GAERS was similar to that 

reported by muscimol and y-vinyl-GABA (Liu et al 1991a) and presumably represents an 

increase in the level of GABAg receptor-mediated hyperpolarization and therefore 

increased burst firing of TC neurones (Crunelli and Leresche 1991, Liu et al 1992). It has 

been suggested that the postsynaptic GABAg receptor-mediated IPSPs of TC neurones 

have a priming function in that they deinactivate T-type Ca^̂  channels (Crunelli and 

Leresche 1991). Given that the NRT shared the same properties as the thalamic relay 

nuclei with respect to the effects of GABAg receptor ligands, it was suggested that a 

similar increase of GABAg receptor-mediated hyperpolarization on NRT neurones,
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perhaps effecting the deinactivation of the T-type Ca^̂  channel, may exist that primes the 

NRT nairone ready for burst firing (Liu etal 1992). Such postsynaptic responses in NRT 

neurones could result from the synapses between GABAergic NRT neurones. 

Investigation of the rat NRT has demonstrated that presynaptic activation of GABAg 

receptors on NRT neurones reduced evoked GABA^ receptor-mediated IPSCs and the 

frequency of spontaneous mIPSCs in NRT and TC neurones (Ulrich and Huguenard

1996). In the same investigation it was demonstrated that GABAg receptor activation 

accounted for a small component of the evoked IPSC recorded in a minority of NRT 

neurones, that was thought to be mediated by a small K^-conductance (Ulrich and 

Huguenard 1996). Thus the role of postsynaptic GABAg receptors in the interaction 

between NRT neurones appears to be limited, although it has been suggested in a 

computer model that the existence of such receptors could account for rhythmicity of a 

certain frequency (Destexhe et al 1994). On the other hand the role of presynaptic 

GABAg receptors on NRT neurones appears to be more substantial (Ulrich and 

Huguenard 1996). The response to (-)baclofen in the NRT area differs from the 

suppression of SWD seen with muscimol and y-vinyl-GABA, which supports the idea that 

differences exist in the physiological function of GAB A^ and GABAg receptor-mediated 

responses seen in NRT neurones. Overall, the effects of GABAg receptor agonists and 

antagonists indicate a primary role for this receptor type in the regulation of absence 

epilepsy.

Study of sleep patterns has also suggested an important role for GABAg receptor- 

mediated mechanisms. Injection of GABAg receptor antagonists into the VPL of cats has 

been shown to alter the level of EEG synchronization (Juhasz et al 1994). It was 

demonstrated that the desynchronized states of wakefulness and REM sleep as well as the 

total sleep time were unaffected. However, the duration of synchronized sleep when sleep 

spindles (10-20Hz) occurred was increased, whilst that when slower fi'equency oscillations 

occur was decreased. The implication is that GABAg receptors are involved in the 

regulation of EEG slow waves, which includes SWD as reported in the ferret in vitro 

thalamic slice preparation (Bal et al 1995b, von Krosigk et al 1993).

Plasma membrane binding studies using baclofen demonstrated an increase in the number 
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of GABAg binding sites in the neocortex of Ih/lh mice when compared with their non

epileptic control 4-/4- mice (Hosford et al 1992, Lin et al 1993). This was supported by 

autoradiographic studies of (-)baclofen displaceable GABA binding to the GABAg binding 

site, in which it was reported that there was increased GABAg site binding in the 

neocortex, thalamic nuclei and CPu of Ih/lh mice when compared with control +/+ mice 

(Hosford et al 1995b). The coupling of the GABAg receptor to G-proteins was not 

altered in Ih/lh mice and thus, taken together with the binding data, provides a basis for 

enhanced GABAg receptor-mediated activity in Ih/lh mice (Lin et al 1993).

Electrophysiological GABAg receptor mediated inhibition was greater in the hippocampal 

slices of Ih/lh mice when compared with 4-/4- mice (Hosford et al 1992), although the 

relevance of this is uncertain given the lack of involvement of the hippocampus in the 

generation of SWD (Hosford etal 1995b). Recordings made from the TC neurones of the 

VB of Ih/lh mice and control 4-/4- mice indicated that their was no difference in their 

resting conductance and baclofen-activated conductance (Caddick and Hosford 1996). 

The implication is that postsynaptic GABAg receptor-mediated function is not altered in 

TC neurones.

However, presynaptic GABAg receptor-mediated effects have been shown to differ 

between Ih/lh and 4-/4- mice. For example neocortical synaptosomes from Ih/lh mice 

displayed a greater (-)baclofen effect in inhibiting GABA release and a lower Ca^  ̂uptake 

ability when compared with control mice (Lin et al 1995). In the same study the effect of 

(-)baclofen to inhibit forskolin-stimulated cAMP production in neocortical synaptosomes 

was unaltered in the two strains. Thalamic synaptosomes prepared from Ih/lh and 4-/4- 

mice also exhibited different properties as the epileptic strain displayed reduced GABAg 

receptor-mediated effects on GABA release, Câ  ̂uptake and forskolin stimulated cAMP 

formation compared with the non-epileptic strain (Lin et al 1995). The findings suggest 

a possible role for presynaptic GABAg receptors in the mechanisms underlying absence 

seizures in Ih/lh mice. Lin et al (1995) suggested that the apparent ability of GABAg 

receptors in the neocortex to inhibit GABA release to a greater extent in Ih/lh mice 

indicates that GABAergic inhibition of the neocortex may be reduced thus leading to a 

disinhibition of excitatory neuronal circuits. On the other hand, the reduced ability of
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GABAg receptors in the thalamus of Ih/lh mice to inhibit GABA release implies that there 

could be greater GABAergic neurotransmission from the NRT to TC neurones. This 

proposed greater GABAergic inhibition of the thalamus plus the disinhibition of excitation 

in the neocortex could both play a part in the genesis of SWD in Ih/lh mice.

Membrane binding studies, of cortical and thalamic preparations, and autoradiographic 

binding studies failed to demonstrate an alteration of GABAg binding site distribution in 

GAERS rats compared with their control strain (Knight and Bowery 1992, Spreafico et 

al 1993). The coupling of GABAg receptors to their G-proteins in the cerebral cortex also 

appears to be similar in GAERS and their control strain (Mathivet et al 1995, Mathivet 

et al 1996). The determination of cAMP levels via in vivo microdialysis studies of the VL 

in GAERS and their control strain, failed to demonstrate a difference in their basal and 

GABAg receptor-mediated inhibition of forskolin stimulated cAMP levels (Lemos et al

1995). Although there appears to be no alteration of GABAg receptors themselves, their 

coupling to G-proteins or their interaction with cAMP levels, there is enough 

pharmacological evidence to suggest an important role for these receptors in the 

generation of SWD. The reported increase in GABA levels in the ventrolateral thalamus 

and the increase in the ly of GAERS (Richards et al 1995, Tsakiridou et al 1995) may be 

factors in the involvement of GABAg receptors, but this does not discount the existence 

of other, as yet unidentified, factors in the pathophysiology underlying the occurrence of 

SWD in GAERS.

1.2.5.3. Other mechanisms involved in absence epilepsy

Other neurotransmitter systems have also been implicated in the mechanisms of absence 

epilepsy. GHB has been proposed as a neurotransmitter or neuromodulator in brain. 

Binding studies have identified GHB binding that was sensitive to guanine nucleotides and 

PTx (Ratomponirina et al 1995, Snead 1992b). The indication is that GHB binds a 

receptor that is coupled to PTx-sensitive G-proteins. Systemic and thalamic administration 

of GHB has been shown to induce generalized absence seizures with a characteristic SWD 

in rats (Snead 1992c). Autoradiographic studies performed using [^H]-GHB suggested 

that the density of low affinity GHB binding sites was increased in the ventrolateral

  61



Chapter 1 : General introduction

thalamus of GAERS compared with their non-epileptic controls (Snead et al 1990). 

Bilateral intrathalamic injections of GHB into the mediolateral thalamus of GAERS 

augmented the SWD in a manner that could be suppressed by the GHB antagonist, NCS 

38285, which had no effect when administered alone (Liu et al 1991b). Injection of GHB 

and NCS 38285 into the midline thalamus and NRT did not alter the SWD of GAERS 

(Liu et al 1991b). The evidence may support a role for intrathalamic GHB receptors in 

the genesis of SWD in GAERS. The lack of a suppressive effect by GHB receptor 

blockade suggests that the involvement may be of a supportive nature, perhaps promoting 

conditions favourable to the development of SWD, rather than a direct effect (Liu et al 

1991b).

Contradictory evidence exists regarding the selectivity of GHB binding for specific sites. 

It has been suggested that GHB has a selective but weak affinity for GABAg receptors, 

such that the ability of GHB to induce absence seizures and enhance the SWD of GAERS 

may be mediated through this association (Bemasconi et al 1992). In support of this 

GABAg receptor antagonists have been found to suppress the SWD induced by GHB in 

rats (Marescaux et al 1992a, Snead 1992a), although unlike in GAERS, the GHB 

antagonist NCS 382 could also suppress GHB induced SWD (Snead 1992b, Snead 

1996a). Similarly, electrophysiological studies have also suggested that the ability of GHB 

to hyperpolarize TC neurones, a possible mechanism leading to the induction of SWD, is 

GABAg receptor-mediated since the hyperpolarization was sensitive to CGP 35348, but 

not bicuculline or NCS 382 (Williams et al 1995). However, it has also been reported that 

GHB binding was not altered by (-)baclofen or CGP 35348 (Snead 1992b). Recent 

findings have suggested that the GHB site may be associated with, but separated from, 

presynaptic GABAg receptors (Baneijee and Snead 1995, Snead 1996b, Snead 1996c).

The involvement of excitatory amino acid mediated mechanisms in absence epilepsy has 

also been demonstrated. For example in GAERS it has been shown that both i.p. and i.c.v. 

administration of NMD A decreased SWD in a dose dependent manner (Marescaux et al 

1992c). Additionally, it was found that relatively high doses of NMD A actually induced 

convulsive seizures in GAERS, whilst NMDA failed to induce SWD in non-epileptic 

control rats ((Marescaux et al 1992c). Interestingly, systemic administration of
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competitive and non-competitive NMDA receptor antagonists also suppressed the SWD 

of GAERS (Marescaux et al 1992c). The NMDA receptor antagonists suppressed the 

SWD of GAERS at relatively high doses that are associated with side effects (Marescaux 

et al 1992c). Thus, it has been suggested that the SWD of GAERS are not simply the 

result of excessive NMDA receptor-mediated neurotransmission. In support of this 

extracellular glutamate and aspartate levels in the ventrolateral thalamus of GAERS and 

their control strain were found to be similar (Richards et al 1995).

It has been reported that the response to NMDA, but not to the non-NMDA receptor 

agonists quisqualate or kainate, are enhanced and more widely distributed throughout the 

cortex of GAERS when compared with their control strain (Pumain et al 1992). In a more 

recent investigation the non-NMDA receptor antagonist CNQX was found to be less able 

at reducing the amplitude of population EPSPs recorded from layer V in cortical slices 

from GAERS when compared with their control strain (Avanzini et al 1996). On the basis 

of the evidence from this investigation it was postulated that there may be an alteration 

in the effectiveness of non-NMDA receptor-mediated EAA neurotransmission in the 

cortex of GAERS (Avanzini et al 1996). Furthermore it has been reported that 

immunoreactivity to the GLU-Rg and GLU-Rj subunits of EAA receptors is increased in 

the cortex of GAERS, a difference that may underlie alterations in the physiological 

properties of EAA receptors in this region (Avanzini et al 1996).

In the WAG/Rij rat model, i.c.v. administration of the non-competitive NMDA receptor 

antagonist MK 801 was found to reduce the SWD and induce agitation as a behavioural 

side effect, which may indicate an increase in arousal that is known to reduce SWD itself 

(Peeters et al 1989b). The competitive NMDA receptor antagonist 2-amino-7- 

phosphonoheptanoic acid (APH), when administered i.c.v., was also shown to inhibit the 

occurrence of SWD in WAG/Rij rats, but did not induce noticeable side effects like MK 

801 (Peeters etal 1990c). Interestingly, i.c.v. administration of NMDA dose dependently 

increased the number of SWD in WAG/Rij, whilst not altering the mean duration of each 

SWD (Peeters et al 1990c). This action of NMDA in WAG/Rij rats is in contrast to 

findings in other rat models and underlines the point that differences exist in the 

pathophysiological mechanisms underlying SWD in the various models.
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Investigation of non-NMDA receptors in WAG/Rij rats has shown that a-amino-3- 

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) administration i.c.v. dose 

dependently increased the number of SWDs, but did not alter the mean duration (Peeters 

et al 1993). Kainate, administered i.c.v., was found to not alter the number or duration 

of SWD in WAG/Rij rats and was actually found to induce convulsive seizures at higher 

doses (Peeters et al 1993). The non-NMDA receptor antagonist CNQX, administered 

i.c.v., was found to decrease the number of SWD at doses that did not induce any 

apparent behavioural changes (Ramakers et a l\9 9 \). Coinjection of CNQX with AMPA, 

kainate or NMDA i c.v. was found to attenuate the CNQX response, perhaps suggesting 

that CNQX acts on both non-NMDA and NMDA receptors (Ramakers et a/ 1991). A 

more recent study demonstrated that the non-NMDA receptor antagonists glutamate 

diethyl-ester (GDEE) and kynurenic acid, administered i.c.v., dose dependently reduced 

both the number and mean duration of SWD in WAG/Rij rats, whilst not inducing 

behavioural alterations (Peeters et al 1993). The effects of GDEE and kynurenic acid were 

found to be abolished by AMPA and kainate respectively, at doses that were inactive 

when applied alone (Peeters et al 1993). However, confusion over the role of NMDA and 

non-NMDA receptors in WAG/Rij rats followed the finding that the increase in SWD 

number induced by AMPA, administered i.c.v., could be abolished by coinjection with 

APH (Peeters et al 1994). In addition, it was shown that i.c.v. injection of either GDEE 

or kynurenic acid decreased the SWD of WAG/Rij rats and coinjection with NMDA did 

not effect this response (Peeters et al 1994). Thus, it appears that interactions between 

NMDA and non-NMDA receptor-mediated mechanisms are involved in the occurrence 

of SWD in WAG/Rij rats, although it must be noted that differences exist in the selectivity 

of compounds for the various receptor subtypes (Peeters et al 1994).

Evidence exists that suggests the involvement of certain monoaminergic mechanisms in 

absence epilepsy. In GAERS the evidence indicates that noradrenergic and dopaminergic 

mechanisms are not involved in the genesis of SWD, but rather that they exert a 

modulatory role over the occurrence of absence seizures (for review see Marescaux et al 

1992c). Current understanding also suggests that 5-HT neurotransmission is not involved 

in the SWD of GAERS (Marescaux et al 1992c) or WAG/Rij (Coenen et al 1995b). 

Compounds altering the cholinergic system have also been shown to alter the SWD of
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GAERS (Danober et al 1993, Danober et al 1995), although it has been postulated that 

any effect may be related to the ability of cholinergic compounds to alter arousal rather 

than a direct effect on thalamocortical mechanisms (Snead 1995).

Evidence also exists which supports the involvement of opioid mechanisms in the 

occurrence of SWD. The level of endogenous opioid peptides and mRNA expressing the 

precursors for these peptides was increased in certain brain regions of WAG/Rij rats when 

compared with ACI rats (Lasoh et al 1992, LasoA et al 1994a). However, these 

differences could represent a consequence of SWD activity rather than a cause. That 

opioid neurotransmission is involved in the control of WAG/Rij rats SWD activity has 

been demonstrated by pharmacological studies (Lasoh et al 1994b, Przewlocka et al 

1995). These have provided evidence to indicate that endogenous opioid peptides 

tonically control the occurrence of SWD in WAG/Rij (Przewlocka et al 1995).

1.3. Aims of the present investigation

The overall aim of the present investigation was to investigate GABAg receptors in the 

mammalian thalamus with particular attention being given to their role in animal models 

of absence epilepsy. Firstly a study was conducted to determine the effect of intrathalamic 

pertussis toxin treatment on the SWD of GAERS and autoradiographically determined 

GABAg and GABA^ site binding in the brain of GAERS. The investigation of the SWD 

allowed an assessment to be made of the role of PTx-sensitive G-proteins in the 

occurrence of absence seizures in GAERS. Similarly the determination of the effects of 

PTx-treatment on GABAg site binding provided further evidence supporting the role of 

GABAg receptors in the mechanisms underlying the SWD of GAERS.

Given the importance of the GABAergic system in various animal models of absence

epilepsy, including the WAG/Rij rat, a comparative assessment of autoradiographically

determined GABAg and GABA^ site binding was performed in the brain of WAG/Rij rats

and non-epileptic ACI rats. Différences are known to exist between the thalamic circuitry

of various species. An understanding of the GABAg receptor distribution pattern in the

thalamus of primates is therefore important, if we are to interpret what is determined in 
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rodent models of absence epilepsy in higher mammals. As a consequence the 

autoradiographically determined GABAg binding site distribution in monkey thalamus was 

investigated.

Very little is known about the role of GABAg receptor modulation of second messengers 

in absence epilepsy. Preliminary studies were undertaken to demonstrate GABAg 

receptor-mediated modulation of rat thalamic cAMP and cGMP levels in vitro.
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Chapter 2

Intrathalamic pertussis toxin decreases the duration of 

spike-wave-discharges and GABAg site binding in 

GAERS
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2.1. Introduction

The underlying pathophysiological mechanism of SWD generation and regulation in 

GAERS appears to be dependent on a number of factors. It has been determined that 

extracellular GABA is increased in the ventrolateral thalamus of GAERS (Richards et al

1995) and that the amplitude of the Ij of NRT neurones is also increased in GAERS 

(Tsakiridou et al 1995). Whilst the evidence indicates that these differences may lead to 

the occurrence of SWD in GAERS, we can not rule out the idea that other mechanisms 

may also be involved. In the following introduction the coupling of GABAg receptors to 

G-proteins will be discussed, together with what we currently understand about the 

involvement of GABA receptors in the occurrence of SWD.

2.1.1. GABAg receptor coupling to G-proteins

Previous investigations have demonstrated that the GABAg binding site is coupled to 

PTx-sensitive G-proteins (see section 1.1.3.1). Similarly functional responses to GABAg 

receptor-activation such as the inhibition of AC activity (Xu and Wojcik 1986), the 

closing ofCa^^ channels (Holz et al 1986) and the opening of channels (Andrade et al 

1986) are impaired by guanine nucleotides and PTx treatment. However not all GABAg 

receptor-mediated responses appear to be sensitive to PTx. GABAg receptor-activation 

potentiates the stimulation of cAMP formation induced by noradrenaline, isoprenaline, 

histamine, adenosine and VIP (Hill 1985, Karbon and Enna 1985, Watling and Bristow 

1986). The potentiation by (-)baclofen of the p-adrenergic receptor-mediated stimulation 

of cAMP formation has been shown to be both reduced (Wojcik et al 1989) and unaltered 

(Bowery etal 1989) by PTx. It has also been shown in slice cultures of hippocampus that 

the presynaptic action of (-)baclofen on inhibitory intemeurones, which resulted in a 

decrease in evoked GABA release and thus reduced IPSPs, could be prevented by 

incubation with PTx (Thompson and Gahwiler 1992). Similarly, the postsynaptic 

hyperpolarization induced by (-)baclofen could also be prevented by incubation with PTx 

(Thompson and Gahwiler 1992). However, in the same study the presynaptic action of (- 

)baclofen on excitatory axon endings, which resulted in the block of EPSPs, was
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unaffected by PTx as demonstrated by the lack of effect on isolated EPSPs. The PTx- 

insensitive effect of presynaptic GABAg receptor-activation on isolated EPSPs has also 

been demonstrated in hippocampal slices (Outar and Nicoll 1988b). Contrary to this it has 

also been reported that PTx pretreatment of cultured hippocampal neurones abolished 

baclofen mediated presynaptic inhibition at inhibitory and excitatory synapses (Scholz and 

Miller 1991). Furthermore, PTx pretreatment of cultured cerebellar granule neurones 

attenuated (-)baclofen induced inhibition of potassium-stimulated glutamate release 

(Huston et al 1990, Travagli et al 1991).

These differences between brain regions suggest that subpopulations of GABAg receptors 

may exist which can be distinguished on the basis of their coupling to either PTx-sensitive 

or PTx-insensitive G-proteins. Evidence supporting this has been provided by 

autoradiographic studies of GABAg site binding in adult rat brain slices where it was 

demonstrated that in vitro incubation with PTx did not uniformly reduce GABAg site 

binding (Knott et al 1993, Bowery et al 1990). Following incubation with PTx it was 

determined by Bowery et al (1990) that GABAg site binding was reduced in the cerebral 

cortex, hippocampus, cerebellar molecular layer and thalamic nuclei, but no reduction was 

apparent in the striatum, or more specifically the caudate putamen, a brain region where 

baclofen is known to be negatively coupled to adenylate cyclase activity (Wojcik and Neff 

1984). Confirmation that GABAg receptors were coupled to G-proteins irrespective of 

PTx-sensitivity was determined by incubation with the stable GTP analogue, guanosine-5- 

0-(3 -thiotriphosphate) (GTPyS), which was able to reduce high affinity GABAg site 

binding to a similar extent in the cortex, hippocampus, cerebellum and striatum (Knott et 

al 1993). The level of the reduction in high affinity GABAg site binding induced by 

GTPyS was greater in all of the brain regions analysed than the decrease induced by PTx. 

These findings suggested that GABAg receptors in the striatum may be coupled 

predominantly to PTx-insensitive G-proteins, whilst GABAg receptors in the other brain 

regions may be linked to both PTx-sensitive and PTx-insensitive G-proteins.
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2.1.2. GABA receptor involvement in the occurrence of SWD

Thalamic GABA^ and GABAg receptor-mediated activity appears to be intimately 

involved in the generation of oscillatory activity recorded in the EEG such as sleep 

spindles and SWD. Studies on ferret thalamic slices have determined that spontaneous 

thalamic oscillatory activity of sleep spindle frequency is dependent on GABA^ receptor- 

mediated hyperpolarization of TC neurones, whilst lower frequency activity in the SWD 

range is dependent on GABAg receptor-mediated hyperpolarization of TC neurones (Bal 

et al 1995b, von Krosigk et al 1993). Furthermore it has been reported that thalamic 

GABAg receptors are involved in the occurrence of low frequency waves in the EEG of 

freely moving cats (Juhasz et al 1994).

The investigation of both genetic and pharmacologically-induced animal models of 

absence epilepsy also supports the important role played by GABA receptors in the 

occurrence of SWD. GABA^ receptor agonists, GABAg receptor agonists and GABA

mimetic compounds have been shown to increase SWD in a variety of animal models 

(Coenen et al 1995a, Hosford et al 1992, Marescaux et al 1992c, Peeters et al 1989a, 

Snead 1992a, Snead 1992b, Vergnes et al 1984). Systemic administration of GABA^ 

receptor antagonists has been shown to have no effect on the SWD of GAERS 

(Marescaux e/a/ 1992c, Micheletti et al 1985) and the rat GHB model (Snead 1984). In 

agreement with this, work carried out in ferret thalamic slices has suggested that GAB A^ 

receptor-mediated activity is not involved in low frequency oscillatory activity such as 

SWD (Bal etal 1995b, von Krosigk et al 1993). However, it has been demonstrated that 

the SWD of WAG/Rij can be decreased by bicuculline administered i.c.v. (Peeters et al 

1989a). GABAg receptor antagonists administered systemically have been shown to 

decrease the SWD of GAERS (Marescaux et al 1992a, Marescaux et al 1992b, 

Marescaux et al 1996, Richards and Bowery 1996), Ih/lh mice (Hosford et al 1992, 

Hosford etal 1995a), Wistar rats of about 24 months of age (Puigcerver et al 1996) and 

those induced in the rat GHB and low dose PTZ models (Hosford et al 1995a, Snead 

1992a, Snead 1992b). Intrathalamic injections of (-)baclofen and CGP 35348 into both 

the thalamic relay nuclei and NRT of GAERS and Ih/lh mice increased and suppressed, 

respectively, the cortical SWD (Liu et al 1992, Hosford et al 1995b, Marescaux et al
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1992b). This is supported by the finding using the ferret thalamic slice preparation that 

GABAg receptor blockade can prevent the occurrence of low frequency oscillatory 

activity in the SWD range (Bal et al 1995b, von Krosigk et al 1993).

Different mechanisms appear to underlie the SWD in the various animal models. In the 

feline penicillin model it has been suggested that the SWD arise due to a diffise 

hyperexcitability of cortical neurones that leads to a secondary dysfunction of 

thalamocortical systems (Gloor and Fariello 1988). In contrast the GAERS model is 

thought to represent an abnormality of thalamocortical circuitry (Vergnes and Marescaux 

1992). It has been determined from lesion studies that both the frontoparietal cortex and 

the lateral thalamus which includes the thalamic relay nuclei and NRT are necessarily 

involved in the genesis of SWD in GAERS (Vergnes and Marescaux 1992). However, 

more precise lesion studies of the NRT and thalamic relay nuclei demonstrated that only 

lesions of the NRT were able to suppress the SWD of GAERS (Avanzini et al 1993). A 

more recent investigation demonstrated that the NRT neurone Ij of GAERS displayed a 

higher amplitude than the same current in their non-epileptic control strain, thereby 

indicating a mechanism by which SWD may be generated (Tsakiridou et al 1995). 

Furthermore it has also been reported that extracellular GABA levels are increased in the 

ventrolateral thalamus of GAERS when compared with their controls that was not a 

consequence of SWD activity (Richards et al 1995). This provides evidence of 

hyperactivity in the thalamic GABAergic system of GAERS.

Initial autoradiographic studies of GABA^ binding site distribution performed using 

radioligands selective for the GABA and benzodiazepine sites demonstrated that there was 

no difference between GAERS and their control strain (Knight and Bowery 1992, Snead 

et al 1992). However, a later study identified a reduction in the ability of GABA to 

enhance benzodiazepine binding in the frontoparietal cortex and anterior and medial 

thalamus (Spreafico et al 1993). The possible impairment of the GABA receptor system 

in the cerebral cortex of GAERS is supported by the reported reduction of intracortical 

GABAergic inhibition seen in the WAG/Rij rat model (Luhmann et al 1995). In this study 

it was demonstrated that the conductance of GABAergic IPSPs in cortical neurones were 

suppressed in WAG/Rij rats compared with a non-epileptic control strain, indicating an
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imbalance between intracortical excitatory and inhibitory mechanisms. That a similar 

imbalance exists in GAERS, is suggested by the demonstration in vivo and in vitro that 

there was an enhancement of excitatory NMDA receptor-mediated components in the 

cerebral cortex of GAERS compared with their control strain (Pumain et al 1992).

Autoradiographic studies of GABAg binding site distribution in the adult rat brain have 

shown that thalamic nuclei display a high density of binding sites (Bowery et al 1987, Chu 

etal 1990, Knight and Bowery 1992). Initial autoradiographic binding studies performed 

using [%]-GABA demonstrated that there was no difference in the distribution of GABAg 

binding sites between GAERS and their control strain (Knight and Bowery 1992). 

Similarly, cortical and thalamic membrane binding studies performed using [^H]-(- 

)baclofen did not show an alteration between the two strains (Spreafico et al 1993). 

Similar membrane and autoradiographic binding studies in Ih/lh mice demonstrated that 

there was an increase in GABAg site binding in the cerebral cortex, thalamus and CPu 

when compared with the non-epileptic +/+ strain (Hosford et al 1992, Hosford et al 

1995b, Lin et al 1993). A more recent study demonstrated no difference in antagonist 

binding between the two strains, but indicated that the affinity of agonist binding was 

greater in GAERS, with no difference in the number of binding sites (Mathivet et al

1996). Constitutive mutations of G-protein linked receptors with high affinity for agonists, 

but not for antagonists have been reported (Lefkowitz et al 1993). Therefore constitutive 

mutations of GABAg receptors in the cerebral cortex may be involved in the absence 

seizures of GAERS (Mathivet et al 1996). It has also been shown that there was no 

alteration of G-protein coupling to GABAg receptors in the cerebral cortex of GAERS 

determined by analysis of the effect of the guanine nucleotide, guanosine 5'-(p, y-imido) 

triphosphate (Gpp(NH)p), on the inhibition of pH]-CGP 54626 binding by (-)baclofen 

(Mathivet et al 1995, Mathivet et al 1996). At present it is unknown whether thalamic 

GABAg receptors share these same properties.
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2.2. Aim

The aim of the present study was to investigate the effect of bilateral intrathalamic 

injections of PTx on the SWD of freely moving GAERS. Using this information the 

involvement of receptors coupled to PTx-sensitive G-proteins in the occurrence of SWD 

in GAERS can be assessed. The effect of intrathalamic PTx on GABA^ and GABAg site 

binding in GAERS was also to be determined. Analysis of the effect of PTx treatment on 

GABA^ site binding, that is not coupled to G-proteins or PTx-sensitive, will allow an 

assessment to be made of the mechanical effects of the injection itself. Measurement of 

the effects of PTx treatment on GABAg site binding, together with the effect on SWD 

activity, will allow for further discussion of the relationship between thalamic GABAg 

receptors and the SWD of GAERS.
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2.3. Experimental procedures

2.3.1. pH]-GABA binding to rat brain sections (basic procedure)

2.3.1.1. Tissue preparation

Male Wistar rats (body weight 250-300g) were stunned, then decapitated and their brains 

removed and rapidly frozen by immersion in iso-pentane, cooled in liquid nitrogen, to 

prevent the formation of ice crystals in the tissue. The tissue was stored at -70®C for at 

least 24 hours before use. Prior to cutting, brains were allowed to equilibrate at -20®C for 

60 min before being mounted onto microtome chucks using O C T  mounting compound 

(Tissue Tek). The temperature of the cryostat (Reichert-Jung 2800 Frigocut N) was 

maintained at -20®C throughout the cutting process. Coronal (transverse) or parasagittal 

sections (lOpM), depending on the study, were cut and thaw mounted onto microscope 

slides, allowed to dry at room temperature (19-23®C) for 60 min then stored at -20®C. 

Super premium microscope slides (BDH) were bought pre-washed, but were subbed 

(submersed) in a 0.5% gelatin solution containing 0.05% chromic potassium sulphate, 

dried at room temperature and stored at -20®C before use to improve adhesion of the 

section.

2.3.1.2. Binding procedure

Binding studies were performed using a procedure based on that described by Bowery et 

al (1987). Brain sections were thawed at room temperature (19-23®C) for 60 min, then 

washed in 50mM Tris-HCl buffer (Trizma® Base, pH 7.4) with or without CaClj 

(2.5mM) (for GABAg and GABA^ sites respectively), for 60 min and then for a further 

20 min in a change of buffer at room temperature. The presence of CaClg (2.5mM) was 

necessary for the optimum binding of [^H]-GABA to GABAg sites (Hill and Bowery 

1981). The washing procedure was performed to remove any endogenous ligand that 

could interfere with the binding studies. The sections were then dried at room temperature 

under a stream of cool air. Binding was performed at room temperature by covering the
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sections (placed horizontally) with lOOpI of binding solution containing [^-G A BA , the 

concentration of which depended on the investigation. The binding solution also contained 

other drugs depending on the target of the binding. Selective GABAg site binding could 

be demonstrated by the presence of CaClg (2.5mM) and isoguvacine (40pM), a selective 

GABA^ receptor ligand which produces saturation of GABA^ sites at this concentration 

(Hill and Bowery 1981). Non-specific GABAg site binding was determined by the further 

addition of (-)baclofen (lOOpM) to the binding solution. Selective GABA^ site binding 

could be demonstrated by the absence of CaCl; and the presence of the selective GABAg 

ligand (-)baclofen (lOOpM) (Bowery et al 1983). Non-specific GABA^ site binding was 

determined by the further addition of isoguvacine (40pM).

The optimum time of incubation for binding to GABA^ and GABAg sites was determined 

by incubating the brain sections with appropriate binding solutions containing 50nM [^H]- 

GABA (specific activity (S.A.)= 90.7 Ci/mmol) for between 2 min and 40 min. Following 

the incubation period the binding solution was rapidly aspirated and the brain sections 

washed by rinsing in fresh buffer for 2 x 3 s at room temperature, a subsequent dip in 

distilled HgO at room temperature and the aspiration of any excess liquid. The sections 

were then allowed to dry overnight at room temperature. The optimum washing 

procedure for binding to GABA^ and GABAg sites was determined by firstly, incubating 

the brain sections with appropriate binding solutions containing 50nM [^H]-GAB A for 20 

min. Secondly, the brain sections were then rinsed in fresh buffer at room temperature for 

between 2 x 1 s and 2 x 15 s followed by a dip in distilled HgO at room temperature and 

the apiration of any excess liquid. The sections were then allowed to dry overnight at 

room temperature. The amount of radioligand bound to the sections was determined by 

immersing the slides in scintillant (Optiphase 'Safe' Scintillation Fluid, 10ml in 20ml vials), 

leaving overnight, then counting the disintegrations per minute (dpm) in an LKB 1219 

Rackbeta liquid scintillation counter for a 3 min count.
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2.3.2. EEG recording, pH]-GABA binding and autoradiography in 

pertussis toxin treated GAERS

2.3.2.1. Tissue preparation

The animals were prepared by A  Boehrer at Unite INSERM U-398, Strasbourg, France. 

Male GAERS (body weight 350-400g) were implanted stereotaxically under anaesthesia 

(Ketamine hydrochloride lOOmg/kg i.p.) with guide cannulae (outer diameter 0.4mm and 

inner diameter 0.3mm) in the relay nuclei of the thalamus (stereotaxic coordinates; 

anterior-posterior with reference to lambda = 5mm, medial-lateral with reference to the 

midline = 2.5mm, dorsal-ventral with reference to the dorsal surface of the skull = 4.5mm, 

Paxinos and Watson 1986). Four stainless steel cortical electrodes were placed bilaterally 

over the frontal and parietal cortex and connected to a microconnector embedded in 

acrylic resin. Animals were individually housed throughout the experiment and were kept 

under a 12 hour/12 hour normal light/dark cycle.

Seven days after surgery cortical left and right EEG recording commenced. Then nine 

days after surgery groups of freely moving animals were injected bilaterally and 

intrathalamically by introducing stainless steel injection cannulae into the implanted guide 

cannulae so that they extended 2mm beyond the tip of the guide cannulae. The injection 

cannulae were connected to a 1 pi microsyringe through a polythene tube. PTx (1 mg/ml) 

and denatured-PTx (1 mg/ml boiled for 10 min) were made up in saline. Three groups of 

rats, PTx (n=9), denatured-PTx (n=7) and vehicle (saline) (n=6) treated were infused 

bilaterally with the solutions (volume of 0.4pl/side at a rate of 0.1 pl/min) to give a final 

dose of 0.4pg of PTx or denatured-PTx per side. The injection cannulae were left in place 

for a further minute to prevent any backflow of solution and then removed. Within each 

of these three groups two time points, 40 min and 6 days after injection, were to be 

studied in relation to SWD duration and [^H]-GABA binding. For those rats studied 40 

min after injection (PTx (n=3), denatured-PTx (n=4) and vehicle (n=3)), the EEG was 

recorded for 40 min, then the rats were anaesthetized with sodium pentobarbitone 

(40mg/kg i.p.) and perfused-fixed (intracardiac) with 200ml of 0.1% paraformaldehyde 

in phosphate buffered saline (pH 7.4). The brains were then removed and rapidly frozen
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by immersion in iso-pentane, cooled in liquid nitrogen. For those rats studied 6 days after 

injection (PTx (n=6), denatured-PTx (n=3) and vehicle (n=3)) EEG was recorded on days 

1 , 2 , 4  and 6 after injection and then after EEG recording on day 6 the brains were 

prepared in the same way. The frozen brains were then packaged in dry ice and 

transported to The School of Pharmacy, London, UK. where they were stored at -70°C 

until required. The cutting of the brains followed the same procedure as stated previously 

(see section 2.3.1.1.). Serial coronal (tranverse) sections (10pm) were cut from the brains, 

at the level of the bilateral injections which could be clearly seen on the outer surface of 

the cerebral cortex and stored at -20®C until required.

2.3.2.I. EEG recording

This work was performed by A. Boehrer at Unite INSERM U-398, Strasbourg, France. 

The cortical left and right EEG was recorded between the ipsilateral electrodes implanted 

in the frontal and parietal cortex. EEG data was recorded on an Alvar REEGA 8 channel 

EEG recorder for 40 min periods daily. The total SWD duration for the 40 min periods 

was determined by visual analysis of the EEG recording and was expressed as the total 

cumulative duration of SWD (in s) per 40 min recording period. The SWD duration was 

determined on days seven to nine after surgery, prior to injection, in each animal. The 

mean SWD duration value for these three days was designated as the control value for 

each animal. For one group of animals the EEG was recorded for the 40 min period 

immediately following injection before being killed and their brains removed as described 

above. The EEG of the other group of animals was recorded on days 1 , 2 , 4  and 6 

following injection, before they were also killed and their brains removed.

2.3.2 3. Binding procedure

Binding studies on GAERS rats treated for 40 min and 6 days with PTx were performed 

using the same procedure as stated previously (see section 2.3.1.2 ). It was determined 

that the optimal binding conditions for both GABA^ and GABAg binding were a 20 min 

incubation with binding solution at room temperature then rapid aspiration of the binding 

solution, followed by rinsing in fresh buffer (2 x 3 s at room temperature), a subsequent

77



Chapter 2 : Intrathalamic pertussis toxin treated GAERS

dip in distilled H2 O (19-23®C) and the aspiration of any excess liquid. The sections were 

then allowed to dry overnight at room temperature. Experiments were carried out using 

50nM [^-G A B A  (S.A.= 92.8 - 94.5 Ci/mmol).

2.3.2.4. Quantitative autoradiography

Bound radioactive ligand was visualized by juxtaposing the sections, together with [^H]- 

polymer standards (Amersham), to tritium sensitive Hyperfilm-^H (Amersham) for 3 

weeks at room temperature. The film was then developed in Kodak D-19 for 1 min at 

room temperature, followed by a 30 s rinse in water at room temperature, fixed in Kodak 

Unifix for 7 min, then rinsed in water for a further 15 min before being allowed to dry at 

room temperature. The areas of the brain analysed were the ventrolateral thalamic nucleus 

(VL), ventroposterior-lateral thalamic nucleus (VPL), nucleus reticularis thalami (NRT), 

CAl oriens of the hippocampus (CAl) and the caudate putamen (CPu) identified by 

reference to the atlas. The Rat Brain In Stereotaxic Coordinates' (Paxinos and Watson 

1986). The left and the right hand sides of the coronal (transverse) brain sections were 

both separately analysed. The amount of bound ligand was determined by analysis of the 

resulting autoradiograms using a Quantimet 970 image analyser (Cambridge Instruments). 

Bound ligand could be quantified by measuring optical density which could then be 

converted to nCi of radioactivity per mg of tissue (nCi/mg tissue) by reference to the 

tissue eqivalent tritium concentrations of the polymer standards (Figure 2.1.). This was 

then expressed as finol of specific [^H]-GABA binding per mg tissue (finol/mg tissue) 

calculated fî om the specific activity. Each brain region in each section was measured three 

times and there were three total binding sections and three non-specific binding sections 

for each rat. Specific binding was taken to be the difference between total and non-specific 

binding. The injection tracts left by the cannulae, which were visualized on the brain 

sections, were avoided in the measurement of optical density.

2.3.2.5. Statistical analysis

Statistical analysis was performed using Graphpad InStat version 2.02 (GraphPad 

Software). For the groups of animals treated for 6 days the analysis of variance of the
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Figure 2.1. Typical calibration curve obtained for optical density against tissue 
equivalent tritium concentration from polymer autoradiographic pH]-micro
scale standrds.

Aukfadiographic pH]-miax)-scales (Amersham) were coexposed with tritiated-ligand bound tissue sections. 
The optical density of eight standard concentrations (pH]-micro-scales) was determined by an image analysis 
system (Quantimet 970, Cambridge Research Instruments) and then plotted against an estimated tissue 
equivalent tritium concentration (nCi/mg of tissue) (determined from values given by Amersham). The graph 
represents a calibration curve from a single typical experiment.
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SWD data over time was performed using a repeated measures analysis of variance 

(ANOVA). When p < 0.05 for the ANOVA the SWD on days 1,2,4 and 6 after injection 

was tested for significant difference with the SWD before injection using Dunnett's 

multiple comparison test. Statistical analysis of the differences between different 

treatments both before and after injection for the 40 min treatment and throughout the 6 

day treatment was performed using the unpaired Student t-test. Statistical analysis on 

binding data was performed using the unpaired Student t-test.

2.3 2.6. Materials

The suppliers of some of the items mentioned have been detailed in the text. Of the 

remaining items the following were obtained fi'om specialist suppliers: Trizma® Base (tris 

[hydroxymethyl] amino-methane, reagent grade) and PTx were from Sigma Chemicals. 

[^H]-GABA was from New England Nuclear (NEN), UK. Isoguvacine was from 

Cambridge Research Biochemicals, UK. (-)Baclofen was a gift from Ciba-Geigy, 

Switzerland. All other materials were purchased from commercial suppliers and were of 

AnalaR grade.
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2.4. Results

2.4.1. Conditions for [%]-GABA binding to rat brain sections

The conditions for autoradiographic binding to GABA^ and GABAg sites, as laid down 

in Bowery et al (1987), were confirmed in the present study. Time of incubation studies, 

using coronal brain sections, with 50nM [^H]-GABA demonstrated that an incubation of 

20 min at room temperature, rapid aspiration of the binding solution, followed by rinsing 

in fresh buffer of 2 x 3 s duration at room temperature and a dip in distilled HgO at room 

temperature, produced binding conditions where non-specific binding was as its lowest 

whilst total binding was relatively high (Figure 2.2.). Wash time studies using 50nM [^H]- 

GABA demonstrated that after an incubation of 20 min, a rinse of 2 x 3 s in fresh buffer 

at room temperature and a dip in distilled H2 O at room temperature, produced binding 

conditions where the comparative difference between total and non-specific binding was 

at its greatest for both GABA^ and GABAg site binding (Figure 2.3.). Therefore, an 

incubation with binding solution for 20 min and a washing procedure comprising a rinse 

in fresh buffer for 2 x 3 s at room temperature, followed by a dip in distilled HgO at room 

temperature was adopted for all subsequent [^H]-GABA binding studies of rat brain 

sections.

2.4.2. The effect of intrathalmic pertussis toxin on the SWD of GAERS

2.4.2.I. 40 min treatment

Immediately following PTx, denatured-PTx and vehicle injection the EEG was recorded 

for a 40 min period. There was no significant difference between the control total SWD 

duration recorded in the three groups of animals prior to injection (Table 2.1.). There was 

no significant difference between the control total SWD duration and the corresponding 

total SWD duration recorded following treatment with PTx, denatured-PTx and vehicle 

(Table 2.1).
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Figure 2.2.

Time of incubation (min)

Optimum time of incubation conditions for (^H)-GABA binding to GABA  ̂
and GABAg sites in rat brain sections.

pH]-GABA (50nM) was applied to rat conxial brain sections in the presence of; (a )  for GABA^ site binding, 
(-)baclofen (lOOpM) in the presence (ncm-specific binding (O )) or absence (total binding(#)) of isoguvacine 
(40pM), (b) for GABAg site binding, isoguvacine (40pM) in the presence (non-specific binding(O)) or 
absence (total binding(#)) of (-)baclofen (lOOpM). Sections were incubated for between 2 and 40 min (19- 
23°C) then rinsed in fresh buffer (2 x 3 sec at 19-23°C) followed by a dip in distilled H^O (19-23®C). Bound 
radioligand is e?q)ressed as ̂ m . The eîqieriment was performed in triplicate and the graph represents a single 
typical experiment.
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Figure 2.3. Optimum washing time conditions for pH)-GABA binding to GABA  ̂and 
GABAg sites in rat brain sections

[%]-GABA (50nM) was £ç>plied to rat coronal brain sections in the presence of; (a) for GABA^ site binding, 
(-)baclofai (lOOpM) in the presence (non-specific binding(0)) or absence (total binding(#)) o f isoguvacine 
(40pM), (b) for GABAg site binding, isoguvacine (40pM) in the presence (non-specific binding(O)) or 
absence (total binding(#)) of (-)baclofen (lOOpM). Sections were incubated for 20 min (19-23°C) then rinsed 
in fiesh buffer for between 2 x 1  and 2 x 15 sec (19-23'X]) followed by a dip in distilled HjO (19-23°C). Bound 
radioligand is expressed as c^m. The experiment was performed in triplicate and the graph represents a single 
typical experiment.
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Total SWD duration 
(s per 40 min recording period)

Vehicle
(n=3)

Denatured- 
PTx (n=4)

PTx
(n=3)

Control 517 ±31 518 ± 29 600 ± 27

Injection

0-40 min post 
injection

456 ± 11 397 ± 84 450 ± 158

Table 2.1. Total SWD duration in GAERS following an in vivo 40 min treatment 
with intrathalamic pertussis toxin.

On days seven to nine following implantaticm of cortical electrodes, the total cumulative SWD duration (s) per 
40 min recwding period was determined for three groups of GAERS designated for future treatment with 
vdiicle (n=3), denatured-PTx (n=4) and PTx (n=3). The mean SWD duration value few these three days was 
designated as the control value for eadi animal. Immediately following injection of the designated GAERS with 
either PTx, denatured-PTx or vehicle the EEG was recorded for a 40 min period and the total SWD duration 
(s) determined. Data represent mean ± s.e.mean. There was no significant difference between the control 
values tbr the three groups or between the respective control values and the total SWD duration recwded after 
treatment with eidier vehicle, denatured-PTx or PTx (unpaired Student t-test). Similarly there was no 
significant difference between treatments (unpaired Student t-test).
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researchers involved in the EEG recording have indicated that the baseline EEG appeared 

to be unchanged following PTx treatment (personal communication - Vergnes, M.).
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2.4.2.2. 6 day treatment

Following PTx, denatured-PTx and vehicle injection the EEG was recorded for a 40 min 

period on days 1,2,4 and 6. There was no significant difference between the control total 

SWD duration recorded in the three groups of animals prior to injection (Table 2.2.). The 

total SWD duration of GAERS was significantly decreased by PTx treatment (Table 2.2.). 

The decrease was significant on days 1, 2,4 and 6 when compared with control total 

SWD duration (Table 2.2 ). On day 6 the total SWD duration of PTx treated GAERS was 

reduced by 96% compared with control SWD duration. PTx treatment completely 

abolished the SWD of one animal on day 2 and in another animal on day 4. The total 

SWD duration of denatured-PTx treated GAERS was not significantly different fi'om the 

control total SWD duration (Table 2.2 ). However, the total SWD duration of GAERS 

following vehicle treatment was found to be significantly different from the control SWD 

duration. The decrease was not significant on days 1, 2 and 6, but was significant on day 

4 when compared with control SWD duration (Table 2.2.). Comparison between the 

treatments indicated that there was no significant difference between denatured-PTx and 

vehicle treated GAERS at any time point studied (Table 2.2.). PTx-treated GAERS 

displayed decreased total SWD duration that became significant on day 2 when compared 

with both denatured-PTx and vehicle treated GAERS (Table 2.2.).

2.4.3. The effect of intrathalamic pertussis toxin on GABAg site binding 

in GAERS

Analysis of autoradiograms demonstrated that the injection tracts terminated in the 

thalamic relay nuclei (Figures 2.4. and 2.6 ). The distribution of GABAg site binding 

varied between the five brain areas studied which included the CAl region of the 

hippocampus, the VL and VPL thalamic relay nuclei, the NRT and the CPu. The relative 

values of GABAg site binding under control conditions in these brain regions fi'om highest 

to lowest is VL>VPL>CAl>CPu>NRT (Figures 2.5. and 2.7.). Analysis of the 

autoradiograms following the 40 min treatment with PTx, denatured-PTx and vehicle 

(Figure 2.4.) demonstrated that GABAg site binding on the right and left hand sides of the 

brain in all of the brain regions investigated was not altered by PTx treatment (Figure 
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Total SWD duration 
(s per 40 min recording period)

Vehicle Denatured- PTx

(n=3) PTx (n=3) (n=6)

Control 528 ± 95 538 ±180 594 ± 63

Injection

Day 1 467 ± 38 473 ± 164 224 ± 73*

Day 2 447 ±  22 447 ± 64 118±58*(axa)

Day 4 333 ± 68* 437 ± 87 43 ±  18*(b)(e)

Day 6 500 ± 83 533 ± 128 22 ± 12*(c)(f)

Table 2.2. Total SWD duration in GAERS following an in vivo 6 day treatment 
with intrathalamic pertussis toxin.

On days seven to nine following implantation of cortical electrodes, the total cumulative SWD duration (s) per 
40 min recording period was determined for three groups of GAERS designated for future treatment with 
vdiicle (i^3), denatured-PTx (n=3) and PTx (n=6). The mean SWD duraticm value for these three days was 
designated as the control value for each animal. Following injecticxi o f the designated GAERS with either PTx, 
denatured-PTx or vdiicle the EEG was recorded far 40 min paiods and the total SWD duraticm (s) determined 
on days 1 ,2 ,4  and 6 after injection. Data represent mean db s.e.mean. There was no significant difference 
between the ccmtrol values for the three groups (uiq)aired Student t-test). PTx treatment was found to 
significantly deoease the total SWD duration cm days 1 ,2 ,4  and 6 when compared with the control value (* 
p < 0.01, rq)eated measures ANOVA followed by Dunnett's test). The total SWD duration on day 4 following 
vehicle treatmmt was also found to be significantly reduced when compared with the control value (* p <0.01, 
rqxated measures ANOVA followed by Dunnett's test). The total SWD duration of GAERS following PTx- 
treatment was significantly lower than that recorded in vehicle treated GAERS on days 2, 4 and 6 ( (a) p < 
0.01, (b)p <0.001 and (c)p <0.0001, uiç>aired Student t-test) and in denatured-PTx treated GAERS cm days 
2 ,4  and 6 ((d) p <0.01, (e)p  < 0.0005 and (f) p < 0.001, unpaired Student t-test).
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(a) PTx (b) Denatured-PTx

(d) Non-specific(c) Vehicle

Figure 2.4. Autoradiograms of pH]-GABA binding to GABAg sites in GAERS following 
an in vivo 40 min treatment with intrathalamic pertussis toxin.

Example autoradiograms of total [^H]-GABA binding to GABAg sites in coronal brain sections of GAERS 
following intrathalamic injection and subsequent 40 min treatment with (a) PTx, (b) denatuied-PTx and (c) 
vehicle, plus (d) an example of non-specific binding. The binding scale (fmol/mg of tissue) shades different 
regions different colours depending on the level of binding. The areas analysed on both the right and left hand 
sides of the brain (see (c)) were the CAl region of the hippocampus (CAl), ventrolateral thalamic nucleus 
(VL), ventral posterolateral thalamic nucleus (VPL), nucleus reticularis thalami (NRT) and caudate putamen 
(CPu). Experiments were performed using 50nM [^H]-GABA as described in experimental procedures and 
the autoradiograms represented aie typical.
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Figure 2.5. [^H]-GABA binding to GABAg sites in GAERS following an in vivo 40 min 
treatment with intrathalamic pertussis toxin.

pH]-GABA binding to GABAg sites in specific regions of the (a) right and (b) left hand sides of the brain of 
GAERS following intrathalamic injection and subsequent 40 min treatment with vehicle (open bars, n=3), 
denatured-PTx (hatched bars, n=4) and PTx (shaded bars, n=3). As described in Figure 2.4. the brain areas 
analysed were the C A l, VL, VPL, NRT and CPu. Experiments were performed using 50nM pH]-GABA as 
described in experimental procedures. Data represent specific binding of [^H]-GABA (mean ±  s.e.mean, 
finol/mg of tissue). No significant difference between vehicle, denatured-PTx and PTx treatments, except in 
the NRT of the right hand side, where binding was significantly greater in PTx treated when compared with 
vehicle treated (* p < 0.05, unpaired Studait t-test).
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(a) PTx (b) Denatured-PTx

(d) Non-specific(c) Vehicle

Figure 2.6. Autoradiograms of pH]-GABA binding to GABAg sites in GAERS following 
an in vivo 6 day treatment with intrathalamic pertussis toxin.

Example autoradiograms of total [^H]-GABA binding to GABAg sites in coronal brain sections of GAERS 
following intrathalamic injection and subsequent 6 day treatment with (a) PTx, (b) denatured-PTx and (c) 
vehicle, plus (d) an example of non-specific binding. The binding scale (fmol/mg of tissue) shades different 
regions different colours depending on the level of binding. The areas analysed were as descnbed m Figure
2.4.. Experiments were performed using 50nM pH]-GABA as described in experimental procedures and the 
autoradiograms represented are typical.

89



Chapter 2 : Intrathalamic pertussis toxin treated GAERS
(a)

100

CAl VL VPL NRT CPU

(b)

100 1

at
E
o
E

0
jO

001 
<  
CO 
<  o

Figure 2.7. [^H]-GABA binding to GABAg sites in GAERS following an in vivo 6 day 
treatment with intrathalamic pertussis toxin.

pH]-GABA binding to GABAg sites in specific regions of the (a) right and (b) left hand sides of the brain of 
GAERS following intrathalamic injection and subsequent 6 day treatment with vehicle (open bars, n=3), 
denatured-PTx (hatched bars, n=3) and PTx (shaded bars, n=6). As described in Figure 2.4. the brain areas 
analysed were the C A l, VL, VPL, NRT and CPu. Experiments were performed using 50nM pH]-GABA as 
described in experimental procedures. Data represent specific binding of pH]-GABA (mean ± s.e.mean, 
finol/mg of tissue). PTx significantly decreased binding in the VL and VPL in both sides of the brain when 
con^ared with vehicle ( (a) p < 0.(X)05, unpaired Student t-test) and denatured-PTx ( (b) p < 0.005, (c) p < 
0.001, (d) p < 0.0005, unpaired Student t-test).
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2.5.). An exception was the NRT of the right hand side of the brain of PTx treated 

GAERS, where GABAg site binding was significantly greater than equivalent binding in 

vehicle treated GAERS, but not that of denatured-PTx treated GAERS (Figure 2.5.). The 

recorded level of GABAg site binding in the NRT is below the level of the lowest 

standard, suggesting that the relevance of this difference may be questionable. 

Furthermore this difference was not recorded in the 6 day data, thus indicating that it 

probably represents an experimental artifact. After the 6 day treatment with PTx, analysis 

of the autoradiograms (Figure 2.6.) dononstrated that GABAg site binding in the VL and 

VPL was significantly decreased by between 70 and 80% on both the right and left hand 

sides of the brain when compared with denatured-PTx and vehicle treated GAERS (Figure 

2.7 ). In the same thalamic nuclei there was no significant difference between denatured- 

PTx and vehicle. In the CAl, NRT and CPu there was no significant difference between 

PTx, denatured-PTx and vehicle.

2.4.4. The effect of intrathalamic pertussis toxin on GABA^ site binding 

in GAERS

The density of GABA^ site binding (Figures 2.9. and 2.11), although generally higher 

than GABAg site binding, was similar in the CAl. The relative densities of GABA^ site 

binding in the five brain areas studied indicated that as for GABAg site binding the lowest 

density was found in the NRT. However unlike GABAg site binding it was determined 

that the CPu and CAl shared similar GABA^ site binding densities. The VL and VPL 

thalamic nuclei shared similar GABA^ site binding densities that were greater than that 

seen in the other brain regions studied. Analysis of the autoradiograms (Figures 2.8. and 

2.10.) demonstrated that there was no significant difference in GABA^ site binding 

between PTx, denatured-PTx and vehicle treated GAERS following either a 40 min 

(Figure 2.9) or 6 day treatment (Figure 2.11.) in any of the brain regions studied.
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(a) PTx (b) Denatured-PTx

(d) Non-specific(c) Vehicle

Figure 2.8. Autoradiograms of pH]-GABA binding to GABA^ sites in GAERS following
an in vivo 40 min treatment with intrathalamic pertussis toxin.

Example autoradiogi-ams of total pH]-GAB A binding to GABA^ sites in coronal brain sections of GAERS 
following intrathalamic injection and subsequent 40 min treatment with (a) PTx, (b) denatured-PTx and (c) 
vehicle, plus (d) an example of non-specific binding. The binding scale (fmol/mg of tissue) shades different 
regions different colours depending on the level of binding. The areas analysed were as described m Figure
2.4.. Experiments were performed using 50nM pH]-GABA as described in experimental proceduies and the 
autoradiograms represented are typical.
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Figure 2.9. [^H]-GABA binding to GABA^ sites in GAERS following an in vivo 40 min 
treatment with intrathalamic pertussis toxin.

pH]-GABA binding to GABA^ sites in specific regions of the (a) right and (b) left hand sides of the brain of 
GAERS following intrathalamic injection and subsequent 40 min treatment with vehicle (open bars, n=3), 
denatured-PTx (hatched bars, n=4) and PTx (shaded bars, n=3). As described in Figure 2.4. the brain areas 
analysed were the C A l, VL, VPL, NRT and CPu. Experiments were performed using 50nM pHj-GABA as 
described in experimental procedures. Data represent specific binding of pH]-GABA (mean ±  s.e.mean, 
finol/mg of tissue). No significant difference between vehicle, denatured-PTx and PTx treatments (unpaired 
Student t-test).
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(a) PTx (b) Denatured-PTx

(d) Non-specific(c) Vehicle

Figure 2.10. Autoradiograms of [ H] GABA binding to GABA^ sites in GAERS following 
an in vivo 6 day treatment with intrathalamic pertussis toxin.

Example autoradiograms of total [^H]-GABA binding to GABA^ sites in coronal brain sections of GAERS 
following intrathalamic injection and subsequent 6 day treatment with (a) PTx, (b) denatured-PTx and (c) 
vehicle, plus (d) an example of non-specific binding. The binding scale (fmol/mg of tissue) shades different 
regions different colours depending on the level of binding. The areas analysed were as described in Figure
2.4.. Experiments were performed using 50nM [^H]-GABA as described in experimental procedures and the 
autoradiograms represented are typical.
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Figure 2.11. pH]-GABA binding to GABA^ sites in GAERS following an in vivo 6 day
treatment with intrathalamic pertussis toxin.

pH]-GABA binding to GABA^ sites in specific regions of the (a) right and (b) left hand sides of the brain of 
GAERS following intrathalamic injection and subsequent 6 day treatment with vehicle (open bars, n=3), 
denatured-PTx (hatched bars, n=3) and PTx (shaded bars, n=6). As described in Figure 2.4. the brain areas 
analysed were the C A l, VL, VPL, NRT and CPu. Experiments were performed using 50nM pH]-GABA as 
described in experimental procedures. Data represent specific binding of pH]-GABA (mean ±  s.e.mean, 
finol/mg of tissue). No significant difference between vehicle, denatured-PTx and PTx treatments (ui^)aired 
Student t-test).
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It should be pointed out that this could represent an over simplification of the system 

involved in the generation of EEG activity. For example a general depression of EEG 

activity by PTx could underlie the decrease in SWD. This would appear unlikely given 

that it has been indicated in the present investigation that the baseline EEG was unchanged 

in PTx treated GAERS. However, this represents a crude analysis of the EEG and does 

not rule out the alteration of EEG components by intrathalamic PTx. Additionally, Snead 

(1992d) has reported that the recorded baseline EEG of PTx treated (i.c.v.) rats did not 

differ from that recorded in controls. In the same study, PTx treated rats often appeared 

ill and stopped eating, although it was reported that there was no gross change in 

behaviour or vigilance. Since the present investigation was performed, the system for EEG 

recording in the research group has been updated to include computer analysis of the EEG 

allowing a more detailed analysis of the EEG and its components. If the present study was 

repeated using this system, it would be possible to determine whether the reported 

suppression of the SWD by intrathalamic PTx represented a specific effect on the SWD, 

a specific effect on another property of the EEG or a general effect on EEG activity. This, 

together with an evaluation of possible changes in behaviour resulting from intrathalamic 

PTx treatment, would provide a more robust assessment of the effect of PTx on SWD 

activity. It must also be noted that the low 'n' value of specific treatment groups in the 

present investigation limits the scope of statistical analysis between groups. Ideally the 'n' 

values should have been greater, but they were limited by the availability of GAERS.

m
Previous studies have reported that the PTx-induced uncoupling of PTx-sensitive G- 

proteins from receptors decreased [^H]-GABA binding to GABAg binding sites by 

reducing receptor affinity for the agonist (Asano et al 1985). In contrast, the affinity of 

antagonist binding is independent of the G-protein coupling status of GABAg receptors. 

Thus confirmation that the number of GABAg binding sites was unchanged by PTx 

administration in the present study could have been achieved by performing binding 

studies with any of the recently introduced radiolabelled GABAg receptor antagonists, 

such as [’H]-CGP 54626 (Bittiger el al 1992b), [‘“ IJ-CGP 64213 or [‘“ I]-CGP 71872 

(Kaupmann el al 1997).
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2.5. Discussion

2.5.1. Intrathalamic pertussis toxin suppresses the SWD of GAERS

Bilateral intrathalamic injections of PTx (0.4^g/0.4^1/side) into the thalamic relay nuclei 

of GAERS was found to almost completely abolish the SWD over a period of days. This 

suggests the involvement of PTx-sensitive G-protein-mediated mechanisms in the 

occurrence of SWD in GAERS and fiuther supports the role of thalamic relay nuclei. The 

role of PTx-sensitive G-proteins in the appearance of SWD has been previously 

established in two pharmacological rat models. It was demonstrated in the rat GHB and 

low dose PTZ models that a three day pretreatment with PTx (1.5pg/3pl) administered 

i.c.v. suppressed the occurrence of SWD in response to GHB and low dose PTZ 

treatment (Snead 1992b, Snead 1992d). The effect of intrathalamic PTx treatment in 

GAERS in the present study indicates that the generation and/or regulation of SWD is 

dependent on thalamic PTx-sensitive G-protein-mediated mechanisms.
see 96a

2.5.2. Intrathalamic pertussis toxin decreases GABAg site binding

The relative densities of GAB A^ and GABAg site binding in the brain regions analysed in 

the present study are comparable with previously reported findings in rat brain (Bowery 

et al 1987, Chu et al 1990). The finding in the present study that PTx could selectively 

decrease autoradiographically determined GABAg, but not GABA^ site binding is 

supported by previous studies (Bowery et al 1990, Knott et al 1993). The lack of effect 

on GABA^ site binding provides evidence that the reduction of GABAg site binding was 

not a consequence of the injection itself. The results of the present study also suggest that 

denatured-PTx and vehicle are both valid controls as neither altered the SWD of GAERS.

see 96b

Localization of the actions of PTx to the VL and VPL thalamic relay nuclei was 

demonstrated by the lack of effect of PTx on the GABAg site binding in the NRT, CAl 

and CPu. The lack of effect of PTx on the GABAg site binding density in the NRT is 

probably due to the limited difilision of PTx from its injection site as suggested by Bowery
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et al (1990), although the PTx-sensitivity of the GABAg receptor population in this 

nucleus is unknown. It must also be noted that the level of binding in the NRT was close 

to the limits of detection, suggesting that any difference may have been difficult to 

identify. GABAg site binding in the CAl is known to be sensitive to PTx (Bowery et al 

1990, Knott et al 1993). The results of the present study demonstrate that GABAg site 

binding of the CAl was unaltered by intrathalamic PTx injection. This confirms that the 

effect of PTx was localized to the thalamus. Evidence suggests that GABAg site binding 

in the CPu is PTx-insensitive (Bowery et al 1990, Knott et al 1993) and therefore it 

would be expected that intrathalamic PTx injection, even if the diGusion of PTx became 

widespread, would not alter GABAg site binding in the CPu. However, it appears unlikely 

that injected PTx would diffuse as far as the CPu given the lack of effect in the CAl. 

Previous studies have proposed that a decrease of GABAg site binding mediated by PTx 

can be accounted for by a reduction of high-afBnity binding and an increase in low affinity 

binding, but no alteration in receptor number (Asano et al 1985).

The decrease of approximately 70 - 80% in specific GABAg site binding obtained in the 

VL and VPL in the present study following in vivo administration of PTx is greater than 

the effect of PTx recorded in previous studies. However studies cannot be quantitatively 

compared due to differences in the relative activity of the PTx and experimental 

procedures. In a previous investigation it was determined that PTx, administered i.c.v., 

into adult rats ADP-ribosylated some of the G-protein a-subunit sized proteins in the 

cortex and hippocampus (Wojcik et al 1989). In the same study the ability of baclofen to 

potentiate the production of cAMP induced by p-adrenergic receptor activation was 

partially reduced by PTx pretreatment in the cortex and hippocampus. It was also 

demonstrated that the majority of the (-)baclofen mediated inhibition of forskolin 

stimulated cAMP production was blocked in the hippocampus following PTx pretreatment 

(Wojcik et al 1989). Unilateral intrahippocampal administration of PTx has been reported 

to decrease baclofen stimulated GTPase activity and completely abolishe (-)baclofen 

mediated inhibition of forskolin stimulated cAMP accumulation in the treated side of the 

hippocampus (Bowery et al 1989). Further studies performed using the same PTx 

injection procedure have demonstrated a reduction of GABAg, but not GABA^ site 

binding in localized areas of the hippocampus of between 20 - 45% (Bowery et al 1990)
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and 35 - 80% (Knott etal 1993) compared with the untreated side. It was postulated that 

the limited difiusion of PTx could account for this apparent wide variation of PTx- 

mediated activity and that it may not be a reflection of differences in PTx-sensitivity. Adult 

rat brain slices incubated in vitro with PTx, exhibited decreased GABAg site binding in 

specific regions of the hippocampus by between 25 - 30% (Bowery et al 1990) and 20 - 

40% (Knott et at 1993). The difference in the reduction of GABAg site binding induced 

by PTx in localized regions of the hippocampus determined in vivo and in vitro  ̂ indicates 

that limited dif&ision could account for the apparent differences observed in vivo (Bowery 

eta l 1990).

Experiments with adult rat membrane preparations demonstrated that in vitro incubation 

with PTx, under optimized conditions, reduced GABAg site binding by approximately 

25% in the cerebral cortex, 35% in the hippocampus, 40% in the cerebellum and did not 

alter binding in the striatum (Knott et al 1993). In the same membrane preparations, 

GTPy S reduced GABAg site binding by approximately 80 - 90% in all brain regions, 

suggesting that populations of GABAg receptors coupled to G-proteins have different 

PTx-sensitivity (Knott et al 1993). Previous studies on the effects of PTx on GABAg 

binding site density in the thalamus have been limited to in vitro investigations in which 

binding was studied in the dorsolateral and mediolateral geniculate thalamic nuclei. In 

these studies PTx was found to decrease GABAg binding site density by between 10 - 

30% in these thalamic nuclei (Knott et al 1993, Bowery et al 1990). The evidence 

suggests that the reduction of GABAg site binding or GABAg receptor-mediated activity 

by PTx in the different in vivo and in vitro studies may only be compared qualitatively as 

the effect of PTx is dependent on factors such as its relative activity, the dose {in vivo) or 

concentration {in vitro) used and the length of treatment or incubation. Whilst the 

proportion of GABAg receptors coupled to PTx-sensitive and PTx-insensitive G-proteins 

in the VL and VPL cannot be determined from the present study, the results indicate that 

at least 70 - 80% of the receptors are coupled to PTx-sensitive G-proteins.

The decrease in GABAg site binding in GAERS induced by a 6 day treatment with 

intrathalamic PTx, presumably by a reduction of high affinity binding in the VL and VPL, 

could account for the almost complete abolition of SWD. Furthermore it was determined
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that a 40 min treatment of GAERS with intrathalamic PTx altered neither the SWD nor 

GABAg binding in the thalamus. Evidence for an association between the SWD of 

GAERS and GABAg receptors has been suggested by the previous findings that 

intrathalamic administration of CGP 35348, into the thalamic relay nuclei, suppressed the 

SWD whilst (-)baclofen increased the SWD (Liu et al 1992). Similarly, it has been 

determined in ferret thalamic slice in vitro investigations that activation of GABAg 

receptors was associated with the appearance of thalamocortical oscillatory activity with 

a fi’equency resembling SWD, which could be blocked by GABAg antagonists (Bal et al 

1995b, von Krosigk et al 1993). Whilst the distribution and density of both GABA^ and 

GABAg site binding are not different between GAERS and their control strain (Knight and 

Bowery 1992, Spreafico et al 1993), the finding that GAB A levels in the ventrolateral 

thalamus were greater in GAERS than their controls supported the proposal that enhanced 

GABAergic activity was the underlying factor in the occurrence of SWD (Richards et al 

1995). All of the evidence and the effect of PTx suggest that by reducing GABAg 

receptor-mediated activity in thalamic relay nuclei, SWD can be suppressed.

2.5.3. The involvement of other pertussis toxin-sensitive G-protein 

coupled receptors

As well as GABAg receptors, other PTx-sensitive G-protein coupled receptors in the 

thalamus may also be involved in the occurrence of SWD in GAERS. This could include 

the PTx-sensitive G-protein coupled GHB receptor (Ratomponirina et al 1995), if it does 

indeed represent a separate site and its effects are not related to the affinity of GHB for 

the GABAg receptor (see section 1.2.5.3 ). The PTx-sensitive G-protein coupled 

muscarinic cholinergic receptors, or more specifically the and M2  receptor subtypes 

which are known to be present on neurones in the brain (Caulfield 1993) must also be 

considered. However, whilst evidence exists to support the involvement of the GHB 

receptor in the SWD of GAERS it has been suggested that its role is of a supportive 

nature, perhaps promoting conditions favourable to the development of SWD, rather than 

a direct effect (Liu et al 1991b). Similarly the evidence indicates that the occurrence of 

SWD in GAERS, although associated with cholinergic activity, is not under its direct 

control in the thalamus and it has been suggested that its effect may be mediated via
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effects on arousal rather than direct effects on thalamocortical circuitry (Danober et al 

1993, Danober e /a /1995, Snead 1995). The specific involvement of other thalamic PTx- 

sensitive G-protein coupled receptors in the SWD of GAERS is unknown at present. 

Current evidence supports a predominant role for PTx-sensitive G-protein coupled 

GABAg receptors.

2.6. Conclusions

The suppression of the SWD of GAERS by intrathalamic PTx supports the involvement 

of PTx-sensitive G-proteins in the occurrence of SWD in GAERS. The results also 

provide further support for the proposed role of GABAg receptors, particularly those 

coupled to PTx-sensitive G-proteins, in the VL and VPL in the generation and/or 

regulation of SWD in GAERS. However, as well as the GABAg receptor, PTx treatment 

could also affect other thalamic receptor types coupled to PTx-sensitive G-proteins with 

presently unknown roles in the SWD of GAERS.
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Chapter 3

Lack of alteration of GABA^ and GABAg site binding 

in the WAG/Rij strain of rat
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3.1. Introduction

3.1.1. The SWD of WAG/Rij rats

The WAG/Rij rat model of absence epilepsy is a genetically derived model that shares 

many behavioural, electrophysiological and pharmacological characteristics with the 

human condition (see section 1.2.2.2.). The recording of spontaneous SWD in WAG/Rij 

rats under anaesthesia demonstrated that synchronous rhythmic neuronal firing, 

concurrent with the spike component of the cortical SWD, could be recorded in the 

frontal cortex and thalamic nuclei such as the NRT, VPL, VPM, VL and MD (Inoue et 

al 1993). The different layers of the frontal cortex were found to exhibit a variety of 

responses (Inoue et al 1993). For example, in layers I and II synchronous rhythmic 

neuronal firing could not be recorded and it was suggested that this could be due to 

anaesthetic treatment. Synchronous rhythmic neuronal firing could be recorded in layers 

III and IV, but to a lesser extent than that recorded in layers V and VI. It was also 

demonstrated that synchronous rhythmic neuronal firing, concurrent with the wave 

component of the cortical SWD of WAG/Rij rats, was recorded in the CL and PC, and 

that tonic neuronal firing increased in the centromedian thalamic nucleus (CMe) and 

interanteromedial thalamic nucleus (lAM) during SWD activity (Inoue et al 1993). The 

synchronous rhythmic neuronal firing in the hippocampus of WAG/Rij rats also appeared 

not to be correlated with cortical SWD, as reported in other genetically derived models 

such as GAERS and Ih/lh mice (Hosford et al 1995b, Marescaux et al 1992c, Vergnes et 

al 1987, Vergnes et al 1990). This mapping of synchronous rhythmic neuronal firing 

concurrent with the spike component of the cortical SWD has produced results almost 

identical to similar mapping studies in GAERS (Marescaux et al 1992c, Vergnes et al 

1987, Vergnes et al 1990) and Ih/lh mice (Hosford et al 1995b).

The finding in WAG/Rij rats that synchronous rhythmic neuronal firing of specific 

thalamic nuclei precedes activity in the cortex (Inoue et al 1993) is in agreement with a 

similar pattern recorded in GAERS (Marescaux et al 1992c, Vergnes et al 1987, Vergnes 

etal 1990). However, a more detailed investigation of WAG/Rij rats determined that the
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time between the peak of synchronous rhythmic neuronal firing of individual thalamic 

nuclei and the peak of the recorded spike component of the cortical SWD varied between 

thalamic nuclei (Inoue et al 1993). It was determined that the VPL and VPM fired first 

followed by the MD and VL and then the cortex which just preceded the peak of the spike 

component. NRT activity actually peaked after the peak of the spike component. It was 

postulated that the differences between the thalamic nuclei may be due to differences in 

the association of individual nuclei with different parts of the NRT and indicate varying 

control by the NRT, a nucleus that is known to be intimately involved in synchronized 

rhythmic oscillatory activity (Inoue et al 1993).

3.1.2. The involvement of GABAergic neurotransmission in the SWD of 

WAG/Rij rats

The finding that i.c.v. injections of the GABA^ receptor agonist, muscimol, led to an 

increase in the SWD of WAG/Rij rats (Peeters et al 1989a) was similar to the effects of 

systemically injected GABA^ receptor agonists in GAERS (Marescaux et al 1992c, 

Micheletti etal 1985, Vergnes etal 1984) and pharmacologically induced models (Snead 

1984). However, whilst i.c.v. injections of the GABA^ receptor antagonist, bicuculline, 

decreased the SWD of WAG/Rij (Peeters etal 1989a), systemic administration of GABA^ 

receptor antagonists did not alter the SWD of GAERS (Marescaux et al 1992c, Micheletti 

et al 1985) or the pharmacologically induced GHB rat model (Snead 1984). The 

involvement of GABAg receptors in the absence epilepsy of WAG/Rij rats has not been 

investigated, but in other genetic and experimental models it has been demonstrated that 

GABAg receptor agonists increase SWD and GABAg receptor antagonists decrease SWD 

(Hosford etal 1992, Hosford etal 1995a, Marescaux etal 1992a, Marescaux et al 1992b, 

Marescaux et al 1996, Puigcerver et al 1996, Richards and Bowery 1996, Smith and 

Fisher 1996, Snead 1992a, Snead 1992b, Vergnes eta l 1984). The specific involvement 

of thalamic GABAg receptors in the occurrence of SWD in GAERS and Ih/lh mice was 

demonstrated by the finding that injections of (-)baclofen and the GABAg receptor 

antagonist, CGP 35348 into the thalamic relay nuclei and NRT increased and suppressed, 

respectively, the cortical SWD (Hosford et al 1995b, Liu et al 1992, Marescaux et al 

1992b). The particular involvement of thalamic GABAg receptors in the appearance of 
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low frequency oscillatory activity such as SWD has also been supported by findings in the 

in vitro thalamic slice preparation (Bal et al 1995b, von Krosigk et al 1993).

Previous plasma membrane [%-(-)baclofen binding and autoradiographically determined 

(-)baclofen displaceable [^-G ABA binding studies have demonstrated that GABAg site 

binding was elevated in the cerebral cortex, thalamic nuclei and CPu of Ih/lh mice when 

compared with non-epileptic +/+ mice (Hosford et al 1992, Hosford et al 1995b, Lin et 

al 1993). Plasma membrane [^-musdmol binding studies demonstrated that the GABA^ 

binding site of Ih/lh mice was not altered when compared with +/+ mice (Hosford et al 

1992, Lin e / a / 1993).

Evidence supporting the idea that different mechanisms underlie the pathogenesis of 

absence epilepsy in the various animal models was provided by the finding that 

autoradiographically determined [^H]-GABA binding to GABA^ and GABAg sites in 

various brain regions, including the frontal cortex and thalamic nuclei, was not altered in 

GAERS when compared with their non-epileptic control strain (Knight and Bowery

1992). Further autoradiographic studies demonstrated no alteration of the GAB A site, 

benzodiazepine sites or picrotoxin site of the GABA^ receptor complex in the frontal 

cortex and thalamic nuclei of GAERS (Snead et al 1992). However, a more recent study 

indicated that the enhancement of benzodiazepine site binding by GAB A was reduced in 

the outer layers of the frontal cortex and in the anterior and medial thalamus of GAERS 

(Spreafico etal 1993). In the same study, immunocytochemical localization of the P2 -P 3  

subunits of the GABA^ receptor complex, the location of the GABA binding site, 

demonstrated a decrease of these subunits in the frontal cortex and anteroventral thalamic 

nucleus (Spreafico etal 1993). It was postulated that this indicated an impairment of the 

GAB A^ receptor-mediated activity in the pathogenesis of absence epilepsy in GAERS, 

but due to the lack of effect of GABA^ receptor antagonists it was suggested that any 

difference may be a consequence rather than a cause of SWD activity (Spreafico et al

1993). Membrane binding studies performed by Spreafico et al (1993) using pH]-(- 

)baclofen binding to GABAg binding sites in cortical and thalamic preparations confirmed 

the autoradiographic binding results of Knight and Bowery (1992), that GABAg site 

binding was not altered in GAERS.
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Despite similarities between WAG/Rij rats and GAERS, such as their common derivation 

from Wistar rats, there has been little investigation of GABAergic neurotransmission in 

WAG/Rij. Apart from the pharmacological evidence supporting the involvement of 

GABA^ receptor-mediated activity in the SWD of WAG/Rij rats (Peeters et al 1989a), 

further pharmacological evidence was provided by the finding that the GABA uptake 

inhibitor, tiagabine, increased the SWD of WAG/Rij (Coenen et al 1995a). The effect of 

GABAg receptor ligands is unknown in WAG/Rij rats, but the suppression of SWD in 

GAERS and old Wistar rats by GABAg receptor antagonists (Marescaux et al 1992a, 

Marescaux et al 1992b, Marescaux et al 1996, Puigcerver et al 1996, Richards and 

Bowery 1996) suggests that a similar effect is probable in WAG/Rij rats. Support for the 

involvement of GABAergic neurotransmission in the SWD of WAG/Rij has been provided 

by electrophysiological data where intracortical GABAergic inhibition was shown to be 

impaired in WAG/Rij when compared with normal Wistar rats of a similar age (Luhmann 

et al 1995). It was demonstrated that in the frontal cortex, a biphasic IPSP could be 

recorded that consisted of a fast-IPSP and a slow-IPSP that resembled those mediated by 

GABA^ and GABAg receptors respectively. In layers II and HI of the cortex it was shown 

via intracellular recordings, that both the fast-IPSP and slow-IPSP displayed reduced 

efficacy associated with decreased peak conductance in WAG/Rij when compared with 

Wistars. The results also demonstrated intracortical hyperexcitability in WAG/Rij and it 

has been postulated that this resulted from an imbalance between intracortical excitatory 

and inhibitory mechanisms. Whether this was a consequence or cause of SWD activity 

remains unknown. An earlier investigation demonstrated intracortical hyperexcitability in 

GAERS and this was found to be NMD A receptor-mediated (Pumain et al 1992), 

although this may also be due to the postulated decrease in certain aspects of cortical 

GABA^ receptor-mediated inhibitory activity (Spreafico et al 1993).

3.2. Aim

The indication is that GABA neurotransmission may be involved in the SWD of WAG/Rij

rats. The aim of the present investigation was to compare [^H]-GABA binding to GABAA

and GABAg sites using autoradiography in the WAG/Rij and ACI rat strains and to

determine if there was any variation between strains. ACI rats have been shown to be
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almost free of SWD activity (Inoue et al 1990) and have been used in previous 

comparative studies with WAG/Rij rats (Lasoh et al 1992, LasoA et al 1994a, van Rijn 

e ta l 1991).
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3.3. Experimental procedures

3.3.1. Tissue preparation

The animals were prepared by W.H.I.M. Drinkenburg at NICI, Nijmegen, The 

Netherlands. Male WAG/Rij (body weight 285-365g, n=6 ) and ACI rats (non-epileptic 

controls) (body weight 255-290g, n=6 ) were stunned, then decapitated and their brains 

removed and rapidly frozen by immersion in iso-pentane, cooled in liquid nitrogen. The 

frozen brains were then packaged in dry ice and transported to The School of Pharmacy, 

London, UK. where they were stored at -70®C until required. The cutting of the brains 

followed the same procedure as stated previously (see section 2.3.1.1). Serial parasagittal 

sections (10pm) were cut from the right cerebral hemisphere approximately 2.40mm from 

the midline and stored at -20®C until required.

3.3.2. Binding procedure

Binding studies were performed using the same procedure as stated previously (see 

sections 2.3.1.2. and 2.4.1). Experiments on GABAg binding sites were performed using 

a full saturation range of [^H]-GABA (S.A.= 93.7 Ci/mmol) (10nM-400nM). The actual 

concentration of pH]-GABA in the binding solution was calculated from the S. A. of the 

ligand and the dpm recorded for a known volume, measured by liquid scintillation 

spectrophotometry using a 3 min count in the scintillation counter. Experiments on 

GABA^binding sites were performed using 50nM [ H]-GABA (S.A.= 93.7 Ci/mmol).

3.3.3. Quantitative autoradiography

The production and analysis of autoradiograms was as stated previously (see section 

2.3.24.). The areas of the brain analysed were the inner frontal cortex (layers V-VI) (IC), 

outer frontal cortex (layers I-IV) (OC), hippocampus (CAl region) (HP), laterodorsal 

thalamic nucleus (LD), lateroposterior thalamic nucleus (LP), ventrolateral thalamic 

nucleus (VL), posterior thalamic nucleus (PO), cerebellar molecular layer (CM) and
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cerebellar granular layer (CG) identified by reference to the atlas, 'The Rat Brain In 

Stereotaxic Coordinates' (Paxinos and Watson 1986).

3.3.4. Data and statistical analysis

Determination of the Bmax and Kd of GABAg site binding in the various brain regions 

was performed using GraphPad InPlot version 4.03 (GraphPad Software). Statistical 

analysis was performed using GraphPad InStat version 2.02 (GraphPad Software). 

Statistical analysis of GABA^ and GABAg binding in WAG/Rij and ACI rats was 

performed using the unpaired Student t-test.

3.3.5. Materials

As described in section 2.3.2.6.
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3.4. Results

3.4.1. GABA^ site binding in WAG/Rij and ACI rats

Analysis of autoradiograms (Figure 3.1.) demonstrated that the distribution of GABA^ 

site binding in WAG/Rij and ACI rats determined with 50nM [^H]-GAB A in the presence 

of (-)baclofen varied between the brain regions studied (Figure 3.2.). Of the areas studied 

the highest level of binding was in the CG which exhibited approximately 2.5 fold greater 

binding than in the CM. The OC exhibited higher binding than the IC whilst the LD, LP, 

VL and PO shared similar levels of GABA^ site binding. The lowest level of GABA^ site 

binding was found in the HP Statistical analysis revealed that there was no significant 

difference in GABA^ site binding between WAG/Rij and ACI rats in any of the brain areas 

studied (Figure 3 .2 ).

3.4.2. GABAg site binding in WAG/Rij and ACI rats

Analysis of autoradiograms (Figure 3.3.) demonstrated that the density of GABAg site 

binding in WAG/Rij and ACI rats, determined with 50nM [^H]-GABA in the presence of 

isoguvacine to allow comparison with GABA^ site binding data, varied between the brain 

regions studied (Figure 3.4 ). GABAg site binding levels were generally lower than 

GAB A^ binding levels particularly in the IC, HP and CG, although the levels appeared to 

be similar in the LD, LP and PO. The highest level of GABAg site binding was found in 

the CM which exhibited approximately 6 fold greater binding than in the CG. The OC, 

LD, LP and PO shared similar levels of GABAg site binding, whilst the VL displayed 

relatively lower levels than the other thalamic nuclei. As shown by GABA^ site binding, 

the OC exhibited higher levels of GABAg site binding than the IC, although the relative 

difference between OC and IC was greater for GABAg site binding. The lowest level of 

GABAg site binding was found in the HP and CG. Statistical analysis revealed that there 

was no significant difference in GABAg site binding between WAG/Rij and ACI rats in 

any of the brain areas studied (Figure 3.4.).
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(a) WAG/Rij

(b) ACI

(c) Non-specific

i i i i L i i i i

Figure 3.1. Autoradiograms of [ H]-GABA binding to GABA^ sites in W AG/Rij and ACI 
rats.

Example autoradiograms of total 50nM [^H]-GABA binding to GABA^ sites in sagittal brain sections of (a) 
WAG/Rij, (b) ACI and (c) an example of non-specific binding. The binding scale (fmol/mg of tissue) shades 
difierent regions diJfferent colours depending on the level of binding. The brain areas analysed (see (a)) were 
the inner frontal cortex (layers V-VI) (IC), outer frontal cortex (OC), CAI region of the hippocampus (HP), 
laterodorsal thalamic nucleus (LD), lateroposterior thalamic nucleus (LP), ventrolateral thalamic nucleus ( VL), 
postenor thalamic nucleus (PO), cerebellar molecular layer (CM), cerebellar gi anulai' layer (CG). Experiments 
were performed as described in experimental procedures and the autoradiograms represented are typical.
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Figure 3.2. pH]-GABA binding to GABA^ sites in WAG/Rij and ACI rats

pH]-GABA binding to GABA^ sites in specific regions of the brain of WAG/Rij rats (■ )  (n=6) and ACI rats 
(□ )  (n=6). As descibed in Figure 3 . 1 the brain areas analysed were the IC, OC, HP, LD, LP, VL, PO, CM 
and CG. The data represents specific pH]-GABA binding in the presence of (-)baclofen determined firom 
oqiaiments performed using SOnM [^H]-GABA as described in experimental procedures (mean ± s.e.mean, 
finolAng of tissue). No significant difference between GABA* binding in WAG/Rij and ACI rats in any of the 
brain regions analysed (unpaired Student t-test).
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(a) WAG/Rij

(b) ACI

(c) Non-specific

Figure 3.3. Autoradiograms of [̂ H] GABA binding to GABAg sites in W AG/Rij and ACI 
rats.

Example autoradiograms of total 50nM [^H]-GABA binding to GABAg sites in sagittal brain sections of (a) 
WAG/Rij, (b) ACI and (c) an example of non-specific binding. The binding scale (fmol/mg of tissue) shades 
different regions different colours depending on the level of binding. The brain areas analysed were as 
described in Figure 3.1.. Experiments were performed as described in experimental procedures and the 
autoradiograms represented are typical.
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Figure 3.4. pH]-GABA binding to GABAg sites in WAG/Rij and ACI rats

pH]-GABA binding to GABAg sites in specific regions of the brain of WAG/Rij rats (■ )  (n=6) and ACI rats 
(□ )  (n=6). As descibed in Figure 3 . 1 the brain areas analysed were the IC, OC, HP, LD, LP, VL, PO, CM 
and CG. The data represents specific pH]-GABA binding in the presence of isoguvacine determined fi*om 
0 q)enments p^ormed using 50nM pH]-GABA as described in experimental procedures (mean ±  s.e.mean, 
finolAng of tissue). No significant difference between GABAg binding in WAG/Rij and ACI rats in any of the 
brain regions analysed (unpaired Student t-test).
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From saturation studies performed using 10-400nM [^H]-GABA, the maximum binding 

density (Bmax) and affinity (Kd) of the ligand for the GABAg binding site was 

determined. The Kd values in the different brain regions of the WAG/Rij and ACI rats 

were not significantly different (Table 3.1.) and ranged from approximately IBOnM in the 

CM to approximately 220nM in the HP. The Bmax values in the different brain regions 

of the WAG/Rij and ACI rats were also not significantly different (Table 3.1.) and ranged 

from approximately 100 finol/mg of tissue in the CG to approximately 400 finol/mg of 

tissue in the CM.
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GABAg Bmax (finol/mg of tissue) Kd(nM)

Brain Region ACI WAG/Rij ACI WAG/Rij

IC 209.5 ± 13.8 239.3 ± 28.3 192.2 ±22.8 193.0 ±22.2

OC 295.4 ± 25.9 323.8 ±27.8 136.6 ±8.4 157.8 ±29.7

HP 156.9 ± 18.1 150.9 ±29.8 224.3 ± 17.6 215.5 ±35.0

LD 351.4± 11.3 297.1 ±29.0 156.6 ± 15.9 172.7 ±26.3

LP 341.8± 11.7 295.4 ±25.5 152.7 ± 13.8 182.5 ±42.0

VL 302.3 ±21.9 237.0 ±30.8 237.0 ±38.4 190.3 ±25.2

PO 275.6 ±8.2 268.7 ±39.5 143.9 ± 10.2 170.4 ±33.7

CM 378.1 ±19.3 403.4 ±35.4 128.6 ± 10.4 129.5 ± 15.7

CG 122.7 ± 14.1 94.5 ±9.6 259.4 ±35.8 205.4 ±39.2

Table 3.1. GABA, binding site characteristics in WAG/Rij and ACI rats

Bmax and Kd o f  pH]-GABA binding to GABAg sites were determined from saturation studies in specific 
regions of the brain of WAG/Rij and ACI rats. The brain areas analysed were the inner frontal cortex (layers 
V-Vl) (1C), outer frontal cortex (layers 1-lV) (OC), CAl region of the hippocampus (HP), laterodorsal 
thalamic nucleus (LD), lateroposterior thalamic nucleus (LP), ventrolateral thalamic nucleus ( VL), posterior 
thalamic nucleus (PO) and the molecular (CM) and granular (CG) layers of the cerebellum E?q)eriments were 
performed using KMOOnM pHJ-GABA as described in experimental procedures. Bmax data represents mean 
± s e mean, finol/mg of tissue (n=6 for all brain regions analysed, except the HP of ACI rats vdiere n=5). Kd 
data represent mean ± s e mean, nM (m=6 for all brain regions analysed, except the HP of ACI rats Wiere n=5). 
No significant difference between the Bmax or Kd of GABAg binding in WAG/Rij and ACI rats (unpaired 
Student t-test).
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3.5. Discussion

The brain regions analysed included the frontal cortex, thalamic nuclei, hippocampus and 

cerebellum. It has been reported that the frontal cortex and specific thalamic nuclei are 

involved in the occurrence of SWD in WAG/Rij (Inoue etal 1993). Of the thalamic nuclei 

under observation, the VL and LD are thought to be involved in the occurrence of SWD 

in WAG/Rij, whilst the role of the LP and PO is unknown. The hippocampus was analysed 

as it does not appear to be involved in the SWD of WAG/Rij rats (Inoue et al 1993). 

Cerebellar GABA^ and GABAg site binding was investigated because of the high levels 

reported in this brain area (Bowery et al 1987, Chu et al 1990).

3.5.1. No alteration of GABA^ site binding in WAG/Rij rats

The distribution of GABA^ binding sites in the present study is comparable to that of 

other autoradiographic rat brain binding studies (Bowery et al 1987, Chu et al 1990, 

Knight and Bowery 1992, Snead et al 1992). In particular the relatively high level of 

binding in the CG when compared with the CM is a characteristic of GAB A^ site binding. 

The results demonstrate that GAB A^ site binding was not significantly different between 

WAG/Rij and ACI rats in any of the brain regions analysed. However, this does not rule 

out the involvement of other structural or functional changes to the GABA^ receptor 

complex, such as changes to the subunit composition and the actions of GABA, as 

previously reported in the frontal cortex of GAERS (Spreafico et al 1993). Similar 

alterations may exist in WAG/Rij or there may be differences in the GABAergic circuitry 

of WAG/Rij rats that could also be involved in the occurrence of SWD.

3.5.2. No alteration of GABAg site binding in WAG/Rij rats

The distribution of GABAg binding sites in the present study is also comparable to that 

seen in previous investigations (Bowery et al 1987, Chu et al 1990, Knight and Bowery 

1992, Turgeon and Albin 1992). The reported higher level of GABAg site binding in the 

CM when compared with the CG is a characteristic of GABAg site binding. The results
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of the present study suggest that GABAg site binding in WAG/Rij and ACI rats is not 

significantly different. Similarly it has been reported that GABAg site binding in these 

thalamic nuclei and in the frontal cortex is not altered in GAERS (Knight and Bowery 

1992, Spreafico etal 1993). However, more recent studies have suggested that the affinity 

of GABAg receptor agonist binding was greater in the cerebral cortex of GAERS, with 

no apparent change in the coupling of the receptor to G-proteins (Mathivet et al 1995, 

Mathivet et al 1996). The reported increase in GABAg site binding in the thalamus and 

cortex of Ih/lh mice (Lin et al 1993), suggests that WAG/Rij rats and Ih/lh mice do not 

share common pathophysiological mechanisms in the generation of SWD.

3.6. Conclusions

In conclusion, the present results indicate that there is no alteration of the GABA binding 

site of the GAB A^ receptor complex or GABAg binding site in the WAG/Rij rat model 

of absence epilepsy. The present results suggest that the previously reported involvement 

of GABA^ receptor-mediated activity in the generation SWD of WAG/Rij rats is not due 

to an alteration of the GABA binding site of the GAB A^ receptor complex. Whilst there 

is little direct evidence suggesting that GABAg receptor-mediated mechanisms are 

involved in the SWD of WAG/Rij, evidence obtained in the other Wistar derived models 

such as GAERS and old Wistar rats would support such an association. However, as 

previously determined in GAERS the present results suggest that any GABAg receptor- 

linked association is not due to a change in the GABAg binding site characteristics. This 

does not rule out changes in the coupling of the GABAg receptor to G-proteins or 

differences in the GABAergic circuitry.
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Chapter 4

GABAg binding site distribution in the thalamus and 

basal ganglia of the rhesus monkey {Macaca mulatto)
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4.1. Introduction

In rat brain the pattern of GABAg binding site distribution is distinct from that of the 

GABA^ binding site, although in many regions both can be detected. In some regions, 

such as the CM, interpeduncular nucleus, superior colliculus, laminae II and III of the 

spinal cord, nucleus tractus solitarius and certain thalamic nuclei, the GABAg binding site 

predominates (Bowery et al 1987).

The thalamus, in simplistic terms, acts as an important gating mechanism for impulses 

travelling to and from the cerebral cortex, however the reality is far more complex and 

involves a network of neuronal pathways each conveying some form of control. The role 

of thalamic nuclei in pacing rhythmic cortical activities has become increasingly clear with 

a particularly important role for the NRT which appears to be a prime determinant of 

rhythmic activities such as sleep spindles (Steriade and Llinas 1988, Steriade e ta l 1985, 

Steriade et al 1987, Steriade et al 1993). Intrinsic membrane properties and synaptic 

interactions of the NRT neurons appear to be crucial factors in the generation of spindling 

activity (Avanzini et al 1989, Bal et al 1995a, Huguenard and Prince 1992, von Krosigk 

eta l 1993). The NRT appears to project mainly to the ipsilateral thalamus (Jones 1975, 

Jones 1985), however contralateral projections have been reported between the NRT and 

some dorsal thalamic nuclei in various species such as the rat (Raos and Bentivoglio

1993), cat (Rinvik 1984) and monkey (Paré and Steriade 1993). These projections may 

contribute to the reported role of the NRT in the bilateral synchrony of spindling 

rhythmicity. The existence of reticulo-reticular commisural links have also been suggested 

in the rat thalamus (Battaglia et al 1993). It has been determined that the NRT projections 

to the thalamus are GABAergic in rat (Houser et al 1980, Ohara et al 1983), cat (Yen et 

al 1985) and monkey (Tai et al 1995).

An example of the importance of the thalamus in neurological disorders is shown by the

reported involvement of thalamo-cortical pathways in generalized non-convulsive absence

epilepsy. Investigations have shown that the thalamus plays a crucial role in the generation

of this phenomenon in animal models (Avoli and Gloor 1982, Vergnes and Marescaux

1992) and in human patients (Williams 1953). The underlying mechanism for these SWD 
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is unknown, but evidence does point towards the involvement of thalamocortical 

pathways and their ability to generate neuronal oscillatory activity. Investigation of 

GAERS has demonstrated that the thalamic relay nuclei, NRT and cerebral cortex are 

essential for SWD to occur (Avanzini et al 1992, Avanzini et al 1993, Vergnes and 

Marescaux 1992) and that calcium-dependent oscillatory properties of the NRT are 

critical for the expression of SWD (Avanzini et al 1992, Avanzini et al 1993). More 

recently it has been demonstrated in GAERS, that there is a selective increase in the Ij of 

NRT neurones when compared with their control strain (Tsakiridou et al 1995).

It has been proposed that the role of postsynaptic GABAg receptors in neuronal 

oscillatory activities associated with the thalamus, is a priming function linked with the 

burst firing excitation of TC neurones, by deinactivating low threshold calcium potentials 

which are associated with burst firing (Crunelli and Leresche 1991). Indeed it has been 

suggested that burst firing of NRT neurones will elicit, through thalamocortical circuitry, 

a GABAg receptor-mediated IPSP on TC neurones which, will in turn, generate a new 

low threshold calcium potential that subsequently leads to the burst firing of TC neurones. 

The particularly important role played by thalamic GABAg receptors in absence epilepsy 

has been demonstrated by the actions of the selective GABAg receptor antagonist CGP 

35348, which blocked the occurrence of SWD in rodent models of generalised absence 

seizures when administered intrathalamically (Hosford et al 1995b, Liu et al 1992, 

Marescaux et al 1992b)

Most of the information on the characteristics and distribution of GABAg receptors 

currently available is derived fi"om studies in rodents. Little is known about the distribution 

and properties of these receptors in the primate brain. Interspecies differences in 

GABAergic systems have been determined. For example, the absence of GABAergic LCN 

from most thalamic nuclei of the rat and opossum (Barbaresi et al 1986, Penny et al 

1984), as compared with the presence of LCN in cat and monkey thalamic nuclei (Penny 

etal 1983). It has also been reported that there is a complete segregation of nigral, pallidal 

and cerebellar afferent input areas in the thalamus of primates, compared with overlap in 

rodents and carnivores (Dinsky and Kultas-Ilinsky 1987, Kultas-Ilinsky and Ilinsky 1986). 

It has recently been suggested that cerebellar and pallidal projections in monkey primarily
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occupy separate and distinct thalamic territories within thalamic nuclei, but that individual 

thalamic nuclei receive differentially weighted inputs from both of these sources (Sakai 

eta l 1996). NRT input to primate thalamic nuclei has been shown to involve a substantial 

input to LCN (Kultas-Ilinsky etal 1995, Tai etal 1995, Yi et al 1993), which differs from 

the cat where studies of NRT and PGN projections to the thalamus failed to demonstrate 

or indicated limited connections with LCN (Cucchiaro et al 1991, Liu et al 1993). The 

implication is that in primates the NRT can act on thalamocortical neurons directly or 

indirectly via LCN (Tai et al 1995) and thus suggests an extra level of control in the 

thalamus over other species. This indicates that generalizations and extrapolations based 

on the data obtained in one species may not be valid for aU, a consequence of which is that 

a basic understanding of the GABAergic systems in the thalamus of various species is 

essential (Kultas-Hinsky et al 1988).

4.2. Aim

The aim of the present study was to determine the distribution pattern and binding 

properties of GABAg receptors in monkey thalamic nuclei and basal ganglia and to 

compare this with previous studies in other species. Furthermore, any correlation between 

the distribution pattern of GABAg binding sites and the density and distribution of 

extrinsic GABAergic afferents and/or GABAergic local circuit systems in thalamic nuclei 

will be discussed.
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4.3. Experimental procedures

4.3.1. Tissue preparation

The animals were prepared by the group of K. Kultas-Ilinsky at The University of Iowa, 

Iowa, USA. Adult rhesus monkeys (Macaca mulattd) of either sex weighing 4.5 - 5.7kg 

(n=3) were deeply anaesthetized with ethyl ether. The brains were removed immediately 

and placed in saline (4**C). The hemispheres were bisected and thalamic blocks, also 

containing parts of the midbrain and basal ganglia prepared. These were surrounded with 

pieces of cerebellum to support the thalamus and frozen to cryostat chucks using dry ice. 

Serial 8pm sections were cut (-14®C) and thaw mounted onto gelatin subbed histological 

slides and stored at -70 °C. The frozen sections were then packaged in dry ice and 

transported to The School of Pharmacy, London, UK, where they were stored at -70®C 

until required.

4.3.2. Binding Procedure

Binding to the GABAg binding site was performed using the same basic procedure for rat 

brain sections as stated previously (see sections 2.3.1.2. and 2.4.1.). However, the initial 

thawing of the monkey sections (from -70T) required an additional 30 min at -20®C (the 

temperature that rat sections are stored at) before thawing at room temperature (19- 

23 ®C), so that there was a more gradual thawing process. Additionally the monkey 

sections were too big to be covered with lOOpl of binding solution (as used for rat 

sections), so incubation of the sections was carried out by placing them vertically into 

plastic slide holders (space for up to 5 sections) containing 10ml of binding solution, 

which was enough to cover the sections. The viability of reusing solutions within the same 

experiment was investigated because large volumes of expensive [^H]-GABA were 

nessecary to make up the 10ml of binding solutions. Three (20 min) incubation periods 

with the same solution, on the same day, were investigated. To demonstrate that the 

solution could be used repeatedly it was nessecary to determine that the [^-G A B A  in 

the binding solution was not metabolized by GAB A-T that may be present and active in
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However this technique is flawed, since the measured radioactivity, both bound to the 

tissue sections and in the used binding solutions, could also represent radiolabelled 

metabolites of [%Q-GABA synthesized as a result of GABA-T activity. Such metabolites 

might include radiolabelled succinic semialdehyde, succinate and glutamate.
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the monkey section. To determine this, two sets of total and non-specific solutions 

containing 50nM [^H]-GABA were made up in the presence and absence of amino-oxy- 

acedc acid (AOAA) (lOpM), a GAB A-T inhibitor. The amount of [^H]-GABA bound (in 

dpm) to the GABAg binding sites of the sections was determined by immersing the slides 

in scintillant (10ml in 20ml vials), leaving overnight and then counting in the scintillation 

counter. The level of [^-G A B A  bound to the sections did not appear to be altered by 

repeated use of the solutions for up to three incubation periods, whether in the absence 

or presence of AOAA (Figure 4.1.(a)). Similarly multiple incubations did not appear to 

alter the general level of radioactivity in the binding solutions, which was calculated by 

measuring the dpm of lOOpl aliquots of binding solution in the scintillation counter prior 

to use and after each of the subsequent incubation periods (Figure 4.1(b)). Due to the 

limited number of monkey sections available, this experiment was only performed once. 

As a result of these findings, binding was carried out in the absence of AOAA and the 

binding solutions were reused for up to three incubation periods.

The binding solutions contained [^-GABA (S.A.= 83.3 - 95.0 Ci/mmol) (lGnM-4GCnM) 

and isoguvacine (4GpM) so only GABAg binding sites are bound, with or without (- 

)baclofen (IGGpM) to determine non-specific and total binding respectively. Using this 

range of [^H]-GABA concentrations, saturation of GABAg site binding should be 

obtained. These experiments were performed on two to five adjacent section series from 

each animal. The actual concentration of [^H]-GABA in the binding solution was 

calculated from the S.A. of the ligand and the dpm recorded for a known volume, 

measured by liquid scintillation spectrophotometry using a 3 min count in the scintillation 

counter. That the [^H]-GABA was binding to GABAg binding sites was investigated by 

examining the displacment of 5GnM [^H]-GABA binding, in the presence of isoguvacine 

(4GpM), by (-)baclofen (IG*-IG'^M), (+)baclofen (IG'  ̂- IG'^M), the inactive isomer, and 

CGP 36742 (IG*̂  - IG'^M) a selective GABAg receptor antagonist. Again, due to the 

limited number of monkey sections available, only a single experiment was performed to 

examine displacement of [^H]-GABA to GABAg binding sites by these compounds. The 

incubation and washing procedure followed was as described for rat sections (see sections 

2.3.1.2. and 2.4.1).
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Figure 4.1. GABAg site binding to monkey sections and radioactivity in pH]-GABA 
binding solutions after multiple incubations with binding solutions.

Pm-GABA (50nM) binding to GABAg binding sites in the presence of isoguvacine (40pM) was carried out 
on mcxikey secticxis. Three incubations with the same solution were performed, (a) The level of total binding 
was not altered by the absence (□ )  or presence (■ )  of AOAA ( lOpM), a GABA-T inhibitor, in the binding 
solution, (b) Aliquots (lOOpl) of the binding solution in the absence (O) or presence ( • )  o f AOAA were 
measured (c^m) before any incubation (Coitrol) and after each incubation (three in total). Multiple incubations 
did not appear to alter the level o f radioactivity in the binding solution. The experiment was performed in 
triphcate and the graphs represent a single experiment.
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4.3.3. Quantitative Autoradiography

The production of autoradiograms was as for the rat sections (see section 2.3.2.4.). 

Analysis of the autoradiograms was performed by the group of K. Kultas-Ilinsky. The 

autoradiographic images of sections and standards were digitized using an Hamamatsu 

CCD video camera and analyzed using Wintrace. The regions of interest were outlined in 

each image and mean measurements of radioactivity expressed as pCi/mg of tissue were 

taken. Mean values from 3-4 adjacent sections were corrected for background binding and 

S. A. of the tritiated ligand and converted into finol/mg of tissue. Sagittal thalamic maps 

by Hinsky and Kultas-Ilinsky (1987) were used for the identification of thalamic nuclei and 

nomenclature. The areas of the thalamus analysed were the lateroposterior-pulvinar 

complex (LP-Pul), mediodorsal nucleus (MD), anteromedial-anteroventral nuclear 

complex (AM-AV), medial geniculate nucleus (MGN), ventroposterior-medial nucleus 

(VPM), ventroposterior-lateral nucleus (VPL), ventrolateral nucleus (VL), magnocellular 

part of the ventroanterior nucleus (VAmc), densicellular part of the ventroanterior nucleus 

(VAdc), medial part of the centromedian nucleus (CMeM), lateral part of the 

centromedian nucleus (CMeL) and nucleus reticularis thalami (NRT). The basal ganglia 

analysed were the caudate (Cd), substantia nigra (SN), medial part of the globus pallidus 

(GPM) and lateral part of the globus pallidus (GPL). Additionally the cerebellar molecular 

layer (CM) and the cerebellar granular layer (CG) used to support the thalamus were also 

analysed. Displacement of [^H]-GABA binding to GABAg binding sites by (-)baclofen, 

(+)baclofen and CGP 36742 was determined for the area of thalamus present in the 

section.

4.3.4. Data analysis

Displacement curves were generated by Fig P. version 6.0c. Saturation curves for binding 

to the GABAg binding site in the cerebellum and each of the thalamic and basal ganglia 

nuclei of interest were determined using MS Excel.
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4.3.5. Materials

As described in section 232.6. Additionally, AOAA was obtained from Sigma Chemicals, 

UK, and (-)baclofen, (+)baclofen and CGP 36742 were kindly supplied by CIBA-Geigy, 

Switzerland.
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4.4. Results

4.4.1. Characterization of GABAg site binding

To demonstrate that the binding measured was due exclusively to the GABAg site, 

displacement experiments were performed. These demonstrated that [^-G A B A  was 

displaced by (-)baclofen (ICgg = 0.33pM) more readily than by the inactive enantomer, 

(+)baclofen (IC% = 24.3pM) and by CGP 36742 (ICjq = 128pM), a selective GABAg 

receptor antagonist (Figure 4.2.).

Selectivity for GABAg receptor site binding was demonstrated further by the high level 

of binding in the CM, particularly when compared with the CG (Table 4.1.), as previously 

reported (Bowery et al 1987, Chu et al 1990).

4.4.2. Distribution of the GABAg binding site in the thalamus

Examples of the autoradiograms at three thalamic levels and the corresponding sections 

stained for Nissl (kindly provided by K. Kultas-Ilinsky) are illustrated in Figure 4.3.. The 

Bmax and Kd values for GABAg site binding for each thalamic nucleus of interest was 

calculated and the results are summarized in Table 4.1.. Some nuclei could not be located 

in the sections provided for particular monkeys. As a result, except for the NRT which is 

discussed later, an n value of 2 was recorded for some thalamic nuclei (Table 4.1). The 

results demonstrate that the density of GABAg binding sites varies by approximately 13 

fold (Bmax 14.4 -191.8 finol/mg of tissue) between the brain regions analysed (Table 

4.1). The binding affinity of [^H]-GABA to GABAg binding sites, determined by 

examining the Kd, was highest in the CM and CG (Table 4.1.).

It was noted that thalamic nuclei which were similar in their function and connections 

often displayed similar binding characteristics. For example, similar Bmax values were 

found for the association and limbic nuclei analysed, including the LP-Pul, MD and AM- 

AV (Table 4.1). However, the Kd values for GABAg site binding in the LP-Pul, MD and
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Figure 4.2. Displacement of autoradiographically determined pH]-GABA binding to 
GABAg binding sites by (-)baclofen, (+)bacIofen and CGP 36742 in monkey 
sections.

Displacement of 50nM pH]-GABA binding, in the presence of isoguvacine (40pM), to monkey sections by 
(-)baclofen (10"̂  - lO'^M) ( • ) ,  (+)baclofen (10 ’ - IG'^M) (O) the inactive isomer and CGP 36742 (10 ’ - 10' 
^M) (■ ) a selective GABAg receptor antagonist. The data represents the inhibition of specific GABAg site 
binding. Non-specific binding was determined in the presence of lOOpM (-)baclofen. The e?q)eriment was 
performed in triplicate and the graphs represent a single experiment.
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Figure 4.3. Autoradiograms of [^H]-GABA binding to GABAg sites and Nissl staining 

in monkey thalamic sections.

Example autoradiograms (A-E, left hand column) of total 50nM [^H]-GABA binding to GABAg sites in 
sagittal secticms through the monkey thalamus fi’om medial (A) to lateral (E) thalamic levels. The calibration 
scales represent [’H]-bound in pCi/mg of tissue. Experiments were performed as described in experimental 
procedures and the autoradiograms represented are typical. Nissl-stained adjacent sections (a kind gift from 
K. Kultas-Ilinsky) corresponding to each level are represented in the right hand column. The numbers 1-19 
(no 12) represent thalamic and basal ganglia nuclei. 1-anteromedial thalmic nucleus (AM), 2-magnocellular 
part of the ventroanteriw thalamic nucleus (VAmc), 3-mediodœsal thalmic nucleus (MD), 4-lateral habenula, 
5-centromedian thalamic nucleus (CMe), 6-anteroventral thalamic nucleus (AY), 7-ventroposterior-medial 
thalamic nucleus (VPM), 8-densicellular part of the ventroanterior thalamic nucleus (VAdc), 9-lateroposterior- 
pulvinar ccxnplex (LP-Pul), 10-substanstia nigra (SN), 11-ventrolateral thalamic nucleus (VL), 13-subthalamic 
nucleus, M-laterodŒsal thalamic nucleus (LD), 15-medial part of the globus pallidus (GPM), 16-lateral part 
of the globus pallidus (GPL), 17-medial geniculate thalamic nucleus (MGN), 18-VL (see 11), 19-caudate 
(Cd).
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n value Bmax Kd
(fmol/mg of tissue) (nM)

Thalamic nuclei

LP-Pul 3 146.1 ±22.9 42.5 ± 15.1
MD 3 142.2 ±49.8 82.2 ± 11.5
AM-AV 3 139.6 ±63.9 92.5 ± 10.5
MGN 2 160.6 ±54.3 130.1 ±82.0
VPM 2 118.5 ±44.0 85.1 ±51.4
VPL 2 51.9±5.5 96.1 ±7.7
VL 3 64.0 ± 12.3 112.7 ± 12.9
VAmc 3 84.2 ±45.6 126.5 ±77.2
VAdc 3 68.1 ±19.8 100.5 ±22.2
CMeM 3 31.4±8.7 94.6 ±43.1
CMeL 2 71.0 ±7.9 103.6 ±51.9
NRT 1 14.4 53.8

Basal Ganglia

Cd 3 75.4 ±4.6 53.4 ± 19.2
SN 2 57.2 ±2.7 73.3 ±37.1
GPM 2 26.6 ± 11.0 113.75 ±36.4
GPL 2 41.7±7.5 104.0 ±38.2

Cerebellum

CM 3 191.8 ±74.6 34.1 ± 11.5
CG 3 43.4 ±6.1 25.2± 11.7

Table 4.1. GABAg binding site characteristics in monkey thalamus, basal ganglia and 
cerebellum.

Bmax and Kd o f pH]-GABA binding to GABAg sites were determined from saturaticm studies in specific 
nuclei of the monkey thalamus and basal ganglia. The monkey cerebellum used to pack the thalamic monkey 
tissue was also analysed. The regions of the thalamus analysed were the lateroposterior-pulvinar coirç)lex (LP- 
Pul), mediodcM-sal nucleus (MD), anteromedial-anteroventral nuclear conplex (AM-AV), medial geniculate 
imclois (MGN), ventroposterior-medial nucleus (VPM), ventroposterior-lateral nucleus (VPL), ventrolateral 
nucleus (VL), magnocellular part of the ventroantaior nucleus (VAmc), densicellular part o f the ventroanterior 
nucleus (VAdc), medial part of the centromedian nucleus (CMeM), lateral part of the centromedian nucleus 
(CMeL) and nucleus reticularis thalami (NRT). The basal ganglia analysed were the caudate (Cd), substantia 
nigra (SN), medial part of the globus pallidus (GPM) and lateral part of the globus pallidus (GPL). 
Additionally the cerebellar molecular layer (CM) and cerebellar granular layer (CG) were also analysed. 
Eîq)eriments were performed using 10-400nM pH]-GABA as described in experimental procedures. Bmax 
data represents mean ±  S.D., frnol/mg of tissue (n=l-3). Kd data represents mean ±  S.D., nM (n=l-3). The 
Bmax and Kd for each monkey were derived from the measurements in two to five section series from the 
animal.
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AM-AV indicate that the GABAg binding sites in the LP-Pul have a higher afimity for 

[%]-GABA, when compared to the MD and AM-AV (Table 1). Additionally, the affinity 

of the GABAg binding sites in the LP-Pul for [^H]-GABA also appears to be 

comparatively greater than that recorded in the sensory and motor-related thalamic nuclei 

(Table 4.1).

The sensory thalamic nuclei included in the analysis were the MGN, VPM and VPL (Table 

4.1.). The MGN and VPM display similar Bmax and Kd values, whilst the VPL exhibited 

a comparatively lower Bmax value when compared with the other sensory nuclei, but 

shared a similar Kd value (Table 4.1.).

Motor-related nuclei analysed, included the VL, VAmc, VAdc, CMeM and CMeL. The 

Bmax values in the motor related thalamic nuclei were comparatively lower than those 

recorded in the majority of both sensory and association and limbic thalamic nuclei. The 

calculated Bmax values of the VL, VAmc and VAdc display similar densities. The Bmax 

value in the CM differed between its medial and lateral parts. CMeM displayed a lower 

Bmax value when compared to the other motor related nuclei, whilst CMeL consistantly 

exhibited a Bmax value that was similar to the other motor related nuclei and greater than 

that recorded in the CMeM (Table 4.1.). These differences are easily appreciated by visual 

inspection of the autoradiograms (Figure 4.3. A-C). The Kd values for the motor related 

nuclei were found to be similar (Table 4.1).

GABAg site binding in the NRT was only visible in the autoradiograms where the section 

had been incubated with [^H]-GABA concentrations greater than 50nM. In these images 

the level of GABAg site binding was only slightly above the film background. This 

interfered with the accuracy and reproducibility of the measurements in the NRT. It was 

possible to estimate the Bmax value of GABAg site binding in the NRT of one monkey 

(n=l) which was the lowest recorded in the thalamic nuclei, basal ganglia and cerebellum 

(Table 4.1). Interestingly, the binding affinity in the NRT was amongst the highest in the 

thalamic nuclei.
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4.4.3. Distribution of the GABAg binding site in the basal ganglia

The results show great variation in the maximum density and affinity of binding to the 

GABAg binding site. The highest Bmax and greatest affinity for binding to the GABAg 

site were found in the Cd (Table 4.1.). As in the thalamus, some basal ganglia nuclei could 

not be located in the sections provided for particular monkeys, therefore an n value of 2 

was recorded for some basal ganglia nuclei (Table 4.1). The lowest density and lowest 

affinity for binding to the GABAg site were found in the GPM (Table 4.1.). Due to the 

fact that the pars compacta (SNc) and pars reticularis (SNr) of the monkey SN 

interdigitate profusely, they could not be accurately distinguished in the autoradiograms. 

Therefore the data on GABAg binding in the SN reflects the combined SNc and SNr.
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4.5. Discussion

The areas of interest in this study were the basal ganglia and thalamic nuclei, further 

grouped into the association and limbic, motor-related and sensory nuclei. The basal 

ganglia are important in the motor system with a possible role in the transmission of inputs 

to the motor cortical areas (Alexander et al 1986). Projections from the globus pallidus 

to the motor cortical areas, in particular the primary motor cortex, go through the 

thalamus in monkey (Hoover and Strick 1993, Inase and Tanji 1995, Kayahara and 

Nakano 1996, Nambu et al 1988). It has been suggested that nigro- and pallidothalamic 

projections utilize GAB A as a neurotransmitter (Di Chiara et al 1979, Graybiel 1990, 

Penney and Young 1981).

4.5.1. GABAg receptors in the association and limbic thalamic nuclei of 

the monkey

The association and limbic nuclei studied include the LP-Pul, MD and AM-AV. It has 

been shown that the AM-AV and MD receive a dense afferent GABAergic input from the 

NRT in monkey (Kultas-Dinsky et al 1995, Tai et al 1995). An NRT connection with the 

anterior thalamic nuclei of the rat has also been shown (Gonzalo-Ruiz e/ a / 1991, Lozsadi 

1994, Shibata 1992). However, studies in the cat have not demonstrated NRT projections 

to the anterior thalamic nuclei (Steriade et al 1984, Velayos et al 1989). The NRT also 

projects to the LP-Pul (Jones 1975, Steriade etal 1984), although this connection has not 

been analysed in detail. In the monkey all these nuclei are rich in intrinsic GAB Aergic 

LCN (Clark et al 1989, Hunt et al 1991, Smith et al 1987) and complex synaptic 

arrangements such as glomeruli, formed by the synaptic interaction of several neurones 

of different types (Bentivoglio et al 1993, Schwartz et al 1991, Tai et al 1995). It has also 

been demonstrated that part of the MD in monkey is the recipient of nigrothalamic 

projections (Ilinsky and Kultas-Ilinsky 1987, Ilinsky et al 1985). However the 

nigrothalamic afferents to the MD have been reported to distribute in a patchy manner 

(Ilinsky et al 1985). Thus the MD is not considered a suitable nucleus to compare GABAg 

binding site distribution and basal ganglia afferent terminal zones.
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The relatively high density of GABv^ binding sites in the LP-Pul, MD and AM-AV of the 

monkey may suggest a link between GABAg receptors and the presence of LCN, 

glomeruli and/or dense afferent input from the NRT. Investigation of the LP and MD in 

the rat has demonstrated similar high levels of GABAg site binding in these nuclei 

(Bowery et al 1987, Chu et al 1990). Interestingly it has been reported that the LP and 

dLGN are the only thalamic nuclei to contain GAB Aergic LCN in rats (Barbaresi et al 

1986). The indication is that there is no correlation between the presence of LCN in the 

rat LP and high GABAg site binding. Thus the findings support the hypothesis that 

GABAg receptors in the monkey association and limbic thalamic nuclei may be associated 

with NRT input.

4.5.2. GABAg receptors in the motor-related thalamic nuclei of the 

monkey

The distribution pattern of GABAg binding sites in monkey motor-related thalamic nuclei 

does not suggest an association between these receptors and extrinsic GAB Aergic inputs 

derived from the basal ganglia. This is demonstrated by the fact that the motor-related 

nuclei that receive basal ganglia inputs, namely the VAmc, which receives its major input 

from the GAB Aergic nigrothalamic pathway (Ilinsky and Kultas-Ilinsky 1987, Ilinsky et 

al 1985, Kultas-Ilinsky and Ilinsky 1990), the VAdc, which is a major recipient of the 

GAB Aergic pallidothalamic pathway (Ilinsky and Kultas-Ilinsky 1987, Kayahara and 

Nakano 1996, Sakai et al 1996), and the CMe, which also receives pallidothalamic 

afferents (Ilinsky and Kultas-Ilinsky 1987, Sakai et al 1996), display relatively low 

GABAg binding site density when compared with other thalamic nuclei. However, the 

differences between the CMeM and CMeL are intriguing, given that the CMeL receives 

greater input from the GPM (Ilinsky and Kultas-Dinsky 1987) and exhibits greater GABAg 

site binding than the CMeM. It must be noted that it is unknown whether there is a 

difference between the CMeM and CMeL with respect to the density of NRT input. On 

the basis of current understanding, the evidence would appear to indicate that an 

association may exist between pallidothalamic afferents and GABAg binding site 

distribution in the CMeM and CMeL.
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The monkey VL, the major projection zone of cerebellothalamic afferents (Asanuma et 

al 1983, Kultas-Dinsky and Ilinsky 1991, Mason et al 1996, Sakai et al 1996), has a 

greater proportion of GAB Aergic LCN than the VAmc and VAdc (Ilinsky 1990, Kultas- 

Ilinsky and Dinsky 1991). However the VL shares similar GABAg binding site density 

with the VAmc and VAdc, thus suggesting that there is no correlation between GABAg 

binding site density and density of LCN. Monkey motor-related thalamic nuclei have been 

reported to receive NRT inputs (Kultas-Ilinsky et al 1995, Yi et al 1993), but details 

about the level of input to the individual nuclei have yet to be determined. Similarly in the 

cat, GAB Aergic inhibition in the VA is provided by basal ganglia afferents, but in the VL, 

which lacks this massive extrinsic GAB Aergic input, there are numerous GAB Aergic LCN 

which appear to provide similar inhibitory control (Kultas-Ilinsky and Ilinsky 1986, 

Kultas-Dinsky etal 1985). The uniform level of GABAg site binding previously reported 

in the VA and VL of the cat (Kultas-Dinsky et al 1988), may be due to the presence of a 

common GAB Aergic synapse equally represented in these nuclei. Evidence to support an 

association between GABAg receptors and NRT projections, has come from the finding 

that there are similar levels of NRT input to the VA and VL of cats (Steriade et al 1984). 

However little GABAg site binding was detected in the CL and CMe of the cat (Kultas- 

Dinsky et al 1988), even though the NRT input to these nuclei in the cat appears to be 

greater than the NRT input to the VA and VL (Steriade et al 1984).

4.5.3. GABAg receptors in the sensory thalamic nuclei of the monkey

The sensory nuclei studied include the MGN, part of the auditory system, the VPM, the 

recipient of the trigeminothalamic pathway, and the VPL, the recipient of afferents from 

the medial lemniscus and spinothalamic tract in the monkey (Boivie 1979, Ralston and 

Ralston 1994). All of these nuclei receive GAB Aergic input from the NRT and contain 

large numbers of LCN (Hunt et al 1991, Jones 1975, Ralston and Ralston 1994). A 

positive comparison with GABAg site binding in the rat was demonstrated by the higher 

binding densities in the MGN and VPM, in comparison with the lower binding density in 

the VPL (Chu et al 1990). The wide variation in GABAg binding site density in the 

sensory nuclei of the monkey thalamus does not support a correlation between GABAg 

receptors and LCN in the sensory thalamic nuclei.
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4.5.4. GABA^ receptors in the thalamus

Recent studies have also begun to detail the relationship between GAB receptors and 

GABAergic synapses in the thalamus. In the rat it has been demonstrated that GABA^ 

binding sites are concentrated in the thalamus, whilst benzodiazepine binding sites 

appeared to be present in a relatively low density (Olsen et al 1990). Similarly in the cat, 

the density of GABA^ binding sites was greater than the density of benzodiazepine 

binding sites in the AV, AM, VA and VL (Kultas-Ilinsky et al 1988, Kultas-Ilinsky et al

1993). However in the monkey, the density of GABA^ and benzodiazepine binding sites 

in the AV, AM, VA and VL are similar (Kultas-Ilinsky et al 1993). Comparison of the 

different species indicates that the number of GABA^ binding sites in the thalamus is 

decreased in the monkey when compared with the rat and cat (Kultas-Ilinsky et al 1993). 

In contrast, the number of benzodiazepine binding sites in the thalamus is increased in the 

monkey when compared with the rat and cat (Kultas-Ilinsky et al 1993). It has been 

postulated that the comparatively greater density of benzodiazepine binding sites in the 

monkey thalamus, relative to the rat thalamus, may be related to the location of 

benzodiazepine binding sites on the LCN that are present throughout the monkey 

thalamus, but not the rodent thalamus (Kultas-Ilinsky and Ilinsky 1996). Furthermore, the 

finding that differences exist in the level of expression of GABA^ receptor subunit 

mRNAs in rat and monkey thalamus, indicates that there may be differences in the 

composition of GABA^ receptors in the two species (Huntsman et al 1996, Kultas-Ilinsky 

e / a / 1993).

In the cat it has been shown that GABA^ site binding is higher in the VL than the VA, 

whilst benzodiazepine site binding was comparable in the two regions (Kultas-Ilinsky et 

al 1988, Kultas-Dinsky etal 1993). Given that in the cat, the GABAergic synapses of the 

LCN are more numerous in the VL than the VA (Kultas-Ilinsky and Ilinsky 1986, Kultas- 

Ilinsky et al 1985), the indication is that there is a positive correlation between GABA^ 

receptors and the GABAergic synapses of the LCN in the VL (Kultas-Ilinsky et al 1988). 

A lack of any correlation between GABA^and benzodiazepine binding sites in the VA and 

GABAergic basal ganglia inputs has also been demonstrated in the cat, were kainate 

induced lesions of the nigro- and pallidothalamic pathways did not alter binding to either
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binding site (Kultas-Dinsky et al 1990). Further variation between species is demonstrated 

by the finding that the VAmc displays higher GABA^ and benzodiazepine site binding than 

the VAdc and VL in the monkey (Kultas-Dinsky et al 1989, Kultas-Dinsky et al 1993). 

This indicates that there may be that an association between GABA^ receptors and the 

nigrothalamic projection to the VAmc in the monkey.

4.5.5. GABAg receptors in monkey basal ganglia

Of the monkey basal ganglia analysed, the highest density of GABAg binding sites and the 

lowest Kd were found in the Cd. This is in contrast to the rat where the Cd displays low 

binding density (Bowery et al 1987). This could indicate that GABAg receptors play a 

more significant role in the regulation of afferent and efferent activity of neurones in the 

monkey striatum compared to the rat. Electrophysiological studies in the monkey striatum 

could shed light on the functional significance of such a high concentration of GABAg 

binding sites, but to our knowledge no such studies are available at present.

The apparent difference in the density of GABAg binding sites between the two basal 

ganglia output nuclei, GPM and SN is intriguing. Both receive dense GABAergic input 

fi*om the striatum (Nagy etal 1978, Penney and Young 1981), yet the density of GABAg 

site binding in the SN is approximately 2 fold higher than in the GPM, unlike the rat where 

the density is similar (Bowery et al 1987, Chu et al 1990). It may be that the GABAg 

receptors in the SN of the monkey perform a function which is not significant in the GPM. 

Part of the problem may also be related to the very low binding affinities in the globus 

pallidus as a whole and the subsequent loss of bound ligand during postincubation washes. 

An uneven washout was evident in many globus pallidus autoradiograms, which interfered 

in their analysis. This indicates that the final Bmax values for the GPL and GPM may not 

be very reliable.
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4.6. Conclusions

In conclusion, the distribution pattern of GABAg binding sites in the monkey thalamus 

appears to be largely dependent upon the level of NRT input rather than the density of 

LCN However the possibility of an association between GABAg binding sites and basal 

ganglia projections remains in certain thalamic nuclei.
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Chapter 5

(-)Baclofen mediated inhibition of forskolin stimulated 

cAMP production in rat thalamic slices
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5.1. Introduction

The pharmacological profile of GABAg receptor ligands in the generation of SWD in 

genetic and pharmacologically derived animal models of absence epilepsy, supports the 

involvement of enhanced GABAg receptor-mediated mechanisms in the underlying 

pathogenesis (Hosford et al 1992, Hosford et al 1995a, Marescaux et al 1992a, 

Marescaux et al 1992b, Marescaux et al 1996, Puigcerver et al 1996, Richards and 

Bowery 1996, Smith and Fisher 1996, Snead 1992a, Snead 1992b, Snead 1996a). The 

evidence suggests that a direct alteration of thalamocortical GABAg receptors could 

underlie the pathogenesis of absence seizures (Hosford et al 1995b, Liu et al 1992). In 

agreement with this, it was found that GABAg site binding was increased in the cortex and 

thalamus of absence epileptic Ih/lh mice when compared with non-epileptic +/+ mice 

(Hosford et al 1992, Hosford et al 1995b, Lin et al 1993). A similar investigation of 

GAERS and their control strain failed to identify an alteration of GABAg site binding in 

a variety of brain regions including the cortex and thalamus (Knight and Bowery 1992, 

Spreafico etal 1993). However, it was recently demonstrated that the affinity of agonist, 

but not not antagonist, binding to GABAg binding sites was increased in the cortex of 

GAERS (Mathivet et al 1996). Whilst the evidence suggests that an alteration of thalamic 

GABAg receptors themselves is unlikely to underlie the pathogenesis of SWD in GAERS, 

it has been demonstrated that extracellular GABA is increased in the ventrolateral 

thalamus of GAERS in a manner which suggests it is not a consequence of SWD activity 

(Richards et al 1995). The amplitude of the Ij of NRT neurones, but not TC neurones, 

has also been shown to be increased in GAERS and it was hypothesized that this could 

lead to an increase in the probability of oscillatory neuronal activity which underlies SWD 

(Tsaldridou et al 1995). Whether these differences are sufficient in themselves to induce 

SWD in GAERS remains to be determined. Whilst binding studies have suggested that the 

GABAg receptor itself is unaltered in GAERS, the involvement of GABAg receptor- 

mediated signal transduction mechanisms in the occurrence of SWD is unknown.

That GABAg receptors are coupled to G-proteins is well established (see section 1.1.3.1).

An initial investigation of GABAg receptor coupling to G-proteins in the cerebral cortex

has demonstrated that there was no difference between GAERS and their control strain 
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(Mathivet etal 1995, Mathivet et al 1996). Whether thalamic GABAg receptor coupling 

to G-proteins is altered in GAERS is unknown. GABAg receptors are known to be 

coupled to AC, but there has been little investigation of this relationship in terms of the 

mechanisms of absence epilepsy. The aim of the following introduction is to outline 

current understanding about the regulation of cAMP production by GABAg receptor- 

mediated activity.

5.1.1. cAMP: synthesis and mechanisms of action

The cyclic nucleotide cAMP was established as an intracellular second messenger in the 

late 1950's and early 60's (for early review see Robison et al 1968). It was demonstrated 

that cAMP was synthesised from adenosine-triphosphate (ATP) by a reaction catalyzed 

by AC. cAMP is itself inactivated by a specific phosphodiesterase which catalyses its 

hydrolysis to 5 -AMP. At present eight mammalian ACs, termed I - VIII, have been cloned 

(for review see Cooper et al 1995). These are associated with the plasma membrane and 

share a common structure of two hydrophobic portions, containing six transmembrane 

helices, and two cytoplasmic domains that are essential for catalytic activity (for review 

see Tang and Gilman 1992). AC activity can be modulated by G-protein coupled receptor 

activation. That the association of receptors to AC was indirect and required a G-protein, 

was demonstrated by the fact that the coupling was dependent on GTP. It has been 

suggested that AC activity could be both stimulated and inhibited by the activation of G- 

protein coupled receptors via the effects of G-protein a and/or p y subunits (for reviews 

see Schramm and Selinger 1984, Tang and Gilman 1992).

Forskolin is a unique diterpene compound derived from the roots of Coleus forskohlii 

which can directly activate the catalytic portion of AC, whilst still permitting the 

interaction between G proteins and AC (Seamon and Daly 1981, Seamon et al 1981). 

Autoradiographically determined [^H]-forskolin binding, which was taken to represent 

binding to AC, demonstrated that AC was widely distributed throughout the rat brain 

(Gehlert et al 1985, Glatt and Synder 1993, Worley et al 1986). The highest levels of 

binding were found in the CPu, nucleus accumbens, SN, granule cells of the cerebellum, 

hippocampus and olfectory tubercle, with more moderate levels in the cerebral cortex and

142



________ Chapter 5 : (-)Baclofen mediated modulation o f thalamic cAMP modulation

comparatively low levels in the thalamus (Gehlert et al 1985, Glatt and Synder 1993, 

Worley et al 1986).

cAMP activates a specific protein kinase, the so called cAMP-dependent protein kinase 

(PKA), which acts by catalyzing the phosphorylation of specific serine and threonine 

residues on proteins to bring about the final biological response. Distinct isoforms of PKA 

itself have also been shown to exist, thus raising the possibility of regional differences in 

protein phosphorylation induced by PKA (Walsh and van Patten 1994). A large number 

of protein substrates for phosphorylation by PKA have been determined including proteins 

involved in energy metabolism, muscle contractility and ion channel function (Walsh and 

van Patten 1994).

5.1.2. GABAg receptor-mediated modulation of adenylate cyclase 

activity

An early investigation of GABAg receptor-mediated activity in crude synaptosomal 

preparations from a variety of brain regions including the frontal cortex, thalamus, 

cerebellum, striatum, hippocampus, hypothalamus and cervical spinal cord, demonstrated 

that (-)baclofen was negatively coupled to basal AC activity (Wojcik and NefiF 1984). The 

inhibitory effect of (-)baclofen was found to be GTP-dependent and was also observed 

with forskolin stimulated cAMP production in a cerebellar synaptosomal preparation 

(Wojcik and Neff 1984). Furthermore, in cultured cerebellar granule cells the ability of 

GABAg receptor activation to inhibit AC activity was found to be PTx-sensitive (Travagli 

e/ a/ 1991, Xu and Wojcik 1986) thus indicating the involvement of G-proteins and in 

particular those of the Ĝ  and G  ̂class.

In rat brain cortical slices it was determined that basal cAMP levels were unaltered by (- 

)baclofen (Hill 1985, Karbon and Enna 1985, Knight and Bowery 1996). However, in rat 

brain cortical slices, forskolin stimulated cAMP production was inhibited by (-)baclofen 

(Cunningham and Enna 1996, Hill 1985, Karbon and Enna 1985, Knight and Bowery 

1995, Knight and Bowery 1996), whilst p-adrenergic receptor mediated stimulation of 

cAMP production induced by noradrenaline or isoprenaline was augmented by (-)baclofen
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(Cunningham and Enna 1996, Hill 1985, Karbon and Enna 1985, Knight and Bowery 

1996, Malcangio and Bowery 1993, Wojcik et al 1989). Similar effects have also been 

identified in rat hippocampal slices (Wojcik et al 1989). However, in rat spinal cord slices 

(-)baclofen inhibited the forskolin response, but failed to enhance the stimulation of cAMP 

induced by p-adrenergic receptor activation (Malcangio and Bowery 1993). Forskolin 

stimulated cAMP levels in mouse cortical and thalamic synaptosomal preparations were 

found to be reduced by (-)baclofen (Lin et al 1995). GABAg receptor activation has also 

been reported to augment AC activity stimulated by adenosine and histamine in cortical 

slices (Karbon and Enna 1985) and VTP in cortical, hippocampal and hypothalamic slices 

(Karbon and Enna 1985, Watling and Bristow 1986). GABAg receptor-mediated 

inhibition of AC activity could be mimicked by combining purified GABAg receptors, 

from bovine cerebral cortex, in an artificial phospholipid membrane with purified AC and 

G-proteins (Gj and/or GJ, also from bovine cerebral cortex, which supported the 

involvement of G-proteins in this response (Nakayasu et al 1993). Current understanding 

supports the idea that the a subunit of the Gj class of G-protein is most likely responsible 

for the GABAg receptor-mediated inhibition of AC activity. It has been postulated that 

the augmentation of AC activity by GABAg receptor activation could be mediated via 

phospholipase Ag or phospholipase C activity (Enna and Karbon 1987) or maybe a 

consequence of G-protein py subunit activity (for review see Lefkowitz 1992). The 

involvement of PTx-sensitive G-proteins in the GABAg receptor-mediated inhibition and 

potentiation of AC activity has been determined in rat cortical and hippocampal slices, 

where both responses were partially suppressed following pretreatment of rats with PTx 

administered i.c.v. (Wojcik et al 1989).

In a recent investigation a number of GABAg receptor antagonists were found to display 

similar potency, as inhibitors of the (-)baclofen mediated reduction of forskolin-stimulated 

cAMP levels and as inhibitors of the (-)baclofen mediated enhancement of noradrenaline- 

stimulated cAMP levels in rat cortical slices (Knight and Bowery 1996). However a 

similar investigation, performed using GABAg receptor antagonists with greater affinities 

for the receptor, reported that differences do exist between the potencies of some 

antagonists to inhibit the (-)baclofen mediated reduction of forskolin-stimulated cAMP 

levels and the (-)baclofen mediated augmentation of isoprenaline-stimulated cAMP levels
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(Cunningham and Enna 1996). Whilst the former investigation suggests that both (- 

)baclofen mediated responses involve a pharmacologically similar GABAg receptor 

(Knight and Bowery 1996), the latter investigation indicates that pharmacologically 

distinct GABAg receptor subtypes do indeed regulate cAMP production (Cunningham and 

Enna 1996).

5.2. Aim

It has previously been reported that GABAg site binding and the coupling of GABAg 

receptors to G-proteins are unaltered in GAERS when compared with their control strain. 

The aim of the present investigation was to demonstrate the effect of forskolin on cAMP 

accumulation in Wistar rat thalamic slices and to then investigate the modulation of any 

response by (-)baclofen. Following this characterization, it was planned to compare the 

effect of (-)baclofen on forskolin stimulated cAMP levels in GAERS and their non

epileptic control strain. However, during the period of the investigation it was discovered 

that due to an unknown cause, the breeding colony of control strain rats at The School 

of Pharmacy displayed SWD-like activity in their cortical EEG. As a result, breeding was 

terminated and the comparative study between GAERS and their control strain could not 

be performed. The use of other Wistar rat colonies was considered. However an 

investigation by other members of N. G. Bowery's group found that a proportion of 

Wistar rats obtained from both academic and industrial sources also exhibited SWD-like 

activity in their EEG.
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5.3. Experimental procedures

5.3.1. Production of cAMP in rat thalamic slices

The production of cAMP in thalamic slices was performed using a procedure based on 

that described by Knight and Bowery (1996) for cAMP production in cerebral cortical 

slices. Male Wistar rats (body weight 250-300g) were stunned, then decapitated and their 

brains rapidly removed. The thalamus was dissected and cross chopped (250 x 250pm) 

using a McDwain tissue chopper. Three thalami were necessary for each experiment and 

the combined tissue slices were suspended in Krebs Ringer buffer (KRB) containing 

118mM NaCl, 4.7mM KCl, 2.5mM CaClz, 1.2mM MgSO^, 1.2mM KHfO^, 25mM 

NaHCOj, llmM glucose and 0.28mM ascorbate, maintained at 37®C and gassed 

continuously with 95% oxygen / 5% carbon dioxide. The volume of suspension was in the 

proportion of one thalamus to 25ml of KRB. The KRB was then immediately removed, 

replaced and the slices washed for 30 min. The KRB was then again removed, replaced 

with fresh KRB and the slices were washed for a further 60 min. This washing procedure 

allows the basal levels of nucleotides to stabilize.

Slices were decanted into a glass vial and allowed to settle and form a suspension which 

could then be dispensed in 25pi aliquots (approximately 0.5mg of protein) into Eppendorf 

tubes together with enough KRB to give a final assay volume of 250pl when all of the 

drug solutions have been added. The assay was carried out at 37®C. Three 25pi aliquots 

of tissue were stored at -20®C for protein determination. The slices were then allowed a 

5 min recovery period before drug application. The GABAg receptor agonist (-)baclofen 

(0.3-300pM) was allowed a preincubation of 10 min with the slices before addition of 

forskolin. The assay conditions for forskolin stimulation of thalamic slices were 

determined to be a concentration of lOpM for an incubation period of 15 min. Basal 

cAMP levels were determined in assay tubes containing only tissue slices and KRB. All 

determinations were carried out in triplicate.

Termination of the assay and collection of a cAMP containing sample was performed by
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immersion of the assay tubes in a water bath (90®C) for 4 min, followed by centrifugation 

for 5 min at 11000 rpm in an Eppendorf bench top centrifuge to remove tissue debris. 

The supernatant was then collected and assayed for cAMP content on the same day.

5.3.2. Preparation of cAMP binding protein

The concentration of cAMP in the collected samples was determined using the binding 

protein assay described by Brown et a/ (1971). Earlier work reported the presence of a 

binding protein with a very high specificity for cAMP in adrenal glands (Gill and Garren 

1969). This was taken further to produce a sensitive saturation assay method for the 

measurement of cAMP (Brown et al 1971). Seven bovine adrenal glands were collected 

from a local slaughter house and placed on ice. The cortical tissue was dissected from the 

adrenal glands and added to 1.5 volumes of 50mM Tris-HCl buffer containing 0.25M 

sucrose, 25mM KCl and 5mM MgClg (4®C, pH 7.4). The mixture was then homogenized 

using an Ultra-Turrax T25 on maximum speed for 3 min. The resulting homogenate was 

then centrifuged at 2000xg for 5 min in 50ml centrifuge tubes at 4°C using a Beckman J2- 

21M/E centrifuge. The pooled supernatant was then dispensed into clean 50ml centrifuge 

tubes, then centrifuged at 5000xg for 15 min at 4®C. The pooled supernatant was then 

dispensed into 500pl aliquots and stored at -20®C.

5.3.3. Binding characteristics of cAMP binding protein with [^H]-cAMP

The specificity characteristics of the binding protein for cAMP against other nucleotides 

have been previously reported. Only limited cross-reaction was seen with the binding 

protein, which was approximately 10 times less selective for inosine-3', 5-cyclic 

monophosphate and approximately 100 times less selective for uridine-3', 5'-cyclic 

monophosphate, cytosine-3', 5'-cyclic monophosphate and cGMP (Brown et al 1971). 

The binding protein did not appear to cross-react with adenosine, adenosine- 

monophosphate, ADP, ATP, guanosine-monophosphate, thymidine-3', 5'-cyclic 

monophosphate and adenosine-2', 3'-cyclic monophosphate at concentrations over 1000 

times greater than the concentrations of cAMP that bound (Brown et al 1971). The 

concentration of cAMP binding protein at which the cAMP assay was maximally sensitive
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was determined. Nine dilutions of the binding protein aliquots (1 in 6 - 1 in 80 dilutions) 

were made up using a buffer composed of 50mM Tris-HCl and 2mM theophylline (4®C, 

pH 7.4) (cAMP assay buffer). Aliquots of these binding protein dilutions (lOOpl) were 

incubated with 150pl aliquots of 3.5nM [^-cA M P (adenosine-3', 5'-cyclic 

monophosphate [2,8-^H] ammonium salt, S.A.= 27.6 - 28.1 Ci/mmol) (approximately 

O.Spmol and 14nCi) and the final assay volume made up to 350pl using cAMP assay 

buffer. Non-specific binding was determined in the absence of binding protein. A 1 in 20 

dilution (SOOpl aliquot in 9.5ml of assay buffer) of cAMP binding protein, which bound 

approximately 10% of the total dpm (Figure 5.1.), was used in the assay of experimental 

cAMP levels. This concentration of [^H]-cAMP and cAMP binding protein provided a 

sufficiently high number of dpm to accurately plot a standard curve (Figure 5 .2 ).

5.3.4. Binding protein assay for cAMP

Standard concentrations of unlabelled cAMP (0.1 - lOOpmol per 50pl) were prepared in 

advance in 50mM Tris-HCl (Trizma® Base) buffer containing 2mM theophylline (4°C, 

pH 7.4) (cAMP assay buffer) and stored at -20®C prior to use. The assay was set up on 

ice, in Eppendorf tubes, to which were added either 50pl of standard unlabelled cAMP 

or 50|il of unknown sample. Standard concentrations of unlabelled cAMP were assayed 

in duplicate, and unknown samples were assayed in triplicate. A 3.5nM [^]-cAMP (S.A. 

= 27.6 - 28.1 Ci/mmol) solution was made up using cAMP assay buffer and 150pl 

(approximately 0.5pmol and 14nCi) aliquots dispensed into each assay tube. Binding 

protein, at the correct dilution (1 in 20) was then made up with cAMP assay buffer and 

lOOpl aliquots added to each tube, plus 50pl of cAMP assay buffer to give a total volume 

of 350pl. Total pH]-cAMP binding was determined in the absence of unlabelled cAMP 

and non-specific binding was determined in the absence of binding protein and unlabelled 

cAMP, with any difference in volume made up with cAMP assay buffer. The tubes were 

vortex mixed and incubated for 90 min at 4®C.

The bound [^-cAM P was separated fi'om the free [^H]-cAMP by adding lOOpl aliquots 

of a suspension of bovine serum albumin (BSA) (2% w/v) and charcoal (10% w/v) in 

cAMP assay buffer to each tube. The tubeywere rapidly vortex mixed and centrifuged for
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Figure 5.1. cAMP binding protein dilution curve

Aliquots (ISOpl) o f 3.5nM pH]-cAMP (approximately O.Spmol and 14nCi) were incubated with increasing 
dilutions of cAMP binding protein (by a factor of 6 to 80), in a final assay volume of 350pl. Bound [^H]-cAMP 
is e?q)ressed as dpm and non-specific binding was determined in the absence o f binding protein. Total dpm 
= 50986. The experiment was performed in triplicate and the graph represents a single typical experiment.
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5 min at 11000 rpm in an Eppendorf bench top centrifuge. Aliquots of 250pl of the 

resulting supematent, which contains the bound [%-cAMP, was then removed and mixed 

with 10ml of Optiphase 'Safe' Scintillation Fluid and left overnight. The amount of 

radioactivity was then quantified by liquid scintillation spectrophotometry for a 3 min 

count in an LKB 1219 Rackbeta liquid scintillation counter. The 'Radioimmunoassay' 

Iterative Curve Fitting program on the Rackbeta counter was used to convert calculated 

dpm in the unknown samples to concentrations of cAMP, by reference to the curve 

produced by the standard concentrations of unlabelled cAMP (Figure 5.2.). The values 

were initially expressed as the amount of cAMP in pmol per 50pl. Ultimately they are 

expressed in pmol/mg of protein after the protein content of the thalamic tissue suspension 

was calculated.

5.3.5. Protein Assay

The amount of thalamic tissue used in the cAMP assay was estimated by protein 

determination. The procedure followed was a commercial version of the technique of 

Bradford (1976) which utilizes the absorbance shift in an acidic 'Coomassie® Brilliant 

Blue G-250' solution on exposure to protein, which causes a shift in the absorbance 

maximum of the dye from 465nm to 595nm. The commercial version of the dye used in 

this case was 'Coomassie® Plus Protein Assay Reagent' (Pierce, UK) which is a modified 

version of the original solution, in that it is stable for many months, does not require 

filtering or diluting and produces a more linear standard curve.

Frozen samples (25 pi, -20®C) of the thalamic tissue suspension, three from each 

experiment, were thawed and vortex mixed with 0.25M NaOH (475pi). The samples were 

then incubated at 50^  for 10 min, vortex mixed and then incubated at 50°C for a further 

10 min to fully solubilise the protein. For the actual assay, 1ml aliquots of the 

'Coomassie® Plus Protein Assay Reagent' were added to either 25 pi of sample or 25 pi 

of a standard concentration of BSA (0.075 - 1.5mg/ml). Absorbance was read at 595nm 

using a Cecil Instruments CE 505 Double Beam Ultraviolet Spectrophotometer. From 

these results, a standard curve could be prepared (Figure 5.3.) and the protein 

concentration and content of the thalamic tissue samples calculated, taking into account
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Figure 5.2. Standard curve for the assay of cAMP

Graph represents concentration o f unlabelled cAMP (0.1 - lOOpmol per 50 |il) against binding to cAMP 
binding protein (dpm) o f 3.5nM [^H]-cAMP (approximately O.Spmol and 14nCi per ISOpl). Standard 
concentrations were assayed in diq)licate and the graph represents a single typical experiment.

151



Chapter 5 : (•’)Baclofen mediated modulation o f thalamic cAMP modulation

1.2

0.056
E 10cin
S  0.8

0.840

(0

o  0.6 o

0.4 
oM.o
<  0.2

0.0
0.25 0.50 0.75 1.00 1.25 1.500.00

[Protein] (mg/ml)

Figure 5 3 . Standard curve for the assay of protein concentration

Graph represents concentration of protein (BSA) (0.075 - 1.5 mg/ml) against absorbance at 595nm using 
’Coomassie® Plus Protein Assay Reagent'. The experiment was performed in triplicate and the graph 
represents a single typical experiment.
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specific dilutions.

5.3.6. Data and statistical analysis

Concentration-response curves were generated and analysed by Fig.P version 6.0c (Fig.P 

Software Corporation, U.S.A.). Statistical analysis of the effect of increasing 

concentrations of (-)baclofen on forskolin stimulated cAMP accumulation was performed 

using a repeated measures ANOVA followed by Dunnett's multiple comparison test 

(GraphPad InStat version 2.02, GraphPad Software).

5.3.7. Materials

The suppliers of some of the items mentioned have been detailed in the text. Of the 

remaining items, the following were obtained from specialist suppliers: BSA, cAMP, 

forskolin, theophylline and Trizma® Base were from Sigma Chemicals, UK. [^H]-cAMP 

was from New England Nuclear (NEN), UK. (-)Baclofen was a gift from Ciba-Geigy, 

Switzerland. All other materials were purchased from commercial suppliers and were of 

AnalaR grade.
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5.4. Results

5.4.1. Forskolin stimulated production of cAMP in rat thalamic slices

5.4.1.x. Time of incubation

Forskolin, at a concentration of lOpM, which is known to stimulate cAMP production to 

near maximum levels in rat cerebral cortex slices following a 10 min incubation (Knight 

and Bowery 1996), was used to investigate the time dependent nature of the response to 

forskolin in rat thalamic slices. Incubation with forskolin (lOfiM) produced a time 

dependent increase in cAMP levels that was linear over the 25 min incubation period 

(Figure 5.4 (a)). Over the same time period basal levels of cAMP were not altered.

5.4.1.2. Concentration-response curve

Using a 15 min incubation period, forskolin was found to stimulate cAMP production 

concentration dependently in rat thalamic slices (Figure 5.4 (b)). Basal levels of cAMP 

were 10.67 ± 2.62 pmol/mg of protein (mean ± s.e.mean, n=3). Forskolin, at 

concentrations of 0.1 to 1 pM, had little or no effect on cAMP levels. A small increase was 

observed at 3pM, whilst lOpM produced a dramatic increase in cAMP levels. The 

maximum response was seen at 30pM and represented a 570% increase of the basal 

cAMP level. Forskolin increased the cAMP levels of thalamic slices with an ECjq of 

5.3pM.

5.4.2. Inhibition of forskolin stimulated cAMP production by (-)baclofen

A 15 min incubation with lOpM forskolin produced near maximal stimulation of the 

cAMP level. These were taken as standard conditions and the effect of a range of (- 

)baclofen concentrations on this response was investigated (Figure 5.5 ). The basal cAMP 

level was 8.05 ± 2.29 pmol/mg of protein (mean ± s.e.mean, n=3) and forskolin (lOpM) 

increased cAMP levels by 103.38 ± 14.74 pmol/mg of protein (mean ± s.e.mean, n=3).
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Figure 5.4. Time course and concentration-response curve of forskolin stimulated cAMP 
accumulation in rat thalamic slices

(a )  Time course o f cAMP accumulation (pmol/mg protein) in rat thalamic slices in the absence (basal) (O) 
and presence o f forskolin (lOpM) ( • ) . Data represent mean ± s.e.mean (n=4). (b) Concentration response 
curve o f cAMP accumulation (pmol/mg o f protein, above basal) in rat thalamic slices exposed for 15 min 
incubation periods to increasing concentrations o f forskolin (0.1 - lOOpM). Data represent mean ±  s.e.mean 
(n=3).
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Figure 5.5. The effect of (-)baclofen on forskolin stimulated cAMP accumulation in rat 
thalamic slices

Thalamic slices were exposed to forskolin (lOpM) for 15 min incubation period following 10 min 
preincubation periods with increasing concentrations o f (-)baclofen (0.3 - l(XX)|iM) and the cAMP content 
(pmol/mg of protein) determined. Data represented as percentage inhibition o f forskolin stimulated 
accumulation of cAMP. (-)Baclofoi concentraticxi dq)endently inhibited the forskolin response. Data represent 
mean ± s.e.mean (n=3). The effect o f (-)baclofen became significant at lOpM and reached its maximum at 
lOOpM (repeated measures ANOVA followed by Dunnett's test, * p < 0.05, ** p < 0.01).
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Basal cAMP levels were not altered in the presence of lOOpM (-)baclofen (8.46 ± 2.12 

pmol/mg of protein (mean ± s.e.mean, n=3)). (-)Baclofen was found to concentration 

dependently inhibit forskolin stimulated AC activity with an IC3 0 of 10.4pM (Figure 5.5.). 

The inhibition of the forskolin response became significant with lOpM (-)baclofen. 

Maximum inhibition was reached with lOOpM (-)baclofen and represented a 46.1 ± 10.0% 

(mean ± s.e.mean, n=3) inhibition.
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5.5. Discussion

5.5.1. (-)Baclofen inhibits adenylate cyclase activity in the rat thalamus 

in vitro

The inhibition of forskolin stimulated AC activity by (-)baclofen in thalamic slices 

demonstrated in the present investigation, is in agreement with a similar effect observed 

on basal and forskolin stimulated cAMP levels in studies performed using thalamic 

synaptosome preparations (Lin et al 1995, Wojcik and Neff 1984). However, in the 

present study no effect was apparent on basal cAMP levels, perhaps due to a lack of assay 

sensitivity. As stated previously, a comparative investigation of the effect of (-)baclofen 

on forskolin stimulated cAMP levels in GAERS and their control strain could not be 

performed. However the following section will discuss what is currently known about the 

role of GABAg receptor-mediated modulation of AC activity in genetic animal models of 

absence epilepsy.

5.5.2. (-)Baclofen mediated inhibition of thalamic adenylate cyclase 

activity in genetic animal models of absence epilepsy

It has been reported in Ih/lh mice that, like GAERS, bilateral intrathalamic injection of (- 

)baclofen into thalamic relay nuclei and NRT increased the cortical SWD, whilst 

intrathalamic injection of CGP 35348 into thalamic relay nuclei and NRT suppressed the 

cortical SWD (Hosford et al 1995b). Thus an enhancement of GABAg receptor-mediated 

activity is indicated as demonstrated in GAERS. It was demonstrated that there was no 

difference in the GABAg receptor activated K^-conductance of TC neurones in Ih/lh and 

+/+ mice, thereby suggesting that postsynaptic GABAg receptor-mediated function is not 

altered in the TC neurones of this model (Caddick and Hosford 1996). The results also 

support the idea of a proportionately greater GABAergic neurotransmission between NRT 

and TC neurones in Ih/lh mice, which would result in the generation of greater TC 

neurone burst firing (Lin et al 1995). Thus a suppression of presynaptic GABAg receptor- 

mediated activity on GABA release from NRT neurones was proposed as a possible
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mechanism underlying absence epilepsy in Ih/lh mice (Lin et al 1995), In support of such 

a mechanism, it was determined in a thalamic synaptosomal preparation that Ih/lh mice 

exhibited a suppression of presynaptic GABAg receptor-mediated inhibitory effects on 

GABA release, Câ  ̂uptake and forskolin stimulated cAMP production when compared 

with control +/+ mice (Lin et al 1995). The results also support the hypothesis that 

cAMP may be involved in thalamic presynaptic GABAg receptor-mediated modulation of 

ion channels and neurotransmitter release (Lin et al 1995), as suggested by Travagli et al 

(1991). Whether a similar suppression of presynaptic GABAg receptor-mediated activity 

exists on the excitatory TC neurones at their synapse with NRT neurones is unknown. 

Overall, these results in Ih/lh mice demonstrate how a suppression of thalamic presynaptic 

GABAg receptor-mediated activity, could induce increased IPSPs in the thalamus of Ih/lh 

mice and an apparent enhancement of GABAg receptor activity, like that determined 

pharmacologically (Lin et al 1995).

The presence of presynaptic GABAg receptors effecting release on GABAergic and 

excitatory neurones projecting onto TC neurones in the rat dLGN and VB has been 

established (Crunelli et al 1996, Emri etal 1996). Similarly, it has been demonstrated that 

intrathalamic perfusion of (-)baclofen could decrease glutamate and GABA extracellular 

levels, presumably via an effect on release, in the rat VB in vivo (Baneijee and Snead 

1995). Therefore, it is important that the actions of presynaptic GABAg receptors are 

evaluated in GAERS. However, differences between GAERS and Ih/lh mice, such as the 

increase of GABAg site binding in the cortex and thalamus of Ih/lh mice (Hosford et al 

1992, Hosford et al 1995b, Lin et al 1993), but not GAERS (Knight and Bowery 1992, 

Spreafico et al 1993), when compared with their respective controls, indicate that there 

are differences in the mechanisms underlying the SWD. The technique of in vivo 

microdialysis has been identified as a viable tool in the study of in vivo brain levels of 

extracellular cAMP released or leaked by cells (Stone and John 1990, Hashimoto and 

Kuriyama 1997). A recent investigation performed using in vivo microdialysis in the VL 

of GAERS and their control strain demonstrated that there was no difference in basal 

cAMP levels between the two strains (Lemos et al 1995). It was also reported that 

forskolin, perfused through the microdialysis probes, increased the level of cAMP in the 

diasylate to a similar extent in both strains (Lemos et al 1995). Additionally, (-)baclofen
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administered systemically was found to inhibit forskolin stimulated cAMP levels to a 

similar extent in both strains (Lemos et al 1995). The indication is that there is no 

difference in the GABAg receptor-mediated modulation of AC activity in the VL of 

GAERS and their control strain. However, this may not mean that there is no alteration 

of the relationship between GABAg receptors and AC activity in GAERS. For example, 

such an effect may be localized to another thalamic nucleus. Therefore, performing the 

same investigation on slices from the whole thalamus of both strains could still identify a 

difference, should it exist.

5.5.3. Neuronal or glial localization of (-)baclofen mediated inhibition of 

adenylate cyclase activity

It has been suggested that GABAg receptor-mediated modulation of neurotransmitter 

release may be associated with GABAg receptor-mediated modulation of AC activity 

(Travagli e /a /1991). However, in this respect it has been assumed that the AC response 

is neuronal in origin. In support of this, it has been demonstrated that GABAg receptors 

are negatively coupled to AC in cultured cerebellar granule cells (Xu and Wojcik 1986, 

Travagli et al 1991). Additionally, studies of the cerebellum of weaver mutant mice, which 

are deficient in cerebellar granule cells, demonstrated that (-)baclofen mediated inhibition 

of AC activity was reduced in this strain (Wojcik and Neff 1984). However, glial cells are 

also known to possess AC (for review see Hertz and Richardson 1984) and GABAg 

receptors (Hosli and Hosli 1992). Interestingly, it has been demonstrated that 

pretreatment of rat cortical slices with fluorocitrate, a selective inhibitor of glial cell 

metabolic activity, eliminated a large proportion of forskolin stimulated AC activity 

(Knight and Bowery 1995). The remaining forskolin stimulated AC activity following 

fluorocitrate treatment, which presumably represents neuronal activity, was not inhibited 

by (-)baclofen. It was suggested that this indicated that neuronal AC activity was resistant 

to modulation by (-)baclofen (Knight and Bowery 1995). Additionally, it has also been 

shown that forskolin could stimulate the accumulation of cAMP in cultured rat cortical 

glial cells (Knight and Bowery 1995). However, this was also found to be unaltered by (- 

)baclofen, perhaps indicating that GABAg receptor-mediated inhibition of AC activity 

required the presence of both glia and neurones (Knight and Bowery 1995). Noradrenaline 
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stimulated cAMP production was completely abolished in fluorocitrate pretreated cortical 

slices and (-)baclofen was inefifective (Knight and Bowery 1995). cAMP production was 

stimulated by noradrenaline in glial cell culture, but (-)baclofen had no effect (Knight and 

Bowery 1995). This was in general agreement with an earlier study in which the majority 

of p-adrenoceptor stimulated AC activity in rat forebrain slices was found to be glial in 

origin (Stone et al 1990).

It was suggested that the apparent association between glia and neurones in cortical slices 

may be an experimental artifact, perhaps due to an adverse effect on neuronal function 

induced by the removal of glial function with fluorocitrate, or the loss of GABAg 

receptor-mediated modulation of AC activity from cultured glia (Knight and Bowery 

1995). Alternatively, given that in the cerebellum, current evidence indicates that GABAg 

receptor mediated inhibition of AC is associated with granule cells (Wojcik and Neff 1984, 

Xu and Wojcik 1986, Travagli etal 1991), there may be differences between brain regions 

with regard to the neuronal or glial origin of this response. The cellular source of the 

response in the thalamus is currently unknown. This could in turn add an extra level of 

complexity to any future investigation of GABAg receptor-mediated inhibition of AC 

activity, in the thalamic circuitry underlying absence epilepsy.

5.6. Conclusions

In conclusion, the results demonstrate that GABAg receptor activation is negatively 

coupled to forskolin stimulated production of cAMP in the thalamus in vitro. The 

elucidation of this technique will allow us the opportunity to study the same response in 

GAERS and their control strain in the future.
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6.1. Introduction

It has been proposed that GABAg receptors play a role in the underlying mechanism of 

absence epilepsy. This is based on the actions of GABAg receptor ligands on the SWD 

which is associated with absence seizures in various animal models of the neurological 

disorder. The GABAg receptor agonist (-)baclofen has been shown to increase the SWD 

(Hosford et al 1992, Marescaux et al 1992a, Snead 1992a, Vergnes et al 1984), whilst 

GABAg receptor antagonists suppress the SWD (Hosford et al 1992, Hosford et al 

1995a, Marescaux et al 1992a, Marescaux et al 1992b, Marescaux et al 1996, Puigcerver 

et al 1996, Richards and Bowery 1996, Smith and Fisher 1996, Snead 1992a, Snead 

1992b). Further evidence has been provided by autoradiographic studies of the Ih/lh 

mouse model of absence epilepsy, where the neocortex and thalamic nuclei display 

increased GABAg site binding in comparison with their non-epileptic control strain 

(Hosford etal 1995b). However, similar investigations in GAERS (Knight and Bowery 

1992) and WAG/Rij (see Chapter 3) rat models of absence epilepsy failed to demonstrate 

any change in GABAg site binding in comparison with non-epileptic strains. It has also 

been reported that there is no alteration of the coupling between GABAg receptors and 

G-proteins in the GAERS and Ih/lh models of absence epilepsy (Lin et al 1993, Mathivet 

et al 1995, Mathivet et al 1996).

The dysfunction underlying the SWDs of GAERS may be associated with the selective 

increase in the ly found in NRT neurones of the epileptic strain (Tsakiridou et al 1995). 

This is particularly relevent as selective lesions of the NRT in GAERS can disrupt the 

SWD (Avanzini et al 1993). However, the underlying mechanism appears to be more 

complex as GAERS have also been found to exhibit an increase in extracellular GABA 

levels in the ventrolateral thalamus, when compared with the control strain, which is not 

simply a consequence of seizure activity (Richards et al 1995). This suggests that a 

number of factors may be involved in the generation of absence seizures in GAERS. The 

indication is that GABAg receptor-linked second messenger systems have the potential 

to represent a source of abnormal function in the pathophysiology of absence epilepsy.

In vivo microdialysis studies have demonstrated that there is no alteration of the GABAg 
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receptor-mediated reduction of forskolin stimulated cAMP levels in the thalamus of 

GAERS when compared with their control strain (Lemos et al 1995). In Chapter 5 it was 

demonstrated that GABAg receptor activation reduced forskolin stimulated cAMP levels 

in the thalamus, in vitro, of the Wistar rat strain. However, due to the loss of viable 

control animals in the GAERS colony, this effect could not be studied in the context of 

GAERS versus their control strain.

A putative link between GABAg receptors in the brain and the cGMP second messenger 

system, has been suggested by reports that (-)baclofen was able to decrease in vivo cGMP 

levels in mouse (Bemasconi et al 1992, Gumulka et al 1979) and rat cerebellum (Mailman 

et al 1978). The present investigation is an attempt to evaluate any GABAg receptor- 

linked effects on cGMP formation, initially in the cerebellum, then in the forebrain of adult 

rats, in vitro. Initial studies were performed in the cerebellum, as it has been extensively 

studied in relation to cGMP levels and is the only area of the brain reported to exhibit a 

modulation of cGMP formation by GABAg receptor-mediated mechanisms. The forebrain, 

or more specifically the cortex and thalamus, have been identified as playing a primary role 

in the development of SWD in humans (Williams 1953) and animal models (Avoli and 

Gloor 1982, Avoli etal 1983, Baneijee etal 1993, Hosford et al 1995b, Inoue et al 1993, 

Marescaux etal 1992c, Vergnes and Marescaux 1992, Vergnes et al 1987, Vergnes et al 

1990). Thus, a modulation of cGMP formation, associated with GABAg receptor- 

mediated effects in this region could have implications in the determination of a possible 

GABAg receptor-linked dysfunction in animal models of absence epilepsy.

6.1.1. cGMP: synthesis and mechanisms of action

Investigation of cGMP has demonstrated that it is an important intracellular signal 

molecule involved in a variety of cellular events (for review see Lincoln 1995, Waldman 

and Murad 1987). The formation of cGMP from GTP is catalysed by GCs, that can be 

described as either soluble (cytosolic) or particulate (membrane bound). Soluble GC 

(sGC) is a heterodimer made up of an a and p subunit (for review see Koesling et al

1995). Investigation of the purified enzyme demonstrated the presence of haem as a 

prosthetic group (Gerzer e/ a/ 1981, Ignarro et al 1982). sGC was found to be activated 
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by compounds that form nitric oxide (NO), which are collectively termed nitric oxide 

donors (Murad etal 1978). It has been proposed that the associated haem group of sGC 

functions as the acceptor molecule for NO, since haem-deficient enzyme was not 

stimulated by NO (Ignarro et al 1982).

At present, four mammalian forms of particulate GC have been identified termed, GC-A, 

GC-B, GC-C and GC-ret. GC-A is stimulated by the atrial natriuretic peptide (ANP) and 

brain natriuretic peptide (BNP), GC-B exhibits high afihnity for the C-type natriuretic 

peptide (CNF) and GC-C, which is primarily located in the intestine, is stimulated by the 

peptide guanylin and the heat stable enterotoxin of Escherichia coli, whilst the 

physiological ligand of GC-ret is unknown. The particulate forms of GC are glycoproteins 

comprising an extracellular domain, a single transmembrane domain and intracellular 

protein kinase-like and cyclase domains (for review see Garbers 1992, Koesling et al 

1995, Schmidt et al 1993, Yuen and Garbers 1992). Various effector targets for cGMP 

have been described including cGMP-regulated ion channels, cGMP-regulated 

phosphodiesterases and cGMP-dependent protein kinases (for review see Garthwaite and 

Boulton 1995, Lincoln 1995, Schmidt etal 1993).

6.1.2. NO: synthesis and mechanisms of action

The idea of NO as a messenger molecule in cellular events initially arose from an 

investigation of vascular smooth muscle. Furchgott and Zawadski (1980) demonstrated 

that acetylcholine induced relaxation of vascular smooth muscle required an endogenous 

vasodilator released by the endothelium, termed endothelial-derived relaxing factor 

(EDRF). Subsequent studies on EDRF suggested that it was in fact NO, although there 

is still some controversy over the exact identity of the so called nitrergic transmitter and 

it has been suggested that it may not be identical in all tissue types (for review see Rand 

and Li 1995). Following the discovery of the role of NO in vasodilatory activity, it was 

also implicated in macrophage cytotoxicity (Marietta et al 1988) and was found to be 

released by cultured cerebellar granule cells after exposure to excitatory amino acids 

(Garthwaite et al 1988).

165



 Chapter 6 : GABAp receptors and cGMP levels in the cerebellum and forebrain

Demonstration of enzymatic NO production was reported in macrophages following the 

addition of L-arginine and nicotinamide adenine dinucleotide phosphate (NADPH) to 

produce L-citrulline and NO (Marietta et al 1988). The enzyme was termed nitric oxide 

synthase (NOS) (for review see Bredt 1995, Mayer 1995, Zhang and Synder 1995) and 

was first purified, fi*om rat brain, following the finding that NOS activity was calmodulin 

dependent (Bredt and Synder 1990). The purification of so called neuronal NOS (nNOS) 

fi*om brain has been demonstrated, as has the purification of endothelial NOS (eNOS) and 

macrophage (or inducible) NOS (iNOS) (for review see Bredt 1995, Bredt and Snyder 

1994, Knowles and Moncada 1994, Mayer 1995). Similarly, the cDNA of the various 

isoforms nNOS, eNOS and iNOS has also been cloned (for review see Bredt 1995, Bredt 

and Snyder 1994, Knowles and Moncada 1994, Mayer 1995). The isoenzyme nNOS is 

largely confined to the brain, but its presence has also been demonstrated in the peripheral 

nervous system and spinal cord, whilst studies into the localization of eNOS have 

determined its presence in mammalian endothelial cells derived from the vasculature and 

in human lung and liver (for review see Knowles and Moncada 1994).

The unique nature of NO as a signalling molecule when compared with other compounds 

has led to speculation about its function. NO is an unstable free radical species with a half 

life of seconds (for review see Garthwaite and Boulton 1995). The NO molecule is very 

difiusable in both aqueous and lipid environments. As such it has been postulated that NO 

acts as a local messenger both intracellularly and intercellularly. Mathematical estimation 

of the range of NO, taking into account a short half life and an estimated biologically 

relevent threshold concentration, has suggested a sphere of influence with a radius of 

approximately 0.15mm (Garthwaite and Boulton 1995). This has implications in the 

specificity of NO as a messenger molecule, given that such a range of influence is 

relatively large when compared with, for example, the width of a synaptic cleft of 

approximately 20nm (Garthwaite and Boulton 1995).

Given the instability and short half life of NO, pharmacological studies into its function 

have utilised compounds termed nitric oxide donors, which exert their actions by breaking 

down to release NO (Southam and Garthwaite 1991a). These compounds include sodium 

nitroprusside (SNP), hydroxylamine, 3-morpholino-sydnonimine (SIN-1) and S-nitroso-N-
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penicillamine (SNAP). Competitive inhibitors of NOS have also been demonstrated and 

include the L-arginine derivatives N^-nitro-L-arginine (N-NARG), N^-monomethyl-L- 

arginine (L-NMMA) and L-nitro arginine methyl ester (L-NAME) (Schuman and Madison

1994).

The major effector of NO is sGC which is activated by the action of NO on an associated 

haem group and results in the formation of cGMP. It has also been suggested that NO 

may regulate haem containing cyclooxygenases, enzymes involved in the synthesis of 

prostaglandins, thromboxane A2 and prostacyclin from arachidonic acid, although at 

present there is no evidence of a direct association (for review see Garthwaite and 

Boulton 1995, Zhang and Snyder 1995). Other effects mediated by NO have also been 

reported. For example, evidence suggests that NO combines with the non-haem iron and 

reduces the activity of enzymes involved in the respiratory chain, DNA synthesis, iron 

metabolism and glycolysis (for review see Schmidt et al 1993, Zhang and Snyder 1995). 

Nitrosylation by NO of various proteins such as the NMDA receptor, protein kinase C, 

G-proteins and a Ca^^-dependent-K^-channel has also been reported (for review see Zhang 

and Snyder 1995).

6.1.3. cGMP in the cerebellum

The cerebellum is commonly used in the study of cGMP linked mechanisms due to the 

higher reported levels of cGMP in the cerebellum compared with other brain regions 

(Palmer and Duszyniski 1975, Wei etal 1993). It has been suggested that this may be the 

result of comparatively low levels of cGMP-regulated phosphodiesterases in the 

cerebellum compared with other brain regions (Sonnenburg et al 1991). The 

neuroanatomy of the cerebellum is well understood and is simply composed of a cerebellar 

cortex separated by white matter from deep cerebellar nuclei (DCN). The cerebellar 

cortex is composed of an external molecular layer (CM), made up of basket cells and 

stellate cells, a Purldnje cell layer and a granular layer (CG), made up of granule cells and 

Golgi cells (Figure 6.1.).

The granule cells utilize an EAA, probably glutamate, as their neurotransmitter (Levi and 
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Figure 6.1. Basic neuronal circuitry of the cerebellum

The main neuronal interactions in the cerebellum are shown. The cerebellar cortex is divided into the 
molecular (M.L.), Purldnje cell (P.L.), and granular (G.L.) layers. The main neuronal interactions in the 
cerebellum are shown and the output neurones of the cerebellar cortex, Purkinje cells, project to the deep 
cerebellar nuclei (D.C.N.). (Based on Figure.2 from Garthwaite 1991 and Figure. 1 from Wood 1991).
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Gallo 1986, Travagli et al 1991, Wood 1991). In agreement with this, it has been found 

that NMDA and non-NMDA receptors participate in the response between the parallel 

fibres of granule cells and the basket and stellate cells of the CM (Garthwaite and 

Beaumont 1989). However, in another study, parallel fibres appeared to activate inhibitory 

intemeurones via predominantly NMDA receptor-mediated activity (Hussain et al 1991). 

Further support has been provided by the finding that transmission between parallel fibres 

and Purkinje cells has been found to involve non-NMDA receptors (Garthwaite and 

Beaumont 1989, Hussain et a l\99\). Granule cells are innervated by mossy fibres which 

consist of spinocerebellar, pontocerebellar and vestibulocerebellar inputs (for review see 

Wood 1991). Mossy fibres synapse almost exclusively on cerebellar granule cells and 

given that NMDA and non-NMDA receptor-mediated components exist at this synapse, 

it has been suggested that mossy fibres utilize an EAA, possibly glutamate, as their 

neurotransmitter (Garthwaite and Brodbelt 1990).

The climbing fibre pathway represents another input to the cerebellar cortex and originates 

in the inferior olive (for review see Palay and Chan-Palay 1974, Wood 1991). Climbing 

fibres innervate Purkinje cells and also appear to utilize an EAA, possibly aspartate, as 

their neurotransmitter such that their activation of Purkinje cells has been found to be 

mediated through non-NMDA receptors (Hirano 1990, Wiklund et al 1982). Purkinje 

cells and the inhibitory intemeurones of the CM (basket and stellate cells) and CG (Golgi 

cells) are all GABAergic (Palay and Chan-Palay 1974, Palmi et al 1991). There is also a 

glial component in the cerebellum composed of astrocytes and Bergmann glia.

6.13.1. NOS distribution in the cerebellum

The localization of NOS in the CNS has been determined using a number of techniques. 

It has been postulated that the histochemical marker nitro blue tétrazolium (NBT) 

selectively labelled NOS containing neurones, under certain conditions (Bredt e ta / 1991a, 

Hope e /a /1991). The basis for the reaction can be accounted for by NOS redox activity 

and the reduction of NBT to NADPH diaphorase (NDP). NOS activity was demonstrated 

to be responsible for only part of the NDP response in brain homogenate, but it was 

determined that this activity was uniquely able to survive aldehyde fixation (Hope et al
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1991, Vincent 1995). The development of specific antibodies to nNOS has allowed the 

immunohistochemical determination of NOS distribution (Bredt eta l 1990, Egberongbe 

et al 1994) and the molecular cloning of nNOS has provided the tools to determine the 

distribution of NOS mRNA through in situ hybridization (Bredt a/ 1991a, Bredt et al 

1991b). Finally, development of the tritiated NOS inhibitor, [^H]-N-NARG has meant that 

NOS distibution could be demonstrated by autoradiographic localization (Burazin and 

Gundlach 1995).

The results of these techniques indicated high levels of NOS in the cerebellum and 

olfactory bulb, with lower levels in the supra optic nucleus, superior colliculus, inferior 

coUiculus and in specific areas of the hippocampus, cerebral cortex and CPu (Bredt et al 

1991a ,Bredt et al 1991b, Burazin and Gundlach 1995, Vincent 1995, Vincent and 

Kimura 1992). Whilst these studies have indicated that the distribution of NOS in the CNS 

is entirely neuronal (Bredt et al 1991a, Bredt et al 1991b), recent in situ hybridization 

evidence has reported the presence of nNOS mRNA in cultured astrocytes from the 

cerebral cortex, striatum and cerebellum (for review see Murphy et al 1995). The ability 

of astrocytes to generate NO through constitutive NOS in response to receptor agonists 

has also been demonstrated, together with the induction of iNOS expression in response 

to cytokines and bacterial lipopolysaccharide (for review see Murphy et al 1995).

Investigation of the cellular localization of NOS in the cerebellum demonstrated that NDP 

staining was found in the granule cells of the cerebellar cortex (Bredt et al 1991a, 

Southam and Garthwaite 1993, Southam etal 1992, Vincent and Kimura 1992). Similarly, 

granule cells have been shown to exhibit NOS immunoreactivity and in situ hybridization 

has revealed the presence of nNOS mRNA (Bredt et al 1990, Bredt et al 1991a, Bredt et 

al 1991b, Egberongbe et al 1994). Mutant mice displaying granule cell loss have been 

shown to display reduced cerebellar NOS activity (Ikeda et al 1994). The glomeruli where 

granule cell dendrites are contacted by mossy fibres also appears to be rich in NDP 

staining (Southam and Garthwaite 1993). Climbing fibres may also be a source of NO in 

the cerebellum, as neurones in the inferior olive that give rise to climbing fibres are 

positively NDP stained (Southam and Garthwaite 1993). It has also been reported that 

climbing fibre lesions reduce released NO, determined by measuring the reduction in
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cGMP accumulation, although it was postulated that this effect may be mediated by cells 

onto which climbing fibres synapse (Southam and Garthwaite 1991b). In contrast, a more 

recent study demonstrated that pharmacological lesion of the climbing fibre pathway with 

3-acetylpyridine did not alt«* cerebellar NOS activity, which suggests that NO is unlikely 

to be released fi*om climbing fibre terminals (Ikeda et al 1993).

Basket and stellate cells in the CM have also been shown to be NOS immunoreactive and 

labelled with NDP (Bredt et al 1990, Bredt et al 1991a, Egberongbe et al 1994, Southam 

and Garthwaite 1993, Southam etal 1992, Vincent and Kimura 1992). NDP staining was 

found to be absent or only light in Purkinje and Golgi cells of rat cerebellum (Southam and 

Garthwaite 1993, Southam et al 1992, Vincent and Kimura 1992). Similarly, 

immunohistochemical and in situ hybridization studies have indicated that Purkinje cells 

lack NOS (Bredt etal 1990, Bredt et al 1991a). However, it has been demonstrated that 

in mutant mice displaying Purkinje cell degeneration that NOS activity was reduced, 

perhaps indicating a Purkinje cell location for NOS (Ikeda et al 1993). In an attempt to 

explain these inconsistencies, it has been suggested that perhaps Purkinje cells contain an, 

as yet, unidentified NOS isoform (Ikeda et al 1993). In a more recent study it was found 

that human cerebellar Purkinje cells are NOS immunoreactive (Egberongbe et al 1994). 

These apparent differences between species may indicate species variation. In summary, 

the distribution of NOS in the cerebellum appears to be largely restricted to granule cells, 

basket cells, stellate cells and glia, with perhaps an additional location in Purkinje cells.

6.1.3.2. Guanylate cyclase distribution in the cerebellum

The use of antibodies and the subsequent immunohistochemical localization of sGC is a 

well established technique that suggested the presence of this enzyme in virtually all cell 

types of the cerebellum (Ariano et al 1982, Nakane et al 1983). However contradictory 

evidence on the exact cellular location of sGC does exist. For example in one study 

immunoreactivity was reported in Purkinje cell bodies and cells of the CG, but there was 

little present in the CM (Ariano et al 1982). In contrast another investigation identified 

immunoreactivity in Purkinje cells, glia, granule cells and in cells of the CM (Nakane et 

al 1983). In situ hybridization studies have demonstrated that mRNA for subunits of sGC
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are moderately expressed in Purkinje, basket, stellate and Golgi cells, but was only weakly 

expressed in granule cells and glia (Furuyama et al 1993, Matsuoka et al 1992).

Immunohistochemical localization of cGMP demonstrated that unstimulated cGMP 

immunoreactivity was primarily associated with glia in the cerebellum (de Vente et al 

1989, Southam et al 1992). Following exposure to NO donor compounds and the 

subsequent stimulation of cGMP synthesis, determination of localized cGMP 

immunoreactivity demonstrated that cGMP levels were high in granule cells, mossy fibre 

terminals, glia and in the basket cell nerve terminals around Purkinje cell bodies, but low 

in Purkinje cells and Golgi cells (Southam and Garthwaite 1993, Southam et al 1992). 

Support for a predominantly glial location for GC has been provided by the finding that 

NO donor stimulated GC activity was unchanged by NMDA prelesion of immature rat 

cerebellar slices, which resulted in the death of granule cells, deep cerebellar neurones and 

some basket and stellate cells (Garthwaite and Garthwaite 1987). However both cultured 

cerebellar granule cells and astrocytes were found to accumulate cGMP following 

exposure to NO donors (Kiedrowski et al 1992a). Also NMDA prelesion reduced the 

increase in cGMP levels induced by EAAs and depolarizing agents (Garthwaite and 

Garthwaite 1987). Furthermore lesioned mice with granule, basket and stellate cell losses 

have been found to exhibit reduced cGMP accumulation in response to EAA receptor 

activation in vivo (Wood et al 1994). On the other hand pretreatment of immature rat 

cerebellar slices with kainate and the accompanying loss of Golgi cells and some basket 

and stellate cells did not appear to alter cGMP accumulation induced by glutamate or high 

(Garthwaite and Garthwaite 1987). In the same study cGMP accumulation in response 

to EAAs was found to be independent of DCN (Garthwaite and Garthwaite 1987).

To explain the apparent contradiction over the role of granule cells, it has been postulated 

that granule cells represent the primary site of action of EAAs in the cerebellum and that 

the activation of EAA receptors on granule cells leads to NO synthesis, but that the 

associated cGMP synthesis occurs elsewhere, even though granule cells contain GC 

(Garthwaite and Garthwaite 1987, Southam and Garthwaite 1993, Southam et al 1992). 

NO released from cultured granule cells has been shown to activate the sGC of cultured 

astrocytes and augment cGMP levels (Kiedrowski et al 1992a). Further support of this
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idea has been provided by the demonstration that granule cells display little cGMP 

immunoreactivity when treated with NMDA (Southam et al 1992). It has also been 

reported that NMDA can inhibit the SNP induced increase in the cGMP levels of granule 

cells (Southam et al 1992). It has been suggested that this could result from an EAA 

receptor-mediated influx of Câ  ̂into neurones which activates NOS, but simultaneously 

inhibits sGC (Southam and Garthwaite 1993). Thus it appears that direct activation of 

EAA receptors or indirect activation through depolarizing agents and the release of 

endogenous EAAs, could stimulate NO synthesis in neurones and lead to the stimulation 

of GC activity in other cell populations such as glia (Southam and Garthwaite 1993).

6.1.3.3. cGMP accumulation in the cerebellum

Increases in cerebellar slice cGMP levels have been demonstrated with NO donors 

(Garthwaite and Garthwaite 1987, Hernandez et al 1994, Maura et al 1995, Southam and 

Garthwaite 1991a, Wei et al 1993). Similarly in vivo microdialysis studies have 

demonstrated that i.c.v. administration of the NO donor SNAP increases extracellular 

cGMP levels in the cerebellum (Fedele et al 1996, Vallebuona and Raiteri 1993). 

Accumulation of cGMP in response to EAA receptor agonists has been shown in the 

cerebellum in vivo (Luo et al 1994, Vallebuona and Raiteri 1993, Vallebuona and Raiteri

1995), in cerebellar slices (Foster and Roberts 1980, Garthwaite 1982, Garthwaite and 

Balazs 1978, Maura et al 1995, Okada 1992, Southam e/ a/ 1991, Wei et al 1993) and 

in cultured cerebellar granule cells (Kiedrowski et al 1992a, Kiedrowski et al 1992b, 

Novelli et al 1987). Studies on the generation of cGMP induced by EAAs in cerebellar 

slices indicated that an intercellular factor was involved since granule cells were primarily 

implicated in EAA receptor activation whilst cGMP accumulation occurred elsewhere 

(Garthwaite and Garthwaite 1987). Later studies identified NO as the intercellular factor 

both in vitro (Garthwaite et al 1988, Garthwaite et al 1989) and in vivo (Wood et al 

1990).

The NO dependence of the cGMP response to activation of ionotropic EAA receptors in 

cerebellar slices has been demonstrated using NOS inhibitors (Southam et al 1991). The 

sGC inhibitor lH-[l,2,4]-oxadiazolo-[4,3-a]-quinoxalin-l-one (ODQ) has also been
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shown to reduce NMDA, AMPA and SNP stimulated increases in the cGMP level of 

cerebellar slices (Garthwaite et al 1995). Activation of metabotropic EAA receptors has 

also been shown to generate cGMP in a manner sensitive to NOS inhibitors (Okada 

1992). Furthermore it has recently been reported that infusion of EAA receptor agonists 

into the cerebellum of adult rats increased extracellular cGMP levels recorded by in vivo 

microdialysis in a manner that was blocked by EAA receptor antagonists, NOS inhibitors 

and ODQ (Fedele and Raiteri 1996, Fedele et al 1996, Luo et al 1994, Vallebuona and 

Raiteri 1993). The mechanism of action of ionotropic EAA receptors in the activation of 

NOS and the subsequent activation of sGC by NO, is thought to be associated with their 

ability to induce Câ  ̂influx from the extracellular space when activated, which leads to 

the activation of NOS (Okada 1992, Southam et al 1991). In contrast metabotropic 

receptors activation is thought to increase intracellular [Ca^ ]̂ by inducing Ca^̂  release 

from intracellular stores through the PI pathway (Okada 1992).

Various pharmacological tools have been used to evoke the release of endogenous EAAs 

within the cerebellum that leads to an increase in cGMP levels. These include harmaline, 

which specifically augments climbing fibre activity by activating inferior olive neurones, 

which induces EAA release and ultimately increases cGMP levels (Luo et al 1994, Wood 

1991, Wood etal 1990). PTZ reduces GABAergic tone and increases cerebellar granule 

cell activity such that there is an increase in endogenous EAA release from parallel fibres 

and an increase in cGMP levels (Wood 1991, Wood et al 1990). Increases in cerebellar 

slice cGMP levels have also been demonstrated following depolarization of cerebellar 

slices with high-K  ̂(Raiteri e /a /1991) and veratridine (Garthwaite and Garthwaite 1987) 

or the related compound protoveratrine (Foster and Roberts 1981). These depolarizing 

agents are thought to act by inducing the release of endogenous EAAs, which activate 

NOS to synthesize NO which stimulates sGC to generate cGMP. The efflux of 

endogenous EAAs such as glutamate and aspartate from cerebellar slices has been 

demonstrated using various chemical depolarization techniques such as high-K% 

veratridine, a component of veratrine, and 4-aminopyridine (4-AP) (de Barry et al 1989, 

Patterson eta l 1995).
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6.1.3 4. GABAg receptor distribution in the cerebellum

Autoradiographic investigations have shown that the highest density of GAB Ag binding 

sites in the cerebellum are in the CM, with lower binding in the CG (Bowery et al 1987, 

Chu etal 1990, Turgeon and Albin 1993). Treatment of rats with methyl-azoxymethanol, 

which predominantly depletes cerebellar granule, stellate and basket cells, and 3- 

acetylpyridine, which lesions olivocerebellar climbing fibres, did not significantly effect 

autoradiographically determined [^H]-GABA binding to GABAg binding sites (Turgeon 

and Albin 1993). In this same study, work with stumbler mutant mice, which are deficient 

in Purkinje and granule cells and exhibit an immature Purkinje dendritic morphology with 

a reduced number of dendrites and spines, demonstrated a decrease in GABAg binding 

sites in the CM when compared with controls (Turgeon and Albin 1993). This suggested 

that GABAg receptors were located on Purkinje cells and particularly Purkinje cell 

dendrites (Turgeon and Albin 1993). However, other work with 3-acetylpyridine lesions 

suggested that GABAg receptors were present on climbing fibres (Kato and Fukuda 

1985). In situ hybridization studies have demonstrated that GABAgRl mRNAs were 

expressed in Purkinje cells and in the CG (Kaupmann et al 1997).

Electrophysiological evidence supports the presence of GABAg receptors on Purkinje cell 

bodies, dendrites (Mintz and Bean 1993) and axon terminals (Mouginot and Gahwiler

1996). The presence of GABAg receptors on granule cells and their parallel fibres has also 

been suggested, following the finding that GABAg receptor-mediated inhibition of AC 

activity was reduced in weaver mutant mice, which are deficient in granule cells (Wojcik 

and Neff 1984). Sinnlaily these studies indicated that GABAg receptors were not located 

on Purkinje cells or climbing fibres as GABAg receptor-mediated inhibition of AC activity 

was found to be unaltered in nervous mutant mice exhibiting Purkinje cell loss or in rats 

treated with 3-acetylpyridine (Wojcik and Neff 1984).

In rat cerebellar granule cell cultures, activation of GABAg receptors has been 

demonstrated to inhibit K^-stimulated ’̂Ca^^-uptake (Zhu and Chuang 1987) and decrease 

glutamate (Huston etal 1990, Travagli etal 1991) and aspartate release (Zhu and Chuang 

1987). [^H]-Baclofen binding has also been demonstrated on cultured mouse cerebellar
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granule cells (Ito et al 1995). It is also important to note that GABAg receptors have also 

been located by both autoradiographic and electrophysiological techniques on cultured 

astrocytes from the rat cerebellum, spinal cord and brain stem (Hosli and Hosli 1992). 

However an immunohistochemical study of GABAg receptor distribution using a 

monoclonal antibody raised against a purified GABAg receptor, reported that no glial cells 

were positively stained (Kimura et al 1996). Similarly in situ hybridization studies of the 

recently cloned GABAg receptors also reported that the mRNAs were not expressed in 

glia (Kaupmann et al 1997). The combined evidence, although occasionally contradictory, 

suggests that GABAg receptors are located on both Purkinje cells and the parallel fibres 

of granule cells with a possible additional location on climbing fibres.

6.1.3 5. GABAg receptor-mediated effects on cGMP levels in the cerebellum

Previously reported work has demonstrated that (-)baclofen can decrease cerebellar 

cGMP levels in vivo (Bemasconi et al 1992, Gumulka et al 1979, Mailman et al 1978). 

More recent data has shown that the (-)baclofen induced decrease in mouse cerebellar 

cGMP levels in vivo, could be blocked by the GABAg receptor antagonist CGP 35348 

(Bemasconi etal 1992). Additionally, selective GABAg receptor antagonists CGP 55556 

and CGP 56999, together with CGP 35348 and CGP 36742 at high concentrations, have 

been shown to increase mouse cerebellar cGMP levels in vivo (Bemasconi et al 1994). 

The effect of the GABAg receptor antagonists was found to be abolished by antagonists 

at the NMDA receptor complex such as (2R)-(E)-2-amino-4-methyl-5-phosphono-3- 

pentenoic acid (CGP 40116), R(+)-HA 966 and spermidine (Bemasconi et al 1994). The 

increase in cerebellar cGMP levels induced by CGP 36742 was also suppressed by 

administration of the NOS inhibitors L-NMMA and N-NARG (Bemasconi et al 1994). 

It has been postulated that these results suggest that blockade of GABAg receptors can 

increase endogenous EAA release, thus bringing about the activation of NOS to produce 

NO, followed by the subsequent activation of sGC to synthesize cGMP (Bemasconi et al 

1994). Evidence supporting an association between GABAg receptors and glutamate and 

aspartate release in the cerebellum has been provided by studies in which (-)baclofen 

reduced K^-evoked glutamate and aspartate release from cultured cerebellar granule cells 

(Huston et al 1990, Travagli et a l\9 9 \, Zhu and Chuang 1987).
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6.1.4. cGMP in the forebrain

In the context of this study, the term forehrain is taken to represent the area of the brain 

comprising the thalamus, hippocampus, frontal cerebral cortex and striatum. The thalamus 

and frontal cerebral cortex have been indicated as being involved in human absence 

epilepsy (Williams 1953) and in animal models of absence epilepsy (Avoli et al 1983, 

Banerjee et al 1993, Hosford et al 1995b, Inoue et al 1993, Marescaux et al 1992c, 

Vergnes and Marescaux 1992). The role of cGMP in absence epilepsy is unknown at 

present, but the involvement of NO in the absence epilepsy of WAG/Rij rats has been 

studied in a recent investigation. SNP and SNAP, administered i.c.v., have been reported 

to enhance the SWD of the WAG/Rij rat (Przewlocka et al 1996). Additionally, i.c.v. 

administration of the NOS inhibitors N-NARG and L-NAME was found to decrease the 

SWD (Przewlocka et al 1996). In contrast i.p. administration of L-NAME was found to 

increase the SWD in WAG/Rij rats (Przewlocka et al 1996). Therefore it would appear 

that NO synthesized in the CNS promotes SWD in WAG/Rij rats (Przewlocka et al

1996).

6.1.41. NOS distribution in the forehrain

NDP positive cells are rare in the thalamus, however they have been reported in patches 

of the medial thalamic nuclei (Vincent 1995, Vincent and Kimura 1992). The expression 

of NOS mRNA, NOS immunoreactivity and NDP stained neurones have been reported 

throughout the hippocampus (Bredt g /a/ 1991a, Southam and Garthwaite 1993, Vincent 

1995, Vincent and Kimura 1992). Scattered NOS immunoreactive and NDP positive 

neurones have also been observed in the cerebral cortex throughout layers II - VI and in 

the CPu (Bredt et al 1991a, Southam and Garthwaite 1993, Vincent 1995, Vincent and 

Kimura 1992).

6 .1.4.2. Guanylate cyclase distribution in the forehrain

Immunoreactivity for sGC has been demonstrated in the pyramidal cells of the cerebral 

cortex and in the medium spiny cells of the CPu (Ariano et al 1982). In another

177



 Chapter 6 : GABA„ receptors and cGMP levels in the cerebellum and forebrain

investigation, sGC immunoreactivity was also found in these areas, but was also noted in 

the medial habenula thalamic nucleus and dentate gyrus (Nakane et al 1983). In situ 

hybridization studies have indicated that mRNA for an sGC subunit was expressed in 

cortical and hippocampal pyramidal cells, dentate granule cells and in the CPu and medial 

habenula thalamic nucleus (Matsuoka et al 1992). Similarly the mRNA for another subunit 

of sGC was found to be expressed in these areas, although expression was relatively weak 

in the CAl pyramidal cells and dentate granule cells (Furuyama e ta l 1993). In general 

these areas correspond to the reported NOS containing regions of the forebrain (see 

section 6 .1.4.2.).

Unstimulated cGMP immunostaining demonstrated a rather weak uniform staining of the 

rat forebrain (Southam and Garthwaite 1993). Following NO donor treatment, high levels 

of cGMP immunoreactivity were recorded in almost all of the neurones of the cerebral 

cortex (Southam and Garthwaite 1993). Similarly in the CPu almost all neurones were 

positive for cGMP immunostaining (Southam and Garthwaite 1993). In the thalamus 

cGMP immunostaining was also reported, but at a lower level than that seen in the 

cerebral cortex and CPu (Southam and Garthwaite 1993). cGMP immunostaining in the 

hippocampus was found to be relatively uniform, but particular staining of pyramidal cells 

and dentate granule cells was noted (Southam and Garthwaite 1993).

6.1.4 3. cGMP accumulation in the forebrain

As far as the forebrain is concerned, the determination of unstimulated cGMP levels has 

been previously reported for the thalamus, hippocampus, cerebral cortex and CPu (East 

and Garthwaite 1991, Palmer and Duszynski 1975, Wei etal 1993). In general these levels 

were found to be lower than those recorded in the cerebellum, although Wei et al (1993) 

reported similar unstimulated cGMP levels in various brain regions including the 

cerebellum, cerebral cortex, midbrain region and hippocampus. The NO donors 

hydroxylamine and SNAP have been shown to increase hippocampal extracellular cGMP 

levels determined by in vivo microdialysis (Fedele et al 1996, Vallebuona and Raiteri

1994). Similarly perfusion with SNP was found to increase the levels of cGMP 

immunoreactivity observed throughout the forebrain (Southam and Garthwaite 1993).
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However, in another in vitro investigation the NO donor SNP failed to induce cGMP 

formation in slices from the cerebral cortex, hippocampus and midbrain region (Wei et al 

1993).

NMDA has been shown to increase cGMP levels in hippocampal slices in a manner that 

was blocked by NOS inhibitors and ODQ (Boulton et al 1995, East and Garthwaite 

1991). Additionally, increased cGMP levels have been reported in the hippocampus of rats 

following intrahippocampal injection of NMDA (Wood et al 1992). Furthermore 

perfusion of NMDA into rat hippocampus has been shown to induce an increase in 

hippocampal extracellular cGMP levels, which is abolished by the NMDA receptor 

antagonist AP5 and the NOS inhibitor N-NARG (Vallebuona and Raiteri 1994, 

Vallebuona and Raiteri 1995). In support of this evidence, NMDA, but not AMPA or 

kainate, has been shown to increase NO synthesis in forebrain slices (Lizasoain et al

1995). In contrast NMDA, kainate and l-aminocyclopentane-/raw5 -l, 3-dicarboxylic acid 

(ACPD) have been shown to not alter cGMP levels in slices from the cerebral cortex, 

hippocampus and midbrain region (Wei et al 1993). Veratrine has also been found to 

increase released endogenous EAA levels, NO synthesis and cGMP levels in forebrain 

slices (Lizasoain et al 1995). Veratrine induced NO synthesis and increases in cGMP 

levels were found to be blocked by the NOS inhibitor L-NMMA (Lizasoain et al 1995). 

That this response was at least partly mediated by endogenous EAA release was 

suggested by the finding that NO synthesis was partially blocked by the NMDA receptor 

antagonist MK 801 (Lizasoain et al 1995). An increase in glutamate and aspartate levels 

in response to veratridine, veratrine and high-K^ has also been recorded in slices from the 

cerebral cortex, hippocampus and CPu (Patterson et al 1995, Villanueva et al 1988). 

Similarly veratridine has been shown to induce the release of glutamate from a forebrain 

synaptosomal preparation (Levi et al 1980).

6.1.4 4. GABAg receptor distribution in the forehrain

Given the indication that GABAg receptor-mediated modulation of cGMP levels in the 

cerebellum is due to an effect on endogenous EAA release (Bemasconi et al 1994), the 

existence of such a relationship in the forehrain would be of particular interest in relation
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to the present study. Autoradiographic studies in rat brain have shown high levels of 

GABAg binding in the cerebral cortex and in certain thalamic nuclei, with more moderate 

binding in the hippocampus and caudate putamen (Bowery et al 1987, Chu et al 1990, 

Knight and Bowery 1992). In a recent immunohistochemical investigation using an 

antibody raised against purified GABAg receptors, immunosensitive neurones were 

identified in the cerebral cortex, hippocampus, thalamus and CPu (Kimura et al 1996). 

Unlike the cerebellum which has a relatively simple and homogeneous structure, 

determination of the cellular location of GABAg receptors in the forebrain is difficult to 

assess because of the large number of different brain regions, neuronal networks and 

individual neurone types.

An autoradiographic investigation of the distribution of GABAg binding sites in monkey 

thalamus has suggested that they are most likely primarily associated with the terminals 

of GABAergic NRT neurones (see Chapter 4). A recent in vivo microdialysis study 

demonstrated that intrathalamic perfusion of (-)baclofen decreased both unstimulated and 

high-K  ̂induced extracellular levels of GABA and glutamate in the rat thalamus (Baneijee 

and Snead 1995). It has been suggested that this effect may be the result of activation of 

presynaptic GABAg receptors on both GABAergic and glutamatergic terminals (Baneijee 

and Snead 1995). Similarly, (-)baclofen was reported to reduce high-K^ induced GABA 

release fi'om mouse thalamic synaptosomes and it was suggested that this may represent 

an effect mediated by presynaptic GABAg receptors (Lin eta l 1995).

In a rat thalamic slice preparation, EPSPs have been recorded in TC neurones of the 

dLGN and VB in response to electrical stimulation of the optic tract and medial leminiscus 

respectively (Crunelli et al 1996, Emri et al 1996). The amplitude of the EPSPs was 

reduced by (-)baclofen and increased by CGP 35348, when postsynaptic GABA^ and 

GABAg receptor activity was pharmacologically blocked, thus supporting the presence 

of presynaptic GABAg receptors on the terminals of excitatory sensory afferents (Crunelli 

etal 1996, Emri etal 1996). In the same preparation, spontaneous IPSCs were recorded 

in TC neurones of the dLGN and VB (Crunelli et al 1996). The frequency of these IPSCs 

was decreased by (-)baclofen and it was postulated that this indicated the presence of 

presynaptic GABAg receptors on GABAergic terminals in the thalamus (Crunelli et al
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1996). The dLGN and VB are regions of the thalamus that have been shown to contain 

a particularly high density of autoradiographically determined GABAg binding sites 

(Bowery et al 1987, Chu etal 1990). In situ hybridization studies have shown that cloned 

GABAg receptor mRNAs are prominently expressed in similar regions of the thalamus 

(Kaupmann etal 1997).

In the rat frontal cortex GABAg binding site density has been reported to be greater in the 

outer layers (I - IV) than in the inner layers (V - VI) (Chu et al 1990). In situ 

hybridization studies have reported the opposite, with the cloned GABAg receptor 

mRNAs being more highly expressed in the inner layers (Kaupmann et al 1997). Evidence 

suggests that presynaptic GABAg receptors in cortical slices and synaptosome 

preparations are involved in neurotransmitter release. For example, in the interests of this 

investigation, (-)baclofen has been shown to reduce electrically stimulated and high-K^ 

induced glutamate and aspartate release (Bonanno and Raiteri 1993a, Potashner 1979, 

Waldmeier et al 1994).

In the hippocampus, autoradiographic studies have indicated that GABAg site binding was 

relatively high in the molecular layer of the dentate gyrus, but lower in the granular layer 

(Bowery etal 1987, Chu etal 1990, Knott et al 1993). GABAg binding was found in the 

CA1-CA4 areas, although very low binding density was present in the stratum pyramidal 

of areas CAl-CA3 (Bowery et al 1987, Chu et al 1990, Knott et al 1993). In situ 

hybridization studies indicated that cloned GABAg receptor mRNAs were detectable in 

the pyramidal cell layers and the granular layers of the dentate gyrus (Kaupmann et al

1997). The presence of presynaptic GABAg receptors on excitatory terminals in the 

hippocampus, whose activation selectively inhibits excitatory synaptic transmission has 

also been demonstrated (Scholz and Miller 1991, Thompson and Gahwiler 1992).

Autoradiographic studies of GABAg binding have demonstrated relatively low levels in 

the CPu when compared with other brain regions (Bowery et al 1987, Chu et al 1990, 

Moratella and Bowery 1991). Following chronic lesion of rat corticostriatal fibres by 

cortical ablation, GABAg site binding in the ipsilateral CPu was partially reduced, 

indicating that GABAg receptors were located on corticostriatal terminals, some of which
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may use EAAs as their transmitter (Moratella and Bowery 1991). Whether GABAg 

receptors in the forebrain are able to effect cGMP levels is unknown at present.

6.2. Aim

Previous studies have demonstrated that there is no alteration of GABAg receptor binding 

and GABAg receptor coupling to G-proteins in GAERS when compared with their control 

strain. The aim of the present investigation was to determine whether a relationship exists 

between GABAg receptors and cGMP levels in vitro, with the intention of investigating 

this relationship in GAERS and their control strain. Initially an attempt was made to 

demonstrate an association between GABAg receptors and cGMP levels in rat cerebellar 

slices. The cerebellum was chosen because of the previously reported association between 

GABAg receptors and cGMP levels in vivo in this brain region. The effect of (-)baclofen 

on unstimulated cGMP levels and NO donor, EAA and veratridine stimulated 

accumulation of cGMP was examined. Additionally, the possibility that GABAg receptors 

in rat forehrain slices are able to modulate unstimulated and veratridine stimulated cGMP 

levels was examined.
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6.3. Experimental procedures

6.3.1. Production of cGMP in cerebellar slices

The production of cGMP in cerebellar slices was performed using a procedure based on 

that described by Southam et al (1991). Male Wistar rats (body weight 250-300g) were 

stunned, decapitated and their brains rapidly removed. The cerebellum was excised and 

divided into the two hemispheres by a parasagittal cut. Both cut surfaces of the vermis 

were then glued (with cyanoacrylate) onto the stage of a vibroslice (Campden 

Instruments). 400pm parasagittal slices were cut in cold Krebs-Henseleit buffer (12-14®C) 

containing 120mM NaCl, 2mM KCl, 2.5mM CaClg, 1.19mM MgSO^, 1.18 mM KH2 PO4 , 

26mM NaHCO) and 1 ImM glucose gassed with 95% oxygen / 5% carbon dioxide. The 

cerebellar slices were prepared in this way and not with a tissue chopper, as it has been 

demonstrated that the cellular preservation in cerebellar slices prepared with a tissue 

chopper from rats older than 14 days, is very poor (Garthwaite et al 1980). Up to a 

maximum of 8  slices could be cut from one cerebellum (4 from each hemisphere) and each 

experiment required 3 rats. The cut slices from each rat were subsequently placed in 

continuously gassed Krebs-Henseleit buffer (37®C), in the proportion of 1 slice to 5ml of 

buffer in 50ml conical flasks (one flask per rat). This buffer was then immediately 

removed, replaced with fresh buffer and the slices washed in a shaking water bath (37®C), 

whilst being continuously gassed with 95% oxygen / 5% carbon dioxide for 30 min. The 

buffer was then again removed, replaced with fresh buffer and the preincubation continued 

for a further 60 min. This washing procedure allows the basal levels of nucleotides to 

stabilize.

After the preincubation period the slices (approximately 0.5mg of protein each) were 

distributed so that each continuously gassed incubation vessel (50ml conical flask) 

contained 3 slices, 1 from each rat and enough buffer to give a final assay volume of 15ml 

when all of the drug solutions had been added. The assay was carried out at 37®C. Basal 

cGMP levels were determined in incubation vessels containing only tissue slices and 

Krebs-Henseleit buffer. The slices were then allowed a 5 min recovery period before drug
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application. cGMP production was elicited by nitric oxide donors (5 min exposures to 

SNP (lOOpM) and SNAP (lOOpM)) and excitatory amino acids (2 min exposures to 

NMDA (300pM) and AMPA (30pM)). The depolarizing agent, veratridine, was also used 

as a stimulant of cGMP production (2 min exposure (20pM)). A preincubation time of 15 

min was adopted when the nitric oxide synthase inhibitor N-NARG, the NMDA receptor 

antagonist MK-801, the non-NMDA receptor antagonist CNQX, the GABAg receptor 

agonist (-)baclofen and the GABAg receptor antagonist CGP 35348 were tested.

Termination of the assay and collection of the cGMP containing samples was performed 

by quickly removing the slices from the incubation medium and placing each one for 4 min 

in 250|il of hot 50mM Tris-HCl (Trizma® Base) and 5mM ethylene diamine tetra-acetic 

acid (EDTA) buffer (90®C, pH 7.6) in Eppendorf tubes. The slices were then 

homogenized using a Polter-Elvehjem homogeniser fitted with a specially adapted 

Eppendorf shaped Teflon pestle (setting 12, 10 strokes) and then centrifuged for 5 min 

at 11000 rpm in an Eppendorf bench top centrifuge. The cGMP containing supernatants 

were collected and stored at -20®C. The homogenates were also stored at -20°C for 

protein determination. cGMP released into the medium by the slice during the incubation 

period was not measured, as it has been shown in rat cerebellar slices that only up to 1 0  - 

15% of the cGMP formed, appears in the medium under a range of cGMP producing 

stimuli (Tjomhammar e /a /1986). Each experiment required the use of 3 rats to give n=l 

and the experiments were repeated at least 3 times.

6.3.2. Production of cGMP in forebrain slices

The production of cGMP in forebrain slices was performed in a similar way to that with 

cerebellar slices (see section 6.3.1). Male Wistar rats (body weight 250-300g) were 

stunned, decapitated and their brains rapidly removed. The cerebellum was removed and 

discarded. The remaining brain section was cut coronally 2mm anterior and 6 mm posterior 

to the bregma to leave the forebrain. The posterior cut surface was then glued (with 

cyanoacrylate) onto the stage of a vibroslice (Campden Instruments). 400pm coronal 

(transverse) slices were cut in cold Krebs-Henseleit buffer (12-14®C) (see section 6.3.1.), 

up to a maximum of 4 slices per brain. These slices were then dissected down the midline 
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to give a total of 8  slices per brain and each experiment required 3 rats. The cut slices 

were washed as described above (see section 6.3.1.).

After this preincubation period the slices (approximately l .Smg of protein each) were 

treated as described above (see section 6.3.1.). However, following the 5 min recovery 

period, the phosphodiesterase inhibitor 3-isobutyl-1-methykanthine (IBMX) was added 

for a further 5 min before the addition of test compounds. The depolarizing agent, 

veratridine, was used as a stimulant of cGMP production (20 min exposure (30pM)) and 

all other compounds were treated as described for cerebellar slices. As for the cerebellum 

each experiment required the use of 3 rats to give n = 1 and the experiments were 

repeated at least 3 times.

6.3.3. Radioimmunoassay for cGMP

The assay for cGMP was carried out using a commercially available radioimmunoassay 

kit, the 'Cyclic GMP assay system' (Amersham). The assay is based on the 

competition between unlabelled cGMP and a fixed quantity of [^H]-cGMP for binding to 

a specific antibody which has a high specificity and affinity for cGMP. All solutions were 

made up as specified in the assay protocol supplied with the kit. Standard concentrations 

of unlabelled cGMP (0.25-8pmol per lOOpl) were prepared in 50mM Tris-HCl buffer 

containing 4mM EDTA (4®C, pH 7.5) (cGMP assay buffer). For the cerebellar slice 

samples, the assay was set up on ice in Eppendorf tubes. To these tubes were added either 

lOOpl of standard unlabelled cGMP, lOOpl of unknown sample (which was diluted in 

cGMP assay buffer if the amount of cGMP was too high for the standard range), lOOpl 

of cGMP assay buffer for zero-dose binding or lOOpl of the supplied 'blank' reagent for 

the determination of the assay blank. For the forebrain slice samples, the assay was set up 

on ice in Eppendorf tubes. To these were added either lOOpl of standard unlabelled cGMP 

plus lOOpl of cGMP assay buffer, 200pl of unknown sample (more sample was required 

because the levels were low), 200pl of cGMP assay buffer for zero-dose binding or lOOpl 

of the supplied 'blank' reagent plus lOOpl of cGMP assay buffer for the determination of 

the assay blank. Zero-dose, blank and standard concentrations of unlabelled cGMP were 

assayed in duplicate, and unknown samples were assayed singly. A [^H]-cGMP

185



 Chapter 6 : GABAg receptors and cGMP levels in the cerebellum and forebrain

(approximate S.A. = 20Ci/mmol) solution was made up using distilled HgO and 50pl 

(0.4pmol, approximately 8 nCi) aliquots dispensed into each assay tube. 50pl aliquots of 

antibody solution (approximately 35% of [^ -cG M P  bound at zero-dose) made up in 

distilled HjO were then added to every tube. Total assay volumes were 200pl for the 

cerebellar slice experiments and 300pl for the forebrain slice experiments. The tubes were 

vortex mixed, placed in an ice bath and incubated for 90 min at 4®C.

The bound [^H]-cGMP was separated from the free [^H]-cGMP by adding 1ml aliquots 

of cold ammonium sulphate (60% saturated, 4®C) to each tube. The tubes were vortex 

mixed, placed back in the ice bath, then left to stand for 5 min (timed from the addition 

of ammonium sulphate to the last assay tube). 5 min after the addition of ammonium 

sulphate, the assay tubes were centrifuged for 5 min at 1 1000 rpm (4®C) in an Eppendorf 

bench top centrifuge. The supernatant was decanted from the assay tubes and the tubes 

placed upside down on tissue to drain. Excess liquid was carefully wiped from the neck 

of each tube, taking care not to disturb the precipitate. Aliquots (1.1ml) of distilled HgO 

were then added to each tube and vortex mixed until the precipitate dissolved. 1 ml 

samples were then removed from each tube and mixed with 10 ml of Optiphase "Safe" 

Scintillation Fluid and left overnight. The amount of radioactivity was then quantified by 

liquid scintillation spectophotometry for a 4 min count in an LKB 1219 Rackbeta liquid 

scintillation counter. On the advice of the supplied assay protocol, counts per minute 

(cpm) were used directly for calculations.

From the data, the amount of bound ligand at zero dose (cpm) was calculated, the blank 

(cpm) subtracted and the value designated The amount of bound ligand in the presence 

of standard amounts of cGMP (cpm) and in the unknown samples (cpm) was calculated, 

the blank (cpm) subtracted and these values designated C,. Graphs were then plotted of 

e y e ,  against pmol of cGMP in the standards (0.25 - 8 pmol) for the cerebellum (total 

volume 200pl) (Figure 6.2.) and forebrain (total volume 300pl) (Figure 6.3.) protocols. 

A straight line could be obtained with an intercept of 1.0 on the ordinate (at zero-dose). 

From the e y e , values for the unknown samples, the amount of cGMP (pmol per assay 

tube) could then be determined from the equation of the line. Ultimately the results were 

expressed as pmol/mg of protein after the protein content of the slices was calculated.
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Figure 6.2. Standard curve for the assay of cGMP in cerebellar slices

G r^h represents concentration of unlabelled cGMP standards (0.25 - Spmol per lOOpl) against binding to 
cGMP antisCTum of pH]-cGMP (0.4pmol, approximately 8nCi per SOpl). The amount of bound ligand at zero- 
dose (cpm) was calculated, the blank (cpm) subtracted and the value designated The amount of bound 
ligand in the presence of standard amounts of unlabelled cGMP (cpm) was calculated, the blank (cpm) 
subtracted and these values designated C,. The graph was then plotted o f C /C , against pmol of unlabelled 
cGMP in the assay standards for the cerd^ellar (total volume 200pl) protocol. A straight line could be obtained 
with an intercq)t of 1.0 on the (xdinate (at zero-dose). Zero-dose, standard concentrations of unlabelled cGMP 
and blank were assayed in diplicate and the graph represents a single typical experiment.
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Figure 6.3. Standard curve for the assay of cGMP in forebrain slices

Graph represents CŒicentration of unlabelled cGMP standards (0.25 - Spmol per l(X)pl) against binding to 
cGMP antiserum of pH]-cGMP (0.4pmol, approximately SnCi per 50pl). The amount o f bound ligand at zero- 
dose (cpm) was calculated, the blank (cpm) subtracted and the value designated C„. The amount of bound 
ligand in the presence of standard amounts of unlabelled cGMP (cpm) was calculated, the blank (cpm) 
subtracted and these values designated C,. The graph was then plottW of C /C , against pmol of unlabelled 
cGMP in the assay standards for the forebrain (total volume 300pl) protocol. A straight line could be obtained 
widi an intercept of 1.0 on the adinate (at zero-dose). 2Lero-dose, standard concentrations of unlabelled cGMP 
and blank were assayed in diq)licate and the graph represents a single typical experiment.
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6.3.4. Protein assay

Protein determination was carried out in a similar way to that described previously (see 

section 5.3.5.). Cerebellar and forebrain sample homogenates (-20®C) collected from the 

cGMP production experiments were thawed. Cerebellar homogenates were vortex mixed 

with 0.25M NaOH (500pl) and then incubated at 50®C for 10 min, vortex mixed and then 

incubated at 50°C for a further 10 min to fully solubilize the protein. Forebrain 

homogenates were vortex mixed with 0.25M NaOH (1ml) and then incubated at 50®C for 

1 0  min, vortex mixed and then incubated at 50®C for a further 1 0  min to fully solubilize 

the protein. For the actual assay, 1ml aliquots of the 'Coomassie® Plus Protein Assay 

Reagent' (Pierce, UK) were added to either 25pl of cerebellar sample, 12.5pl of forebrain 

sample plus 12.5pl of distilled HgO or 25pl of a standard concentration of BSA (0.075- 

1.5mg/ml). Absorbance was read at 595nm. By comparison with a standard curve (Figure

5.3.) the protein content of the cerebellar and forebrain tissue samples could be calculated, 

taking into account specific dilutions.

6.3.5. Data and statistical analysis

Concentration-response curves were generated and analysed by Fig.P version 6.0c (Fig.P 

Software Corporation, U.S.A.). Statistical analysis of the effect of increasing 

concentrations of (-)baclofen and CGP 35348 on basal and stimulated cGMP 

accumulation was performed using a repeated measures ANOVA followed by Dunnett's 

multiple comparison test (GraphPad InStat version 2.02, GraphPad Software). All other 

statistical analysis was performed using the paired Student t-test (GraphPad InStat version

2.02, GraphPad Software).

6.3.6. Materials

The suppliers of some of the items mentioned have been detailed in the text. Of the

remaining items, the following were obtained from specialist suppliers: EDTA (disodium

salt), IBMX, NMDA, SNP, Trizma® Base and veratridine were from Sigma Chemicals,

UK. AMPA, CNQX and N-NARG were from Tocris Cookson, UK. MK-801 hydrogen
189



 Chapter 6 : GABAn receptors and cGMP levels in the cerebellum and forebrain

maleate and SNAP were from Research Biochemicals Incorporated (RBI), UK. (- 

)Baclofen and CGP 35348 were gifts from Ciba-Geigy, Switzerland. All other materials 

were purchased from commercial suppliers and were of AnalaR grade.
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6.4. Results

6.4.1. Cerebellar slices

6.4.1.x. Unstimulated cGMP levels

During the preincubation period, in which the slices were washed in Krebs-Henseleit 

buffer at 37*C, the cGMP level rose initially to reach a peak, 15 min after slicing (Figure

6.4.). The cGMP level then decreased with time to reach a steady state between 90 and 

120 min after slicing. All fiirther measurements of cGMP levels were conducted after a 

90 min preincubation period. The mean basal cGMP level in cerebellar slices was 15.59 

±0.51 pmol/mg of protein (mean ± s.e.mean, n=l 18). Administration of the NOS inhibitor 

N-NARG for 15 min suppressed the basal cGMP level in cerebellar slices (Figure 6.5 ). 

The response to N-NARG plateaued between 30pM and lOOpM and exhibited an IC^ of 

4.2pM (Figure 6.5 ). The maximum inhibition recorded with N-NARG (lOOpM) 

represented a 69.27 ±3.10% (mean ± s.e.mean, n=3) reduction of the basal cGMP level 

(Figure 6.5). The effect of the GABAg receptor agonist, (-)baclofen, was investigated on 

the basal cGMP level. Following a 15 min incubation, (-)baclofen (lO"® - lO'^M) was found 

to have no significant effect on basal cGMP levels (Figure 6 . 6  ).

6.4.1.2. NO donor stimulated cGMP levels

The effects of NO donors, SNP and SNAP, in increasing cGMP levels were investigated 

in cerebellar slices. Time course studies demonstrated a near maximal response after 5 min 

for both SNP (lOOpM) and SNAP (lOOpM) (Figure 6.7 (a)). Concentration-response 

curves for 5 min incubation periods showed that the response to SNP and SNAP became 

significant at concentrations above lOpM (Figure 6.7 (b)). No maximum was reached at 

the highest SNP concentration tested (lOmM), as previously demonstrated in rat 

cerebellar slices (Southam and Garthwaite 1991a) and in guinea pig cerebellar slices 

(Hernandez et al 1994). The response to SNAP plateaued at ImM (178.40 ± 22.73 

pmol/mg of protein, above basal (mean ± s.e.mean, n=3)) with an ECg@ of 90.5pM. The
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Figure 6.4. The basal cGMP level in cerebellar slices during the washing procedure.

Immediately after cutting (0 min) cerebellar slices were transferred to conical flasks containing Krebs- 
Henseleit buffer (37%), Wiich was changed at 0, 30 and 90 min after cutting. At various time points, starting 
at 0 min and finishing at 120 min after cutting, slices were removed and the cGMP content (pmol/mg of 
protein) determined. Data represent mean ± s.e.mean (n=3).
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Figure 6.5. Concentration-response curve of N-NARG inhibition of basal cGMP 
levels in cerebellar slices.

Cerebellar slices were exposed to N-NARG (3xl0'^-10"^M) for a 15 min incubation period. Inhibition 
represents cGMP content (pmolAng of protein) of the cerebellar slices as a percentage of the control response. 
Data represents mean ±  s.e.mean (n=3).
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Figure 6.6. The effect of (-)baclofen on basal cGMP levels in cerebellar slices.

Unstimulated cerebellar slices were incubated with increasing concentrations of (-)baclofen (lO'^-lO'^M) for 
a 15 min incubaticm period and the cGMP content (pmol/mg of protein) determined. Data represent mean ± 
s.e.mean (n=6). (-)Baclofen had no significant effect on basal cGMP levels in cerebellar slices (repeated 
measures ANOVA, followed by Dunnett's test).
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Figure 6.7. Time-course and concentration-response curves of SNP and SNAP 
stimulated cGMP levels in cerebellar slices.

(a) Time-course of cGMP accumulation (pmol/mg of protein, above basal) in cerebellar slices exposed for 
between 30 sec and 15 min to SNP (lOOpM) ( • )  and SNAP (lOOpM) (O). Data represent mean ± s.e.mean 
(n=3). (b) Cmcentration-response curve of cGMP accumulation (pmol/mg of protein, above basal) in 
cerebellar slices exposed for 5 min incubation periods to increasing concentrations of SNP (lO'^-lO'^M) ( • )  
and SNAP (10‘̂ -3xl0*^M) (O). Data represent mean ±  s.e.mean (n=3).
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effects of (-)baclofen (10*̂  - 10‘̂ M) on the increase in cGMP levels induced by lOO^M 

SNP (97.78 ± 11.93 pmol/mg of protein, above basal, (mean ± s.e.mean, n=3)) and SNAP 

lOOpM (61.63 ± 7.70 pmol/mg of protein, above basal, (mean ± s.e.mean, n=3)) were 

investigated. (-)Baclofen was found to have no significant efiect on SNP or SNAP 

stimulated cGMP levels (Figure 6 .8 .). This indicates that the activation of GABAg 

receptors is not involved in the synthesis of cGMP induced by NO donors.

6.4.1.3. Excitatory amino acid stimulated cGMP levels

The EAA receptor agonists NMDA and AMPA both produced an increase in cGMP 

levels. Time course studies demonstrated that AMPA (lOOpM) evoked an increase in 

cGMP levels that was near maximal after 2 min (40.36 ± 9.15 pmol/mg of protein, above 

basal, (mean ± s.e.mean, n=3)) (Figure 6.9 (a)). The level of cGMP recorded following 

exposure to NMDA (lOOpM) was smaller than the response to AMPA and reached a 

peak after 2 min (12.67 ± 2.93 pmol/mg of protein, above basal, (mean ± s.e.mean, n=3)) 

(Figure 6.9 (a)). Concentration-response curves for a 2 min incubation period showed that 

the response to NMDA peaked at ImM (61.29 ± 4.49 pmol/mg of protein, above basal, 

(mean ± s.e.mean, n=3)) with an ECjo of 319.3pM (Figure 6.9 (b)). AMPA produced an 

increase in cGMP levels that plateaued at 30pM (31.05 ± 3.73 pmol/mg of protein, above 

basal, (mean ± s.e.mean, n=3)) with an ECj© of 9.6pM (Figure 6.9 (b)). The 

concentration-response curves of both NMDA and AMPA are bell-shaped, indicating that 

there may be some form of desensitization at higher concentrations. Further work was 

performed using assay conditions of 2 min incubation periods with 300pM NMDA and 

30pM AMPA which produced submaximal responses.

The involvement of NO in the production of cGMP by NMDA and AMPA was 

investigated using the arginine analogue and NOS inhibitor, N-NARG. A 15 min 

preincubation with N-NARG (30pM) produced a near complete suppression of NMDA 

(300pM) (93.99 ± 7.27% (mean ± s.e.mean, n=3)) and AMPA (30pM) (97.05 ± 2.47% 

(mean ± s.e.mean, n=3)) stimulated cGMP levels when compared with basal cGMP levels 

(Figure 6.10 ). The effect of (-)baclofen (10"̂  - lO'^M) on the increase in cGMP levels 

induced by 300pM NMDA (14.71 ± 0.62 pmol/mg of protein, above basal, (mean ±
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Figure 6 .8 . The effect of (-)baclofen on SNP and SNAP stimulated cGMP levels in 
cerebellar slices.

Cerebellar slices were C7qx)sed to 5 min incubation periods with (a) SNP (lOOpM) and (b) SNAP (lOOpM), 
following 15 min preincubation periods with increasing concentrations of (-)baclofen (lO'^-lO'^M) and the 
cGMP content (pmol/mg of protein) determined. (-)Baclofen (lOOjiM) was also routinely tested against 
basal levels (Bac). Data in each graph represents mean ±  s.e.mean (n=3). (-)Baclofen had no significant 
effect on SNP and SNAP stimulated cGMP levels in cerebellar slices (repeated measures ANOVA, followed 
by Dunnett's test).
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Figure 6.9. Time-course and concentration-response curves of NMDA and AMPA 
stimulated cGMP levels in cerebellar slices.

(a) Time-course of cGMP accumulation (pmol/mg of protein, above basal) in cerebellar slices exposed for 
between 30 sec and 10 min to NMDA (lOOpM) (e) and AMPA (lOOpM) (O). Data represent mean ±  
s e mean (n=3). (b) Concentration-response curve of cGMP accumulation (pmol/mg of protein, above basal) 
in caidxUar slices exposed for 2 min incubaticxi periods to increasing concentrations o f NMDA (10'*-3xl0' 
^M) ( • )  and AMPA (10'^-3xl0'^M) (O). Data represent mean ± s.e.mean (n=3).
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Figure 6.10. The effect of N-NARG on basal, NMDA and AMPA stimulated cGMP 
levels in cerebellar slices.

Basal cGMP levels and NMDA (300|iM) and AMPA (30fiM) (2 min incubation periods) stimulated cGMP 
levels (pmol/mg of protein) were determined in the absence (□) or presence (■) of N-NARG (30pM) (15 
min preincubation period). Data represent mean ± s.e.mean (n=3).
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s.e.mean, n=3)) and 30pM AMPA (33.95 ± 8 . 6 6  pmol/mg of protein, above basal, (mean 

± s.e.mean, n=3)) was investigated. (-)Baclofen was found to have no significant effect 

on NMDA or AMPA stimulated cGMP levels (Figure 6 .11.). These results indicate that 

activation of GABAg receptors does not modulate the synthesis of NO and subsequent 

cGMP synthesis induced by both NMDA and AMPA.

6.4.I.4. Veratridine stimulated cGMP levels

Incubation of cerebellar slices with 20pM veratridine was found to increase cGMP levels. 

This response was found to reach a near maximum level after a 20 min incubation period 

(191.61 ± 15.00 pmol/mg of protein, above basal, (mean ± s.e.mean, n=3)) (Figure 

6 .12 (a)). For all further experiments, a 20 min incubation with veratridine was chosen. 

The concentration-response curve for a 20 min incubation period showed that the 

response to veratridine plateaued between 30pM and lOOpM and exhibited an EC5 0  of 

4.4pM (Figure 6.12 (b)). A submaximal concentration of lOpM veratridine was chosen 

for further work.

The NOS inhibitor, N-NARG, was found to completely suppress the increase in the 

cGMP level induced by veratridine (lOpM) with an IC5 0  of 6 .8 pM (Figure 6.13 ). To 

determine whether the cGMP response to veratridine was due to the release of 

endogenous EAAs and the consequent activation of EAA receptors, the effects of the 

non-competitive NMDA receptor antagonist, MK-801, and the competitive non-NMDA 

receptor antagonist, CNQX, were investigated. MK-801 dose dependently suppressed the 

increase in the cGMP level induced by veratridine, reaching a maximum inhibition at 1 pM 

(36.44 ± 4.43% (mean ± s.e.mean, n=3)) with an IC5 0  of 0.2pM (Figure 6.14 (a)). CNQX 

also dose dependently suppressed the increase in the cGMP level induced by veratridine, 

reaching a maximum inhibition at lOpM (35.47 ± 3.36% (mean ± s.e.mean, n=3)) with an 

IC5 0  of 1.8pM (Figure 6.14 (b)). It is shown in Figure 6.15. that MK-801 (IpM) and 

CNQX (lOpM), when tested alone, significantly decreased the response to veratridine, 

but when MK-801 (IpM) and CNQX (lOpM) were tested together the level of inhibition 

was not increased. This implies that at least part (approximately 40%) of the veratridine 

induced increase in cGMP levels is produced via the activation of ionotropic EAA
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Figure 6.11. The effect of (-)baclofen on NMDA and AMPA stimulated cGMP levels 
in cerebellar slices.

Cerebellar slices were exposed to 2 min incubation periods with (a) NMDA (300pM) and (b) AMPA 
(30pM), following 15 min preincubation periods with increasing concentrations of (-)baclofen (lO'^-lO'^M) 
and the cGMP content (pmol/mg of protein) determined. (-)Baclofen (lOOpM) was also routinely tested 
against basal levels (Bac). Data in each graph represents mean ± s.e.mean (n=3). (-)Baclofen had no 
significant effect on NMDA and AMPA stimulated cGMP levels in cerebellar slices (repeated measures 
ANOVA, followed by Dunnett's test).
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Figure 6.12. Time-course and concentration-response curve of veratridine stimulated 
cGMP levels in cerebellar slices.

(a )  Time-course of cGMP accumulation (pmol/mg of protein, above basal) in cerebellar slices exposed for 
b ^ e e n  2 min and 40 min to veratridine (20pM). Data represent mean ± s.e.mean (n=3). (b) Concentration- 
respcxise curve of cGMP accumulation (pmol/mg of protein, above basal) in cerebellar slices exposed for 20 
min incubation periods to increasing concentrations of veratridine (3xl0'^-10'^M). Data represent mean ± 
s.e.mean (n=3).
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Figure 6.13. Concentration-response curve of N-NARG inhibition of veratridine 
stimulated cGMP levels in cerebellar slices.

Cerebellar slices were exposed to veratridine (lOpM) for a 20 min incubation period following a 15 min 
preincubation period with increasing concentrations of N-NARG (3xl0  ’-10‘̂ M). Inhibition represents cGMP 
content (pmol/mg of protein, above basal at that N-NARG concentration) o f the cerebellar slices as a 
percentage of the control veratridine response. Data represents mean ±  s.e.mean (n=3).
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Concentration-response curve of MK-801 and CNQX inhibition of 
veratridine stimulated cGMP levels in cerebellar slices.

Cerebellar slices were e?q)osed to veratridine (lOpM) for a 20 min incubation period following a 15 min 
preincubation period with increasing concentrations of (a )  MK-801 (10’*-3xl0’̂ M)and (b ) CNQX (3x10*’- 
SxlO'^M). Inhibiticxi represents cGMP content of the cerebellar slices as a percentage of the control veratridine 
response. Data represents mean ± s.e.mean (n=3).
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Figure 6.15. The effect of MK-801, CNQX and MK-801 and CNQX together, on basal 
cGMP levels and veratridine stimulated cGMP levels in cerebellar slices.

Cerebellar slice basal cGMP levels (pmol/mg of protein) (■) and veratridine (lOpM, 20 min incubation 
period) stimulated cGMP accumulation (pmol/mg of protein) (□) were determined under control conditions 
and following 15 min preincubations with MK-801 (1 pM), CNQX (lOpM) and MK-801 (1 pM) and CNQX 
(lOpM) together. Data represent mean ± s.e.mean (n=3). Veratridine stimulated cGMP levels were 
significantly reduced by MK801, CNQX and MK801, and CNQX together (* p < 0.05, paired Student t test). 
Basal cGMP levels were not altered and there was no significant additional reduction of the veratridine 
reqx)nse when MK801 and CNQX were apphed together, compared to when applied alone (paired Student 
t-test).
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receptors. The basal cGMP level was not altered by MK-801, CNQX or MK-801 and 

CNQX together (Figure 6.15.), suggesting that the basal cGMP level is not due to 

ionotropic EAA receptor activation.

The effect of (-)baclofen (lO"® - lO'^M) on the increase in cGMP levels induced by lOpM 

veratridine (219.45 ± 22.80 pmol/mg of protein, above basal, (mean ± s.e.mean, n=6 )) 

was investigated. (-)Baclofen was found to have no significant effect on veratridine 

stimulated cGMP levels (Figure 6.16(a)). The effect of the GABAg receptor antagonist, 

CGP 35348, (3x10*̂  - 3xlO*^M) on the increase in cGMP levels induced by lOpM 

veratridine (253.86 ± 29.83 pmol/mg of protein above basal, (mean ± s.e.mean, n=3)) was 

also investigated. CGP 35348 was also found to have no significant effect on veratridine 

stimulated cGMP levels or on basal cGMP levels (Figure 6.16 (b)). These results suggest 

that activation or blockade of GABAg receptors does not alter the release of endogenous 

EAA induced by veratridine, which leads to the activation of NOS and the subsequent 

activation of sGC.

6.4.2. Forebrain slices

6.4.2.1. Preliminary experiments with IBMX

The inclusion of the phosphodiesterase inhibitor, IBMX (lOOpM), did not alter the basal 

cGMP level (without IBMX 0.11 ± 0.05 pmol/mg of protein, with IBMX 0.10 ± 0.04 

pmol/mg of protein, (mean ± s.e.mean, n=3)) (Figure 6.17 ). The reported basal cGMP 

level in forebrain slices represents approximately 0.7% of the basal cGMP level reported 

in cerebellar slices (see section 6.4.1.1). However IBMX did significantly increase the 

veratridine (30pM) stimulated cGMP level from 0.38 ± 0.07 pmol/mg of protein, above 

basal (mean ± s.e.mean, n=3) to 0.61 ± 0.08 pmol/mg of protein, above basal (mean ± 

s e mean, n=3) for a 20 min incubation period (Figure 6.17 ). This relationship is similar 

to work performed by Okada (1992), where lOOpM IBMX did not increase the basal 

cGMP level, but did increase the ACPD stimulated cGMP level. Because of the low level 

of cGMP present in the samples, IBMX was included in all further experiments.
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Figure 6.16. The effect of (-)baclofen and CGP 35348 on veratridine stimulated cGMP 
levels in cerebellar slices.

Cerebellar slices were exposed to veratridine (lOpM) for a 20 min incubation period following 15 min 
preincubation periods with increasing concaitrations of (a) (-)baclofen (10^-10'^M), (b) CGP 35348 (3x10'®- 
3xlO‘̂ M) and the cGM? content (pmol/mg of protein) determined. (-)Baclofen (lOOpM) and CGP 35348 
(ImM) were tested against basal levels, Bac and CGP respectively, (a) Data represent mean ± s.e.mean 
(n=6). (b) Data represent mean ± s.e.mean (n=3). (-)Baclofen and CGP 35348 had no significant effect on 
vantridine stimulated cGMP levels in cerebellar slices (repeated measures ANOVA, followed by Dunnett's 
test).
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Figure 6.17. Effect of IBMX on basal and veratridine stimulated cGMP levels in 
forehrain slices.

The level o f cGMP was determined in forebrain slices in the absence (□ )  and presence (■ )  of IBMX 
(lOOpM). The inclusion of IBMX did not alter the basal cGMP level. IBMX did significantly increase the 
veratridine (30pM, 20 min incubation) stimulated cGMP level (** p < 0.01, paired Student t-test). Data 
represent mean ± s.e.mean (n=3).
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6.4.2.2. Veratridine stimulated cGMP levels

Time course experiments with veratridine (30pM) demonstrated a cGMP response that 

plateaued between 20 and 40 min (Figure 6.18.(a)). A 20 min incubation period was 

chosen for further experiments. The veratridine concentration-response curve for a 20 min 

incubation period plateaued with an EC5 0  of 9.1pM (Figure 6.18 (b)). A submaximal 

concentration of 30pM veratridine was chosen for further work. The NOS inhibitor N- 

NARG (lOOpM), at a concentration that was supramaximal in the complete suppression 

of veratridine induced cGMP levels in cerebellar slices, significantly suppressed the 

response to veratridine in forehrain slices by 80.2 ± 1.4% (mean ± s.e.mean, n=3) (Figure 

6.19.). The basal cGMP level was unaltered by N-NARG (lOOpM) (Figure 6.19 ). The 

veratridine response was significantly suppressed by MK-801 (1 pM) (62.4 ± 6 .1% (mean 

± s.e.mean, n=3)), but was not effected by CNQX (lOpM) when tested alone or with MK- 

801 (Figure 6.19 ). The basal cGMP level was also not altered by MK-801 (IpM) and 

CNQX (lOpM) when tested together (Figure 6.19 ). The effect of (-)baclofen (10*̂  - 10' 

^M) on the increase in cGMP levels induced by 30pM veratridine (0.58 ± 0.05 pmol/mg 

of protein, above basal (mean ± s.e.mean, n=3)) was investigated. (-)Baclofen was found 

to have no significant effect on veratridine stimulated cGMP levels (Figure 6.20 (a)). The 

effect of CGP 35348 (3x10'^ - 3xlO*^M) on the increase in cGMP levels induced by 

30pM veratridine was also investigated. CGP 35348 was also found to have no significant 

effect on veratridine stimulated cGMP levels (Figure 6.20 (b)).
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Figure 6.18. Time-course and concentration-response curve of veratridine stimulated 
cGMP levels in forebrain slices.

(a) Time-course of cGMP accumulation (pmol/mg of protein, above basal) in cerebellar slices exposed for 
betweoi 2 min and 40 min to veratridine (30pM). Data represent mean ±  s.e.mean (n=3). (b) Concentration- 
reqxxise curve of cGMP accumulation (pmol/mg of protein, above basal) in forebrain slices exposed for 20 
min incubation periods to increasing concentrations of veratridine (10^-10'^M). Data represent mean ± 
s.e.mean (n=3).
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Figure 6.19. The effect of MK-801, CNQX and N-NARG on basal cGMP levels and 
veratridine stimulated cGMP levels in forebrain slices.

Forebrain slice basal cGMP levels (pmol/mg of protein) (■ ) were determined under control conditions and 
following 15 min preincubations with MK-801 ( 1 pM) and CNQX ( 1 OpM) together and N-NARG ( 1 OOpM). 
Data rq)resent mean ± s e mean (n=3). Veratridine (30pM, 20 min incubation period) stimulated cGMP levels 
(pmolAng of protein) (□ )  in forebrain slices were determined under control conditions and following 15 min 
preincubatiOTS with MK-801 ( 1 pM), CNQX ( 1 OpM), MK-801 ( 1 pM) and CNQX ( 1 OpM) together and N- 
NARG (lOOpM). Veratridine stimulated cGMP levels were significantly reduced by MK801, CNQX and 
MK801 together and N-NARG (* p < 0.05 paired Student t test). Basal cGMP levels were not altered and 
there was no significant reducticm when CNQX was applied alone or an additional reduction when it was 
applied together with MK801 (paired Student t-test).
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Figure 6.20. The effect of (-)baclofen and CGP 35348 on veratridine stimulated cGMP 
levels in forebrain slices.

Forebrain slices were exposed to veratridine (30|iM) for a 20 min incubation period following 15 min 
preincubation periods with increasing concentrations of (a )  (-)baclofen (10‘*-10'’M). (b )  CGP 35348 (3x10 ’- 
3x10 ’M) and the cGMP content (pmol/mg of protein) determined. (-)Baclofen (lOOpM) and CGP 35348 
(ImM) were tested against basal levels, Bac and CGP respectively. Data in each graph represent mean ± 
s.e.mean (n=3). (-)Baclofen and CGP 35348 had no significant effect on veratridine stimulated cGMP levels 
in forebrain slices (repeated measures ANOVA, followed by Dunnett’s test).
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6.5. Discussion

6.5.1. Stimulation of cGMP formation by NO donors, EAAs and 

veratridine

The results of this investigation have demonstrated, in agreement with previous studies, 

that cGMP synthesis can be induced in cerebellar slices following exposure to the NO 

donors SNP and SNAP (Garthwaite and Garthwaite 1987, Hernandez et al 1994, Maura 

et al 1995, Southam and Garthwaite 1991a, Wei et al 1993), EAA receptor agonists 

NMDA and AMPA (Maura et al 1995, Okada 1992, Southam et al 1991, Wei et al 

1993), and veratridine (Garthwaite and Garthwaite 1987). Veratridine has also been 

shown to increase cGMP levels in forebrain slices as previously reported (Lizasoain et al 

1995). The vastly reduced level of cGMP recorded in forebrain slices, when compared 

with cerebellar slices, was in agreement with most of the previous studies looking at the 

level of cGMP in these brain regions (East and Garthwaite 1991 Palmer and Duszynski 

1975), although see Wei et al (1993).

SNP and SNAP are thought to release NO by simple dissociation (Southam and 

Garthwaite 1991a). It has been suggested that the structure of these compounds indicates 

that they are unlikely to penetrate cell membranes easily, therefore Southam and 

Garthwaite (1991a) postulated that the NO is probably produced in the interstitial 

environment. If we assume that the NO derived from the NO donors is present throughout 

the cerebellar slice, then the implication is that the activation of sGC by NO probably 

occurs in all cell types were sGC is located. Therefore the previously reported distribution 

of sGC in the cerebellum would indicate that the cGMP formed in response to the NO 

donors is probably synthesized in granule cells, glia, mossy fibre nerve terminals and 

basket cell nerve terminals around Purkinje cell bodies (see section 6.1.3.2.).

The increase in cGMP levels following exposure to NMDA and AMPA is presumably 

associated with the activation of sGC by NO, which is synthesized following the activation 

of NOS by ionotropic EAA receptor-mediated mechanisms. Thus an understanding of the
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distribution of NMDA and AMPA receptors in the cerebellum is essential in discussing 

these results.

Autoradiographic binding studies have demonstrated that in the cerebellum NMDA 

receptors are primarily located in the CG (Cambray-Deakin et al 1990, Nielsen et al

1990). In contrast AMPA receptors have been found to be more densely distributed in the 

CM (Cambray-Deakin et al 1990, Nielsen et al 1990). The response of granule cells to 

mossy fibre stimulation appears to be mediated by both NMDA and AMPA receptors 

(Garthwaite and Brodbelt 1990). NMDA and AMPA receptors have also been reported 

to participate in the synapse between granule cell parallel fibres and basket and stellate 

cells of the molecular layer (Garthwaite and Beaumont 1989, Hussain et al 1991). AMPA 

receptors are thought to be primarily located on the dendrites of Purkinje cells and on 

basket and stellate cells. Evidence supporting this has been provided by the finding that 

activation of Purkinje cells by parallel and climbing fibres involves non-NMDA receptors, 

probably of the AMPA subtype (Garthwaite and Beaumont 1989, Hirano 1990, Hussain 

e ta l 1991).

Overall, the evidence suggests that NMDA receptors are primarily located on granule cells 

with additional locations on basket and stellate cells. In contrast, AMPA receptors appear 

to be primarily located on Purkinje, basket, stellate and Golgi cells with an additional 

location on granule cells. How this distribution may be related to the activation of NOS 

by NMDA and AMPA in the cerebellum, is discussed in the next section.

6.5.2. Role of NO in unstimulated and stimulated cGMP formation

The effect of NOS inhibitor N-NARG on unstimulated cGMP levels in cerebellar slices 

suggests that part of the response is mediated via NOS activity. In contrast, a residual 

portion of the unstimulated cGMP level in cerebellar slices and the whole response in 

forebrain slices, appear to be either independent of NOS activity or perhaps dependent on 

NOS activity which is insensitive to N-NARG. In agreement with these findings, previous 

studies with cerebellar slices demonstrated that the unstimulated cGMP level was only 

partially suppressed by N-NARG (Maura et al 1995) and L-NMMA (Southam et al
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1991). However, in another investigation the unstimulated cGMP level of cerebellar slices 

was not altered by L-NMMA (Okada 1992).

In cerebellar slices the increase in cGMP levels induced by NMDA and AMPA was found 

to be abolished by N-NARG. This indicates that the cGMP response to NMDA and 

AMPA was mediated through an activation of NOS as previously established (Maura et 

al 1995, Okada 1992, Southam et al \99\, Vallebuona and Raiteri 1993, Wood et al 

1990). Current understanding suggests that EAA receptor activation in cerebellar slices 

leads to NO synthesis in a particular population of cells, but that the subsequent cGMP 

synthesis occurs in a separate population of cells, even if the cells synthesizing NO also 

contain sGC (Garthwaite and Garthwaite 1987, Southam and Garthwaite 1993, Southam 

et al 1992). Given the reported location of NOS in granule, basket and stellate cells 

(Southam and Garthwaite 1993, Southam et al 1992, Vincent and Kimura 1992), the 

indication is that the action of NMDA in inducing NO synthesis is primarily mediated 

through these cell types. By the same criteria, the action of AMPA would also appear to 

be associated with granule, basket and stellate cells. The action of AMPA may also be 

mediated via an effect on Purkinje cells which may also contain NOS.

The increase in cGMP levels following exposure to veratridine in cerebellar slices was 

completely abolished by N-NARG, thereby suggesting that the response was mediated via 

NOS activation. In contrast, the increase in cGMP levels induced by veratridine in 

ford)rain slices was not completely blocked by N-NARG. This indicates that most of the 

veratridine response in forebrain slices was mediated via NOS activation, whilst the 

remainder of the response was either independent of NOS activation or represented NOS 

activity which was insensitive to N-NARG. In agreement with these findings Lizasoain et 

al (1995), have demonstrated that the synthesis of NO and increase in cGMP levels 

induced by veratrine in forebrain slices were suppressed by L-NMMA and L-NAME. In 

the same study, the release of glutamate and aspartate induced by veratrine was not 

affected by the NOS inhibitors.
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6.5.3. Glutamatergic properties of cGMP formation in response to 

veratridine stimulation

The lack of eflfect of MK-801 and CNQX on unstimulated cGMP levels in cerebellar and 

forebrain slices in the present investigation, is in agreement with the lack of effect of APS 

and CNQX previously reported on unstimulated cGMP levels in cerebellar slices by Okada 

(1992). However, this is in contradiction to another study in which APS and CNQX 

reduced unstimulated cGMP levels in cerebellar slices (Southam et al 1991). The 

indication is that the unstimulated cGMP level recorded in cerebellar slices in the present 

investigation is largely mediated by NOS activation, but that the activation of NOS is not 

mediated by the activation of NMDA or non-NMDA receptor subtypes by spontaneously 

released EAA transmitter.

The increase in cerebellar slice cGMP levels following exposure to veratridine was found 

to be partially suppressed by MK-801 in the present study. CNQX reduced the response 

to veratridine to a similar extent, but the effects of MK-801 and CNQX were not additive. 

However we can state that ionotropic EAA receptor activation is responsible for part of 

the veratridine induced response. The apparent lack of an additive response shown by 

MK-801 and CNQX, in their suppression of the increase in cGMP levels induced by 

veratridine may be explained as follows. It has been reported in adult rat cerebellar slices 

that CNQX blocks kainate, AMPA and quisqualate induced increases in cGMP and 

actually suppresses NMDA induced increases in cGMP levels, in a manner blocked by the 

addition ofD-serine (Southam e ta l\99\). D-serine is an agonist at the glycine site on the 

NMDA receptor, whose occupation is essential for the opening of the NMDA receptor 

channel. The indication is that the action of CNQX in the present study may reflect its 

ability to inhibit NMDA receptor-mediated responses in low glycine levels.

The effects of MK-801 and CNQX indicate that there is an NMDA receptor-mediated 

increase in cGMP levels following exposure to veratridine. However this is not consistent 

with the previously reported finding that glutamate induced increases in cerebellar slice 

cGMP levels were only partially blocked by MK-801, thus indicating a role for non- 

NMDA receptors in the glutamate response (Southam et al 1991). Furthermore, as
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demonstrated in the present investigation, it has been well established that exposure to 

non-NMDA receptor agonists such as AMPA, kainate and quisqualate can increase cGMP 

levels in cerebellar slices (Foster and Roberts 1981, Garthwaite 1982, Garthwaite and 

Garthwaite 1987, Garthwaite eta l 1989, Maura e ta l 1995, Okada 1992, Southam eta l 

1991, Wei etal 1993). Similarly, increases in the level of cGMP in the cerebellum in vivo 

have been reported following administration of non-NMDA receptor agonists such as 

AMPA, kainate and quisqualate (Luo et al 1994, Wood et al 1990). The variation in the 

evidence may be due to differences in the actions of veratridine induced endogenous EAA 

release when compared with exogenously applied EAAs. However in an earlier 

investigation, the protoveratrine induced increase in the cGMP level of immature rat 

cerebellar slices was unaltered by the selective NMDA receptor antagonist APS (Foster 

and Roberts 1981). In the same investigation GDEE, a relatively non-selective EAA 

receptor antagonist, partially suppressed the cGMP response to protoveratrine (Foster and 

Roberts 1981).

The results of the present investigation support the idea that NMDA receptor activation, 

presumably mediated by endogenous EAA release induced by veratridine, represents a 

mechanism by which cGMP levels are increased in cerebellar slices. However, the results 

do not rule out the involvement of other EAA receptor subtypes in the response to 

veratridine. Until more selective antagonists at non-NMDA receptors are found, the role 

of these receptors will remain unclear. In agreement with the present investigation, a 

previous study of cerd)ellar slices demonstrated that the majority of the increase in cGMP 

levels induced by high-K  ̂was reduced by APS, thus supporting the primary involvement 

of NMDA receptors in the response to depolarizing agents (Raiteri et al 1991). Current 

understanding suggests that granule cells and their parallel fibres, climbing fibres and 

mossy fibres represent possible sources of the endogenous EAA responsible for part of 

the increase in cGMP levels in cerebellar slices induced by veratridine. Whilst it has been 

reported that part of the veratridine induced release of EAAs in the cerebellum results 

from Ca^^-dependent vesicular release, it appears that glutamate can also be released Ca^ -̂ 

independently from the cytoplasmic pool via uptake reversal, which may account for a 

portion of the response (de Barry et al 1989, Dickie and Davies 1993). However 

veratridine was chosen for use in the present study because of the reported lack of a glial
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response (Patterson et al 1995). The incomplete suppression of the response to 

depolarizing agents by EAA receptor antagonists suggests that other mechanisms are also 

involved in the synthesis of cGMP, such as effects mediated by other released transmitters 

(Raiteri e ta l 1991).

The majority of the increase in cGMP levels recorded in forebrain slices, following 

exposure to veratridine in the present investigation was reduced by MK-801, whilst 

CNQX was without effect, whether applied alone or together with MK-801. This is in 

agreement with a previous investigation in which the increase in NO synthesis in forebrain 

slices induced by veratrine was partially reduced by MK-801, but was not altered by the 

non-NMDA receptor antagonist 6-nitro-7-sulphamobenzo (J) quinoxaline-2,3-dione 

(NBQX) (Lizasoain etal 1995). Furthermore, in the same investigation it was determined 

that NMDA, but not AMPA and kainate, increased NO synthesis. The evidence therefore 

indicates that veratridine induced increases in cGMP levels in forebrain slices are 

partiallyly mediated by NMDA receptor activation, but are not dependent on activity 

mediated through non-NMDA receptors.

Further investigation of the veratrine induced increase in NO synthesis in forebrain slices 

has identified that w-conotoxin GVIA, a peptide that prevents the release of 

neurotransmitter by blocking N- and L-type Ca^^-channels, suppressed NO synthesis 

(Lizasoain et al 1995). Addition of w-conotoxin GVIA enhanced the blockade of NO 

synthesis mediated by MK-801, but did not reduce the veratrine response completely 

(Lizasoain et al 1995). Thus it has been postulated that the remaining response, not 

blocked by MK-801 and w-conotoxin GVIA may represent Ca^̂  influx through the 

NaVCa^  ̂exchange channel (Lizasoain et al 1995).

6.5.4. No relationship between GABAg receptors and cGMP formation

The results of the present study suggest that NO donor and EAA receptor agonist 

mediated increases in cGMP levels in cerebellar slices are not modulated by GABAg 

receptor activation. The increase in cerebellar slice cGMP levels induced by veratridine 

was also unaltered by (-)baclofen and CGP 35348. This is despite the evidence that (-
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)baclofen decreases (Bemasconi et al 1992, Bemasconi et al 1994, Gumulka et al 1979, 

Mailman et al 1978) and GABAg receptor antagonists increase (Bemasconi et al 1994) 

cerebellar cGMP levels in vivo, in a manner thought to represent presynaptic GABAg 

receptor-mediated modulation of EAA release from excitatory terminals in the cerebellum 

(Bemasconi et al 1994). The response to veratridine was found to be at least partly 

mediated by endogenously released EAA which could originate from either the vesicular 

or cytoplasmic pools. (-)Baclofen has been shown to decrease high-K^ induced glutamate 

and aspartate release from cultured cerebellar granule cells (Huston et al 1990, Travagli 

et al \99 \, Zhu and Chuang 1987). Therefore, the existence of a relationship between 

presynaptic GABAg receptors and veratridine stimulated cGMP levels in cerebellar slices 

had been hypothesized. Furthermore, it has also been suggested that presynaptic GABAg 

receptors are present on climbing fibres (Kato and Fukuda 1985).

The absence of an effect mediated by GABAg receptor activation or blockade in the 

present study may be due to the effect of endogenous GABA whose release is also 

induced by veratridine. For example, the released GABA may be sufficient to saturate 

GABAg receptor activity, therefore negating any (-)baclofen effect. However, this would 

appear unlikely given that CGP 35348 did not alter the increase in cGMP induced by 

veratridine, which would be expected if the veratridine response was already under some 

form of GABAg receptor-mediated control.

It may be that the distribution of GABAg receptors in the cerebellum is too widespread 

to demonstrate any in vitro effect. (-)Baclofen induced activation of GABAg receptors 

may be so subtle that it is masked by the overall veratridine response. A more localized 

distribution may have produced a more subtle action that could have been identified. This 

has been demonstrated with high-K^ evoked 5-HT receptor-mediated inhibition of 

glutamate release and inhibition of cGMP production in adult rat cerebellar slices. High-K^ 

evoked glutamate release was shown to be selectively and presynaptically inhibited, by the 

activation of the 5-HTg) (Maura and Raiteri 1996) and 5 -HT2  receptor subtypes (Maura 

etal 1988). It has also been demonstrated that receptors of the S-HTj^ receptor subtype, 

may also postsynaptically mediate inhibition of cGMP responses linked to the activation 

of NMDA and AMPA receptors (Maura and Raiteri 1996). This is despite studies using

219



 Chapter 6 : GABAn receptors and cGMP levels in the cerebellum and forebrain

various techniques that have reported low levels of S-HTip (Herrick-Davis and Titeler 

1988) and (Miquel et al 1991) receptors in adult rat cerebellum.

Whilst there has been no reported modulation of cGMP levels by GABAg receptors in the 

forebrain, they have been implicated in the modulation of endogenous EAA release in this 

brain region (Baneijee and Snead 1995, Bonanno and Raiteri 1993a, Potashner 1979, 

Waldmeier et al 1994). The results of the present study indicate that there is no 

association between unstimulated and veratridine stimulated cGMP levels in the forebrain 

in vitro and GABAg receptor activation or blockade. It may be that the measurement of 

cGMP levels stimulated by the effects of veratridine, represents an inappropriate method 

to investigate the effect of presynaptic GABAg receptor modulation. For example, current 

evidence indicates that only part of the endogenous glutamate efflux induced by 

veratridine is released from the vesicular pool, whilst the rest is released from the 

cytoplasmic pool by uptake reversal (Dickie and Davies 1993, Héron et al 1995, Stier et 

al 1996, Villanueva et al 1988). Therefore, the proportion of released EAA under 

potential GABAg receptor control may not be sufficient to allow an effect to be recorded.

6.6. Conclusions

In summary, cGMP levels in rat cerebellar slices were found to be increased by NO

donors and EAA receptor agonists. Additionally, the depolarizing agent veratridine

induced increases in cGMP levels in rat cerebellar and forebrain slices that were at least

partly mediated via the activation of EAA receptors. The increase in cGMP levels induced

by NMDA, AMPA and veratridine appears to be mediated via NOS activation, since the

effect of these compounds was blocked by N-NARG. Unstimulated cGMP levels and the

increase in cGMP levels induced by NO donors, EAA receptor agonists and veratridine

in cerebellar slices were unalterd by (-)baclofen. This is despite the previously reported

decrease in cGMP levels observed in the cerebellum in vivo following (-)baclofen

administration (Bemasconi et al 1992, Bemasconi et al 1994, Gumulka et al 1979,

Mailman etal 1978). Similarly, the unstimulated cGMP level and the veratridine induced

increase in the cGMP level of forebrain slices were also unchanged by (-)baclofen and

CGP 35348. Therefore we have failed to demonstrate an association between GABAg
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receptors and cGMP levels in the cerebellum and forebrain in vitro.
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7.1. Summary

7.1.1. Intrathalmic pertussis toxin decreases the SWD and thalamic 

GABAg site binding of GAERS

The present investigation was concerned primarily with thalamic GAB Ag receptors and 

in particular their involvement in absence epilepsy. The results of PTx-treatment of 

GAERS demonstrated that the occurrence of SWD was almost completely abolished by 

PTx administration into the ventrolateral thalamus. This is in agreement with previously 

reported work, which demonstrated a reduction of the SWD of GHB and low dose PTZ 

models of absence epilepsy, following i.c.v. administration of PTx (Snead 1992b, Snead 

1992d). This indicates that the generation and/or regulation of SWD in GAERS is 

dependent on thalamic PTx-sensitive G-protein-mediated mechanisms. Similarly it was 

found that following PTx-treatment, autoradiographically determined GAB Ag site binding 

was reduced in the VL and VPL. This presumably represents a reduction of GAB Ag site 

binding coupled to PTx-sensitive G-proteins, rather than mechanical damage due to the 

injection itself, as GABA^ site binding was unaffected in these areas. This result provides 

further evidence in support of the involvement of GAB Ag receptors, particularly those 

coupled to PTx-sensitive G-proteins, in the generation and/or regulation of SWD in 

GAERS. However we cannot rule out the influence of other PTx-sensitive G-protein 

coupled receptors in the thalamus which may also be involved in the generation and/or 

regulation of SWD in GAERS.

7.1.2. GABA^ and GABAg site binding are not altered in WAG/Rij rats

Previous studies have indicated that autoradiographically determined [^H]-GABA binding 

to GAB A^ and GAB Ag sites was not altered in the brain of GAERS when compared with 

their control strain, indicating that there was no change in the GABAg receptor itself 

(Knight and Bowery 1992). Similarly [^H]-(-)baclofen binding in cortical and thalamic 

membrane preparations was unchanged in GAERS when compared with their control 

strain (Spreafico et al 1993). Therefore, an alteration of GABAg binding site
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characteristics does not appear to underlie the appearance of SWD in GAERS. 

Investigation of the SWD pattern in the WAG/Rij rat has indicated that it is almost 

identical to that found in GAERS (Inoue et al 1993, Marescaux et al 1992c, Vergnes et 

al 1990). Similarly GAB A receptor agonists have been shown to increase the SWD of 

both GAERS (Marescaux et al 1992c, Micheletti et al 1985, Vergnes et al 1984) and 

WAG/Rij rats (Peeters et al 1989a). The effect of GABAg receptor ligands on the SWD 

of WAG/Rij rats is unknown. However given that GABAg receptor antagonists suppress 

the SWD ofWistar rat derived GAERS (Marescaux et al 1992a, Marescaux et al 1992b, 

Richards and Bowery 1996) and old Wistar rats displaying SWD (Puigcerver et al 1996), 

it is probable that Wistar rat derived WAG/Rij rats share this response. However in 

contrast to GAERS and the pharmacologically derived GHB rat model, the GABA^ 

receptor antagonist bicuculline, decreased the SWD of WAG/Rij rats (Peeters et al 

1989a). This may indicate a difference in the pathogenesis underlying the SWD in GAERS 

and WAG/Rij rats. In the present investigation, it was demonstrated that GABA^ and 

GABAg site binding was unchanged in the cortex, thalamus, hippocampus and cerebellum 

of WAG/Rij rats when compared with non-epileptic ACI rats. As previously demonstrated 

in GAERS, this indicates that there is no relationship between the occurrence of SWD in 

WAG/Rij rats and an alteration of GABAg binding site characteristics.

7.1.3. GABAg binding site distribution in the monkey thalamus

Whilst the investigation of rodent models of absence epilepsy can provide insights into the 

pathophysiological mechanisms underlying the occurrence of SWD, the relevance of such 

investigations to the human condition has not been determined. The human condition does 

appear to involve thalamocortical mechanisms (Williams 1953) as described for most 

animal models of absence epilepsy (Avoli and Gloor 1982, Baneijee et al 1993, Hosford 

et al 1995b, Inoue et al 1993, Vergnes and Marescaux 1992). However differences in the 

neuroanatomy of the thalamus of various species, such as the absence of LCN from most 

rat and opossum thalamic nuclei (Barbaresi et al 1986, Penny et al 1984), but their 

presence in cat and monkey (Penny et al 1983), may indicate differences in the precise 

mechanisms underlying the occurrence of SWD in a particular species. Given the known 

importance of the GABA receptor system in the occurrence of SWD in rodent models of
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absence epilepsy, the present investigation has studied GABAg site binding in the monkey 

thalamus. The distribution of GABAg site binding in the monkey thalamus determined in 

the present investigation, when compared with that reported in the rat, indicated that 

G A B ^ binding sites are probably more closely related to the level of NRT and perhaps 

basal ganglia input, rather than the density of LCN.

7.1.4. (-)Baclofen inhibits adenylate cyclase activity in rat thalamic slices

An early study reported that basal AC activity in a thalamic synaptosomal preparation was 

reduced by (-)baclofen (Wojcik and Neff 1984). In the present investigation (-)baclofen 

had no effect on basal cAMP levels in thalamic slices. However (-)baclofen reduced 

forskolin stimulated increases in cAMP levels in thalamic slices, as has been reported in 

a thalamic synaptosomal preparation (Lin et al 1995). Whether this response differed in 

GAERS and their non-epileptic control strain is unknown and could not be ascertained 

in the present investigation, due to the finding that our colony of non-epileptic control 

strain rats displayed SWD-like activity. However a recent investigation performed in this 

laboratory, demonstrated that the extracellular basal cAMP level in the VL of GAERS and 

their control strain were similar (Lemos et al 1995). Furthermore it was demonstrated that 

systemic (-)baclofen, reduced intrathalamically administered forskolin stimulated 

extracellular cAMP levels by a similar margin in both strains (Lemos et al 1995). The 

indication is that the GABAg receptor-mediated modulation of AC activity is similar in the 

VL of GAERS and their control strain. In contrast a recent investigation demonstrated 

that the GABAg receptor-mediated inhibition of the forskolin stimulated increase in cAMP 

levels in a thalamic synaptosomal preparation, was reduced in Ih/lh mice when compared 

with non-epileptic +/+ mice (Lin et al 1995). It was also reported in this study that there 

was a reduction in the inhibitory effect of GABAg receptor activation on GABA release 

and Ca^^ -̂uptake, thus suggesting that cAMP may be involved in presynaptic GABAg 

receptor-mediated modulation of ion channels and neurotransmitter release (Lin et al 

1995). The results in Ih/lh mice indicate the involvement of thalamic GABAg 

autoreceptors in the absence seizures of Ih/lh mice (Lin et al 1995). Differences in the 

underlying mechanisms of absence seizures in GAERS and Ih/lh mice, or differences in 

the experimental techniques, could explain the lack of an alteration in the GABAg
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receptor-mediated inhibition of the forskolin response in GAERS.

7.1.5. No relationship between GABAg receptors and cGMP levels in the 

rat cerebellum and forebrain in vitro

In the present investigation an attempt was made to demonstrate a relationship between 

GABAg receptors and cGMP levels in cerebellar and forebrain slices. Previous studies 

have demonstrated that (-)baclofen could decrease cerebellar cGMP levels in vivo 

(Bemasconi et al 1992, Bemasconi et al 1994, Gumulka et al 1979, Mailman et al 1978). 

GABAg receptor antagonists have also been reported to increase cerebellar cGMP levels 

in vivo (Bemasconi et al 1994) and block the effect of (-)baclofen (Bemasconi et al 1992, 

Bemasconi et al 1994). The effect of GABAg receptor antagonists was blocked by 

NMD A receptor antagonists and NOS inhibitors (Bemasconi et al 1994). Thus it was 

hypothesized that GABAg receptor blockade increased endogenous BAA release, which 

increased the activation of NOS to form NO, which subsequently activated sGC to 

synthesise cGMP (Bemasconi et al 1994).

Evidence supporting an association between GABAg receptors and EAA release in the 

cerebellum has been provided by studies in which (-)baclofen reduced K" -̂evoked 

glutamate and aspartate release from cultured cerebellar granule cells (Huston et al 1990, 

Travagli et a l\9 9 \, Zhu and Chuang 1987). There have been no previous reports of a 

relationship between GABAg receptors and cGMP levels in the forebrain. However there 

have been reports of GABAg receptors modulating EAA release in certain areas of this 

brain region (Baneijee and Snead 1995, Bonanno and Raiteri 1993a, Potashner 1979, 

Waldmeier et al 1994).

In the present investigation (-)baclofen failed to alter unstimulated cGMP levels and the 

increase in cGMP levels induced by NO donors, EAA receptor agonists and veratridine 

in cerebellar slices. The veratridine stimulated increase in cGMP levels was also not 

altered by CGP 35348. Similarly, the unstimulated cGMP level and veratridine stimulated 

increase in the cGMP level of forebrain slices was also not altered by (-)baclofen and CGP 

35348. The unstimulated cGMP level in cerebellar slices was found to be partly reduced
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by the NOS inhibitor N-NARG as demonstrated in a previous investigation (Maura et al 

1995). In contrast, the unstimulated cGMP level in forebrain slices was not effected by N- 

NARG. The indication is that part of the unstimulated cGMP level in cerebellar slices and 

the whole unstimulated response in forebrain slices were mediated by NOS activity which 

was insensitive to N-NARG or independent of NOS activity. The increase in the cGMP 

levels of cerebellar slices induced by NMD A, AMPA and veratridine were abolished by 

N-NARG. However, the increase in the cGMP level of forebrain slices induced by 

veratridine was only partly blocked by N-NARG, indicating that part of the response was 

dependent on NOS activity which was insensitive to N-NARG or independent of NOS 

activity.

The veratridine response in the present study was found to be partly mediated via EAA 

receptor-mediated activity in both cerebellar and forebrain slices. It has been previously 

reported that veratridine stimulated EAA release is mediated via both Ca^^-dependent 

vesicular release from neurones and Ca^^-independent mechanisms such as uptake reversal 

largely from glia (de Barry et al 1989, Dickie and Davies 1993, Héron et al 1995, Stier 

et al 1996, Villanueva et al 1988). However other reports have indicated that EAA 

released by veratridine was largely Ca^^ -̂independent (Levi et al 1980, Patterson et al 

1995). It may be that the release of endogenous EAA by veratridine is only partly the 

result of neuronal vesicular release. This would have the effect of limiting GABAg 

receptor-mediated activity on EAA release. Thus the effects of GABAg receptor 

activation and blockade may be so subtle using this technique, that they are masked by the 

overall response. This may underlie the apparent ineffectiveness of (-)baclofen and CGP 

35348 on the veratridine stimulated increase in cGMP levels.

7.2. Future directions

Further work is required into the role of GABAg receptors in the absence epilepsy of the

WAG/Rij rat. For example, the effect of GABAg receptor selective compounds has yet

to be determined. Similarly, an evaluation of the extracellular GABA level in the

ventrolateral thalamus and the amplitude of the I  ̂in the NRT neurones of WAG/Rij rats,

would appear to be prudent next steps in the investigation of this model, given the
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alteration of these properties in GAERS.

Lesioning of the NRT and basal ganglia would aid the determination of the precise 

relationship between the location of GABAg receptors in the monkey thalamus and these 

GABAergic inputs. Similar lesioning in the rat would also provide useful information 

about the location of GABAg receptors in the rat thalamus, which would allow a more 

accurate comparison to be made between species. Investigation into the role of GABAg 

receptors in the oscillatory activity of thalamocortical circuitry in the monkey is lacking. 

Given the apparent differences in the thalamic neuroanatomy between species, such 

studies in the monkey may demonstrate some variation in the precise mechanisms 

generating and regulating thalamocortical oscillatory activity. How this translates to the 

situation in man remains to be determined.

A determination of the (-)baclofen mediated inhibition of the forskolin stimulated increase 

in cAMP levels in thalamic slices from GAERS and their control strain should still be 

performed, when the breeding colonies are revived. Differences may exist which were not 

apparent in the previous in vivo microdialysis study, given that this was limited to a small 

part of the thalamus (Lemos et al 1995). It may also be useful to perform similar studies 

using a thalamic synaptosomal preparation, as demonstrated by Lin et al (1995) in the 

investigation of this response in Ih/lh and +/+ mice. Given the importance of the cortex 

in the SWD of GAERS, an assesment of the same response in cortical slices and 

synaptosomes also has the potential to provide interesting data. The use of GABAg 

receptor antagonists to assess the pharmacology of the GABAg receptors associated with 

cAMP production, may also provide useful insights into differences between GAERS and 

their control strain.

The present investigation failed to develop an in vitro model that allowed use to study 

GABAg receptor-mediated modulation of cGMP levels. Veratridine was used in the 

present investigation as a depolarizing agent, but it may be useful to try K^-evoked and 

electrical stimulation. Whilst an assessment of the effect of (-)baclofen on cGMP levels 

only was determined in the present investigation, future experiments should be performed 

which demonstrate the ability of (-)baclofen to modulate EAA release in this preparation.
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This would determine the proportion of the response under presynaptic GABAg receptor 

modulation. Similarly there are techniques that allow the determination of NOS activity 

and actually measure NO, which may be essential if the relationship between GABAg 

receptors and cGMP levels is to be fully elucidated. The development of selective 

compounds for different GABAg receptor subtypes that may exist on EAA terminals, 

indicates that a relationship between GABAg receptors and cGMP levels in vitro could 

be determined at some point in the fixture. Another avenue of future investigation is the 

role of GABAg receptors in the forebrain in vivo. Whilst the level of cGMP is lower in the 

forebrain than the cerebellum, it has been demonstrated in various regions of the forebrain, 

although not the thalamus, that cGMP levels could be measured by in vivo microdialysis 

(Fedele et al 1996, Vallebuona and Raiteri 1994, Vallebuona and Raiteri 1995). The 

determination of any relationship in vivo between GABAg receptors and cGMP levels 

could be assessed in GAERS and their control strain, with particular attention being paid 

to the cortex and thalamus. Additionally, the effect of compounds which interact with the 

NO and cGMP system, such as NOS inhibitors and ODQ on the SWD of GAERS could 

also provide insights into the mechanisms underlying the occurrence of SWD.
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low-threshold Câ  ̂ potentials in cells of the cat and rat lateral geniculate nucleus, J. 
Physiol,413, 543-561.

Crunelli, V., Pricker, D , Le Feuvre, Y , Emri, Z , Turner, J.P., Williams, S.R. and 
Leresche, N. (1996) Presynaptic GABAg receptors on GABA and glutamate containing 
afferents in the thalamus, Pharmacol Rev. Comm., 8 , 107-110.

236



_______________________________________________________________References

Cucchiaro, J.B., Uhlrich, DJ. and Sherman, S.M. (1991) Electron-microscopic analysis 
of synaptic input from the perigeniculate nucleus to the A-laminae of the lateral geniculate 
nucleus in cats, J. Comp. Neurol.^ 310, 316-336.

Cunningham, M.D. and Enna, S.J. (1996) Evidence for pharmacologically distinct 
GABAg receptors associated with cAMP production in rat brain. Brain Res.̂  720, 2 2 0 - 
224.

Curtis, D R., Game, C.J.A., Johnston, G.A.R. and McCulloch, R.M. (1974) Central 
effects of p-(-p-chlorophenyl)-Y-aminobutyric acid. Brain Res., 70, 493-499.

Danober, L., Depaulis, A, Marescaux, C. and Vergnes, M. (1993) Effects of cholinergic 
drugs on genetic absence seizures in rats, Eur. J. Pharmacol, 234, 263-268.

Danober, L., Depaulis, A., Vergnes, M. and Marescaux, C. (1995) Mesopontine 
cholinergic control over generalized non-convulsive seizures in a genetic model of absence 
epilepsy in the rat. Neuroscience, 69, 1183-1193.

Davies, C.H., Davies, S.N. and Collingridge, G.L. (1990) Paired-pulse depression of 
monosynaptic GABA-mediated inhibitory postsynaptic responses in rat hippocampus, J. 
fAyjW., 424, 513-531.

de Barry, J., Gombos, G. and Vizi, E.S. (1989) Release of [^H]L-glutamate and [^H]L- 
glutamine in rat cerebellum slices: a comparison of the effect of veratridine and electrical 
stimulation, Vewroc/î /̂w. Res., 14, 1053-1060.

de Curtis, M., Spreafico, R. and Avanzini, G. (1989) Excitatory amino acids mediate 
responses elicited in vitro by stimulation of cortical afferents to reticularis thalami neurons 
of the rat. Neuroscience, 33, 275-283.

Deisz, R.A. (1996) The frequency dependence of cortical inhibition is mediated by 
GABAg receptors on intemeurones, Pharmacol Rev. Comm., 8 , 117-120.

Deisz, R.A. and Lux, H.D. (1985) y-Aminobutyric acid-induced depression of calcium 
currents of chick sensory neurones, Neurosci Lett., 56, 205-210.

Deisz, R.A., Billard, J.M. and Zieglgansberger, W. (1993) Pre- and postsynaptic GABAg 
receptors of rat neocortical neurons differ in their pharmacological properties, Neurosci 
L ett, 154, 209-212.

Désarmenien, M., Feltz, P., Occhipinti, G , Santangelo, F. and Schlichter, R. (1984) 
Coexistence of GABA^ and GABAg receptors on Aô and C primary afferents, Br. J. 
Pharmacol, 81, 327-333.

Destexbe, A., McCormick, D.A. and Sejnowski, T.J. (1993) A model for 8-10 Hz 
spindling in interconnected thalamic relay and reticularis neurons, Biophys. J., 65, 2473- 
2477.

237



_______________________________________________________________References

Destexhe, A., Contreras, D , Sejnowski, T.J. and Steriade, M. (1994) A model of spindle 
rhythmicity in the isolated thalamic reticular nucleus, J. Neurophysiol.^ 72, 803-818.

de Vente, J., Bol, J.G.J.M. and Steinbusch, H.W.M. (1989) Localization of cGMP in the 
cerebellum of the adult rat: an immunohistochemical study. Brain Res., 504, 332-337.

Diamond, J. (1968) The activation and distribution of GABA and L-glutamate receptors 
on goldfish Mauthner neurones: an analysis of dendritic remote inhibition, J. Physiol, 
194, 669-723.

Di Chiara, G., Porceddu, M L., Morelli, M., Mulas, M L. and Gessa, G.L. (1979) 
Evidence for a GABAergic projection from the substantia nigra to the ventromedial 
thalamus and to the superior colliculus of the rat. Brain Res., 176, 273-284.

Dickie, B.G.M. and Davies, J.A. (1993) Modulation of calcium-dependent and - 
independent components of veratridine-evoked release of glutamate from rat cerebellum. 
Brain Res., 619, 247-254.

Di Pasquale, E., Keegan, K.D. and Noebels, J.L. (1997) Increased excitability and inward 
rectification in layer V cortical pyramidal neurons in the epileptic mutant mouse Stargazer, 
J. Neurophysiol, 77, 621-631.

Dolphin, A C., Sweeney, M l., Pearson, H.A., Silver, M. and Menon-Johansson, A S. 
(1992) An electrophysiological and biochemical study of the interaction between GABAg 
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