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Abst...ct

The contribution of use-dependence to the actions of two novel

antiepileptic drugs acting upon the GABA neurotransmitler system was

investigated using the rat hippocampal sUces preparation. The first study of this

thesis demonstrated that tiagabine, a GABA uptake blocker, causes a more

pronounced increase of GABAergic responses evoked by high-frequency

stimulation (HFS) than ofthose elicited bya single stimulus. The predominant

effect of tiagabine on HFS-evoked responses was to facilitate the generation of

GABA" receptor-mediated depolarizations (ORs) which were capable oftriggering

bursts of action potentials when evoked tram the stratum radiatum.

Since these results suggested that tiagabine may paradoxically promote

rather than inhibit epileptiform discharges, the second study investigated the

fundional consequences of tiagabine-augmented ORs. Consistent with our

observation of enhanced inhibition following HFS, the amplitude of evoked

EPSPs superimposed upon tiagabine-augmented ORs were markedly reduced

and could no longer trigger action potentials. A similar inhibitory effect on evoked

EPSCs was also observed. The large conductance increase associated with the

occurrence of ORs suggests that tiagabine can reduce the depolarizing influence

of excitatory transmission by increasing the effectiveness of GABA-mediated

shunting inhibition.

ln the third study of this thesis, the effects of "tvinyl GABA (GVG,

vigabatrin) were investigated ln slices prepared from animais pretreated with

either an anticonvulsant dose of GVG or saline. GVG pretreatment produced a

frequency-dependent strengthening of GABA-mediated transmission such that

repetltive stimulation at low-frequencies (2.5-10 Hz) was no longer associated

with a depression of inhibition. A reduced sensitlvity of evoked IPSCs to the

actions of baclofen, a GABAs receptor agonist. suggests that GVG may have

produced ils frequency-ctependent effeds by depressing the efficacy of the

GABA release regulating negative feedback mechanisms through the

presynaptic GAS". autoreceptors.
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ln the final study of this thesis, the acute effects of bath applied GVG on

GABAergic inhibition were examined. GVG (100-500 IJM) caused a

concentration-dependent disinhibitory effect which did not appear ta be mediated

through an antagonism of postsynaptic GABAA receptors. These results suggest

that the acute actions of GVG. distinct from those mediated through ils

inactivation of GABA-T, do not contribute to the anticonvulsant properties of this

drug.

ln conclusion, the results presented suggest that bath tiagabine and GVG

produce use-dependent increases in inhibition, an effect which may impartantly

contribute to their anticonvulsant properties.
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R'sum'

Nous avons utilisé la préparation de tranche d'hippocampe chez le rat

pour évaluer la contribution de propriétés dites usage-dépendantes aux

mécanismes d'action de deux nouveaux anticonvulsants agissant sur la

transmission impliquant le neurotransmetteur GABA. La première étude de cette

thèse démontre que l'augmentation des réponses GABAergiques induite par la

tiagabine, un inhibiteur de la capture du GABA, est plus prononcée suite à une

stimulation à haute fréquence (SHF) que par une stimulation unitaire. L'effet

prédominant de la tiagabine sur les réponses évoquées par SHF fût de faciliter

l'induction de dépolarisations résultant de l'activation des récepteurs de type

GABAA• De telles réponses peuvent provoquer une bouffée de potentiels

d'action lorsqu'elles sont induites à partir du stratum radiatum.

Ces résultats suggèrent que la tiagabine pourrait paradoxalement

promouvoir plutôt qu'inhiber les décharges épileptiformes. Nous avons donc

décidé d'évaluer les conséquences fonctionnelles de la facilitation des réponses

dépolarisantes (RD) par la tiagabine. Nous avons observé une réduction

marquée de l'amplitude des potentiels postsynaptique excitateurs (PPSEs)

engendrés par stimulation éledrique au cours de ROs dont l'amplitude avait été

augmentée par la présence de tiagabine. La réduction de l'amplitude des

PPSEs fût telle qu'ils ne pouvaient plus engendrer de potentiels d'action. Un

effet semblable aux ROs fût observé sur les courants postsynaptiques

excitateurs (CPSEs). Ces résultats sont entièrement en accord avec

l'augmentation de l'efficacité de l'inhibition produite suite à la SHF en présence

de tlagabine. La présence d'une forte augmentation de la conductance

transmembranaire lors des ROs suggère que la tiagabine peut réduire l'influence

dépolarisante des PPSEs en augmentant l'efficacité de l'inhibition GABAergique

via un mécanisme de court-circuit membranaire.

Lors de la troisième étude de cette thèse, nous avons examiné les effets

du l-vinyl-GABA (GVG) sur des tranches d'hippocampe préparées à partir

d'animaux ayant reçu préalablement, par injection, une dose anticonvulsante de
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GVG ou de salin. Le traitement au GVG causa une augmentation de l'inhibition

GABAergique en fonction de la fréquence de stimulation. Cela fut observé lors

de stimulations répétitives à basse fréquence (2.5-10 Hz), qui ont normalement

pour effet de réduire l'efficacité de l'inhibition synaptique, mais qui, suite à

l'injection de GVG, produisirent l'effet contraire. Etant donné que nous avons

observé une réduction de l'action inhibitrice de la baclofen, un agoniste des

récepteurs de type GABAs, sur l'amplitude des courants postsynaptiques

inhibiteurs (CPSls), nos résultats suggèrent que l'habileté du GVG à produire

une facilitation de l'inhibition en fonction de la fréquence résulte d'une réduction

de la fonction régulatrice des autorécepteurs présynaptiques GABAs sur le

relâchement synaptique du GABA.

La demière étude de cette thèse traite des effets du GVG sur l'inhibition

GABAergique suite à son administration par superfusion. Le GVG (100-500 IJM)

causa une réduction, en fonction de sa concentration, de l'inhibition synaptique.

Le mécanisme par lequel cet effet du GVG fût produit ne semble pas être dû à

un antagonisme des récepteurs GABAA• Ces résultats indiquent qu'un

mécanisme d'action aiguë du GVG, distinct de ceux impliquant l'inhibition de la

GABA-T, pourrait provoquer, plutôt que de prévenir, les crises d'épilepsie.

En conclusion, nos résultats suggèrent que le GVG et la tiagabine

produisent une augmentation de l'inhibition GABAergique via un mécanisme qui

est fondion de l'usage, ce qui pourrait représenter le substrat principal de l'action

anticonvulsante de ces composés.
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1. R••••rch go.la end llterature revlew

The decline of society's long held superstitious beliefs attributing epilepsy

ta supematural forces paralleled scientific discoveries which increased our

understanding of how the brain functions. The tirst suggestion that there exists a

physiological basis for epilepsy is attributed to Hippocrates who suggested that

the underlying cause of epilepsy was an abnormal brain consistency due to an

accumulation of phlegm. Since then, basic epilepsy research has helped ta

identify the intrinsic (voltage-gated ion channels) and extrinsic (neurotransmitters

and neuromodulators acting at ligand-gated ion channels) elements involved in

the electrogenesis of the abnormal brain activity which underlies convulsive

disorders. Given the fact that these same elements are involved in the normal

functioning of the brain it is therefore not surprising that anticonvulsant therapy,

which targets these systems, can be associated with numerous side--effects.

Established and novel anticonvulsants are predominantly thought to aet on

one or more of the following targets: (1) voltage-dependent ion channels involved

in action potential propagation or burst generation (2) glutamatergic excitatory

neurotransmission and (3) GABAergic inhibitory neurotransmission (see

Appendix, Tables 1 and 2). A common property oftherapeutically effective ion

channel modulators, such as phenytoin and carbamazepine, is their ability to

produce a voltage and frequency-dependent block of voltage-gated Na+

channels. The greater degree of channel block produced by these drugs under

strong depolarizing conditions, as is presumed to occur during seizures, is

believed to allow these drugs to selectively target the neurons involved in the

initiation and spread of selzure activity while minimizing the occurrence of side

affeds. Although numerous in vitro electrophysiological studies have

investigated the actions of antiepileptic drugs believed to target the GABAergic

neurotransmitter system, few have used stimulation pattems designed to more

accurately reflect the hypersynchronous activation of neurons occurring during

seizures. The contribution of frequency- or activlty-dependent properties to the

GenenIIlnItoduetJon...2
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mechanisms of action of GABA-enhancing antiepileptic drugs has therefore not

been investigated in any systematic way.

The main goals of my thesis research have been to characterize the

effeds of stimulation patterns intended to mimic the activation of neurons during

a seizure on 1) the ability of novel antiepileptic drugs to produce an

enhancement of GABA..mediated neurotransmission and 2) GABAA and GABAs

receptor-mediated post..synaptic responses. More specifically, the fccus of these

studies has been to elucidate the actions of the anticonvulsants vigabatrin, an

irreversible inhibitor of GABA-transaminase, and tiagabine, a selective blocker of

GABA re-uptake, on GABA-mediated synaptic responses recorded from

pyramidal neurons of the CA1 region of rat hippocampal slices.

The following introductory chapter is intended to provide relevant

background information on: epileptic syndromes, the involvement of various

neurotransmitter systems and voltage-gated ion channels in the electrogenesis of

epileptic seizures, as weil as to provide a description of the effects of vigabatrin

and tiagabine on the GABAergic neurotransmitter system.

GenenI/ IntJoduction•••3
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1.1 Epllep.y

Current epidemiological data suggests that the prevalence of active

epilepsy ranges from 4-10 in 1000 (Sander and Shorvon, 1996) and it is

estimated that as many as 1 in 10 will suffer a seizure in their lifetime, making

epilepsy one of the most common neurological disorders in man. Over 100 years

ago John Hughlings Jackson described epilepsy as 1& •••an occasional, an

excessive. and a disorderty discharge of neNe tissue on muscles". He

furthermore introduced a classification scheme which divided seizures into two

broad categories: 1) genera/ized seizures ".. .in which the spasm affects both

sides of the body almost contemporaneously...", and 2) partial seizures '· .. .in

which the fit begins on one side of the body. and in which parts of the body are

affected one after anothef (Jackson, 1870). Although greatly expanded upon,

such a scheme continues ta be in use today as part of the International League

Against Epilepsy's (ILAE) standardized classification of epileptic seizures

(Commission on Classification and Terminology of the ILAE, 1981).

1.2 Epllep.y and selzure cla.slflcatlon

The term epilepsy encompasses a large number of syndromes and ainee

the seizures associated with each of these may respond very differently (or even

selectively) to the various treatment options which exist. the proper identification

of the disease is of paramount importance in selecting the most appropriate

treatment regimen. This is one of the primary reasons for which. in addition ta a

classification of Indlvldual seizure types. the ILAE has introduced a Classification

of Epilepsies and Epileptlc Syndromes (Commission on Classification and

Terminology of the ILAE. 1989). Over 30 epilepsies and epileptic syndromes are

identified according ta a number of factors which include: the type of seizure

(often based on EEG 1IOOlngs). etiology. anatomy, precipitatlng factors, age of

onset, severity, chronicity. diurnal and circadian cycling. and sometimes

prugnasi.. The ILAE proposai divides the epilepsies into four main groups: 1)

GenenJllntJoduc:tion•••4
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localization-re/ated syndromes (commonly referred to as focal orparfial epilepsy),

2) generalized syndromes, 3) syndromes undetermined whether focal or

generalized and 4) special syndromes.

Based on this classification, epidemiological studies have found that the

most common forms of epilepsy in adults are the focal or partial epilepsies which

aceaunt for as many as two thirds of ail cases (Gastaut et aL, 1975; Hauser et

aL, 1993; Bauer, 1994). The partial epilepsies can be further subdivided based

on whether or not consciousness is impaired during the attack. When

consciousness is not impaired the seizures are classified as simple partial

seizures whereas when consciousness is affeded the seizures are termed

complex partial seizures. Complex partial seizures are the single most common

type of seizures in humans. Although the overall rate of occurrence of drug

resistant epilepsy is estimated at between 20-400/0, resistance to anticonvulsant

therapy is reported to occur in about 70% of patients suffering from complex

partial seizures (Lôscher and Schmidt, 1994b).

1.3 Foc.lepllepey

Tonic-clonic seizures, often referred ta as grand-mal, as weil as absence

seizures, also known as petit mal, are examples of generalized epilepsy.

Electroencephalographic (EEG) findings have demonstrated that such seizures

are bilaterally synchronous and involve widespread areas of the cortex almost

simultaneously from the onset, suggesting the involvement of deep subcortical

gray matter. In contrast, focal (partial) epilepsies are the result of discrete

cortical abnormalities from which the epileptic activity rnay or may not spread ta

the rest of the brain. The EEG hallmarks of focal epilepsy in bath animal models

and in humans are the ietal, or seizure discharge, and the interictal discharge.

The term ietal, from the Latin ictus meaning ta strike, appropriately refleds the

sudden and unpredlctable way with which seizures commence. 1ntericta1

dlscharges, sean 8S a sharp spike on the EEG, are typically observed between

seizure events. They are not generally associated with any behavioral

GennllnItoductIon•.•5



manifestations and are believed ta refted the neuronal activity of the

hyperexcitable focus.

1.3.1 Foca. epllepay: Anima. mode••

The vast majority of studies investigating the mechanisms involved in the

generation of seizures have been undertaken in acute and chronic models which

more closely approximate the focal epilepsies. One of the primary reasons why

research efforts were concentrated in this way was that such models provided

restrided targets in which electrophysiologists and anatomists could search for

alterations in neuronal fundion which would underlie the epileptiform activity.

Earty studies in acute models often involved the topical application of

convulsant drugs ta the exposed cortex of animais. These drugs typically

interfered with inhibitory neurotransmission mediated by either GABA (penicillin,

bicuculline and picrotoxin) or glycine (strychnine). The graat ease with which

seizures could be generated following the application of agents which interfered

with GABA-mediated transmission contributed to an earty acceptance of the

importance of GABA in the control of central nervous system (CNS) excitability.

Discovered during neurosurgical procedures in which the antibiotic was applied

to the exposed brain ta prevent infection (Walker and Johnson, 1945), the

penicillin model in particular has been extensively used to study the neuronal

basis of focal epilepsy and a wealth of information, including the initial

observation and charactertzation of the paroxysmal depolarizing shift (described

in the following section), was derived from the use of this model. Although in vivo

recordings from acute epileptic foci following the application of convulsants

contributed enormously to our understanding of fadors involvecl in the generation

of epileptiform activity, electrophysiological recordings in these models were

technically laborious due to the mechanical instability resulting from

cardiorespiratory pulsations, the presence of dura, subarachnoid membranes

and the blood-brain-barrier, and the confounding effects of the anesthetic agents

used in these studies made the Interpretation of reluits more difficult. Increasing

GenMllnI1oducfIon••.6
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use has thus been made of neocortical brain slices sinee their introduction over

30 years ago (Yamamoto and Mellwain, 1966). The ability to elicit evoked and

spontaneous epileptiform activity in thin slices of the hippocampus and the

involvement of this structure in complex partial seizures has contributed to the

popularity of the hippocampal slice preparation as a model system for the study

of mechanisms contributing to the generation of focal seizures. In fact, many of

the results to be discussed in the following sections were derived from studies

making use of this very model. Other aeute models of focal seizures include the

direct eleelncal stimulation of cortical tissue, topical application of cholinergies

and anticholinergics and withdrawal of GABA following its continued infusion for

days or weeks.

Chronic models can be produced by brain injury following the implantation

of metals (alumina hydroxide gel model, iron salts and other metals)(Kopeloff et

al., 1955; Blum and Liban, 1960; Dow et al., 1962; Reid et aL, 1979; Feria­

Velasco et al., 1980; Lange et al., 1980; Pei et at. 1983), freeze lesions (Hanna

and Stalmaster. 1973; Loiseau et al., 1987), injection of tetanus toxin (Mellanby

et aL, 1984) or pilocarpine (Turski et al., 1983; Turski et aL, 1984), and kindling

(Alonso-CeFlorida and Delgado, 1958; Goddard, 1967).

1.3.2 Focal epll.pey: S.ele meehanleme

One of the key findings in early electrophysiological investigations of focal

epilepsy, which launched the modem era of studies into the cellular mechanisms

of the disease, was the observation that the electroencephalographically

recorded interietal discharge coincided with a large (25-40 mV), prolonged (100­

300 msec) intracellularty recorded depolarization which was termed the

paroxysmal depolarizing shift (PDS) (Matsurnoto and Ajmone Marsan, 1964b).

The POS trtggers a burst of action potentials and is typically followed by an

afterhyperpolarizing potential (Dichter and Spencer, 1969a; Dichter and Spencer,

1969b; Ayala et al., 1973). Aithough such a depolarizing-hyperpolarizing

sequence was characteristically recorded from neurons within the seizure focus,
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regardless of the pharmacological or physiesl agent used to produce the epileptic

foci, a peripheral zone was identified where neurons experienced only strong

hyperpolarization coinciding with the interietal paroxysm (Prince and Wilder,

1967; Dichter and Spencer, 1969a; Dichter and Spencer, 1969b). Thus, the

hyperexcitable seizure focus discharging at high rates is surrounded bya region

of strong inhibition which serves to limit the spatial extent over which the

epileptiform activity may spread.

ln acute models of focal epilepsy, a characteristic sequence of events has

been observed to occur during the transition from interietal to ietal (seizure)

discharge: the afterhyperpolarization, which normally follows the POS, gradually

fades and is replaced by a depolarization capable of triggering afterdischarges

(Matsumoto and Ajmone Marsan, 1964a; Dichter and Spencer, 1969a; Ayala et

al., 1970). As the afterdischarges become progressively longer with each

successive interietal discharge, the surround inhibition is reduced allowing the

activity of more and more distant areas of the brain to become synchronized.

Eventually, a full blown seizure develops which is charaeterized by the

maintenance of the membrane potential at a relatively sustained level of

excessive depolarization and the prolonged synchronous firing of

afterdischarges. This aetivity eventually subsides and is followed bya post-ietal

period of strong membrane hyperpolarization.

It is important ta note that although a number of anatomiesl and/or

functional abnormalities are likely to be found within the epileptic focus, the

majority of neurons which are recruited during the spread of the seizure activity

from the focal area are "normal". That is ta say that they have not been direetly

exposed ta either the convulsant agent or pathological process which underties

the focal abnormallty. In the followlng sections, the different mechanisms

involved in the generation and spread of epileptiform activity will be discussed.
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A) P.roxysmal depol.rlz/ng shi": B/.nt EPSP or endo"enous bUTSt?

Two hypotheses were initially proposed to explain the ongin of the

paroxysmal depolarizing shift: the giant excitatory postsynaptic potentis/ (EPSP)

hypothesis and the endogenous burst hypothesis. The former stated that the

PDS was a network-driven event resulting from an increase in the strength of

excitatory inputs (Prince, 1968a; Dichter and Spencer. 1969a; Dichter and

Spencer. 1969b; Ayala et aL. 1970; Ayala et aL, 1973). whereas the latter

suggestect that the PDS was the result of an abnormally large response of the

neuronal membrane ta an excitatory input of normal strength (Wang and Prince,

1979; Schwartzkroin and Prince. 1980; Alger, 1984).

Initial observations from experiments aimed at characterizing the

properties of the PDS were most consistent with the giant EPSP hypothesis.

Comparison of membrane properties after the establishment of an experimental

foci with those determined in recon:Ungs from nonnal cortex revealed no

difference in either the neuronal resting membrane potential or input resistance.

Action potential generating mechanisms also appeared normal within the

epileptic focus and although high frequency spiking could be achieved. no

amount of depolarizing current injection could reproduce the PDS (Prince.

1968a). Arguments in favor of the POS being synaptic in nature were based on

a number of initial observations: 1) the PDS was graded in amplitude when

repeatedly elicited. 2) ft was associated with a conductance increase. 3) its

amplitude vanad with changes in membrane potentials and its polarity could be

reversed with strong depolariZation (which would be impossible if the PDS was

entirely a voltage-adivated avent) and 4) its frequency and probability of

occurrence was independent of membrane potential. Adivation of recurrent

excitatory pathways were thought to be particularly important for the generation

of the PDS by providing a positive feedback mechanlsm which would allow the

recruitment and synchroniZation of large populations of neurons. Furthermore.

the lack of such recurrent excitatory connections was suggestad to underlie the

GettMIIlnI1oductJon•••9



inability of the cerebellar cortex to develop spontaneous POSs following the

application of convulsive agents (Ayala et al., 1973).

Acceptance of the endogenous bUTSt hypothesis grew with the advent of

brain slice preparations which provided the greater mechanical stability

necessary for high quality recordings and allowed accurate and convenient

control over the extracellular environment. These preparations became popular

model systems for the study of epileptic phenomena following the demonstration

that similar paroxysmal discharges could be recorded in the presence of

convulsant agents such as penicillin or picrotoxin (Schwartzkroin and Prince,

1980). The hippocampal sUce preparation became particularly popular and its

use permitted the identification of a number of intrinsic membrane properties

which could participate in the generation of epileptiform discharges. Hippocampal

pyramidal cells were shown to have an innate ability to tire asynchronous bursts

in response to depolarizing currant injection. These bursts resembled PDSs in

that they were composed of a slow depolarizing component with superimposed

repetitive action potentials. The slow depolarizing component appeared to be

due to the summation of voltage-gated calcium (Ca2+) channel-dependent

depolarizing after-potentials (CAPs) (Schwartzkroin and Prince, 1980) which are

triggered by membrane depolarization and can conversely be prevented by

hyperpolarization . The demonstration of the ability of hippocampal pyramidal

œil dendrites to fire Ca2+-dependent action potentials suggeRted a further role for

voltage-gated Ca2+ channels in the intrinsic capabilities of these cells to burst.

The much smaller capacity of granule œil dendrites to tire Ca2
• potentials was

suggested to underlie the relatively high seizure threshold of the dentate gyrus.

The demonstration that the amplitudes of evoked EPSPs were unchanged

following the application of either penicillin or bicuculline to hippocampal sUces

(Wong and Prince, 1979; Schwartzkroin and Prince, 1980) added to arguments

in favor of the endogenous burst hypothesis.

A more unified view of cortical epileptogenesis (Prince and Connors,

1986), supported by evidence tram computer simulations of epileptiform activity

(Traub and Wong, 1983), is now generally accepted. The interaction ofthree
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general factors are believed to contribute to the propensity of a given CNS region

ta develop seizures: 1) the presence of neurons with an intrinsic ability ta fire

bursts of adion potentials. Subpopulations of such neurons would serve ta

initiate synchronous discharges and therefore would aet as pacemakers. 2)

Reduction in the efficacy of inhibitory synaptic mechanisms. GABA-mediated

inhibition has been shawn to play an important role in suppressing intrinsically

generated bursts and black of inhibition by convulsive agents is one of the most

raUable and extensively used methods of inducing epileptiform activity. 3)

Presence of excitatory interconnections allowing the synchronization of large

populations of neurons.

8) P.roxysm.1 hyperpo/.rlz8t1on Ind surround Inhibition

Whereas the hyperpolarization which follows the PDS (post·PDS HP)

plays a critical role in controlling the duration and detennining the frequency of

the interietal discharge, bath the post-PDS HP and the presence of a strong

inhibitory surround are thought to Iimit the spread of the paroxysmal activity.

Although a number of mechanisms couId potentially contribute to the generation

of the post-PDS HP including the activation of voltage-gated potassium (K+)

conductances (Rudy, 1988; Storm, 1990), Ca2+-dependent cr conductances

(Owen et al., 1984; Mayer, 1985) and the eledrogenic Na+ pump (Heinemann

and Gutnick, 1979; Haglund and Schwartzkroin, 1990), the hyperpolarization

seems to be pr&dominantly due to GABA-mediated IPSPs and the activation of

Ca2+-activated ~ conductances.

Earty evidence favoring a role for GABA-mediated IPSPs came tram

studies which showed that the post-PDS HP was graded in amplitude when

repeatedly evoked, was associated with a drop in membrane resistlvity and that

its amplitude varied with changes in membrane potential eventually reversing at

negative membrane potential values. Furthermore, the observation of

paroxysmal hyperpolarizations occurring in the absence of a preceding

depolarization (inhibitory surround) suggested that machanisms other than the
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1
activation of voltage-dependent afterhyperpolarizing currents were responsible

for the generation of the post·PDS HP. However, the strongest evidence in

support of a role for IPSPs came with the demonstration that, at least in the

penicillin model of focal epilepsy, the post-PDS HP could be reversed following

the intracellular injection of cr anions (Prince, 1968b; Hablitz, 1981).

The continued presence of the post-PDS HP following the blockade of

GABAA receptors by the specifie antagonists bieueulline and picrotoxin

(Sehwartzkroin and Prince, 1980; Alger and Nicoll, 1980; Hablitz, 1981)

suggested additional mechanisms contributed to the eledrogenesis of this avent.

The post-PDS HP recorded under these conditions was unaffected by

intracellular loading of cr ions (Alger and Nicoll, 1980; Hablitz, 1981) and could

be bloeked by bath application of 8a2
+ (Alger and Nicoll, 1980) a divalent cation

which reduces K+ conductance, as weil as by the intracellular application of the

Ca2+ chelator EGTA (Schwartzkroin and Prince, 1980; Hablitz, 1981). These

properties were similar to those of the long-lasting afterhyperpolarization which

had recently been described to follow the current-induced repetitive firing of

hippocampal pyramidal ceUs (Hotson and Prince, 1980) and suggested that Ca2+...

activated ~ conductances could contribute to the post·PDS HP.

Although the relative contribution of each of these potential mechanisms

to the generation of the long-lasting hyperpolarizations which follow paroxysmal

discharges in vivo remains to be determined, in vitro studies have demonstrated

that the underlying mechanisms may depend on the means by which the

epileptiform aetivity is elicited within brain sllees. Thus, GABA-mediated IPSPs

appear to be predominantly responsible for the post-PDS HP generated in the

presence of penicillin (Schwartzkroin and Statstrom, 1980; Hablitz, 1981)

whereas the adivation of Ca2+-dependent ~ potentials appears ta underlie

afterhyperpolarizatlons generated in the presence of bicuculline or picrotoxin

(Alger and Nicoll, 1980; Hablitz, 1981). Although e8ch of these convulsant

agents are believed to aet through identical mechanisms, namely by

antagonizing GABAA receptor-mediated inhibition, differences in mechanisms

underlying the post-PDS HP may be related ta observed inability of peniclllln to
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completely abolish postsynaptic inhibition (Davenport et al., 1978; Davenport et

aL, 1979).

C) S",..d ofse/zure .ctlvlty Into "norma/" bnlln .,...

Given the fact that overt behavioral signs of under1ying focal abnormalities

are only observed during ictal discharges which involve large portions of the

CNS, a great deal of research has focused on gaining a better understanding of

the mechanisms by which epileptiform activity spreads in anatomical space.

Several contributing factors have been proposed by which the activity of

progressively larger populations of neurons become synchronized. These

include: (1) positive-feedback mechanisms mediated through recurrent synaptic

excitation, (2) nonsynaptic propagation of excitation, (3) diffuse actions of

neuromodulators causing a reduction in the effectiveness of inhibitory

mechanisms and (4) reductions in the strength of synaptic inhibition during the

repeated activation of inhibitory pathways.

Anatomical differences between nonpyramidal circuit neurons, the activity

of which provides the basis for synaptic inhibition, and pyramidal neurons, which

are the principal cells of the cortex and whose activation results in synaptic

excitation, have important implications for the propagation of epileptiform activity.

Whereas the axons of nonpyramidal cells generally terminate within restricted

cortical regions, those of pyramidal cells may project to more distant locations

thereby providing an anatomiesl substrate by which excitation in one focal area

of the brain can influence the activity in another more distant region.

Furthennore, anatomiesl and physiologiesl evidence has demonstrated the

existence of extensive recurrent excitatory collaterals which provide powerful

positive feedback which can result in a pronounced amplification of excitation.

The presence of luch highly divergent positive feedback mechanisms have been

identified in the CA3 region of the hippocampus (Miles and Wang. 1986) as weil

as in the neocortex (Mason et al.. 1991) and are thought ta undertie the ability of

these regions to support widespread synchronous activity under conditions of
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partial disinhibition. The strength of these mechanisms is amply illustrated by the

demonstration that the activation of a single pyramidal cell from the CA3 ragion

of disinhibited hippocampal sUces can initiate burst discharges (Miles and Wong,

1983; Miles and Wong, 1987).

Although the relative contribution of nonsynaptic interactions to inter­

neuronal communication is unclear, theif dependence on the level of neuronal

activity suggests that they are more likely to contribute to excitation during

synchronized high-frequency neuronal diseharges. The ability of these

nonsynaptic mechanisms ta synchronize neuronal discharges is amply iIIustrated

by the occurrence of spontaneous burst discharges following the superfusion of

hippocampal slices with calcium-free solutions which abolish synaptic

transmission (Taylor and Dudek, 1982; Haas and Jefferys, 1984; Konnerth et al. t

1986). Nonsynaptic interactions between populations of neurons can occur

through gap (or electrotonic) junctions. extracellular electrical field effects and

activity-induced changes in the extracellular concentrations of various ionie

species. Gap junctions, which provide electrical continuity between

interconnected neurons. are formed through the interaction of specifie membrane

"connexin" proteins (Kumar and Gilula. 1996). Although electrophysiological and

anatomical evidence supports the existence of gap junctions in the mature

mammalian nervous system (Gutniek and Prince, 1981; MaeVicar and Dudek,

1982; Kosaka and Hama, 1985; Shiosaka et aL, 1989). their rate of occurrence is

fairly low (LUnés and Yarom, 1981; O'Beime et aL, 1987). The involvement of

electrotonic interactions in epileptiform phenomena is however strengthened by

the observation that the gap junctional conductance is inereased during episodes

of hyperexcitability as weil as by alkaline shifts of the intracellular pH (Perez·

Velazquez et al.• 1994). Such shifts have been shown to occur during the

repetltive activation of pyramidal neurons (Somjen. 1984; Walz, 1989; Chen and

Chesler, 1992; Taira et al., 1995), suggesting that transient changes in pH during

interidal discharges may favar gap junctional communication between neurons

and thul facilltate the propagation of epileptiforrn activity.
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Changes in the extracellular pH are believed to be produced as a result of

the flow of H+ and HC03- ions resulting from the activation of receptor-gated ion

channels or of Ca2+/H+ exchangers following an influx of Ca2+ through voltage­

gated channels (Chen and Chesler, 1992; Paalasmaa and Kaila, 1996). In

addition, during epileptiform activity the extracellular concentration of K+ has been

shown to rise while that of Ca2+ decreases (Heinemann et aL, 1977; Sornjen and

Giacchino, 1985; Hablitz and Heinemann, 1987). Both of these changes will

further facilitate the progressive recruitment of surrounding neurons. Increases

in extracellular K+ will favor membrane depolarization. In contrast, a drop in

extracellular Ca2+rnay increase excitability through one of several mechanisms

including: 1) a reduction in the screening of negative charges at the surface of

neuronal membranes thereby altering the surrounding electrical field which is

sensed by voltage-dependent channels, 2) an augmentation of the electrotonic

coupling of neurons (Perez-Velazquez et aL, 1994) and 3) the activation of a

recently described non-selective cation channel (Xiong et al., 1997).

Release of neurotransmitters and neuromodulators, such as acetylcholine,

norepinephrine, dopamine, serotonin as weil as endogenous opiates, during

interietal activity may provide an additional means of synchronizing the firing of

progressively larger populations of neurons. Such an effect could be mediated

via second messenger cascades following the activation of their respective

Iigand-gated G-protein coupled receptors, resulting in a decrease in either or

bath Ca2+-depandent ~ conductances, whieh contributes to the generation of the

post-PDS HP, and GABA-mediated IPSPs. In particular, an inerease in the

activation of the cholinergie receptor system has been shown to produce a

proconvulsant effect.

Finally, numerous studies have demonstratecl that the effectiveness of

GABA-mediated inhibition is decreased during the repeated synehronous

activation of inhibitory pathways at low (0.2-20 Hz) frequencies. Given the

importance of GABA-mediated mechanisms in controlling CNS excitability and

the signiftcant role of such mechanisms in the generation of the post-PDS HP,

which plays an important role in limiting the spread of epileptifonn discharges,
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such activity-dependent depression of inhibition is thought to importantly

contribute to the onset of seizure activity (Ben-Ari et al., 1979; Deisz and Prince,

1989).

2. The GABA neurotnlnsmltter system: A t8rget for antlconvul••nt drugs

Given the importance of GABA-mediated inhibition in the control of CNS

excitability and the demonstration that a number of established conventional

antiepileptic drugs produce their therapeutic actions through an enhancement of

GABA-mediated transmission, the design of compounds capable of enhancing

synaptic inhibition has become an important strategy in the search for novel

antiepileptic drugs. Such a strategy is used in the hope that it may yield new

drugs with a greater therapeutic index allowing for a greater separation between

anticonvulsant efficacy and general CNS toxicity.

The much greater understanding of the GABAergic neurotransmitter

system has helped to identify a number of mechanisms through which a

phannacological intervention could produce an enhancement of GABA-mediated

inhibition. These include: (1) enhancement of the presynaptic stores of GABA

via an increase in GABA synthesis or (2) a decrease in its degradation, (3) direct

activation of GABA receptors which mediate pre and postsynaptic inhibition, (4)

allosteric enhancement of the actions of GABA at the GABAA receptor subtype,

and (5) reduction of neurotransmitter uptake.

ln the following sections, the GABA system will be described with regards

ta the targets involved in the aboya mentioned mechanisms namely (1) glutamic

acid decarboxylase (GAD, E.C. 4.1.1.15), (2) GABA transaminase (GABA-T), (3)

the pre and postsynaptically located GABAA and GABAs receptor subtypes

through which GABA-mediated signaling occurs, and (4) the GABA transporter.

Whenever appropriate, sites through which established and novel

anticonvulsants are thought to produce their anticonvulsant effects will be

identifted. Aithough GABA is detected in the perlpheral nervous system (PNS),

endocrine. as weil as in other non-neuronal tissues, only its actions in the eNS
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are relevant to the control of neuronal excitability. For this reason, the following

sections will be limited to a description of GABA in the CNS.

2.1 Synthe••a of GAIA

CNS stores of GABA are predominantly derived through the a ...

decarboxylation of L-glutamate, a reaetion which is catalyzed by the enzyme

glutamic acid decarboxylase (GAD, E.C. 4.1.1.15), which uses pyridoxal 5'..

phosphate (PLP), a fonn of vitamin Be. as a cofaetor. Two different forms of GAD

have been identified in the brain and have been designated GADes and GADe7

based on their respective apparent molecular weights of 65 and 67 kDa. These

two forms, which are the produet of two separate genes (Erlander et al., 1991).

differ in theïr amine acid sequence, pattem of expression in different brain

ragions and during development, subcellular localization, as weil as in their

interaction with the cofaetor, PLP. While GAOu is widely distributed throughout

the neuron, GADes is the predominant torm found in nerve terminais (Kaufman et

al., 1991; Rimvall and Martin, 1994) and is therefore believed to play an

important role in the regulation of the transmitter pool of GABA (Martin and

Rimvall, 1993). Furthermore, the recent demonstration of a lower threshold for

chemically-induced seizures in genetically-attered GADe6 ( ../-) mica (Asada et al.,

1996) suggests that the synthesis of GABA by the lower molecular weight form of

GAD i8 more direetly involved in mediating synaptic inhibition.

Unllke GAOu, the activity and protein levels of GADe6 are not regulated by

the intracellular levels of GABA (Rimvall et al., 1993; Rimvall and Martin, 1994).

However. 50% of GADes is found as apoenzyme. that is as inactive GAD without

covalently bound PLP (apoGAD) (Kautman et aL, 1991). The conversion from

the inadive to the active form of the enzyme appears to be regulated by the

levels of adenosine 5'-triphosphate (ATP) and inorganic phosphates (Pi)' with

increases in the former favoring the inactivation of the enzyme while increases in

the latter favors its activation. Therefore, it has been suggested that alterations

in the levels of ATP and PI' which are likely to occur during an increase in
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neuronal aetivity. may allow GADes to respond ta an increased or decreased

transmitter demand during changes in neuronal activity (Martin and Rimvall,

1993).

Convulsions in experimental animais as weil as in humans can be induced

by compounds which interfere with the synthesis of GABA. Agents such as

isoniazid. mercaptopropionic acid and aminooxyacetic acid cause a reduction in

the synthesis of GABA by interfering with either the availability of the required

GAD cofactor. PLP, or with the substrate, glutamate. In addition, infants fed a

diet deflcient in vitamin 8a have an increased susceptibility to seizures that can

be almost immediately reversed following the addition of pyridoxine to the diet.

Given the importance of the synthesis of the inhibitory transmitter GABA for the

control of CNS excitabilily. the design of compounds which would potentiate the

enzymatic activity of GAD would be expected to produce an anticonvulsant

effect. Such an effect has in fact recently been described for 3-alkyl GABA and

3-alkylglutamic acid analogues. which were demonstrated to cause an activation

of GAD (Silverman et aL. 1991: Taylor et al.. 1992). In these same studies. the

antiepileptics sodium valproate, milacemide and gabapentin were similarly shown

to produce an increase in the activity of GAD suggesting that such a mechanism

may contribute ta the clinical actions ofthese drugs.

2.2 Degr.d.tlon of GABA

GABA which has been taken back up into neuronal and glial cells.

following its release fram presynaptic terminais. is destined to be catabolized.

The first step in this process is a transamination raadion catalyzed by the

enzyme y-aminobutyrate-a-oxoglutarate aminotransferase (GABA transaminase.

GABA-T. E.C. 2.6.1.19) which proceeds as follows: the a-amino group of GABA

is transferred to the a-carbon of a-oxoglutarate thus transforming GABA into

succinic semialdehyde (SSADH). and 2-oxoglutarate into glutamate. Given the

presence of a large metabolic pool of SSADH. GABA could theoretlcally be
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generated by the reversai of the transamination reaction. However. this does not

seem to occur in vivo since succinic semialdehyde is rapidly converted. by the

enzymatic activity of succinic semialdehyde dehydrogenase. to succinate. which

then enters the tricarboxylic acid pathway (TCA. Krebs cycle). Since the

precursor for GABA. glutamate. can be formed from a-oxoglutarate through a

transamination reaction with glutamine. the portion of the Krebs cycle which

normally converts a-oxoglutarate to succinate can be bypassed through the

GABA metabolic pathway. This route. referred to as the MGABA shunt". can

therefore allow GABA or glutamate to serve as an alternate energy source at.

however. a cost since this pathway yields 250/0 less energy than the Krebs cycle

(3 ATP equivalents versus 3 ATP + 1 GTP for the Krebs cycle).

GABA-T has been purified to homogeneity from several species

(Schousboe et aL. 1973; John and Fowler. 1976). including man (Cash et al.•

1974). Biochemical studies of its properties have revealed that the brain enzyme

consists of two identical subunits with a total molecular weight of -109 kOa. As

with GAD. the activity of GABA-T requires PLP as a cofactor. The existence of

multiple forms of the enzyme. including a "cytoplasmic" and "synaptosomal" form.

has been proposed based on subcellular fractionation techniques. Each of these

forms differed from the other with respect ta their affinity for GABA. optimal pH

and inhibition by GABA analogs (Buu and van Gelder. 1974; Tunnicliff et al.•

1977). Although other groups have failed to isolate more than a single form of

GABA-T tram highly purifled preparations (Schousboe et al.. 1973; Maitre et aL.

1975; John and Fowler. 1976) the existence of multiple forms of the enzyme is

supported by the isolation, from a rat hippocampal cDNA expression library. of

two mRNAs of different lengths (-2.1 and 6.4 kb long). Both of these mRNA

species are proposed to originate from a single gene (Medina-Kauwe et al.,

1994). Examination of the deduced amino acid sequence for GABA-T reveals

the presence of a putative mitochondrial targeting sequence within the first 27

amino acids of the N-terminal domain (Kwon et al.. 1992; Medina-Kauwe et al..

1994). The presence of such a targeting sequence is consistent with studies
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which have localized GABA-T to the inner mitochondrial membrane (Schousboe

et al., 1977).

2.2.1 GABA·T as a grget for antl.pll.ptle drug therapy

The elucidation of the chemical reactions catalyzed by GABA-T during the

catabolism of GABA allowed for the initial design of compounds capable of

inhibiting this procass. As stated previously, the enzymatic activity of GABA-T

has an absolute requirement for PLP. Such a dependence is due to the

presence, within the structure of PLPt of a reactive aldehyde group which is

capable of forming a covalent intermediate (Schiff-base) with the a-amino group

of GABA. This allows PLP ta act as a carrier of the amino group from one

reactant (GABA) ta the other (a-oxoglutarate) during transamination. The key to

the blocking action of the first compounds designed to inhibit GABA-T therefore

resided in their ability to form a more stable Schiff-base with PLP than could

GABA itself. As such, these compounds were termed aldehyde antagonists or

carbonyl-trapping agents. Numerous examples of these reagents were

introduced including hydroxylamine (Baxter and Roberts, 1961), hydrazine

(Medina, 1963), as weil as the more widely studied aminooxyacetic acid (AOAA)

(Kuriyama et al., 1966).

Although an anticonvulsant effect, which coincided with elevated GABA

levels, could be demonstrated following the in vivo administration of low doses of

either AOAA or hydrazine, higher doses were observed to result in a

proconvulsant effect. The opposite effects of low and high doses of carbonyl­

trapping agents have been attributecl to their lack of specificity. Indeed, in

addition to serving as a prosthetic group for numerous transaminases involved in

the cstabolism of several amino scids (alanine, arginine, asparagine, aspartate,

cysteine, isoleucine, leucine, phenylalanine, tryptophan, tyrosine, and valine),

PLP has been implicated in decarboxylation reactions as weil, and in this respect

is mast notably, as mentioned above, essential for the activity of GAD. It
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therefore becomes apparent that carbonyl-trapping agents, which react with PLP,

will display very little selectivity in their inhibition of enzymatic adivity.

Nevertheless, the ability of PLP-inactivating agents to produce an increase in

brain GABA content despite causing an inhibition of GAD, was thought to reflect

a higher sensitivity of GABA-T ta these agents compared ta GAD (Metcalf, 1979).

Such a relatively selective inhibitory adion therefore allowed low concentrations

of these agents, which caused minimal inhibition of GABA synthesis, to produce

an anticonvulsant effect and gave hope that the discovery of more selective

GABA-T inhibitors could lead to the development of nover antiepileptics.

2.2.2 Enzyme..ctlvated Irreversible Inhibltors of GABA·T: Development of

GVG

Variably referred to as "Keat" inhibitors or "suicide enzyme inadivators",

compounds which produce an irreversible inhibition of GABA-T following the

activation of a latent reactive group were first described over 25 yaars ago by

Fowler and John with their introduction of ethanolamine-o-sulfate (EOS) (Fowler

and John, 1972). In contrast to the carbonyl-trapping agents, which cause an

irreversible inadivation of the GABA-T coenzyme PLP, Keat inhibitors are

transformed by the target enzyme's own mechanism of action into reactive

species (alkylating agent) which irreversibly inactivate the enzyme by forming a

covalent bond with a nucleophile present within the active site. Since the

inactivator must be accepted by GABA-T as a substrate, in a manner comparable

ta GABA itselt, the inhibitory actions of compounds passessing a mechanism

similer to that of EOS are expected to be highly specifie. Consistent with this

expectation, EOS wes demonstrated to possess no in vitro inhibitory effects on

the activity of GAD, alanine aminotransferase or aspartate aminotransferase

(Fowter and John, 1972; Fowler, 1973). However. the relatively poor ability of

EOS to penetrate the blood-brain-barrier following ils systemie administration, as

evidencecl by the necessity of using large doses in arder ta influence the activity

of the CNS enzyme (Lëscher, 1981), as weil as the demonstration that this

GenetIIlnttoeM:tIon•••21



1

1

1

compound is a rather weak inhibitor of GABA-T (ICso = 3.6 mM) (Lëscher, 1980b),

may have precluded its further development as an antiepileptic.

The successful demonstration that rationally designed enzyme-activated

irreversible inhibitors of GABA-T could achieve a high degree of specificity

encouraged the further development of mechanistically similar compounds and

lad to the introduction in the mid to late 70s of ~acetylenicGABA (4-amino-S­

ynoic acid, GAG)(Jung and Metcalf. 1975) and y-vinyl GABA (4-amino-hex-5­

enoic acid, vigabatrin. GVG) (Lippert et al.• 1977). Although bath ofthese

compounds were demonstrated to selectively inhibit the transamination of GABA,

GAG. but not GVG, was also shown to inhibit the decarboxylation of glutamate

by GAD (Jung et al., 1977b). Such inhibition. although unexpected at the time, is

thought to occur due to the acceptance of GAG as a substrate for the reversed

reaction of GAD, that is, the potential carboxylation of GABA leading to the

formation of glutamate (Metcalf. 1979). Although bath GAG and GVG have been

demonstrated ta produce elevated GABA levels, which are believed to protect

animais against experimentally-induced convulsions, the inhibition of the

synthesis of GABA by GAG is thought to explain the more frequent

proconvulsant effects observed in animais at higher doses ofthis drug. Thust as

a result of its greater selectivity, the neurochemical and anticonvulsant properties

of GVG have been much more extensively studied, in bath animais and humans,

than GAG.

2.2.3 Precllnlcal pharmacology of GVG

Although GVG is typically synthesized and administered as a racemic R, S

mixture, only the S(+) enantiomer possesses pharmacological activity. Such

selectlvity in the activity of GVG's enantlomers has been demonstrated with

respect to bath the inhibition of GABA-T (Larsson et al.. 1986; Gram et al., 1989)

as weil as the high affinity uptake of the enantiomers into neurons and astrocytes

(Schousboe et al., 1986). The uptake of GVG into neurons and astroeytes is an
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obvious necessary step for inhibition of the intracellularty located GABA-T to

occur. In this respect, it is interesting ta note that the afftnity of the transport

system for GVG is much greater in neurons than in astrocytes (Schousboe et aL,

1986), a finding which may explain the previously observed preferential inhibition

of the neuronal GABA-T overthat found in astrocytes (Larsson et al., 1986).

Due to its relatively poor ability to penetrate the CNS following systemic

administration, large doses of GVG (1500 mg/kg compared to only 100 mg/kg for

GAG) are needed ta produce a substantial (> 5000/0) increase in whole brain

GABA levels by a single intraperitoneal (i.p.) injection in mice. The lime course

of the rise in GABA levels following such an acute single injection of GVG has

been characterized (Schechter et aL, 1977). The maximum rise in whole brain

GABA levels (> 500% over control) oceurs approximately 4 hours following

injection. These elevated levels are weil maintained for over 24 hours and up to

5 days are needed for the concentration of GABA to retum to its control level.

Given that the brain levels of GVG peak within 1 hour of its administration and

then decline rapidly with an elimination half life of 5-8 hours (Bemasconi et al.,

1988), the prolonged duration of GVG's neurochemical actions are therefore due

to the irreversible nature of its black of GABA-T. Therefore, the recovery of

GABA-T activity most likely necessitates the synthesis of new enzyme and thus

oecurs with a time course of several days (Larsson et al., 1986).

Testing of the anticonvulsant effectiveness of GVG in mica susceptible to

audlogenic seizures (DBA/2) demonstrated that the seizure protedion afforded

bya single i.p. injection of GVG was weil correlated with the maximum percent

increase in GABA levels. Accordingly, complete protection from seizures in 50%

of animais (EDso) was observed at a dose of 990 mg/kg of GVG which raised the

levels of GABA by 324% (Schechter et al., 1977). In addition to evaluatlng its

anticonvulsant potential in animal models of spontaneously occurring seizures,

the potency of GVG has been measured in numerous animal tests of

anticonvulsant effectiveness. These experiments demonstrated that when given

as a single i.p. injection, large doses of GVG (750-2000mg/kg) were necessary ta

protect animais tram expertmentally-induced selzures (Sarhan and SeUer. 1979;
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Loscher, 1980a; Shin et al., 1986; Bemasconi et al., 1988). In contrast, when

GVG was administered repeatedly, a marked redudion in the dose necessary for

seizure protection was observed (20-400mg/k9XSchechter et al., 1977; Lôscher,

1982). The increased anticonvulsant effectiveness most likely occurred as a

result of the much greater inhibition of GABA-T, with correspondingly higher

concentrations of brain GABA, achieved following the repeated administration of

GVG in rats (Valdizén and Annijo, 1991; Valdizân and Armijo, 1992). Since GVG

penetrates the blood-brain-barrier only poorty following a single dose, the

possibility exists that the drug may accumulate in the brain during repeated

dosing thereby allowing a given dose of GVG to exert a more pronounced effect.

Consistent with this hypothesis, the cerebrospinal fluid (CSF) concentration of

GVG reaches only 10-15Dk of blood levels following the first dose and increases

further during daily dosing of epileptic patients (Ben-Menachem, 1989). Finally,

another possible explanation for the increased actions of GVG Is that due to the

irreversible nature of its effect on GABA-T, the enzyme may accumulate in an

inactivated state during repeated dosing.

2.2.4 Humen .tudl•• wlth GYG

AJ Pharm.coklnetlcs ofGVG

The pharmacokinetics of GVG have been studied in detail (Grove et al.,

1984; Haegele and Schechter, 1986; Saletu et al., 1986; Mumford, 1988; Frisk­

Holmberg et aL, 1989; Schechter, 1989; Hoke et al., 1993). The absorption of

GVG from the gastrointestinal tract is unaffected by food and proceeds rapidly

and almost completely. Peak plasma level occurs within the first two hours

follawing oral administration of 0.5-3 9 of GVG and the absorption hait-lite has

been 8stimated to range from 0.18 ta 0.59 hours. Most likely as a result of its

inabillty ta bind with GABA-T, the inactive (R(-» enantiomer of GVG has been

observed to reach higher peak plasma levels than the drug's active (S(+» form.

Glven the tact that GVG is administered as a racemic mixture, it is important to
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point out that studies of the pure S(+) form of GVG have indicated that the

pharmacokinetics of the active form are not influenced by R(-) GVG. In addition,

no R(-) GVG is deteded following the administration of pure S(+) GVG indicating

that chiral inversion to the inactive form does not occur in vivo. Once absorbed,

the apparent volume of distribution of GVG is 0.8 Ukg and its bioavailability is at

least 60-S00k. GVG does not bind to plasma proteins, nor does it cause hepatic

induction through the cytochrome P450-dependent enzymes. As a result, GVG

does not appear to significantly interact with other simultaneously administered

antiepileptic drugs. The only exception being a 20-30% reduction in the plasma

concentrations of phenytoin following addition of GVG to the therapy (Browne et

aL, 1987; Rimmer and Richens, 1989). The mechanism underlying this reduction

is not currently known. The elimination of GVG from plasma follows a

biexponential decay with a reported hait-lite of approximately 7 hours.

Elimination occurs primarily through renal excretion and up to 80% of GVG can

be recovered unchanged within 24 hours in a patient's urine with no detectable

metabolites.

BJ Etrects ofGVG on CSF .m/no .c/d leve/.

Due to both the irreversible nature of GVG's actions and its short

elimination halt-life, the duration of the resulting inhibition of GABA-T far outlasts

the presence of GVG in plasma. As a result, no correlation is found between the

plasma concentrations of GVG and its clinical effect (Gram et aL, 1985; Browne

et al., 1987; Cecito et al., 1989). Animal studies have previously demonstrated a

linear correlation between the increased levels of GABA in the brain and CSF

following GVG treatment. Thus, given the impossibillty in humans of directly

measuring the concentration of GABA in the brain. the CSF levels have been

monitored in an attempt ta correlate therapeutic effectlveness with a biachemical

mal'ter of GVG's activity. These studies typically measured the levels of free

GABA, total GABA (i.e. GABA detected following hydrolysis of CSF),

homocamosine (conjugate of GABA and histidine) and P.alanine, which can
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serve as an altemate substrate for GABA-T. Dose-related increases in each of

these parameters have been demonstrated in patients treated with 1 ta 6 g/day

of GVG. The CFS levels of acetylcholine, somatostatin, p.endorphins, prelactin,

cAMP or cGMP were unaltered (Pitkanen et al., 1987; Sivenius et aL, 1981) and,

in addition, no changes were detected in the levels of either homovanillic acid

(HVA, the metabolite of dopamine), 5-hydrexyindoleacetic acid (5-HIAA, the

metabolite of serotonin) or of the excitatory amine acids (Schechter et aL, 1984;

Riekkinen et al., 1989a; Sivenius et al., 1981; Ben-Menachem et aL, 1991),

indicating a fairly specifie interaction of GVG with the GABAergic system. More

recently, the brain levels of GABA have been estimated more directly using

nuclear magnetic resonance spectroscopy. Using this technique, a close

correlation was demonstrated between GVG dosage and brain GABA levels

(Mattson et aL, 1994; Petreff et aL, 1996; Petreff and Rothman, 1998). As a

general rule, these studies have demonstrated that GVG causes an increase in

the levels of GABA in the CNS of epileptic patients which is assoeiated with a

deerease in seizure frequency (Riekkinen et aL, 1989b; Ben-Menachem, 1989).

C) Antlconvu/sant ."'cacy ofGVG ln hum.na

The international clinical experience with GVG has grown tremendously

since the initial single-blind, placebo controlled studies were performed (Gram et

al., 1983; Schechter et aL, 1984). Reluits from over 22 North American and

European single or double-blinded as weil as several open long-term studies

have now been described. These studies have typically baen carried out in

previously drug-resistant patients suffering from complex partial seizures, with or

without secondary generalization. In these patients, GVG is added to the

existing therapy, which can include anywhere tram 1 to 3 of the established

antiepileptlc drugs (carmabazepine, phenyloin, valproie acld. benzodiazepines

and barbiturates). Theretore, a demonstration of anticonvulsant effectiveness in

these diffleult to treat patients is ail the more impressive.
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The therapeutie response of patients treated with GVG is remarkably

similar aerass the numerous trials that have been carried out. A redudion in

seizure frequeney of at least 50°A. is typically observed in approximately SOGA. of

patients (Gram et al., 1983; Tartara et al., 1986; Tassinari et al., 1987; Browne et

al., 1991; Ylinen et al., 1995). Furthermore, these studies showed that GVG is

much more effective in reducing the frequeney of partial seizures than of those of

other types (Tassinari et al. t 1987; Miehelucci and Tassinari, 1989). Similarly, in

135 ehildren, response rates during treatment with GVG were better in partial

seizures compared ta those obtained when treating generalized seizures

(Livingston et al. t 1989). In addition ta being effective in the treatment of partial

seizures, GVG has proven itself to be highly efficacious in treating a number of

specifie ehildhood syndromes and seizure types. In particular, high response

rates have been observed in pediatrie patients suffering from infantile spasms

(West syndrome). In these patients, treatment with GVG results in a greater than

50% reduction of spasms in 50-100% of patients (Chiron et aL, 1991; Aicardi et

al., 1996). These results are ail the more impressive given the fact that West

syndrome is one of the most difficult types of epilepsy ta treat. Results have

baen especially impressive in patients suffering from symptomatie infantile

spasms due to tuberous sclerosis. In fact, a recent study reported complete

resolution of spasms in 1000k (11/11) of patients treated with GVG compared ta

only 45°A» (5/11) of patients receiving the reference drug, hydrocortisone (Chiron

et al., 1997). These authors went on to suggest that GVG should be considered

as the first choice treatment for infantile spasms due to tuberous sclerosis.

Although animal studies have suggested that tolerance ta the

anticonvulsant effects of GVG may develop during repeated dosage (Loseher

and Frey, 1987; Rundfeldt and Loscher, 1992), long-term follow-up studies in

humans have, in contrast, demonstrated that the therapeutic response is weil

maintained in patients receiving GVG for up to 7 years (Pedersen et aL, 1985;

Dam, 1989; Tartara et al., 1989; Tartara et al., 1992: Cocito et al., 1993; Ylinen

et al., 1995). Ful1hermore, these studles demonstrated that GVG is generally

weil tolerated, with the mast commonly reported slde effects being mild
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drcwsiness, fatigue, dizziness and weight gain. 1nterestingIy, the side effects

associated with GVG therapy are frequently transient and disappear after the first

few weeks of treatment. Of graver concem however are the reports of increased

confusion and psychotic reactions which have been described in 3-6°fc, of patients

receiving GVG (Brcwne et al., 1987; Ben-Menachem et al., 1990; Sander et al.,

1990). In ail cases, the psychiatrie symptoms disappeared upon discontinuation

of the drug. More recently, vigabatrin-associated visual disturbances, such as

constricted visual fields or blurred vision have been reported (Krauss et al.,

1998). The cause of such effects ara not yet known and their prevalence in a

larger group of patients ramains to be determined.

2.2.5 Mech.nlem of GVG'. antlconvul••nt .dlon

GVG is one of the first drugs intrcduced to market that was developed

thrcugh a rational drug design apprcach and has repeatedly been said to be one

of the few antiepileptic drugs whose mechanism of action, namely inhibition of

GABA-T, has been clearly defined (Richens, 1989; Rogawski and Porter, 1990;

Guberman, 1996). Although the results presented in the previous sections are

consistent with a mechanism by which GVG prcduces its anticonvulsant affect by

raising CNS levels of GABA tollowing the irreversible inhibition of GABA-T, the

possibility that GVG may act at additional sites within the GABAergic

neurotransmitter system must not be underestimated given the tact that GVG is a

close structural analog of GABA. In fact, additional effects on the GABAergic

system have been reported in a number of studies of the neurochemical actions

of GVG. As stated previously, GVG is a substrate for the GABA-transporter. It is

therefore not surprising that GVG has been reported to aet as an inhibitor of the

uptake of GABA (Lëscher, 1980b: Schousboe et al., 1986; Jolkkonen et al.,

1992). Furthermore, as with other compounds which aet as substrates for the

GABA transporter, GVG possesses GABA-releasing properties (Abdul-Ghani et

al., 1981) which, in addition ta ils GABA uptake blocking prcperties, may

contribute to the reported rapid rise in the extracellular levels of GABA during
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GVG administration as studied by microdialysis (Jolkkonen et aL, 1992).

Recently, a study of the effects of GVG on the GABA stimulatect net uptake of

·cr into cortical membrane vesicles suggested that, over a concentration range

of 100-1000 IJM, GVG may aet as a non-eompetitive antagonist of the GABAA

receptor complex (Suzuki et al., 1991), an action expeeted to exacerbate, rather

than pravent seizures. Although the use of receptor binding methods showed

very little inhibition of the binding of GABA to its receptors (IC$t) > 1mM)(Lëscher,

1980b), the possibility that GVG produces an antagonism of the GABAA receptor

through one of its associated modulatory binding sites remained to be

investigated.

Together, these results amply demonstrate that other mechanisms, in

addition to inhibition of GABA-T, may contribute to the reported effects of GVG

following its administration in animal as weil as in human studies. The

elucidation of the functional consequences of these neurochemical actions was

therefore an additional objective of this thesis.

2.3 GABA fee.pto,.

2.3.1 GABAA receptors: Structure .nd funetlon

The GABA" receptor is a macromolecular protein which, in addition to

forming an intrinsic chloride ion-selective channel, possesses several binding

sites for clinically useful pharmacological agents (barbiturates, benzodiazepines

and anesthetic steroids) and experimental convulsants (bicuculline, penicillin and

picrotoxin to name only a few). It belongs, 810ng with the nicotinic acetylcholine

receptor (nAchR), the inhibitory glycine receptor and the 5-HT3 receptor. to a

superfamily of neurotransmitter-gated ion channels which mediate fast synaptie

transmission in the CNS. The deduced amino acid sequence of the subunits

tram which these receptora are formed share signiflesnt sequence identity (20­

30%) and thus appear ta be evolutionarily related. Structural motifs, firat

proposed for the nAchR (for review see Deville..Thiéry et al., 1993) and by
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analogy believed to be common ta ail members ofthis superfamily, have been

identified, including: (1) a large N-terminal extracellular domain which is thought

to be the site of agonist binding and which contains consensus N-glycosylation

sites and two disulfide-linked conseNed cysteine residues, (2) four putative

membrane-spanning domains (TM1-TM4), with TM2 being involved in the

formation of the channel wal" (3) a large intracellular loop between the third and

fourth membrane spanning domains possessing consensus phosphorylation

sites, and (4) an extracellularty located e-terminal domain. Furthermore, again

by analogy with nAchR, these receptors are generally thought to be generated

following the assembly of various combinations of subunits into heteropentameric

isoforms.

Support for the pentameric structure of the GABAA receptor has been

obtained from electrophysiological estimates of the channel's pore diameter. By

comparing the relative permeabilities of poorty hydrated anions of varying

spherical diameter, the GABAA receptor channel pore diameter was estimated to

be about 6 A. Assuming the channel forming transmembrane domains (TM2) of

each subunit contributing to the formation of a receptor are made up of a-helices

with an assumed diameter of 8.4 A, then five such helices in close apposition

would be needed in arder to form a channel with a pore diameter of -6 A
(Bormann et aL, 1987). The pentameric structure of the GABAA receptor has

recently been confirmed more directly using eledron microscopie image analysis

(Nayeem et al., 1994).

A} Subun/t composition ofGABA. receptol's

The GABAA receptor family has grown steadily since the eloning of its first

two members (Schofield et al., 1987) and is now composed of 18 polypeptide

subunits, includlng: six lX, four /J, three ~ one 6, one e, and three p (Macdonald

and Olsen, 1994; Ogurusu and Shingai. 1996; Davles et al.. 1997). Comparison

of subunit amina acid sequences reveal 3Q.40% identity between the subunit
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families and up to 7o-aO% identity amongst the members of each family (Olsen

and. Tobin. 1990; Cutting et aL. 1991; Wang et al.. 1994; Davies et aL, 1997).

Further diversity can be generated by altemative RNA splicing which has been

identified for several of the GABA receptor subunits, the most ubiquitous being

that of the 1'2 subunit (r2S and ra)' the variants of which have intracellular loops

differing in length by 8 amino acids. Thus, a bewildering degree of heterogeneity

in the subunit composition of GABA" receptors has been uncovered by molecular

cloning studies.

Given the random assembly offive subunits. seleded from a repertoire of

18. into an intact receptor. the number of possible combinations of subunits

would theoretically be weil over a million (185
). Fortunately, if any sense is ever

ta be made of the physiological role of GABAA receptor heterogeneity in the CNS,

recent studies of GABAA receptors expressed in Xenopus oocytes and

mammalian calilines as weil as studies of GABAA receptor subunit distribution

using in situ hybridization and immunohistochemistry suggest that constraints in

the manner in which subunits may assemble exist and that the actual number of

GABAA receptors in the CNS is likely to be limited to approximately one or two

dozen distinct isoforms.

As previously mentioned, endogenously expressed GABAA receptors have

for a long time been known ta be modulated by benzodiazepines. Although initial

studies of recombinant receptors demonstrated that the coexpression of a and ~

subunits alone was sufficient to reconstitute GABA receptors whose function

could be potentiated by barbiturate, little if any modulation by benzodiazepines

could be demonstrated (Schofield et al., 1987). The subsequent cloning,

identification and coexpression with a and psubunit subtypes of the 12 subunit

demonstrated that the resulting receptors could now display the full

pharmacological profile of endogenously expressecl GABAA receptor&. including

modulation by benzodiazepines (Prttchett et al., 1989). suggestlng that native

receptors were composed of a minimum assembly of at least one a, one pand

one 1 subunit. These studies could net however give any indication of the
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stoichiometry of the expressed receptors. Therefore, given such a constraint on

the formation of GABAA receptors, the possible number of distinct isoforms is

reduced to approximately 20000 (6 as x 4 ps x 3lS x 18 x 18)

Studies of the distribution of the vanous subunits have demonstrated

further restrictions in the number of possible GABAA receptor isoforms. The p

subunit subtypes have been shown to have a very limited distribution in the CNS

and have most commonly been found in the retina (Cutting et al., 1991: Enz et

al., 1995; Ogurusu et al., 1997). Although retinal cells have additionally been

shown to express a and psubunits, recent evidence suggests that p subunits

assemble exclusively with either other identical subunit subtypes

(homooligomers) or with other members of the p family (heterooligomers)

(Hackam et aL, 1997; Hackam et aL, 1998). Expression of p subunits in

Xenopus oocytes revealed that the resulting receptors display a pharmacological

profile (Wang et aL, 1994; Shimada et al., 1992) which resembles that reported

for the previously described retinal GABAc receptor (Qian and Dowling, 1993:

Feigenspan and Bormann, 1994; Johnston, 1996). Thus, p subunits are thought

to be the molecular components of GABAc receptors. A sirnilarly restricted

distribution has been observed for the most recently cloned member of the

GABAA receptor, the e subunit, which reportedly imparts an insensitivity to the

potentiating effects of intravenous anesthetic agents when assembled with a and

p subunit subtypes (Davies et al., 1997). Indeed, although the expression of E

was round to be low in whole brain samples from rat, this subunit was relatively

enrtched in the amygdala and thalamus, being particularly abundant in the

subthalamic nucleus. Among the members of the Œ subunit family, the restricted

distribution of a4 and <Xe suggests that these subunits may contribute to a lesser

extent to the formation of native receptors. The a.e subunit is found almast

exclusively in the granule cells of the cerebellum (Persohn et al.• 1992; Wisden et

al., 1992), while expression of the Œ4 is largely limited ta some ragions of the

thalamus and hippocampus (Wisden et al., 1992; Laurie et al., 1992).
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Immunoprecipitation studies using subunit-specific antibodies have

revealed further restrictions for the assembly of GABA" receptors. The asubunit,

which, when assembled with a and ~ subunits, forms a receptor having a

reduced sensitivity to benzodiazepines while displaying higher affinity binding for

muscimol when compared to 1 containing receptors (Quirk et aL, 1995). appears

to be relatively enriched in the cerebellum (Quirk et al., 1995). Furtherrnore,

camparison of the distribution of ô and y mRNA indicates that these subunits are

present in distinct neuronal populations (Shivers et al.• 1989). This suggests that

the expression of these two subunits is largely mutually exclusive and that ô

subunits may substitute for 1 in the assembly of GABA" receptors.

Finally. although the ~4 subunit subtype has been identified in chick

(Bateson et al., 1991), a mammalian homologue has yet to be identified. Thus.

we are left with four a, three pand four y/ô subunits that are likely to make up a

majority of GABA" receptors in the mammalian CNS. If, as has recently been

suggested (Chang et aL, 1996; Tretter et aL, 1997), the stoichiometry of the

pentameric receptor is 2a2p1y/a then, assuming no further restrictions in the

manner in which the subunits may combine, a total of 576 (4 as x 4 as x 3 ps x

3ps x 4 y/as) receptor combinations would be possible. However, a consideration

of the evidence gathered tram experiments analyzing the subunit composition of

native receptors has lead to the recent suggestion that there are probably less

than ten major subtypes of GABA" receptors (McKeman and Whiting, 1996), the

most ubiquitous of which appears to be the a,P212' proposed to account for up to

43°" of GABA" receptors in the rat brain.

Concentration-response curves of whole-cell currents induced following

the application of GABA have revealed that the ECso (effective concentration

causing a response which is 50% of the maximal) values for GABA are highly
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variable from one region of the CNS to the next as weil as, within any given

region, from one neuronal population to the next (White, 1992; Schonrock and

Bormann, 1993: Feigenspan and Bormann, 1994). Such variability is Iikely a

reflection of the heterogeneity of GABAA receptors. In these studies, the GABA

concentration-response curves were also shown to generalty exhibit a Hill

coefficient of approximately 2. A Hill coefficient having a value which is greater

than unity indicates the existence of positive cooperativity. whereby the binding

of one agonist molecule facilitates the subsequent binding of a second agonist

molecule. between multiple binding sites. Its maximum value can never exceed

the number of binding sites within a receptor complex and thus a Hill coefficient

of 2 suggests that the binding of two GABA molecules are required in order to

fully activate the GABAA receptor (Sakmann et al.• 1983: Bormann and Clapham.

1985).

Ion substitution experiments which, as alluded to earlier. permitted an

estimate of the GABAA receptor channel pore diameter have also allowed a

determination of the ionic selectivity of the channels. Measurements of single­

channel conductances recorded in the presence of equal transmembrane

concentrations of small anions demonstrated a conductance sequence of cr >

Br" > r > SeN" > F which was almost exactly the reverse orcier of the permeability

sequence (SCN" > r > Br" > cr > F). The inversion of these sequences was

interpreted as being indicative of the existence of permeant ion binding to sites

located within the channel pore (Bormann et al.. 1987) and suggested that the

channel is not simply a water-filled pore which aets as a molecular sieve Iimitlng

acees. through the channel to anions displaying a molecular diameter less than

that of the channel pore. Of the small anions, it is clear that, under physiological

conditions, GABAA receptor-mediated currents will be predominantly carried by

the translocation of cr ions. As discussed above, the estimates of GABAA

reœptor channel pore diamater were based on measurements of the relative

permeabliity of large, poorly hydrated, polyatomie anions which demonstrated the

following permeability sequence: formate> bicarbonate (HC03") > aœtate >

phosphate> propionate. Again, of these. the only anion likely to play a
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physiological role is HC03", which as shawn by Bormann et al. and others (Akaike

et al., 1989; Kalla et aL, 1989; Mason et aL, 1990) has a permeability of -0.2

relative to that of cr.
He03" ions are present bath intracellularly and extracellularly where their

concentrations are regulated by the enzymatic adivity of carbonic anhydrase,

which catalyzes the following reaction:

CO
2
+ H

2
0 <=> H+ + HC0

3
"

The enzymatic regulation of the intracellular and extracellular concentrations of

HC03" generates a reversai potentiaf which is much more positive than the

resting membrane potential of neurons, indicating that under physiological

conditions flux of HC03" through GABAA receptors would be outwardly directed

resulting in an inward current. The first indication that HC03- could contribute ta

the physiological actions of GABA came from experiments performed on crayfish

muscle fibers where GABA-mediated depolarizations were shown ta be bath

blocked by the specifie GABAA receptor blocker, picrotoxin, and carried by HC03"

ions (Kalla et al., 1989). Similarly, recent experiments in rat neocortical neurons

showed that alterations of the intracellular pH (and thus of the intracellular

concentration of HC03") caused shifts in the reversai potential of GABAA receptor­

mediated IPSPs indicating that HC03- may contribute to GABAergic

neurotransmission in the mammalian CNS (Kaila et aL, 1993). Interestingly,

application of the convulsant compound, 4-aminopyridine (4-AP), has been

shawn to induce spontaneously oceurring, synchronous actlvity which

corresponded to an intracellularly recorded long-lasting, GABAA receptor­

mediated depolarization (Perreault and AvoU, 1992). Consistent with a

mechanlsm involving the extrusion of HC03" through GABAA receptors, such

GABA-medlated spontaneous activity was demonstrated ta be associated with

alkaUne transients in extracellular pH (Lamsa and Kaila. 1997). Together with

experimental evidence demonstrating the anticonvulsant properties of the

carbonlc anhydrase inhibltor. acetazolamlde, these results were interpreted as

suggesting that GABA-mediated mechanisms maYe under some circumstances,

contrtbute ta epileptogenesis.
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The kinetics of the gating of GABAA receptors have been studied in graat

detail using fluduation (or noise) analysis (Barker and Mathers, 1981; Barker et

al., 1982; CuII-Candy and Usowicz, 1989; De Koninck and Mody, 1994) as weil

as, more diredly, using the patch clamp technique under conditions which permit

the recording of currants generated by single channels (Hamill et al., 1983;

Bormann et al., 1987; Macdonald et al., 1989; Twyman et al., 1990; Newland et

al., 1991; Kaneda at al., 1995). In bath recombinant as weil as native GABAA

receptors numarous single-channel current amplitudes have been observed,

indicating that the receptor-gated channels can open to multiple (2-4)

conductance levels. Nevertheless, a main conductance level, defined from the

average amplitude of the most frequently occurring currant step, can typically be

identified that aceaunts for over 90% of the currant through the channel. The

reported main state condudance from single-channel recordings is typically 16­

30 pS, almost indistinguishable from the values of 12-28 pS estimated from

fluctuation analysis. The molecular basls and physiological function of the

additional conductance states remain unknown.

Since the transition of the GABAA receptor-gated channel from an openad

to a closed state occurs rapidly, the onset and offset of single-channel currents

appear instantaneous such that square current pulses are recorded.

Furthennore, sinee the duration of channel openings is variable and separated by

equally variable closing events, the recorded currents have a burst-like

appearance. Plots of the open and closed time distributions are typically best fit

by the sum of multiple exponentials, suggesting that GABAA receptors enter into

multiple open and closed states. Basect on these observations of the main state

conductance gating bahavior, a model has been proposed which can aceaunt for

the complex behavior of GABAA receptor-gated channels (Twyman et al., 1990).

The model incorporates two binding sites to which GABA binds in a sequential

manner, three open states (0'-3)' the first ofwhich (0,) corresponds to openings

of the channel tram a singly liganded closed ltate. and ten closed states (C,.,o).

ln keeplng with the consistent observation of a progressive decline in the

amplitude of GABAA receptor-mediated currents in the continued presence of
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agonist, the model also includes a desensitized state. Such a model has

contributed to a greater understanding of the manner in which the anticonvulsant

benzodiazepines and barbiturates produce an enhancement of GABAA receptor

fundion.

Drugs acting at the GABAA receptor complex can be divided into two

broad categories based on their mechanisms of action: (1) those which produce

a direct activation of the receptor through the agonist binding site. and (2) those

which allosterically enhance neurotransmitter-mediated actions at the receptor

binding site. Allosteric modulation of GABAA receptor function. as exemplified by

the actions of the barbiturates and benzodiazepines. has proven to be the most

successful mechanistic approach to producing an enhancement of GABAA

receptor-mediated inhibition. The barbiturate phenobarbital was first introduced

into clinical practice in 1912 (Hauptmann. 1912) as an effective treatment against

seizures, while the first benzodiazepine. diazepam. was approved for adjunctive

therapy in 1968.

Bath the barbiturates and benzodiazepines have been shown to produce

an increase in the amplitude as weil as the duration of GABAA receptor-mediated

synaptlc responses (Barker and McBumey, 1979; Segal and Barker, 1984; Weiss

and Hablitz, 1984; De Koninck and Mody, 1994). Although their effects on

GABAergic transmission are qualitatively similar, the mechanisms by which they

enhance GABA function are distinct and characteristic of each group of

compounds. The barbiturates have been shawn to increase the mean duration

of channel openings without altering their frequency of occurrence. In addition.

they are known to cause. in higher concentration, a direct activation of the

receptor camplex. even in the absence of GABA. In contrast. the

benzodiazepines produce an increase in the frequency of channel openings

whlle havlng no effect on thelr duration. 80th the barblturates and

benzodlazepines have generally been reported ta have no effect on single
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channel conductance. Recently, however, a study of GABAA receptors in

cultured rat hippocampal neurons demonstrated that diazepam could produce a

several-fold increase in the single channel conductance (Eghbali et aL, 1997).

The actions of bath groups of compounds have been explained in relation to the

proposed model of GABAA receptor gating. The barbiturates have been

proposed to increase mean open time by favoring the transition of the channels

to the open state having the longest duration (03) over those having shorter

duration (01 and O2). On the other hand, the increase in the frequency of

channel openings caused by benzodiazepines is attributed to either an

enhancement of the association rate for GABA at the first, but not the second,

binding site or a reduction in the rate of entry of the channel into its desensitized

state.

Although the barbiturates and benzodiazepines effectively control

numerous seizure types, the development of tolerance and unacceptable side­

effects associated with their chronic clinical use has created an increasingly

negative attitude with respect to their safety as therapeutic agents (Rogawski and

Porter, 1990; Lader, 1995). In the case of the benzodiazepines, there is hope

that novel avenues for development of benzodiazepine ligands may yet laad to

efficacious compounds capable of controlling seizures while minimizing side

effects and the development oftolerance. This optimism is based on the

demonstration that partial benzodiazepine agonists, such as imidazenil, can

produce an anticonvulsant action associated with liUle if any side effects or

development oftolerance (Giusti et al., 1993; zanotti et aL, 1996). Finally, recent

evidence suggests that epileptiform aetivity can produce important changes in

the subunit composition of native GABAA receptors (Buhl et al., 1996; Gibbs, et

al., 1997; Schwarzer et al., 1997; Spark et al., 1997) resulting in the expression

of receptors displaying an altered sensitivity to benzodiazepine ligands with

relawely subunit-selective actions. Therefore, these results suggest that novel

benzodiazepines capable of selectively acting upon the aberrant GABAA

receptors expressed in epileptic tissues could be developed which. by nature of
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their specificity, would be expected to produce a relatively selective

anticonvulsant action.

2.3.2 GABA. Recepto...: Structure and Functlon

The existence of GABAs receptors was first proposed based on the

selective ability of a population of bicuculline-insensitive GABA receptors to bind

with high atrinity the radiolabeled compound p-p-chlorophenyl-GABA (baclofen).

ln contrast to the GABAA receptor which, as previously mentioned, directly gates

an intrinsic cr·permeable ion channel and mediates fast synaptic inhibition, the

GABAs receptor modulates bath pre and postsynaptic conductances through an

indirect coupling of the receptor to its effectar channels via pertussis toxin­

sensitive heterotrimeric G proteins. The modulation of ion channel function by

these receptors has been shawn to result in either an increase in the

conductance of K+ channels or a decrease in the conductance ofthose that are

permeable to calcium. In general. the postsynaptic GABAs receptor is positively

coupled to K+ channels and its physiological activation is thought to underlie the

slow component of IPSPs. In contrast, negative coupling of the presynaptic

receptor with calcium channels is believed to be the mechanism which allows

GABAs receptors to control the release of various neurotransmitters. The GABAs

receptor has, in addition. been shown to modulate the activity of bath adenyl

cyclase (Wojcik and Neff, 1984; Knight and Bowery. 1996) and phospholipase ~

(Ouman et al.• 1986) as weil as the tumoverof phosphotldyl inositol (Crawford

and Young, 1988; Smith and Li, 1991).

Severallines of evidence demonstrating the G protein coupling of the

GABAs receptor ta Its effector sites strongly suggested that this reœptor was a

member of a family of metabotropic receptors which characteristically possess

seven putative transmembrane spanning domains. The racent expression

cloning of two GABAs receptor variants. belleved ta be derived from the same

gene through alternative spllcing and termed GABAsR1a and GABAaR1b

(Kaupmann et al., 1997). has allowed a greater insight into the structure of this
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receptor. While GABAaR1a encodes a protein of 960 amine acids with a

predicted molecular weight of 106K, GABAaR1b encodes for a protein of 844

amine acids with a predicted molecular weight of 92K. The predided molecular

weights derived from each cDNA clone closely corresponded to those of two

putative, widely expressed GABAs receptor proteins of 130K and 100K identified

by photoaffinity labeling using a novel high affinity antagonist [12SI]CGP71872

(Kaupmann et al., 1997). Hydropathy profiles derived from the amine acid

sequence of each cONA clone confirmed the presence of seven transmembrane

domains and indicated that the predicted transmembrane topology of the

receptor was very similar ta that of the metabotropic glutamate receptors

(mGluR). The cloned cONAs were demonstrated ta share 18-23% amine acid

sequence identity and 43-48% related residues with the mGluR suggesting that

bath ofthese receptors fonn a common gene family. In addition to its seven

transmembrane domains, GABAaR1 alb are predicted to have a large N-terminal

extraœllular domain containing several N-glycosylation sites and proposed to be

the site of agonist binding. In situ hybridization revealed that GABAaR1a1b is

ubiquitously distributed with abundant levels of transcripts observed in ail layers

of cerebral cortex as weil in the pyramidal and granule œil layers of the

hippocampus.

As mentioned abov8, the use of baclofen, a selective agonist of the

GABAs receptor, was instrumental in first identifying this GABA receptor subtype.

Baclofen, a structural analog of GABA, was first synthesized in 1962 and later

introduced into clinicat practice as an effective treatment against spasticity

resulting from multiple sclerosis or spinal cord injury. Although baclofen remains

the most commonly utilized agonist of GAS"- receptor&, others have been

synthesized which display a higher affinity for this receptor. The compounds (3­

aminopropyt)phosphinic acid (3-APA) (HUIs et al., 1989) and its methyl derivative

(3-aminopropyl)rnethytphosphinic acid (Howson et al., 1993) were recently
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developed and shown ta possess three- ta seven·fold greater potency at GABAs

receptors than baclofen. Most recently the compound (3-amino-2(S)­

hydroxypropyl)methylphosphinic acid was synthesized and demonstrated to be

more potent than baclofen in producing muscle relaxation while producing fewer

side effects in rats and was thus chosen as a development compound for the

treatment of spasticity (Froestl et al., 1995).

Many more antagonists than agonists of the GABAs receptors have baen

synthesized over the years. The tirst of these was the phosphinic analog of

baclofen, phaclofen (Kerr et aL, 1987). Although phaclofen had a relatively low

affinity for the receptor, it was effectively utilized to characterize the slow­

component of IPSPs as being mediated by GABAs receptors (Dutar and Nicoll,

1988; Soltesz et al., 1988). The introduction of phaclofen was quickly followed

by that of 2-hydroxy-saclofen (2-0H-saclofen), the sulphonic acid derivative of

baclofen (Curtis et aL, 1988; Lambert et aL, 1989). Although 2-0H-saclofen

proved to be a much more potent antagonist of the GABAs receptor than

phaclofen, its usefulness as a possible therapeutic agent was limited due to its

inability ta cross the blood-brain-barrier. Recently, this limitation was overcome

with the development of CGP35348, which is structurally related ta the GABAs

receptor agonist 3-APA (Olpe et al., 1990). Capable of penetrating the CNS

following its i.p. administration, CGP35348 was not however active when

administered orally and was of relatively low potency. Numerous antagonists

have now been introduced which have very high affinity (1-2 nM) and are active

after oral administration. The development of these compounds, as will be

discussed in the following section, has greatly expanded our understanding of

the GABAs receptor.
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Postsynaptic GABAs receptors

Earty intracellular recordings from hippocampal CA1 pyramidal neurons

maintained in slices revealed that orthodromie stimulation of their afferent fibers

by an electrode situaled in the stratum radiatum evoked a stereotyped pattern of

postsynaptie responses. These consisted of: (1) an EPSP which, if of sufficient

amplitude. could trigger the firing of a single action potential, (2) a GABA­

mediated bieuculline-sensitive IPSP with a time-to-peak of approximately 10-20

ms, and (3) a late (or slow) hyperpolarizing potential with its peak occurring at

about 150-200 ms (Nicoll and Alger, 1981; Alger and Nicoll, 1982a; Alger and

Nicoll, 1982b). Similar delayed hyperpolarizations had also been observed in

granule cells of the dentate gyrus in response to orthodromie stimulation

(Thalmann and Ayala, 1982). The late hyperpolarizing response was resistant to

what are now recognized as antagonists of the GABAA receptor (had been

referred ta as GABA antagonists) and appeared ta be generated through an

increase in K+ permeability. Although initially proposed to be generated through

an increase in Ca2+-dependent K+ conductance as a result of the preceding

EPSP, experimental manipulations whieh reduce depolarization-induced rises in

intracellular Ca2
+ (i.e. intracellular application of EGTA) had no effect on the

evoked late hyperpolarization (Lancaster and Wheal, 1984; Newbeny and Nicoll,

1984). On the basis of these and other experimental findings, the late

hyperpolarization was proposed ta be a slow-IPSP, generated following the

release of a transmitter substance from inhibitory intemeurons (Newberry and

Nicoll, 1984). Comparisan of the properties of the slow-IPSP with those of

bieucullin.resistant responses evoked tollowing the iontophoretie application of

either GABA or baelofen revealad numerous similarities which suggested that the

activation of GABAs receptors by synaptically released GABA may underlie the

slow-IPSP (Newberry and Nicoll, 1985). More definitive evidence of the

involvement of GABAs receptors in mediating the slow-IPSP came with the
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demonstration of the ability of phaclofen to selectively antagonize (1) the

postsynaptic bicuculline-resistant actions of both baclofen and GABA and (2) the

slow-IPSP (Outar and Nicoll, 1988). The dependence of the slow-IPSP on the

activation of postsynaptic GABAs receptors has sinee been confirrned in many

parts of the CNS from different species using more recently developed high­

affinity GABAs receptor antagonists (Lambert et al., 1989; Olpe et al., 1990;

Davies et al., 1993a; Jarolimek et al., 1993; Olpe et aL, 1993; Bon and Galvan,

1996; Schmidt and Perkel. 1998).

The involvement of G-proteins in the postsynaptic actions of the GABAs

receptor was suggested from several experimental manipulations expected to

disrupt G-protein mediated interactions. In their inactivated state, G proteins are

bound ta GDP. Binding of agonist ta G protein-coupled receptors causes the

exchange of GDP for GTP. The resulting aetivated G protein may then interact

with its effectors. Application of non-hydrolysable analogues of GDP (GDP-~-S)

and GTP (GTP-y-S) have thus been used to irreversibly inactivate and activate G

proteins, respeetively. Sorne of the first evidence suggesting that the coupling of

K+ channels to the GABAs receptor occurs through a G protein-mediated

mechanism came from experiments demonstrating that application of GOP-~-S

reduces the action of baclofen, while in contrast, GTPy-S could mimic the effects

of baclofen (Andrade et al., 1986; Thalmann, 1988). Further evidence came

with the demonstration of the ability of pertussis toxin, which prevents receptor-G

protein interactions, ta black bath the effects of applied agonists (GABA and

baclofen) as weil as the slow-IPSP (Andrade et aL, 1986; Colmers and Williams,

1988: Thalmann, 1988: Thompson and Gihwiler, 1992a). Pertussis toxin

speciflcally inactivates G proteins of the G1 and/or Go type, suggesting that these

specifie G proteins are responsible for GABAs reœptor-mediated events.

Few studies have investigated the properties of the ~ channels to which

GABAs reœptors are coupled. Using the cell-attached configuration of the patch

clamp technique. single-channel recordings from cultured hippocampal neurons

were recently perforrned in order to study the properties of the channels involved
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(Premkumar et al.• 1990). Under these conditions. single-channel ~ currents

could be recorded foUowing exposure of the neuron to baclofen. Although highly

variable. the amplitude of the smallest current resulting from the application of

baclofen corresponded to a conductance of 5-6 pS. The channels were highly

selective for K+ ions (P,JPk ratio of 0.03-0.04) consistent with the previously

measured reversai potential of the slow-IPSP which predicted the involvement of

a~ selective conductance. The channels displayed a bursting behavior and

opened ta numerous subconductance states which were multiple integers of the

elementary conductance of 5-6 pS. More recently. the properties of K+ channels

activated in response to synaptically released GABA were examined using

nonstationary fluctuation analysis of synaptic currants recorded from dentate

gyrus granule cells of hippocampal slices (De Koninck and Mody. 1997). Such

an analysis revealed a single-conductance of 5-12 PS, similar to the elementary

conductance previously estimated from single-channel recordings. Thus.

contrary ta the GABAA receptorwhere. as mentioned previously. most of the

synaptic current was shown ta be carried through the larger of multiple

conductance states, the synaptic currant elicited foUowing the activation of

GABAs receptors appears ta be carried by the smaUest of observed conductance

states.

Presynaptic GABAs receptors

Presynaptic GABAs receptors have been identified at the terminais of

numerous neurotransmltter systems where they regulate transmitter release.

Thus, the GABAs receptor has been shown to aet as bath an autoreceptor,

affecting the release of its own endogenous ligand GABA, and a heteroreceptor.

the activation of which reduces transmitter release from glutamatergic.

catecholaminergic, serotonergic. peptidergic and acetylcholinergic terminais.

However, sinee heteroreceptor function has predominantly been examined in

response to the exogenous application of agonlsts, including baclofen and

GABA, It is unclear whether transmitter release from GABAergic synapses can
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affect these more distant receptors. Although the possibility exists that these

heteroreceptors could be activated by GABA acting in a paracrine fashion

following ils release. the physiological role of these receptors largely remains ta

be determined. In contrast, the physiological role of GABAs autoreceptors in the

presynaptic control of GABA release is more firmly established. Their existence

at GABAergic terminais was first suggested based on the ability of baclofen ta

depress GABA-mediated inhibition in various CNS regions (Cain and Simmonds,

1982; Misgeld et aL. 1984). Since then, numerous studies using highly specifie

GABAs receptor antagonists have investigated the consequences of their

physiological and pathophysiological activation by synaptically released GABA.

Results from these studies will be discussed in the following section.

The mechanisms by which GABAs autoreceptors cause a reduction in the

release of GABA in different areas of the CNS as weil as within a particular brain

structure appear heterogeneous. As with postsynaptic GABAs receptor-mediated

responses, the presynaptic actions of GABA, with the possible exception of

magnocellular neurons of the rat supraoptic nucleus (Mouginot et aL, 1998). can

generally be abolished by pretreatment with pertussis toxin (Thompson and

Gihwiler, 1992a; Potier and Outar. 1993; Pitler and Alger, 1994; Santos et al.,

1995; Chen and Van den Pol, 1998). Although these results would suggest that

the presynaptic receptors are generally coupled to the same G protein (G/Go)'

heterogeneity appears ta exist with respect to the effectors to which these

receptors are coupled. For example. experiments with barium have suggested

that whereas the GABAs autoreceptors located in the dentate gyrus and CA3

region of the hippocampus appear to couple with a simitar~ conductance as the

postsynaptic receptor (Misgeld et aL, 1989; Thompson and Gahwiler, 1992a).

those Iocated in CA1 do not (Lambert et al., 1991; Pitler and Alger, 1994).

Therefore. at least in the dentate gyrus and CA3 region. it appaars as though

activation of autoreceptors may decrease transmitter release by hyperpolarizing

GABAergic terminais and thus reducing the influx of Ca2+ during nerve terminal

depolarization. In contrast. recent evidence tram experiments utilizing the Ca2+

channel blocker, cadmium. suggests that in the CA1 region autoreceptors rnay
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reduce GABA ralease by causing a direct reduction in the influx of Ca2+ through

voltage-dependent channels (Doze et al., 1995). Furthermore, the use of

subtype selective Ca2+ channel antagonists suggested that N- and P/Q-type, but

not L-type channels, may mediate the presynaptic actions of GABA in area CA1.

Consistent with these findings, whole-cell recordings from inhibitory intemeurons

located in the stratum radiatum of CA1, revealed that the inhibitory effects of

GABAs receptor activation on voltage-dependent Ca2
+ channels could be

preferentially blocked by the selective antagonist of N-type channels, omega­

conotoxin-GVIA (m-CgTx-GVIA) (Lambert and Wilson, 1996). Thus, it appears

as though at least two mechanisms underlie the ability of GABAs autoreceptors ta

cause a reduction in the release of GABA: reduction of Ca2
+ influx into nerve

terminais due to (1) nerve terminal hyperpolarization resulting from the activation

of a presynaptic 1(' conductance, and (2) due to a direct inhibition of a voltage­

dependent Ca2+ conductance. Based on the ability of baclofen to affect GABA

ralease despite the presence of bath cadmium and barium, a third mechanism,

most likely involving an action at a site downstream of Ca2
+ influx, has recently

been proposed (Jarolimek and Misgeld, 1997).

C) Phys/o/og/e.1 roi. ofGABA. tee.ptotS

As described in the previous section, GABAs receptors, located on bath

the pre and postsynaptic neuronal membrane, couple to diverse effector systems

allowing them to mediate highly divergent functions. In the following section, the

physiologiesl functions of the GABAs receptor will be discussed separately in

tenns of ils pre and postsynaptic-mediated actions.

Postsynaptic GABAs receptors

The development of highly specifie antagonists possessing a high affinity

for GABAs receptors has allowed a more detailed study of the physiological role

of these receptors. In striking contrast to the effects produced following the
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antagonism of GABAA receptors, block of GABAs receptors following the

administration of these compounds does not result in the development of

epileptiform adivity in brain sUces maintained in vitro, nor does it generally result

in any overt behavioral changes. The inability of these compounds ta induee a

hyperexcitable state bath in vivo and in vitro underlines numerous important

differences in the role of GABAs and GABAA receptor-mediated mechanisms in

the control of CNS function. Firstly, the more rapid onset of GABAA reeeptor...

mediated 1PSPs results in a significant overlap of this inhibitory event with

incoming fast non-NMDA receptor-mediated EPSPs. Thus, the relatively large

increase in input conductance and the associated hyperpolarization resulting

from the adivation of GABAA reeeptors will severely limit the temporal extent of

neuronal excitation. Recently, GABAA receptor-mediated events of partieularly

rapid onset have been identified that occur at or near the somatic region of CA1

pyramidal ceUs and appear to be especially effedive in limiting EPSP-indueed

adion potential firing (Pearce, 1993). Similar GABAA receptor-mediated events

with more rapid kinetics have recently been described in the piriform cortex

(Kapur et al., 1997). In contrast, the much slower kinetics of GABAs receptor­

mediated IPSPs more closely resemble those of NMDA receptor-mediated

depolarizations. Therefore. although GABAs receptor activation may regulate

excitation under conditions in which NMDA receptors are strongly activated (Olpe

and Karlsson, 1990; Morrisett et al., 1991), the relatively smatl contribution of

these receptors to fast excitatory transmission may partially explain the absence

of excitability following GABAs receptor blockade.

A number of further possibilities may explain the absence of

hyperexcitability following GABAs receptor blockade. Whereas GABAA receptors

are tonically activated by ambient levels of GABA and thus play a role in

determining the restlng membrane potential of neurons, as evidenced by the

depolarizing shift in membrane potential resulting from the block of these

receptors, the GABAs receptors are not (Otis et al., 1991; Otis and Mody. 1992).

ln addition, the spontaneous action potential-dependent and -independent

release of GABA. whlch undertles spontaneous IPSP/Cs (sIPSP/Cs) and
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miniature IPSP/Cs (mIPSP/Cs), respectively, contributes ta the resting inhibitory

tone. The resulting postsynaptic responses generated by such continuous

bombardment of the target neuron can be fully blocked by the application of

GABAA receptor antagonists. Thus, GABAs receptors do not appear to be

involved in the generation of spontaneously occurring responses under control

conditions. They have, however, been reported to contribute to these avents

under conditions which increase the probability of transmitter release (Otis and

Mody, 1992). Finally, application of GABAs receptor antagonists wililikely

produce a block of bath pre-and postsynaptic receptors. Thus, a decrease in

postsynaptic inhibition resulting from the antagonism of GABAs receptors may be

compensated for by an increase in the extent of GABAA receptor-mediated

inhibition resulting from an increase in GABA release due to a block of the

presynaptic autoreceptor.

Presynaptic GABAs receptors

GABAs receptor antagonists have been successfully utilized to detennine

the contribution of presynaptic autoreceptor activation to the weil characterized

phenomenon of activity- (or frequency-) dependent depression of inhibition. First

observed as a decrease in the effectiveness of GABA-mediated inhibition with

repeated stimulation at frequencies as low as 0.2 Hz, but subsequently observed

during even paired stimulation of inhibitory pathways (paired-pulse-depression)

as weil, this phenomenon is believed ta importantly contribute ta the

development of seizures by facilitating the spread and generalization of

epileptifonn activity. Numerous mechanisms have been proposed to account for

this phenomenon. These include, in no particular order: (1) desensitization of

postsynaptic GABAA receptor-mediated responses following the prolonged

exposure of these receptors to GABA (Ben-Ari et al., 1979), (2) collapse of the

transmembrane cr gradient which results in a decrease in the driving force for

this ion and thUI reduces the ability of GABAA receptors to cause

hyperpolalization (McCarren and Alger. 1985; Thompson and Gihwi1er, 1989a),
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and (3) reduced release of GABA following presynaptic GABAs autoreceptor

adivation (Deisz and Prince, 1989; Thompson and Gahwiler, 1989c). Although

any of these mechanisms could potentially contribute under a variety of

conditions to the adivity-dependent depression of inhibition, most of the available

data has suggested that the latter two mechanisms may be more important

contributors to this phenomenen. However, altheugh shifts in the

transmembrane cr gradient likely contribute ta the depression observed following

the prolonged repetitive stimulation of inhibitory pathways in the hippocampus,

this mechanism was reported to contribute little, if at ail, to the depression of

GABA-mediated responses in the neocortex (Deisz and Prince, 1989).

Regardless of the possible contribution of Cr-dependent mechanisms to the

depression of inhibition, a consistent finding in these early studies was the

observation of a large reduction in the GABAA receptor-mediated conductance

which coincided with the period of depression.

A consistent finding in experiments using prolonged repetitive stimulation

is that a large portion of the depression of inhibitory events oceurs between the

first and second stimulus (Deisz and Prince, 1989), at a time when the cr
reversai potential is unlikely to have changed considerably. This observation

would appear to validate the use of the paired-pulse paradigm in the study of

mechanisms contributing to activity-dependent depression. The marked

depression of GABA-mediated synaptic responses observed under these

conditions confirms that changes in the gradient of cr plays a minor role in the

use-dependent depression of inhibition (Oavies et al., 1990; Nathan and

Lambert, 1991). By utillzing specific antagonists of bath non-NMOA and NMDA

receptofS, Oavies et al. (1990) were able to study the mechanisms contributing to

paired-pulse depression under conditions that avoid the possible confounding

issue of changes in the strength of excitatory transmission during paired

stimulation. These experiments, and others sinee, have ail reportecl that a block

of GABAs receptors with ils specifie antagonists results in the near complete

abolition of paired-pulse depre88lon. Furthermore, with GABAs receptors

blocked, the amplitude of IPSP/Cs are weil maintained throughout the entire
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1 duration of the low-frequency repetitive stimulation. These results have thus

suggestect that GABAs receptors play a predominant role in the phenomenon of

activity-dependent depression of inhibition. Studies of long-term potentiation

have suggested that this autoreceptor-mediated mechanism may operate under

physiological conditions during memory formation.

D) Antlconvu/sant th.raples .Imed at GABA. l'fIC.plors

From the preceding experimental findings conceming the physiological

role of both pre- and postsynaptic GABAs receptors, one can clearly propose two

contrasting mechanisms through which a compound could produce an

anticonvulsant effect by acting upon the GABI\, receptor: (1) enhancement of

inhibition through a direct agonist action at the postsynaptic receptor, and (2)

increased release of GABA by an antagonism of the presynaptic receptor. Yet,

despite reports of the ability of certain agents ta produce a relatively selective

action at either the pre- or postsynaptic receptors, pharmacological distinction

between these two mechanisms has yet ta be achieved. Thus, the outcome of a

pharmacological intervention aimed at the GABAs receptor will depend on the

relative effect of the compound on the pre and postsynaptic receptor. Consistent

with this suggestion, the nonselective GABA. receptor agonist baclofen was

reported to have proconvulsant as weil as anticonvulsant effects on experimental

and clinical seizures (Loscher and Schmidt, 1994b).

Nevertheless. GABAs receptor antagonists have been shawn to be

capable of controlling absence seizures in numerous animal models (Hosford et

al., 1992; Smith and Fisher, 1996; Snead. 1996; Aizawa et al., 1997; Vergnes et

al.. 1997). This is thaught ta be due to an interaction between GABAs receptor­

medialect IPSPs and T-type Ca2+ currents generated in thalamic neurons. The

rhythmic adivation of these Ca2+ currents is thought ta underlie the spike-and­

wave discharge (SWO) pattem which is characteristicaIly recorded in the EEG of

patients suffertng from this form of epilepsy. Such a rhythmic discharge pattern

has been shawn ta followthe activation and inactivation of the T-type current. In

GenetallnttotJut:tJon••.50



1

1

this respect, the hyperpolarization provided by GABAs IPSPs is thought to play

an important role in deinactivating the T-type current. Thus, block of GABAs

IPSPs by the GABAs receptor antagonists is believed to reduce the priming of

Ca2+ currants and thereby abolish the SWO.

Although, as detailed above, postsynaptic GABAs receptors play a

relatively minor role under physiological conditions, theïr activation appears to

significantly reduce the duration of postsynaptic depolarization during episodes of

CNS hyperexcitability. Under these conditions, GABAs receptor adivation has

been reported to result in the generation of prolonged (0.5-2 s) postsynaptic

hyperpolarizations having a maximal amplitude of 30 mV which may aet as a

compensatory mechanism under conditions of partial disinhibition. Theïr

elimination following the application of GABAs receptor antagonists resulted in

the development of intense and sustained epileptic discharges lasting for up to 1

min (Scanziani et al., 1991). Consistent with a role of GABAs receptors in

controlling epileptic events, GABAs receptor antagonists reportedly accelerate

the development of amygdala kindling (Karlsson et al., 1992) and facilitate the

elicitation of sound-induced tonie seizures (Vergnes et aL, 1997) following thair

systemic injection in rats. Therefore, in contrast to the therapeutic potential of

GABAs receptor antagonists in the treatment of absence seizure, the

development of selective agonists of the postsynaptic receptor may prove

effective in other tonns of epilepsy.

2.4 Reuptak. of GAIA

Following their release from presvnaptic terminais, several

neurotransmitters are rapidly removed from the extracellular space by an active

transport process mediated by a family of membrane bound proteins.

Neurotransmitter transporters have been identified at ail central synapses with

the exception of those mediating cholinergie transmission where transmitter

removal is accomplished by the extracellular metabollzing enzyme,

acetylcholinesterase. These transporters have been proposed to serve a
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number of functions. These include: (1) the termination of synaptic events by the

rapid removal of the transmitter substance from the synaptie eleft; this action

limits not only the duration of the activation of pre and postsynaptie receptors but

also the spread of transmitter to neighboring synapses, (2) the replenishment of

neurotransmitter pools, and (3) the release of transmitter by a Ca2+-independent

meehanism involving reversed transporter activity.

2.4.1 Na+/Cr-dependent tnlnsportl,. of GABA

A subfamily of transporters has been identified which speeifically mediates

the uptake of GABA into neurons and gUa. The GABA transporters belong ta a

mueh largerfamily of Na+/Cr coupled transporters whose activities, as their name

implies, have an absolute requirement for the presence of Na+ and cr which are

co-transported along with their respedive substrates. The first eloned member of

this family was a GABA transporter, designated GAT-1 (Guastella et al., 1990),

which became the prototypical member of a family that now includes transporters

for norepinephrine, serotonin, dopamine, glycine, and taurine. Additional GABA

transporters have since been eloned (Borden et al., 1992; Yamauchi et at,

1992). Besides GAT-1, the family of GABA transporters now includes GAT-2,

GAT-3 as weil as the betaine/GABA transporter, BTG-1. Homologues of eaeh

have been identifled in severa1species, including man.

Within the GABA transporter subfamily the various members display

approximately 50-70% amino acid identity. The cONAs are predicted to encode

proteins of 600-630 amlno aclds with molecular weights of 65-70 kOa. in good

agreement with the size of the purifled unglycosylated transporters. They share,

along with the other members of the Na+/cr coupled transporters. numerous

structural features. most of which are predided by hydropathy analyses of their

deduced amine acid sequence and can be summarized as follows: (1) 12

hydrophobie putative membrane spanning a-helices. (2) intracellularly located N­

and e-terminal reglons. (3) a large extracellular loop between transmembrane

ragions 3 and 4, and (4) several consensus sites for N-Ilnked glycosylation
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located within the large extracellular loop. A similar membrane topology has

recently been proposed based on the protease sensitivity of various ragions of

the GAT-1 transporter expressed in Xenopus oocytes (Clark. 1997).

A) ".chan/sm 01 tlanspotfer·med/ated GABA uptake

The procass of concentrative transport into bath neurons and glia is made

possible by coupling the transport of GABA ta the movement of inorganic ions

down their concentration gradient. Thus, for each GABA molecule, two Na· and

one cr ions are co-transported. The transport process is thus electrogenic

resulting in the transfer of one net charge per transporter cycle. The inorganic

anions are furthermore proposed to play an important role in preparing the

transporter for the binding of GABA by transforming it to astate having a high

affinity for the substrate (Mager et al., 1996).

Various models have been proposed in arder to explain transporter

funetion. The generally accepted model by which the GABA transporter shuttles

its substrates acrass the membrane is termed the altemating-access model. In

this model. the transporter is viewed as an aqueous pore to which aeeess is

restrieted due to the presence of two gates on the extracellular and intracellular

surfaces of the protein. Within the pore ragion are acceptor sites to which the

permeant substrates bind. The model predicts that in its resting state the

extracellular gate is left opened allowing the substrates access to their binding

sites. Once these sites are occupiec:l. the gates undergo a conformationsl

change which causes the extracellular gate to close and the intracellular gate ta

open. Once the substrates are released ta the intracellular solution. the

transporter reverts to its resting state where it is now ready ta repaat the cycle.

Recently. in heterologous expression systems, electrophysiological techniques

have been used to record the currents resulting tram the binding and unbinding

of Na· and cr to the GAT-1 transporter as weil as tram the translocation of

substrates aerass the plasma membrane (Cammack et al., 1994; Mager et al..

1998). The recorded currents revealed complexities of the transport process



which cannot be explained by the altemating-access modal. On the basis of

these findings a second model has been proposed, termed the multi-substrate

single-file transport model (Su et aL, 1996). The model assumes substrate­

substrate interactions at multiple binding sites but makes no assumptions with

regards to global conformation changes. The multiple binding sites within the

pore formed by the transporter are aligned in a single file. Given the absence of

gates, substrates have free access to the transporter lumen and thus bind at a

rate partially determined by mass action. Substrates are assumed to hop from

the solutions to the binding sites as weil as from one binding site to the next.

Coupling ratios between inorganic and organic substrates arise from substrate­

substrate interactions (attraction or repulsion) which favor translocation of

substrates from one side of the membrane to the other. More detailed

knowledge conceming the structure of the transporters and the residues which

actually Une the pore region will be needed in arder ta select between these

models.

B) Ifechan/sm of t1anspol'te,-medl.ted BABA re'u••

The GABA transporter can mediate transmitter release by at least two

mechanisms: (1) homo- and heteroexchange, and (2) reversed transporter

activity, leading to a net efflux of GABA. The two processes are observed to

occur in the absence of any external Ca2+ and thus do not involve the exocytosis

of GABA from synaptic vesicles. The former of these ralease processes was

obseNed in neurochemica1experiments which demonstrated that [3H]GABA,

preloaded into membrane synapto80mes, can exchange extensively with bath

exogenously applied GABA (homoexchange) as weil as with substances which

can serve as substrates for the GABA transporter (heteroexchange), such as

nipecotic acid (Johnston et al., 1976b; Bemath and Zigmond, 1988) and

diaminobutyric acid (DABA) (Sitges et al., 1993). Although independent of Ca2+,

thi. proces. does however depend on the presence of extracel'u'ar Na· (Sitges

et al., 1993).
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The second means through which the transporter can cause a release of

GABA stems from its dependence on the transmembrane electrochemical

gradients for Na· and cr. Thus, reversed transporter activity will occur under

conditions, such as strong membrane depolarization or the intracellular

accumulation of Na+, which favor a reversai of the electrochemical gradient for

these ions. Based on the recognized stoichiometry of the transporter (2 Na+:1 cr
:1 GABA) the following thermodynamic equation has been proposed which

govems the extracellular concentration of GABA (Attwell et al., 1993):

[GABAlo =[GABA],([Na1/[Na10t([CIl/[Cllo)exp[VFIRT]

where [ ]0 and [11 refers to the extracellular and intracellular concentrations of

each molecular species, respectively, and where V, F, R, and T have their usual

meanings. Based on the dependence of transporter activity on the presence of

two Na· ions, the equation predicts that depolarizing events which lead ta an

influx of Na· will more effectively trigger a transporter-mediated release of GABA

than the presence of depolarization alone. Such a prediction is consistent with

experimental observations (Santos et al., 1992). From this it follows that such a

machanism will more significantly contribute to the release of GABA during a

relatively sustained depolarization of neurons, as might be expected to occur in

neurons involved in the generation and propagation of epileptiform activity. In

support of this, a racent microdislysis study in patients suffering from temporal­

lobe epilepsy demonstrated a redudion in the glutamate-stimulated Ca2+­

independent relesse of GABA which was attributed to a reduction in the number

of GABA transportera (During et al., 1995). The loss of transporter function in

eplleptogenlc brain areas was thus suggestecl to contribute ta the maintenance

of the epileptlc atate in these patients.
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C) GABA trIInsporte, heterog."e/ty ln the CNS

Although not deflnitively confirmed until the members of the GABA

transporter family had been cloned, the existence of at least two distind

transporters for the GABAergic neurotransmitter had been proposed based on

the relatively selective ability of a series of compounds ta inhibit the transport of

GABA into either cultured neurons or astrocytes (Schousboe et al., 1979;

larsson et al., 1981; larsson et al., 1983). Compounds such as

hydroxynipecotic acid and P.alanine inhibited with higher potency the uptake of

GABA into glia whereas the compounds (1RS. 3RS)-3­

aminocyclohexanecarboxylic acid (ACHC) and L-DABA preferentially inhibited

uptake into neurons. The most potent inhibitors of the uptake of GABA were the

monocyclic amine acids, nipecotic acid and guvacine. However, these

compounds displayed only a modest degree of selectivity (-3-4 fold) for the glial

transporter. The cloning of the GABA transporters has revealed that the actions

ofthese compounds are more complex than was originally proposed based on

the differential pharmacology of the glial versus neuronal transporter. 1n fact,

characterization of the distribution and pharmacology of the cloned transporters

has failed ta confirm the existence of clearty distinguishable neuronal versus glial

transporters.

GAT-1 (GABA Transporter 1) possesses properties which most closely

approximates those expectect for a neuronal transporter and is the most widely

distributed member of the GABA transporterfamily (Durkin et aL, 1995). The

pharmacologiesl profile of GAT-1 is consistent with those of the proposed

neuronal transporter (Guastella et al., 1990). However, although il has baen

reported ta be highlyexpressed in cells with a neuronal morphology (Itouji et al.,

1996), numerous reports have found GAT-1 to be present in astrocytes as weil

(Ribak et al., 1996). In contrast, the properties of the much less widely

distributed GAT-3 mast closely resemble thON of the glial transporter. As such,

GAT-3 displays a higher affinity for P.alanine than GAT-1 and shows Iittle affinity
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for the proposed neuronal selective compound ACHC. However, the finding that

GAT·3 displays a lower affinity for hydroxynipecotic acid than did GAT-1, is

inconsistent with GAT·3 being designated as the previously characterized glial

transporter, although GAT-3 is reported ta be preferentially expressed in

astrocytes (Durkin et al., 1995; Itouji et al., 1996). In situ hybridization has shown

that the distribution of mRNA of GAT·2 which is closest to GAT-3 with respect to

its deduced amino acid sequence and pharmacological profile, is limited ta cells

forming the meninges (Durkin et al., 1995). Finally, although BTG-1

(Betaine/GABA Transporter 1) mRNA has baen detected in the CNS of bath

humans and rats, its distribution does not correlate with GABAergic pathways

and thus does not appear to play a role in terminating the action of GABA at the

synapse (Borden et al., 1995).

2.4.2 High afflnlty llpophlilc Inhlbltors of the GABA transporter:

Deve'opment of tlagablne

Although the inhibition of GABA uptake by bath nipecotic acid and

guvacine was demonstrated to produce an anticonvulsant effect, due ta their

high degree of hydrophilicity these compounds were unable ta permeate the

blood-brain-barrier and thus could only produce an anticonvulsant effect following

their intracerebroventricular administration. Another marked disadvantage of

these compounds is the faet that they can aet as a substrate for the neuronal and

glial transporter (Johnston et aL, 1975: Johnston et aL, 1976a). As a

consequence of its ability to be taken up into presynaptic terminais, nipecotic

acid has been reported to produce a concentration- and perfusion time­

depandent disinhibitory effect in vivo (Lerma et al., 1985). Evidence from

neurochemical studies has suggested at least two possible machanisms by

which nipecotic acid may have produced such an effed. The firat is based on the

observation that following its uptake into neurons, nipecotlc acid can be released

in a ca2+-dependent manner from sllces of rat cerebral cortex (Johnston et al.,

1976b). Since nipecotic acid has no appreciable effect on the postsynaptic
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GABA receptors, the storage and subsequent release of this compound will

reduce the effectiveness of GABA-mediated inhibition. Therefore, nipecotic acid

would be ading as a false transmitter (Lerma et al., 1985: Roepstorff and

Lambert, 1992). An additional explanation for the disinhibitory effects of

nipecotic acid is based on this compound's ability to cause an increase in the

release of GABA through a transporter-mediated heteroexchange procass

(Szerb, 1982a: SoUs and Nicoll, 1992). Thus, a depletion of the presynaptic

GABA stores may also contribute to the observed disinhibitory actions of

nipecotic acid.

ln an attempt ta develop novel GABA uptake blockers capable of

producing a CNS action following their systemic administration, Ali et al. (1995)

examined whetherthe addition of a large lipophilic moiety (4,4-diphenyl-3­

butenyl, OPB) to the nitrogen atoms of nipecotic acid, guvacine and other

inhibitors of GABA uptake would facilitate the penetration of the resulting

compounds through the blood-brain-barrier. It had previously been shown that

the introduction of small substituents to the amine groups of nipecotic acid or

guvacine normally results in compounds with a diminished affinity for the GABA

transporter (Wood et aL, 1979: Krogsgaard-Larsen et aL, 1985). Therefore, it

was somewhat surprising that many of the substituted derivatives demonstrated

a higher potency at inhibiting GABA transport than their respective parent

compounds. In particular, SKF 899976-A and SKF 100330-A displayed a 20-fold

increase in potency compared to nipecotic acid and guvacine, respectively. In

contrast ta their parent compounds, these blockers aet as non-competitive

inhibitors and cannat serve as substrates for the transporter. They are belleved

to produce their inhibitory effects by praventing the disassociation of Na· ions,

thereby locking the transporter in a intermediate step of ils cycle (Mager et al.,

1996). Importantly, when tested in rats and mica, these compounds were shown

ta produce an anticonvulsant effect following systemic administration.

Using a similar strategy. numerous compounds have since been

synthesized including CI-966 (Bjorge et al., 1990), NNC-711 (Suzdak et aL,

1992a), and tiagabine (TGB) (Andersen et aL, 1993). Although ail ofthese
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compounds have been demonstrated to produce an anticonvulsant effed in

laboratory animais, only TGB has proven to be useful in the treatment of epilepsy

in humans. Clinical trials with CI-966 were discontinued following reports of the

development, in healthy human volunteers, of severe physical abnormalities

including tremor, myoclonus and short- and long-term memory loss. as weil as

mental disturbances consisting of symptoms indicative of mania and

schizophrenia (Sedman et al.. 1990). An examination of the effect of these

compounds on the GABA transporters. GAT-1 and GAT..3, revealed that ail of

these inhibitors display a much higher affinity for GAT-1 over GAT-3 and in this

respect, they are 50-200-fold more potent than their parent compounds. nipecotie

acid and guvacine (Clark et al.. 1992; Clark and Amara, 1994; Borden et aL,

1994). Thus. the anticonvulsant actions of these compounds can most likely be

attributed to their selective inhibition of GAT-1-mediated GABA transport.

A} Preclln/cal ph.rm.co/ow of fla,ablne

TGB exerts potent anticonvulsant activity in numerous chemical and

electrically induced convulsion models as weil as in genetie epilepsy models.

The administration (i.p.) of TGB was demonstrated to fully protect animais

against pentytenetetrazol- (PTZ-) induced tonie seizures and death while

atfording a 50-60% protection against the associated clonic seizures. Similarly,

methyI6.7-dimethoxy-4-ethyl-p.earboline-3-carboxylate- (DMCM-) induced clonie

seizures and death were completely prevented by TGB. The observed

anticonvulsant affect was generally dose-dependent with the exception of PTZ­

and DMCM·induced clonic seizures where a redudion in the anticonvulsant

efficacy became apparent at higher doses (Nielsen et al., 1991). Animais were

only partially protected tram bicuculline-induced seizures and protection from

maximal electrostimulation (MES) was only observed at relatively higher doses of

TGB. In addition. TGB was shawn ta suppress bath the development of

amygdala klndllng epileptogenesis and the expression of fully kindled seizures

(Suzdak and Jansen. 1995; Dalbyand Nielsen, 1997; Morimoto et al.. 1997).
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Amygdala kindling is believed to be useful in predicting anticonvulsant

effectiveness against previously drug resistant complex partial epilepsy (Lëscher

and Rundfeldt. 1991). In genetie models, TGB was shown to dose-dependently

inhibit sound-induced tonie seizures in DBAl2 mice (Nielsen et al., 1991) and

audiogenic seizures in the genetically epilepsy-prone rat (Faingold et al., 1994).

Finally, in evaluating the possible neurologiesl side-effects resulting from

treatment with TGB it was observed that inhibition of locomotor activity in mice

and rats occurred at doses 10-14 times higher than those necessary ta produce

an anticonvulsant effect (Nielsen et al., 1991). In this respect, the therapeutic

window for TGB was considerably larger than that observed for compounds such

as carbamazepine, diazepam, phenobarbital, phenytoin and valproie acid.

Interestingly, although tolerance to the anticonvulsant effects did not develop

during 21 day treatment with TGB, tolerance to the already slight sedative and

motor impairing effects was observed resulting in an increase in the therapeutic

window for TGB from approximately 14 ta 28 (Suzdak, 1994). In addition, no

sign of withdrawal or physical dependence was seen upon discontinuation of

drug treatment. These results would therefore suggest that treatment of patients

with TGB may be better tolerated than the currently established antiepileptics.

As a general rule, the results from clinical trials with TGB are consistent

with the seizure protection profile predided on the basis of preelinical animal

testing. When TGB was administered as add-on therapy for patients suffering

from partial seizures (simple, complex and secondarily generalized) that were

unsatisfactorily controlled with existing antiepileptic drugs. approximately 30% of

patients experienced at least a 50% reduction in the frequency of their seizures.

For partlcularly difflcult to treat complex partial selzures this number was

increased to 42% with optimal TGB dosing (Ben-Menachem, 19958). The

effectiveness of TGB in these trials W8S clearty dose-dependent. Although

reluits from more trials will be needed, early indications suggest that TGB can
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also be effective in monotherapy (Biton et al., 1996). Consistent with results from

animal testing, treatment of patients with TGB was generally weil tolerated and

adverse effects were usually mild and transient. The mast commonly reported

side-effects were dizziness, asthenia, nervousness and tramor (Ben-Menachem,

1995a; Leppik, 1995). Furthermore, the anticonvulsant effectiveness of TGB was

weil maintained. and in sorne cases increased. during long-term treatment of up

to 12 months (Ben-Menachem. 1995a).

2.4.3 Mechanlsms of action of tlagablne

The effects of TGB on the uptake of GABA have been tested in numerous

in vitro preparations including synaptosomal membranes, neuronal as weil as

glial cultures, and heterologous expression systems (Braestrup et al., 1990;

Borden et al., 1994). As previously mentioned, TGB preferentially inhibits the

activity of the GAT-1 transporter. Using either stable ortransient transfections of

bath human and rat clones of GAT-1, the afflnity of the various lipophilic transport

inhibitors were tested. The highest potency at inhibiting GAT-1 was observed

with NNe-711. This was followed by TGB, SKF 89976-A, and CI-986. The rank

order of potency was identical regardless of species. TGB was equally potent at

inhibiting the uptake of ['H]GABA into cultured neurons (IC5C) =446 nM) and gUa

(ICso =182 nM) demonstrating a lack of preference for either of these uptake

sites. The inhibition of uptake wes stereoseledive as the S-enantiomer of TGB

was approximately fourfold less potent. Uptake was inhibited with similar

potency in synaptosomes prepared from vanous species (rat, pigeon, rabbit,

guinea pig and mouse) as weil as in various rat brain regions (pons-medulla,

cerabellum, cortical regions, corpus striatum, midbrain and hippocampus).

These experiments also conftrmed the inability of TGB to aet as a substrate for

the transporter.

ln vivo and in vitro binding experiments wera performed using [3H]TGB in

order ta better characterlze the specifie target with which this compound interacts

(Braestrup et al., 1990; Suzdak et al., 1992b). These experiments demonstratecl
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that TGB binds with high affinity to a single class of binding sites in a manner

which was dependent on the presence of bath Na· and cr. The binding of

[3H]TGB was saturable, couId be inhibited by various known inhibitors of GABA

transport and was weil correlated with the ragional distribution of eH]GABA

uptake in vitro with the highest concentration of binding sites found in the

hippocampus. These results strongly suggest that [3H]TGB binding represented

binding to the GABA uptake carrier. Following the administration of a dose (1.2

mg/kg) of TGB which corresponded to ED5Q for inhibiting DMCM-induced clonic

seizures, in vivo receptor accupancy was estimated at 30%. In contrast, receptor

occupancy following a dose (6 mg/kg) of TGB corresponding to the ED5Q for

inhibiting rotarod activity was estimated at 600/0 suggesting that a different degree

of receptor occupancy is needed for TGB ta produce its anticonvulsant effects

and ataxia.

Finally, the interaction of TGB with the GABA transporter was shawn to be

highly selective. TGB had no appreciable afflnity for dopamine, adrenergic,

muscarinic, seratonin, histamine (H2 and H3), opiate, glycine, glutamate, GABA,

or sigma receptors. Similarly, TGB had essentially no effect on the uptake of

dopamine, norepinephrine, serctonin, glutamate or choline. In addition, 1GB did

not Interfere with the binding of blockers of both calcium and sodium channels.

Although weak affinity was demonstrated for the histamine H1 receptor and the

benzodiazepine receptor, the concentration of TGB at which these interactions

were seen was over 98-fold greater than the IC5Q for inhibition of [3H]GABA

uptake (Braestrup et al., 1990; Suzdak and Jansen, 1995).

2.4.4 Electrophyslologlca••tudle. of tI.e.blne'. actions

The adions of TGB on GABA-mediated IPSP/Cs are generally consistent

with those reported previously for the non-substrate, high affinity1 lipophilic

blockera of GABA uptake and are in striking contrast to those of nipecotic acid.

Unlike nipecotic acid which moderately prolonged the decay phase of evoked

IPSCs while causing a more pronounced reduction in their amplitudes. 1GB had
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no consistent effect on the amplitude of the evoked inhibitory events and greatly

prolonged their duration sueh that the decay time constant of evoked IPSCs was

increased from 16 to 250 ms (Rekling et al., 1990; Roepstorff and Lambert, 1992;

Thompson and Gahwiler, 1992b). Furthermore, in contrast to the smooth

exponentially decaying monosynaptie IPSPs that were recorded following the

complete block of excitatory postsynaptic receptors, monosynaptic responses

evoked in the presence of TGB displayed a prominent, more delayed, second

component. Application of the specifie GABAs receptor antagonist, CGP 35 348,

abolished this delayed component indicating that it was generated as a result of

the activation of postsynaptic GABAs receptors. Thus, the prolonged duration of

IPSPs evoked in the presence of TGB is in part due to a greater contribution of

GABAs reeeptors to the postsynaptic response. Given the previously reported

role of GABAs receptors in controlling the duration of epileptiform activity (see

2.3.2 section 0), these results would suggest that such an increase in GABAs

receptor-mediated IPSPs could contribute to the anticonvulsant actions of TGB.

ln contrast to its effect on evoked IPSP/Cs, inhibition of GABA uptake by TGB

was reported to have no affect on the maan decay time constant of action

potential-independent miniature IPSCs (mIPSCs)(Thompson and Gahwiler,

1992b). This suggests that the clearance of GABA from the synaptic claft

following its spontaneous quantal release is determined by diffusion rather than

by uptake. Nevertheless, as expeded from its ability to prolong the postsynaptic

actions of GABA, TGB was shown to inhibit the spontaneous epileptiform

bursting induced in the presence of a high (8 mM) extracellular concentration of

~.
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Preface to Section 3

ln contrast to the activity-dependent depression of GABA-mediated

inhibition which is characteristically produced by the repetitive stimulation of

inhibitory intemeurons at low-frequency (0.5-10 Hz). high-frequency stimulation

(HFS; 100 Hz, 200ms) has been demonstrated to greatly increase the strength of

evoked inhibition above that which is produced by a single stimulus (tapek and

Esplin, 1993). Furthermore, GABA uptake blockers with demonstrated

anticonvulsant properties were shown to produce a relatively selective increase

in the inhibition resulting from HFS of hippocampal recurrent inhibitory pathways

suggesting that the actions of these drugs are frequency-dependent. Tiagabine

is a recently developed selective GABA uptake inhibitor which. in contrast to

previously developed structurally related compounds. has proven to be effective

in treating patients suffering from certain forms of epilepsy. The following study

was undertaken with the aim of examining the mechanisms which undertie the

fraquency-dependent affects of uptake blockers on GABA-mediated inhibition.
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Abstract

The effects of the GABA uptake blocker tiagabine on isolated inhibitory

postsynaptic potentials (IPSPs), elicited by high frequency (100 Hz, 200 ms)

stimulation (HFS) of inhibitory intemeurons, were examined in CA1 pyramidal

ceUs in the hippocampal sUce preparation. We report that HFS produced a large

increase in bath fast and slow hyperpolarizations resulting from the activation of

GABAA and GABAs receptors, respectively. In addition, incremental increases in

the intensity (80-550 JJA) of HFS caused the appearance of a depolarizing

response (DR) of progressively larger amplitude which occurred between, and

overlapped with, the fast and slow hyperpolarizing components of the IPSP. The

amplitude and duration of the DR was depandent upon the intensity and duration

of HFS and could be blocked by bath application of bicuculline methiodide (40

JJM), suggesting that GABAA receptors were involved in its generation. The

consequences of tiagabine (20 IJM) application on GABA-mediated responses

evoked by HFS ware depandant on the intensity of the electrical stimulation

used. Thus, measurements of the time integral of evoked responses show that

with weak (60 JJA) HFS tiagabine caused a 3.6-fold increase in the area of

hyperpolarization while in contrast, with strong (530 IJA) HFS tiagabine produced

a 13.5-fold increase in the depolarizing adions of GABA. Our results suggest

that tiagabine, a therapeutically effective anticonvulsant, may paradoxically

produce an increase, through a GABAA receptor-mediated mechanism, of

neuronal depolarization during the high-frequency discharge of neurons involved

in epileptiform activity.

Keywords: Anticonvulsant: GABA: Uptake, Tiagabine; Hippocampus; evoked

IPSPs
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Introduction

The neurotransmitter y-aminobutyric acid (GABA) plays a critical role in

controlling the spread of excitation in the central nervous system (CNS)(Traub et

aL, 1987a; Traub et aL, 1987b; Miles and Wong, 1987). Although GABAergic

inhibitory intemeurons represent as little as 10% of the neuronal population in the

hippocampus (Olbrich and Braak, 1985; Woodson et aL, 1989), due ta their

extensive dendritic and axonal arborizations (Li et aL, 1992; Sik et aL, 1995;

Miles et al., 1996) they are estimated ta account for 20 to 50% of ail CNS

synapses (Bloom and Iversen, 1971; Decavel and Van den Pol, 1990).

Following its release from inhibitory intemeurons, GABA adivates postsynaptic

Iigand-gated GABAA and G-protein coupled GABAs receptors which mediate fast­

and slow-inhibitory postsynaptic potentials (f- and s-IPSPs), the amplitude and

duration of which determines the strength of GABAergic inhibition in the CNS.

For neurotransmitter systems devoid of extracellular metabolizing enzymes, the

duration of postsynaptic avents will be determined by (1 ) intrinsic channel

properties, (2) the rate of diffusion of the transmitter from the synaptic cleft, as

weil as by (3) the reuptake oftransmitter into neurons and gUa thrcugh an adive

transport procass. Although the decay of bath spontaneous IPSPs as weil as

those evoked with weak stimulation of GABAergic neurons appears to be

uniquely determined by intrinsic channel properties and diffusion of GABA out of

the synapse, the use of GABA uptake inhibitors has demonstrated that

transporter activity plays an important role in the termination of responses

evoked with either exogenous GABA application or strong stimulation of the

GABAergic neurons (Thompson and Gahwiler, 1992b; Isaacson et 81.,1993; Oh

and Dichter, 1994). These results would suggest that uptake inhibitors will have

a more pronounced effed on events resulting from a relatively large release of

GABA.

ln contrast to pyramidal cells, intemeurons display a high rate of

spontaneous activity, short action potential duration and pronounced brief

afterhyperpolartzations following a single action potential. Furthermore, they fire
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trains of non-adapting action potentials in response to sustained depolarizing

current injections (Schwartzkroin and Mathers, 1978; Knowles and

Schwartzkroin, 1981; Lacaille et at, 1987; Williams et al., 1994). Although the

membrane properties of intemeurons would clearty allow the firing of high

frequency bursts of action potentials during epileptifonn activity, very Uttle has

been done in arder to characlerize GABA-mediated postsynaptic responses

evoked following the high frequency activation of intemeurons. Repetitive

stimulation of inhibitory pathways at low frequencies (0.5-10 Hz) is known ta

cause the activity-dependent depression of GABAA receptor-mediated inhibitory

postsynaptic potentials (IPSPs) due ta a combination of factors including a

rundown of the transmembrane cr gradient as weil as a reduced ralease of

transmitter following the activation of presynaptic GABAs autoreceptors

(McCarren and Alger, 1985; Thompson and Gihwiler, 1989a). In contrast, we

have recently demonstrated that high frequency stimulation (HFS) of recurrent

inhibitory pathways in the hippocampus produces an increase in the strength and

duration of GABA-mediated inhibition. Furthennore, the GABA uptake blockers

SKF 89976A and SKF 100330A, derivatives of nipecotic aeid and of guvacine

respectively, caused a much greater increase in the inhibition produced by the

HFS of recurrent inhibitory pathways compared with that resulting from a single

stimulus (Capek and Esplin, 1993).

The aim of the present study was therefore to investigate the effects of

tiagabine, a novel GABA uptake inhibitor recently approved in the US for the

adjunctive treatment of partial seizures, on monosynaptic IPSPs recorded from

CA1 pyramidal cells following the stimulation of hippocampal inhibitory

intemeurons at a frequency (100Hz) intended to mimie the activation seen in

seizures. We report that such HFS results in a large increase in the amplitude

and duration of GABAA and GABAe receptor-mediated IPSPs. Consistent with

previous reports (Staley et al., 1995), luch stimulation also caused the

appearance of GABAA receptor-mediated depolarizations. Tiagabine application

resulted ln a stimulus intensity- and frequency-dependent inerease in the

postsynaptfc actions of GABA resulting in a predominantly large increase in
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GABA-mediated depolarizing responses (ORs). Preliminary aceaunts of these

results have been presented (Jackson et al., 1995; Jackson et al., 1996).

Methods

Male Sprague-Dawley rats (100-200 Q, Charles River) were decapitated,

their brains rapidly removed and placed in cold (4°C) oxygenated (95°k O2 and 5

% CO2) artificial cerebrospinal fluid (aCSF) of the following composition (in mM):

NaCI, 124; KCI, 3.3; CaCI2, 2.5; MgSO., 2.4; NaHC03, 25.6; KH2PO., 1.25;

glucose, 10. The brains were then glued to the stage of a vibratome and coronal

whole-brain slices (400 IJm) were prepared. Slices containing transverse

sections of the hippocampus were incubated at room temperature in a holding

chamber for 1 hour in oxygenated aCSF. For experiments, sUces were

transferred to a recording chamber and maintained at 31°C at the interface

between moist 95 ok O2 and 5 % CO2 and oxygenated aCSF perfused through

the chamber at a rate of 2-3 ml/min. Using a blind approach (Blanton et al.,

1989), tight seal whole œil recordings were obtained from CA1 pyramidal cells

maintained, by appropriate currant injection, at a constant membrane potential.

Eledrodes, prepared trom borosilicate glass (WPI) using a Brown-Flaming

micropipette puller (Sutter Instruments, P-80), had a resistance of 2-4 Mn when

tilled with a solution containing (in mM): 140-150 KMeSO., 10 N-2­

hydroxyethylpiperazine-N-2-ethanesulfonic acld (HEPES) and 2 MgCI2•

Intracellular solutions were adjusted to pH 7.2-7.3 with KOH and filtered through

a 0.2 IJm pore size tilter (Nalgene). Total osrnolality for ail intracellular solutions

ranged from 270 to 290 mOsm. Monosynaptlc IPSPs (Davies et al., 1990) were

evoked in the presence of 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX,10-20

~) and 3-«R)-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP, 5 ~M)

by a bipolar stimulating electrode positioned in either the stratum radiatum or

alveus in close proximlty to the recording electrode. Stimulation was by either a

single stimulus (50-600 J,IA, 100 JUS) or a train of 20 stimuli delivered at high-
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frequency (100 Hz, 200 ms). When reported, the significance of the changes

induced following the bath application of tiagabine were tested using a two-tailed

Student's t-Test. Signais were recorded with an Axoclamp 2A amplifier (Axon

Instruments) in bridge mode, digitized at 3-5 kHz and stored on disk using a PC

based acquisition and analysis system (Théorêt et al., 1984).

Drugs

Bicuculline methiodide was purchased from Sigma Chemical Co. (St­

Louis, MO). The specifie GABAs receptor antagonist, 3-[[(3,4­

dichlorophenyl)methyl]amino]propyl](diethoxy-methyl) (CGP 52432) and (R)-N­

[4,4-di-(3-methytthien-2-yl)but-3-enyl] nipecotic aeid hydroehloride (tiagabine)

were kind gifts of Novartis Pharma AG (Basel, Switzerland) and Abbott

Laboratories (Chicago, Illinois), respectively. Drugs used were dissolved in

aCSF and added to the perfusing medium when required.

R••ulta

Monosynaptic IPSPs evoked by high-frequency stimulation

Monosynaptic IPSPs, consisting of bath fast and slow hyperpolarizing

components. were evoked following a single stimulus in stratum radiatum. Their

amplitude and duratlon increased with the stimulus intensity over the range of 80

to 550 ~A (Fig. 1A, upper traces). When the Inhibitory intemeurons were

stimulated at high·frequency (100Hz, 200ms), the eyoked hyperpolarizations

were of mueh greater amplitude and duration. HFS furthermore caused the

appearance of a DR which, at low stimulus intensity (80 J,lA), typically consisted

of a depolarizing Mhump" interposed between the fast and slow

hyperpolarizations. Its amplitude increased with the stimulus intensity (Fig 1A,

lower traces) as weil as with the number of pulses deliyered (Fig. 1B) and could

eyoke a burst of action potentials (Fig 1B, bottom trace). The HFS-eyoked DR
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could be abolished following the bath application of the GABAA receptor

antagonist. bicuculline methiodide (40 IJM) (Fig. 2A. bottom traces). Such GABAA

receptor-mediated depolarizations have previously been observed under

conditions which produce a strong activation of the postsynaptic receptors

(Andersen et aL. 1980; Thalmann et al., 1981; Perreault and Avoli, 1992; Grever

et al.• 1993) and are most likely generated by the efflux of bicarbonate anions

(HC03-) through the receptor channel (Staley et aL, 1995; Perkins and Wang,

1996). In addition to producing a black of the DR. bath application of bicuculline

(40 IJM) abolished the initial fast hyperpolarization of HFS-evoked responses

thus revealing a pronounœd increase in the amplitude and duration of the slow

hyperpolarization (Fig. 2A. bottom traces). Slow hyperpolarizations were blocked

by the GABAs receptor antagonist CGP 52 432 (1 0 IJM) indicating that they are

GA8As receptor-mediated. In the presence of bath bicuculline and CGP 52 432,

the remaining smaU depolarization was mast likely due to a rise in extracellular K+

resulting from the intense activation of the inhibitory intemeurons sinee it persisted

even in the absence of extracellular Ca2+ and was not associated with an increase

in conductance (data not shawn). The decrease in the transmembrane potential

changes evoked by injection of constant current pulses and superimposed on the

trace indicated that a conductance increase was associated with each of the three

components of the HFS-elicited response (Fig. 2C).

Effects of GABA uptake black on who/e-cell recorded IPSPs evoked byeither

single stimulus orby HFS

Consistent with the previously reported effects of GABA uptake blockers

(Isaacson et aL, 1993), bath applied tiagabine (20 ~M) greatly prolonged the

duratlon of only those IPSPs which were evoked following a single strong (200­

400 J,IA) stimulation while producing Iittle or no effect on the amplitude of

responses evoked using either low (30-50 J.IA) or high (200-400 ~) stimulus

intensities (Fig. 3A and 8). In contrast to these relatively small changes. the
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blockade of GABA uptake by tiagabine resulted in a much more pronounced

affect on responses elicited with HFS. As previously mentioned, compared with

responses elicited with a single stimulus, the amplitude and duration of the

hyperpolarizing components increased with HFS. Regardless of the stimulus

intensity used, application of tiagabine caused further increases in both the

amplitude as weil as the duration of hyperpolarizing IPSPs. In addition, tiagabine

application greatly facilitated the generation of ORs following HFS. This effect

was especially prominent at high stimulus intensities, where HFS could now

evoke large (>10 mV) depolarizations which dominated the postsynaptic

response and obscured the slow hyperpolarizing component of the IPSP. Such

large evoked depolarizations could furtherrnore trigger the burst firing of action

potentials (as in Fig. SA).

The frequency-dependent actions of tiagabine were further tested by

examining the e1fects of tiagabine application on the time integral of responses

evoked with either a single stimulus or a train of stimuli delivered at high frequency

(Fig. 4). Wrth a baseline which corresponded ta the resting membrane potential,

such an analysis allowed for a better detennination of the overall contribution of

hyperpolarizing and depolarizing components ta the evoked responses. In control,

responses evoked following a single stimulus were always hyperpolarizing with the

measured negative ares becoming larger as the stimulus intensity was increased

from 60 ta 530 tJA. Following the bath application of tiagabine the duration of evoked

hyperpolarizing IPSPs was greatly enhanced pnxtucing a 3.2-fold increase in the

area of hyperpolarization at a stimulus intensity of 340~ (Fig. 4A). In contrast ta

the straightforward increase in hyperpolarizing IPSPs elicited with a single stimulus,

the effects of tiagabine on responses evoked with HFS were more complex. Wlth

weak HFS (60 tJA), application of tiagabine resulted in a 3.6-fold increase in the area

of hyperpolarization. Hawev., as the stimulus intensity was increased, black of

GABA upt8ke resulted in an overwhelmingly large increase in the amplitude and

duration of ORs such that st a stimulus intensity of 340 IJA the lime integral of the

response wes Increased 13.5-fold. Therefore, when using HFS, tlagabine

application pnxIuced a biphasic effect on postsynaptic responses such that an
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increase in hyperpolarization was seen at Iow stimulus intensities while in contrast.

an increase in GABAA receptor-mediated depolarization was observed at higher

stimulus intensities (Fig. 48).

Differences in the effects of tiagabine on responses elicited by HFS stimulation of

proximal and distal intemeuronal populations

The increase in HFS-induced depolarizing responses following the

application of tiagabine suggests that inhibition of GABA uptake may result in an

increase in excitability. Yet our studies of the affects of SKF 89976A and SKF

100330A (eapek and Esplin. 1993) as weil as of tiagabine (eapek. 1997)

demonstrated that block of GABA uptake results in a robust increase in inhibition

produced by high-frequency activation of inhibitory pathways. However, these

experiments involved the activation of recurrent inhibitory pathways by a

stimulating electrode located in the alveus rather than in the stratum radiatum.

Since electrical stimulation at each of these sites is likely to have activated

different intemeuronal populations which possess diverse properties and serve

distinct functional roles in the hippocampus (Buhl et al.. 1994; Miles at aL. 1996).

we examined the effects of tiagabine on HFS-evoked monosynaptic responses

from bath the alveus and the stratum radiatum.

As in Fig. 3. bath applied tiagabine caused the appearance of large ORs

followlng HFS delivered to bath the stratum radiatum and alveus (Fig. 5A).

However. the response of the œil to the ORs elicited from each stimulation site

dlffered substantially. Although the elicited ORs were of similar amplitude (21.8 ±

2.6 and 16.0 ± 2.6 mV. p =0.17) (Fig. 58). those generated from stimulation of

the stratum radlatum could preferentially trtggerthe ftrtng of adion potentials. In

only one of five cells did slvear stimulation evoke action potential ftring. Overall.

the mean number of APs trlggered by ORs from the stratum radiatum was 12.4 ±

3.4 compared ta only 0.4 %0.4 for those elicited from the alveus (Fig. SC).

Therefore. in the presence of tiagabine, direct excitation occurs only with large
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GABA" receptor-mediated depolarizations generated in the distal dendrites of

CA1 pyramidal cells following HFS delivered to the stratum radiatum.

Dlscu••lon

ln the present study, we report that the electrical stimulation of hippocampal

sUces at a frequency intended to mimic the activation of inhibitory intemeurons

during epileptifonn adivity produced two important effects on GABA-mediated

postsynaptic potentials: (1) a large increase in the amplitude and duration of bath

GABA" and GABAs reœptor-mediated hyperpolarizations and (2) the appearance

of GABA" receptor-mediated depolarizing responses. The occurrence of these two

contrasting effects depended on the duration and intensity of HFS, with increases

in one and/or the other favoring the generation of GABA-mediatect depolarizations.

The monosynaptic adivation of inhibitory intemeurons at high-frequency revealed

that the effects of tiagabine on GABA-mediated postsynaptic responses are

dependent on bath the frequency and intensity of stimulation. Furthermore,

inhibition of GABA uptake greatly facilitated the generation of GABA" reœptor­

mediated ORs following HFS.

ln the adult rat, GABA-mediated ORs have previously been reported to

occur following the application of an exogenous GABAergic agonist (Andersen et

al., 1980; Alger and Nicoll, 1982a), HFS of intemeurons (Grover et al", 1993; Staley

et al., 1995) as weil as following any intervention that produces a large activation of

PQstsynaptic GABA" receptors (Xie and Smart, 1991; Perreault and AvoU, 1992). A

recendy proposed model (Staley et al., 1995) suggests that GABA-mediated

depolarizations are generated by an efflux of HC03", to which the GABA" receptor

ionophore is penneable (Kails. 1994), following the activity-induced collapse of the

transmembrane cr gradient

DRs have generally been much easier ta evoke following the activation of

GABA" receptors on the distal dendritic membrane of pyramidal cells. This was

initially belleved ta be due ta the maintenance of a higher intracellular cr
concentration in distal dendrites resulting in an equilibrium potential more positive
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than the resting potential (Misgeld et al., 1986). However, the ability to evoke

hyperpolarizing responses following dendritic GABA application or activation of

dendritic inhibitory synapses is inconsistent with such an explanation. In contrast,

the cr accumulation model suggests that GABA-mediated depolarizations are

more readily observed in distal dendrites because of the Iower intracellular volume,

relative to the soma, which results in a more rapid collapse of the cr gradient

following the sustainec:l activation of GABA" receptors. Our resutts indicate that

ORs can nevertheless be evoked by the activation of the more proximaUy located

receptors following strong HFS delivered to the alveus. Furthermore, as with those

evoked from the stratum radiatum, the amplitude and duration of proximally evoked

ORs are greatly increased following the inhibition of GABA uptake by tiagabine.

Generation of ORs tollowing the application of tiagabine has similarty been

observed to be facilitated in cortical wec:lges prepared from audiogenic seizure­

prone DBAl2 mice (Hu and Davies, 1997). Such a facilitation is likely produced as

a result of the much stronger and more prolonged adivation of postsynaptic

GABA" reœptors which may cause a more rapid and complete collapse of the

transmembrane cr gradient. The tiagabine-induœcl increase in the amplitude of

the GABA" receptor-mec:liated fast hyperpolarization, which always precedes the

DR, is consistent with such an explanation (Fig. 5A).

ln addition to having been shown ta produce an anticonvulsant effect in

animal seizure models (Faingold et al., 1994: Suzdak, 1994: Halonen et al., 1996;

Pfeiffer et al., 1996), tiagabine has proven itself ta be particularly effective in the

treatment of patients suffering from partial complex seizures (Ben-Menachem,

1995a; Shinnar, 1997: Sachdeo et al., 1997). Our previous demonstratlon of the

frequency-dependent enhancement of inhibition by the GABA uptake inhibitors

SKF 89976A and SKF 100330A (tapek and Esplln, 1993) suggested that this

clasl of anticonvulsant compounds may selectively strengthen GABA-mediated

inhibition dunng the high-frequency synchronoul discharge of neurons involved in

the initiation and/or propagation ofepileptic brain activity. Such a mechanism of

action would be expected ta minimize the occurrence of CNS depressant side

effed8 nonnally aasociated with drugs which produce an indiscrtminate
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enhancement of inhibition. However, the demonstration that in the presence of

tiagabine the depolarizing actions of GABA following HFS are enhanced, seems

contrary to expected actions of an anticonvulsant. Despite the occurrence of these

depolarizations, the effects of tiagabine during synchronized high frequency

neuronal activity may nevertheless reinforce inhibition. Indeed, burst firing was

only observed in response to tiagabine-enhanced GABA-mediated depolarizations

generated in the distal dendrites of pyramidal œlls. Furthennore, we have recently

demonstrated that in cells from which a DR could be evoked following HFS in the

alveus, an inhibitory period of 200-400 ms wes observed during which time stratum

radiatum-evoked excitatory postsynaptic potentials (EPSPs) were of reduced

amplitude and no longer capable of generating action potentials. This inhibitory

period was extended to 800-1600 ms following the bath application oftiagabine, an

effect which paralleled the increase in the duration of GABAergic ORs (Jackson et

al., 1997). This inhibition most likely resulted from a reduction in the depolarizing

effects of the dendritic conductance underlying the EPSP due to the drop in

proximal membrane resistivity and dendritic length constant resulting from the

concurrently active conductance responsible for the depolarizing response (Qian

and Sejnowski, 1990; Staleyand Mody, 1992). Similarly, the inability of

depolarizations evoked following HFS in the alveus to trigger action potential firing

may have been related ta the more proximal increase in conductance resulting

from the large activation of GABAA receptors located on the initial segment and

soma of CA1 neurons. The activation of inhibitory cells with synaptic targets

preferentially distributed on the perisomatic ragions of pyramidal cells has

previously been shawn ta suppress the repetitive discharge of sodium-dependent

action potentials (Miles et al., 1996). In contrast, in the absence of a proximal

increase in conductance, the passive propagation of more distally generated

GABA-mediated depolarizations rnay more readily trigger the firing of a burst of

action potentials.

Finally, the effects of tiagabine on GABA-mediated postsynaptic responses

wera cle8rty dependent on bath the frequency and intensity of stimulation.

Increasing the intensity of electrical stimulation will cause the synchronous
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activation of an increasingly large population of intemeurons. However, such a

high degree of neuronal synchronization is unlikely to oceur under physiological

conditions. Therefore, even though the biophysical properties of intemeurons

favors the firing of high-frequency bursts of action potentials, the frequency­

dependent effects of tiagabine are unlikely to affect nonnal GABA-mediated

neurotransmission. The dependence ofthis drug's effects on synchronized, high­

frequency neuronal adivity may therefore allow a more selective anliconvulsant

action ta be achieved.
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Figure Legenda

Fig. 1. Etrects of hlgh frequency stimulation (HFS) (100 Hz, 200 ma) on
monosynaptlc IPSPa ellclted ln the pre••nce of CNQX (20 IIM) and CPP (5
pM). A: With stimulation by a single pulse, increases in the stimulus intensity
(SI) evoked biphasie IPSPs of increasing amplitude and duration (upper traces).
HFS using a low SI resulted in a further large increase in bath the amplitude and
duration of hyperpolarizing IPSPs. With HFS, similar increases in SI caused the
appearance of a depolarizing response (DR) of inereasingly large amplitude
(Iower traces). B The amplitude of the evoked DR also depended on the
duration of HFS. From top to bottom, responses evoked by a single stimulation
followed by responses elicited with HFS of 20, 50, 100, 200 and 1000 ms
duration, using an SI of 450 IJA. Time scale of 1000 ms in B applies only to
lowermost response evoked with HFS of 1000 ms. Inverted triangles in this and
subsequent figures indicate the timing of each stimulus.

Fig. 2. Pharmacologie.' profile of mono.ynaptle IPSPa evoked by HFS. A:
With stimulation bya single pulse (upper traces), application of the GABAA

receptor antagonist, bieueulline (40 IJM), blocked the fast hyperpolarizing
component and resulted in the isolation of a slow hyperpolarization which could
be bloeked by the addition of the GABAs receptor blocker, CGP 52432 (10 IJM).
Application of bicuculline also bloeked the fast hyperpolarization as weil as the
depolarization evoked by HFS (Iower traces). Under these conditions, a large
slow hyperpolarization was observed, which was bloeked by addition of CGP 52
432. B: The reduction in the amplitude of the membrane's response to
hyperpolarizing currant injections superimposed upon a HFS-elicited
postsynaptic response indicates that an increased level of conductance is
associated with each component of the response.
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Fig. 3. Etrects of tI.g.blne on monosyn.ptlc IPSPa .lIclt.d by low .nd hlgh
.tlmulu. Inten.ltl... Application of tiagabine (20 IJM) had no effect on IPSPs
elicited by a single stimulus of low intensity (A, upper) while causing an increase
in the durallon of those elicited using a higher stimulus intensity (B, upper). With
low intensity HFS (At lower) tiagabine caused an increase in the amplitude of the
fast hyperpolarization and the appearance of bath a depolarizing response and a
prominent slow hyperpolarization. With high intensity HFS (B, lower). tiagabine
caused the appearance of a large depolarization (10 mV) which dominated the
postsynaptJc response.

Fig. 4. Tl8g_bine'. efrects on monosynaptlc re.ponses evoked from the
.tnltum r8dlatum with either a single stimulus (A) or a train of stimuli delivered at
high frequency (B) were quantified by measuring the time Integral of elicited
responses from a baseline corresponding ta the resting membrane potential. Traces
to the right show examples of the measurements made. A: Bath application of
tiagabine (20 ~M) caused an increase in the area of hyperpolarization following
stratum radiatum stimulation. B: Similarty. with HFS using a Iow stimulus intensity
(60 ~) tiagabine (20 ~M) significantly increased the resulting hyperpolarizing area.
However, as the stimulus intensity was increased, black ofGABA uptake by
tiagabine resu~ed in an overwhelmingly large increase in the amplitude and duration
of ORs such that this oomponent of the response now dominated the ares
measurement. (* p < 0.03 and ** p < 0.01; control: n =7, tiagabine: n =4-5)

Fig. 5. Tlaglbln."nduced chang•• In th. re.pon••••vok.d followlng HFS
ln .Ith.r the .t...tum ,.dlatum or .Iv.us. (A) Following the application of
tiagabine (20 ~M) large ORs could be evoked by HFS of bath the alveus and
stratum radiatum. Although the ORs elicited from either location were of similar
amplitude (B) induction of action potential firing was typically only seen in
response to ORs from the stratum radiatum (A). In the presence of tiagabine, the
mesn number of APs triggered by ORs from the stratum radiatum was 12.4 :t 2.0
compared to only 0.4 :t 0.4 for those elicited from the alveus (n =5) (C). (** p <

0.01, n =5, n.s. =not significantly different from control)
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Fig. 1. Effects of hlgh frequency stlmuletlon (HFS) (100 Hz, 200 m.) on

monoayneptlc IPSP. ellclted ln the p,.••nce of CNQX (20 ~M) end Cpp (5

~M).
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1 Fig. 2. Pharmacologleal profile of monosynaptlc IPSP. evoked by HFS.
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Fig. 3. Effects of tlagablne on monosynaptlc IPSPs ellclted by low and hlgh

atlmulus Intenaltl.a.
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Fig. 4. Tiagabine's affects on monosynaptic re.ponsas avoked from the

stratum radiatum
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1 Fig. 5. Tiagabine-induced changes in the response. evoked following HFS

in .ither the stratum radiatum or alv.us.
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Preface to Section 4

Consistent with the previously demonstrated frequency-dependent actions

of GABA uptake blockers, the results presented in the preceding section

demonstrated that tiagabine has a more pronounced effect on GABA-mediated

synaptic responses evoked by HFS than on those elicited with a single stimulus.

However. the frequency-dependent enhancement of GABA-mediated

transmission by tiagabine was unexpectedly associated with a facilitation of the

depolarizing actions of GABA, which have previously been described in the adult

mammalian CNS following the HFS of inhibitory intemeurons (Grover et aL, 1993;

Staley et al" 1995). The ability of tiagabinewaugmented ORs to occasionally tire

bursts of action potentials suggested that under certain circumstances this

anticonvulsant could paradoxically produce a proconvulsant effect. The

functional consequences of tiagabine-augmented ORs were therefore assessed

in the following study by examining whether these GABA-mediated responses

facilitate or inhibit the depolarizing influence of excitatory synaptic transmission.
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Ab.tr.ct

Tiagabine is a potent GABA uptake inhibitor with demonstrated

anticonvulsant aetivity. GABA uptake inhibitors are believed ta produce their

anticonvulsant affects by prolonging the postsynaptic actions of GABA. released

during episodes of neuronal hyperexcitability. However, tiagabine has recently

been reported to facilitate the depolarizing actions of GABA in the CNS of adult

rats fonowing the stimulation of inhibitory pathways at a frequency (100 Hz)

intended to mimic intemeuronal activation during epileptiform activity. In the

present study, we performed extracellular and whole-eell recordings from CA1

pyramidal neurons in rat hippocampal sUces in order ta examine the functional

consequences of tiagabine-augmented GABA-mediated depolarizing responses.

Orthodromie population spikes (PSs). elicited from the stratum radiatum. were

inhibited following the activation of recurrent inhibitory pathways by antidromic

conditioning stimulation of the alveus which consisted of either a single stimulus

or a train of stimuli delivered at high-frequency (100 Hz, 200 ms). The inhibition

of orthodromie PSs produced by high-frequency conditioning stimulation (HFS),

which was always of much greater strength and duration than that produced by a

single conditioning stimulus. was greatly enhanced following the bath application

of tiagabine (2-100 IJM). Thus. in the presence of tiagabine (20 ~M). orthodromie

PSs. evoked 200 and 800 ms following HFS, were inhibited to 7.8 ± 2.6°k (mean

± SE) and 34.4 ± 18.5°k oftheir unconditioned amplitudes compared to only 35.4

± 12.7% and 98.8 ± 12.4% in control. Whole-cell recordings revealed that the

bath application of tiagabine (20 ~M) either caused the appearance or greatly

enhanced the amplitude of GABA-mediated depolarizing responses (DR).

Excitatory postsynaptic potentials (EPSPs) evoked from stratum radiatum during

time points which coincided with the DR were inhibited to below the threshold for

action potential firing. Independently of the stimulus intensity with which they

were evoked, the charge carried to the soma by excitatory postsynaptic currents

(EPSCs). elicited in the presence oftiagabine (20 ~M) during the large (1428 ±

331 pA) inward currents which underlie the ORs. was decreased by an average
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of 90.8 ± 1.7%
• Such inhibition occurred despite the presence of the GABAs

receptor antagonist. CGP 52 432 (10 IJM). indicating that GABAs

heteroreceptors. located on glutamatergic terminais. do not mediate the

observed reduction in the amplitude of excitatory postsynaptic responses. The

present results suggest that despite facilitating the induction of GABA-mediated

depolarizations. tiagabine application may nevertheless increase the

effectiveness of synaptic inhibition during the synchronous high frequency

activation of inhibitory intemeurons through a postsynaptic action.
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Introduction

y-Aminobutyric acid- (GABA-) mediated inhibition plays a critical role in the

control of central nervous system (CNS) excitability as demonstrated by the

convulsions resulting from the administration, in bath animais and humans, of

compounds which decrease the efficacy with this neurotransmitter system (for

review see Gale, 1992). The development of pharmacological agents capable of

potentiating GABAergic neurotransmission has therefore been an important

strategy in the search for nover anticonvulsants. Such a mechanism is thought to

underlie or contribute ta the effectiveness of the barbiturates and

benzodiazepines (Rogawski and Porter, 1990), bath allosteric modulators of

GABAA receptor function, as weil as to the more recently developed antiepileptic

vigabatrin (Grant and Heel t 1991), an inhibitor of GABA metabolism.

The therapeutic potential of GABA uptake inhibitors in the treatment of

epilepsy has been recognized since the early demonstrations of the ability of

small amino acids, such as nipecotic acid and guvacine, to enhance GABA

mediated responses evoked either synaptically (Matthews et al., 1981;

Dingledine and Kom, 1985) or by iontophoretic application of the

neurotransmitter (Dingledine and Kam, 1985; Curtis et aL, 1976). However,

being highly polart these compounds do not readily cross the blood-brain barrier

and tharefore can only produce an anticonvulsant affect when administerad

intracerebroventricularly (Croucher at aL, 1983; Frey et al., 1979). The addition

of lipophilic anchors ta these simple structures increases not only thair ability to

permeate the blood-brain-barrier but also their affinity for the GABA transporter

and thus allows them ta exert an anticonvulsant affect following their systemic

administration (Yunger et al., 1984; Braestrup et al., 1990; Suzdak et al., 1992a).

We have previously reported that in hippocampal sUces, bath application

of two of these novel uptake blockers. SKF 89976A and SKF 100330A, results in

a relatively seledive and prolonged enhancement in the inhibition produced

following the high-frequency stimulation (100 Hz. 200 ms) of recurrent inhibitory

pathways (Capek and Esplln, 1993). Such a frequency-dependent mechanism
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of action should result in a selective strengthening of synaptic inhibition during

episodes of high-frequency activity and allow these compounds to control

seizures while minimizing the occurrence of side effects normally associated with

drugs which produce an indiscriminate enhancement of inhibition. Paradoxically,

recent evidence has demonstrated that high-frequency activation of inhibitory

pathways, similarto that used in our previous study, evokes large (5-20 mV)

GABAA-receptor mediated depolarizing responses (ORs) capable of triggering a

burst of action potentials in hippocampal pyramidal cells, suggesting that

GABAergic mechanisms may contribute to the generation and/or propagation of

seizure activity (Staley et al., 1995; Jackson et aL, 1995; Grever et al., 1993).

Furthermore, we have recently demonstrated that tiagabine, a novel GABA

transport inhibitor with demonstrated anticonvulsant properties in animal models

of epilepsy (Faingold et al., 1994) as weil as in human partial epilepsy

(Schachter, 1995; Ben-Menachem, 1995a), greatly facilitates the depolarizing

actions of GABA following the stimulation of hippocampal intemeurons at high

(100 Hz) frequency (Jackson et aL, 1996).

We therefore decided to further investigate the mechanisms by which

GABA-uptake blockers produce frequency-dependent enhancement of inhibition

by studying the effects of tiagabine-augmented GABA-mediated depolarizations

on excitatory responses evoked at various (100-1600 ms) time intervals following

the high frequency stimulation of hippocampal recurrent inhibitory pathways.

Methods

Extracellular field and whole-cell recordings were made from the CA1

ragion of hippocampal sllees obtained as follows: male Sprague-Dawley rats

(100-200 g) were decapitated, their brains quickly removed and placed in cooled,

oxygenated (95% 02, 5% CO2) artificial cerebrospinal fluid (aCSF) of the following

composition (in mM): 124 NaCI, 3.3 KCI, 2.5 CaCI2, 2.4 MgS04 , 25.6 NaHC03,

1.25 KH2PO. and 10 glucose. Transverse slices (400-500 ~m) were then

prepared using either a Mcllwain tissue chopper or vibratome and allowed ta
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recover at room temperature for at least 1 hour in oxygenated aCSF. For

recordings, slices were transferred to a tissue chamber and maintained at 31 oC

at the interface between humidified 95°k O2 and 50/0 CO2, and oxygenated aCSF

perfused through the chamber at a flow rate of 1.5 -3.5 mVmin.

The effects of tiagabine on GABA·mediated inhibition were assessed

using the antidromic-orthodromic test of inhibition as previously described

(~apek and Esplin. 1993; Jackson et al., 1994). Briefly, field potentials were

recorded with a 3 M NaCI-filied micropipette (5-15 Mn) located in the pyramidal

cell layer of the CA1 region. Constant-current stimuli (1 00 ~s) delivered through

bipolar stimulating electrodes to the Schaffer-collaterals of stratum radiatum

elicited orthodromie population spikes (PSs). These were inhibited by preeeding

antidromic conditioning stimulation delivered to the alveus whieh causes the

activation of inhibitory intemeurons and the subsequent release of GABA onto

pyramidal cells. Conditioning alvear stimulation was by either a single stimulus

or by a train of 20 stimuli delivered at a high (100 Hz) frequency. The delay

between the conditioning stimulus and subsequent orthodromie test response is

referred to as the interstimulus interval (ISI) and was in the range of 10-1600 ms.

Orthodromie stimulus intensity was adjusted to produce a half-maximal PS. At

an ISI of 10 ms, antidromie stimulus intensity was inereased until it produced a

70-90% redudion in the amplitude of the orthodromie PS. In this paradigm,

inhibition is measured indiredly as a reduction in the amplitude of the test PS

expressed as a percentage of the unconditioned PS. For each 151, responses

were obtained before and after drug treatment. Results were expressed as

means ± SE and the significance of the drug-induced change was evaluated

using Student's t-test.

Tight seal (>3 GC) whole-cell recordings were obtained from CA1

pyramidal cells using patch pipettes pulled from borosilicate glass (WPI) with a

Brown-Flaming micrcpipette puller (Sutter Instruments. PeSO). Patch electrodes

had a resistance of 2-4 MC when filled with an internai solution of the following

composition (in mM): 140-150 KMeSO. (or CsMeSO. where indicated) 10 N-2-
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hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES), 2 MgCI2• The solution

was buffered with KOH (or CsOH) ta a pH of 7.2-7.3 and filtered through a 0.2

IJm pore size filter (Nalgene). Total osmolality for ail intracellular solutions

ranged from 270 ta 290 mOsm. Current-clamp recordings were made with an

Axoclamp 2A amplifier (Axon Instruments) operated in bridge mode whereas an

Axopatch 200A (Axon Instruments) was used forvoltage-clamp recordings. For

currant clamp recordings, cells were maintained, by appropriate currant injection,

at a constant membrane potential. Ali signais were digitized at 18 kHz

(Instrutech Corp., VR-10A) and stored unfiltered on videotape for later retrieval

and analysis using a PC based acquisition and analysis system functionally

similar to that described previously (Théorêt et al., 1984).

ln ail recordings, drugs used were dissolved in aCSF and superfused over

slices. Tiagabine «R)-N-[4,4-di-(3-methylthien-2-yl)but-3-enyl] nipecotic acid

hydrochloride) and CGP 52432 (3-[[[(3,4-

dichlorophenyl)methyl]amino]propyl](diethoxy-methyl» were generously supplied

by Abbott Laboratories (Chicago, Illinois) and Novartis Pharma AG (Basel,

Switzerland), respectively.

Re.ulta

Bath application of tiagabine (20 IJM) had no effect on the amplitude of the

unconditioned PS (Fig. 1A) and produced no change in the inhibition resulting

from a single antidromic conditioning stimulation at short interstimulus intervals

(ISI) (10-20 ms) (Fig. 1A and B). At longer ISis (40-160 ms), inhibition was

however increased resulting in a further 34.6% reduction in PS amplitude at an

ISI of 160 ms (Fig. 1B). The frequency-dependence of drug action was tested by

stimulating the recurrent inhibitory pathways with a train of stimuli delivered at

100 Hz. The inhibition produced by such high frequency stimulation was of

greater strength and duration than that resulting from a single stimulus. Thus,

although the PS had fully recovered by 160 ms tollowing conditioning stimulation

by a single pulse. with HFS it was inhibited to below 35% of its original amplitude
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at a more delayed ISI of 200 ms and recovered from inhibition over the next

several hundred milliseconds (Fig. 1B). When tiagabine was added to the

perfusate, inhibition was increased to the extent that high frequency antidromic

conditioning stimulation could now produce a near complete inhibition of the

population spike at an ISI of 800 ms (Fig. 1A). The recovery from inhibition was

also greatly prolonged such that the PS recovered to its original amplitude over

the course of several thousand milliseconds rather than the hundreds of

milliseconds lime needed in control (Fig. 18). The effects of tiagabine on

recurrent inhibition were concentration-dependent over a range of 2 to 100 ~M.

Given its ability to increase the depolarizing actions of GABA released

following the HFS of inhibitory intemeurons (Jackson et al., 1996), tiagabine

could easily have been expected to produce an increase in pyramidal cell

excitability. However, consistent with our previous findings with the SKF series

of GABA uptake blockers (eapek and Esplin, 1993), bath application of tiagabine

resulted in a large increase in the functional inhibition resulting from the HFS of

recurrent inhibitory pathways. Using the same stimulation paradigm, whole-cell

recordings were made trom CA1 pyramidal cells in order to investigate the basis

for enhanced inhibition following the application of tiagabine. In the absence of

preceding alvear HFS, EPSP-IPSP sequences were evoked following the single

stimulation of Schaffer-collaterals in stratum radiatum (Fig. 2A, and 28,). The

evoked IPSPs were comprised of bath fast and slow hyperpolarizing components

(f- and s-IPSPs respectively). As iIIustrated in the insets of figure 2A, and B" a

current intensity for Schaffer-collaterals stimulation was chosen which could

reliably elicit uncondltioned EPSPs capable of triggering the firing of a single AP.

When evoked 400 ms following the hlgh-frequency activation of recurrent

inhibitory pathways, the resulting EPSPs could no longer trigger an AP (Fig. ~).

This, in splte of the fact that the amplitude and duration of the EPSPs appeared

enhanced due to a reduction in the amplitude of the overlapping f-IPSP. Such a

reduction mast likely occurred as a result of a decrease in the driving force for cr
following its intracellular accumulation during the sustained activation of

postsynaptic GABAA receptors resulting from high-frequency alvear stimulation
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(Thompson and Gahwiler, 1989a; McCarren and Alger, 1985). In contrast, when

the interstimulus interval was 800 ms, preceding high frequency alvear

stimulation no longer prevented the firing of APs following orthodromie

stimulation (Fig. 282), Consistent with previous reports of the effects of GABA

uptake inhibitors on evoked IPSPs (Thompson and Gahwiler. 1992b; Roepstorff

and Lambert. 1992). bath application of tiagabine greatly prolonged the duration

of IPSPs while producing little or no effect on their amplitude (Fig. 2A1 and 8 1).

Rather than produeing a qualitatively similar change in the duration of

hyperpolarization following HFS, tiagabine either caused the appearanee or

greatly increased the amplitude and duration of a GA8A-mediated

depolarization. The presence of the DR coincided with a prolonged period of

inhibition as demonstrated by the suppression of action potential firing and large

reduction in the amplitude of EPSPs superimposed at various time points along

the different phases of the DR (Fig.~ and 82), Thus, in control, inhibition of

action potential firing was observed in only 4 of 9 and 4 of 10 cells at ISis of 200

and 400 ms respectively. Following the addition of tiagabine ta the superfusate,

inhibition could now be seen in ail cells at these same ISis. with action potential

firing now observed in only 1 of 10 cells at 800 and in only 1 of 7 at 1600 ms

following HFS of the alveus (Table 1). It is interesting to note that, under control

conditions, inhibition of cell firfng was observed in only those cells from which a

DR could be elicited. Furtherrnore. following the application of tiagabine. the

change in the time course of the inhibition of EPSP-induced AP firing was similar

to that of the inhibition of stratum radiatum evoked PSs (compare with Fig. 1)

The observed reduction in the amplitude of EPSPs following the HFS of

recurrent inhibitory pathways could be explained by two possible meehanisms: 1)

reduced activation of postsynaptic exeitatory amino acid receptors due to a

decrease in transmitter release caused by the activation of presynaptic GABAs

heteroreceptors present at glutamatergic terminais, and 2) shunting of the

dendritically evoked EPSP by the concurrently active conductance responsible for

the DR. These possibilities were investigated in cells voltage-clamped near the

reversai potential for GABAA receptor-mediated inhibitory postsynaptic currents
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(IPSCs) and superfused with aCSF containing 20 J.lM tiagabine and 10 J.1M of the

specifie GABAs reœptor antagonist CGP 52 432, a concentration whieh pravents

the inhibition of glutamate release by GABA (Waldmeier et al., 1994). Under these

conditions relatively pure excitatory postsynaptie currents (EPSCs) could be

elicited following the single stimulation of Schaffer-collaterals. HFS of the alveus

evoked large (1428 ± 331 pA) inward currants with a time course similar to that of

the ORs recorded in current-clamp and which reversed at a membrane potential of

-51 mV (Fig. 3A), a value identical to the previously reported reversai potential of

GABA-mediated ORs (Staley et al., 1995; Perkins and Wang, 1996). As with the

EPSPs, EPSCs evoked 800 ms following HFS of the alveus (Fig. 38, conditioned)

were of much reduced amplitude, this in spite of the presence of CGP 52 432,

indicating a lack of involvement of presynaptie GABAs receptors in the reduction of

excitatory responses. This effect was quantified by measuring the percent

reduction of charge transferred to the soma during EPSCs that were superimposed

upon the large HFS-evoked inward currants (Fig. 3C). The inhibition produced

following HFS of the alveus was independent of the stimulus intensity used ta

evoke the EPSCs and averaged 90.8 ±1.70/0 (n =5) acress ail stimulus intensities

used. In an attempt to improve the quality of the spaca clamp, and thus record a

larger fraction of the distally generated EPSC, recordings were made using a

CsMeSO. based electrode solution. Nevertheless, underthese recording

conditions, the mean percent reduction of EPSCs was identical to that observed in

the absence of intracellular Cs· ions and was &quai to 87.3 ±. 2.9% (n =4) acress

an identical range of stimulus intensities. For this reasan, the data obtained under

bath recording conditions were pooled in order to generate the graph in Fig. 3C.

The percent drop in membrane resistivity, estimated from a 10 mV, 200 ms step

superimposed upon the large GABA·mediated inward currents, was 83.4 ± 1.2%

(data not shawn). This result is strikingly similar ta the percent reduction of charge

carried by evoked EPSCs suggesting that the observed inhibition of excitatory

responses, at time points which coincide with the occurrence of ORs, is most likely

due ta a shunting mechanism.
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Discussion

ln the adult rat, biphasic GABAA receptor-mediated postsynaptic

responses consisting of an initial hyperpolarization followed bya depolarization

have been observed under a number of circumstances which have in common

the prolonged activation of postsynaptic GABAA receptors. These include: 4­

aminopyridine-induced epileptiform activity (Perreault and AvoU, 1992; Traub et

al., 1995; Perkins and Wong, 1996), iontophoretic application of GABA

(Thalmann et aL, 1981; Andersen et aL, 1980; Alger and Nicoll, 1982a), evoked

synaptic responses in the presence of barbiturates (Alger and Nicoll, 1982b;

Thalmann et al., 1981) or zinc (Xie and Smart, 1991), and responses evoked by

high frequency stimulation of inhibitory intemeurons (Grever et aL, 1993; Staley

et aL, 1995; Jackson et al., 1995). In neurons from immature animais, GABA

also produces depolarizing responses which appear ta be due ta the

maintenance of a cr gradient which is positive to the cells resting membrane

potential (RMP) (Mueller et aL, 1984; Cherubini et aL, 1990). In the adult,

however, the DR appears ta be mediated by bicarbonate (HC03") anions, which

in addition to cr are known to permeate the GABAA ionophore (Kaila, 1994).

However, given the fad the cr reversai potential in CNS neurons is typically

more negative than the RMP (with dorsal root ganglion and hippocampal granule

cells being exceptions) and that GABAA receptors are approximately 5 times

more permeable to cr anions than to HC03• (Bormann et al., 1987), the inward

flow of cr normally dominates postsynaptic currents leading to a

hyperpolarization of the neuronal membrane. As mentioned above, ORs typically

occur following the decay of an initial hyperpolarization of variable amplitude and

duration. A recently proposed model (Staley et aL, 1995) suggests that during

the sustained activation of GABAA receptors the inward flow of cr, which

underties the initial hyperpolarization, causes a partial collapse of the gradient for

this anion resulting in a diminished flow of cr. This sllows a greater net ftow of

HCO,·, whose reversai potential is more positive than the RMP, leading to the

generation of a depolarizing potential.
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The amplitude and duration of GABA-mediated ORs are critically

dependent on bath the duration of HFS as weil as on the stimulus intensity used

(Jackson et aL, 1995). Furthermore. they are typically much larger when evoked

monosynaptically following the blockade of excitatory amine acid receptors with a

combination of CNQX and CPP, which antagonizes AMPAIkainate and NMDA

receptors (unpublished observation). The activation of a greater number of

inhibitory intemeurons due to the necessity, under these conditions, of

positioning the stimulating eledrodes much ctoser to the cell from which

monosynaptic GABAergic responses are to be recorded, is most likely

responsible for this. Given the fact that the ORs are generated only after such

strong, sustained activation of postsynaptic GABAA receptors, which is unlikely to

occur during normal synaptic transmission, the exact physiological role of GABA­

mediated depolarizations is unclear. Evidence has been presented suggesting

that the transient transformation of the postsynaptic actions of GABA from mainly

hyperpolarizing to depolarizing may contribute ta synaptic plasticity by relieving

the voltage-dependent Mg2
+ black of NMDA receptors (Staley et aL, 1995).

Although such an interaction may occur in dendritic compartments in which both

GABAA and NMDA receptors are activated sirnultaneously, our results suggest

that a large proximal increase in input conductance resulting from the activation

of postsynaptic GABAA receptors, such as would be expected to occur following

the intense activation of inhibitory intemeurons during epileptiform activity. results

in a transient suppression in the ability of excitatory transmission to depolarize

the soma following the activation of distal excitatory amine acid receptors.

Although the inhibition of EPSPs could have been due to the activation of

GABAs heteroreceptors located at glutamatergic terminais, the suppression of

EPSCs which occurred despite the presence of the GABAs receptor blocker CGP

52 432 argues against the involvement of such a mechanism. The evidence

presented here suggests that shunting inhibition of evoked EPSPs most likely

underlies the much stronger inhibition of stratum radiatum evoked population

spikes resulting tram the activation of recurrent inhibitory pathways with HFS

compared with that produced following the activation with a single stimulus (Fig.
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1). In arder for a conductance ta effectively shunt the potential generated by the

activation of another. it should be sufficiently large and generated more

proximally (Koch et aL. 1983; Qian and Sejnowski. 1990; Vu and Krasne. 1992).

The conductance inerease resulting from the activation of GABAA receptors

following HFS stimulation was very large as demonstrated by 83.4°k reduction in

input resistance which was observed in our experiments. Furthermore, either

diredly or through the recurrent axon collaterals of pyramidal cells. the eleetnesl

stimulation of the alveus whieh we used will have caused the activation of

intemeurons predominantly located within the alveus and stratum ariens. and to

a lesser extent, stratum pyramidale. Among the different types of intemeurons

responding ta such stimulation. GABAergic basket and axo-axonic cells have

been shawn to preferentially make synaptie contacts with the soma, proximal

dendrites and initial segment of CA1 pyramidal cells. The electncal stimulation of

these intemeuronal populations from an electrode positioned in the alveus is

therefore likely to have caused a proximal increase in conductance following the

activation of GABAA receptors. Furthermore. our demonstration that the percent

reduction in the charge transferred to the soma was independent of the strength

of the exeitatory input is consistent with predictions of the consequences of

proximal shunting inhibition on distally evoked EPSPs (Vu and Krasne, 1992).

Due to their ability to directly tngger the flring of bursts of action potentials.

ORs have also been implicated in the generation of epileptiform activity. This is

further supported by experiments demonstrating a reduction in the duration of

afterdischarges following the blockade of GABAA receptors by the specifie

antagonist bicuculline (Higashima et al.. 1996; Traub et al., 1995). In light of this.

the large increase in GABA-mediated depolarizations, observed following the

application of tiagabine. would seem contrary to the expected actions of an

anticonvulsant. However, strong inhibition was always observed in response to

the HFS of recurrent inhibitory pathways in the presence of tiagabine (Fig. 1).

Furthermore, our results suggest that during the synchronous, high-frequency

activation of proximally located intemeurons, tiagabine increases the GABA"

receptor-mediatect conductance to such a large extent that the ability of cells to
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fire adion potentials in response to dendritically-evoked EPSPs is suppressed.

indicating that tiagabine-facilitated ORs can retain the inhibitory character typical

of GABA adion. Therefore. despite producing a facilitation of GABA-mediated

depolarizations. the potentiation of GABA-mediated shunting inhibition following

tiagabine administration may allow this drug to produce an anticonvulsant effed

by suppressing the generation of burst discharges during epileptiform activity.
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1 T.ble 1. Summary of tiagabine effects on the inhibition of action potential firing

in response to Schaffer-collateral stimulation following HFS of recurrent-inhibitory

pathways.

Interstimulus interval (ms)

Control

Tiagabine (20 f.1M)

200 400

4/9 4/10

0/9 0/10

800

10/10
1/10

1600

8/8

1/7

1

Values indicate the number of cells under each condition that fired an AP in

response to evoked EPSPs over the number of cells examined.
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Figure Legenda

Fig. 1. Effects of tlagablne (20 IIM) on recurrent GABA-medlated Inhibition.

A: Bath applied tiagabine had no effect on unconditioned orthodromie PSs, nor
on the reeurrent inhibition produced by a single pulse. The reeurrent inhibition
produced by HFS (100 Hz, 20 pulses) was greatly enhanced by tiagabine
resulting in a complete inhibition of the PS elicited at 800 ms. B: Summary of
the effects of tiagabine (20 JJM) on recurrent inhibition produced by stimulation
with either a single pulse (_ •• -) or with HFS (-). Inhibited PSs, expressed
as a % of the unconditioned PS at various interstimulus intervals (151) are shown.
Each point represents the mean of values obtained from 5 experiments. * p <

0.05; ** p < 0.01 compared to controls.

Fig. 2. Effects of the tlag.blne-lnduced Incre.ae of DRa on auperlmpoaed

evoked EPSP. In a typlc.1 CA1 PYl'Ilmldal neurone EPSP-IPSP sequences
were evoked by a single stimulation in stratum radiatum. While tiagabine
produced no effect on evoked EPSPs, an increase in the duration of IPSPs was
observed following its application (A1 and B,). With HFS of the alveus, action
potential firing in response to evoked EPSPs was inhibited at 400 ms (~ and
inset), but not at 800 ms (B2 and inset). Application of tiagabine resulted in the
appearance of ORs following HFS (~ and 82), EPSPs, superimposed upon the
ORs, were of reduced amplitude and the action potential firing was inhibited at
both 400 and 800 ms. In this and the subsequent figure the bars below or above
traces indicate timing and duration of HFS in the alveus while filled triangles
show timing of stratum radiatum stimulation.
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Fig. 3. Large proxlm.lly evoked Inw.rd curren. underlylng GABA·
medl.ted depol.rlutlons Inhlblt d'sg.ly evoked EPSes. Recordings were
made in the presence of 20 JJM tiagabine and 10 ~M CGP 52 432. A: The
reversai potential of GABAA receptor-mediated currants evoked by HFS in the
alveus was determined from responses generated at membrane potentials of -30
to -70 mV. Dashed line indicates the time point at which the amplitude of evoked
inwards was measured (1100 ms following HFS). Amplitudes (mean ±SE. n =2)

were plotted vs. membrane potential and the data points were fitted with a
straight Une obtained by linear regression. B: The influence of concurrently
active inward GABAA-receptor currants on EPSCs evoked from stratum radiatum
was tested 800 ms following HFS. Traces show EPSCs evoked with
(conditioned) or without (unconditioned) preceding HFS in the alveus. The
region of the traces selected by the dashed box are shown to the right on an
expanded time base. C: The charge carried to the soma by EPSCs evoked
using a range of stimulus intensities (70-31 0 ~A) was determined by measuring
the time integral of recorded currants. The percent reduction in the charge
transferred to the soma by EPSCs (mean ±SE, n = 7-9) evoked 800 ms following

HFS in the alveus was plotted against the intensity of stratum radiatum
stimulation used to evoke EPSCs.
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Fig. 1. Effects of tiagabine (20 pM) on recurrent GABA·mediated inhibition.
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Fig. 2. Effects of the tiagabine·induced increase of ORs on superimpo.ed

evoked EPSPs in a typical CA1 pyramidal neuron.
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Fig. 3. Large proxlmally evoked Inw8rd curren" underlylng GABA·

medl.ted depol.rlzatlons Inhlblt dl.tally evoked EPSes.

1200 pA

SOms

conditioned

unconditioned

1200
pA

1000 ms

~.-I

Iii 1 1 1 ' 1 1 1 1 1 1 1

-.,.. r. .__
,~. ~ ...
"
"
"
".,
"
".,
"
"
"
",-,,.,
".,
"
"
".,

c
100

B

o

~ 80
~
ca
~

.~ 60
c:o
~ 40
~

"C
!
#. 20

11000
pA

1000 ms

1

1

j
l'

,
,

1

li 1 i Il~i li 1 t t
80 -70 -1' -50 -40 -30 -20

1 mV

-70mV

1000

-30 mV

2000

3000

-3000

-2000

-1000

A

! 0

50 100 150 200 250 300 350

stimulus intensity (IJA)

1
Reault•• •106



Preface to Section 5

Numerous neuroehemical studies have demonstrated the ability of GVG to

elevate the CNS levels of GABA. This would seem to support the widely

accepted meehanism whereby GVG produces its anticonvulsant actions by

inereasing the effectiveness of synaptic inhibition. However, such evidence is

somewhat circumstantial sinee these studies cannot demonstrate that the

increased levels of neurotransmitter cause an increase in the activation of

postsynaptic receptors through which GABAergic inhibition is mediated. The

only previous report which has attempted to examine the effects of GVG

pretreatment on GABA-mediated inhibition failed to observe any significant

change with several treatment regimens previously demonstrated to protect

against experimentally-induced seizures (Rak and Lothman, 1988). As with

GABA uptake bloekers, the possibility exists that the actions of GVG on the

GABA neurotransmitter system are frequeney-dependent. Such an action could

not have been detected due to the design of this previous study whieh used only

single conditioning stimulation to evaluate the strength of GABA-mediated

inhibition. In the following experiments, the affects of GVG on GABA-mediated

inhibition were reexamined using single, low- (2.5-10 Hz) , and high-(100Hz)

frequency conditioning stimulation of reeurrent inhibitory pathways in

hippocampal slices prepared from drug (GVG, 1500 mg/kg) or saline pretreated

rats.
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Summ.ry

y-Vinyl GABA (GVG, vigabatrin) is an effective anticonvulsant designed to

irreversibly inhibit GABA-transaminase. the enzyme responsible for the

breakdown of GABA. In hippocampal slices prepared 24 hours following the

pretreatment of rats with either an anticonvulsant dose of GVG (1500 mg/kg) or

saline, extracellular and whole-cell recordings were used in arder to examine the

effects of GVG pretreatment on GABA-mediated inhibition as weil as on inhibitory

postsynaptic responses. Although Uttle or no difference in the strength of

inhibition was observed between the two population of sUces when the inhibitory

pathways were activated by a single stimulus, much stronger inhibition was

consistently found in slices from GVG pretreated rats when the inhibitory

pathways were activated repetitively by a train of stimuli delivered at low

frequency. This enhancement of inhibition by GVG was greater as the frequency

of stimulation was increased over the range of 2.5 ta 10Hz and contrasted with

the marked activity-dependent depression of the strength of inhibition typically

observed in sUces from saline pretreated rats when using identical stimulation

frequencies. Consistent with these findings, GVG pretreatment prevented the

progressive decline in the amplitude of monosynaptic 1PSPs during low­

frequency stimulation of inhibitory intemeurons. Thus, in slices from GVG

pretreated rats, the amplitudes of both the fast and slow components of the last

of a series of IPSPs evoked bya 5 Hz, 4 sec train were maintained at 91.5 ±

6.6% and 87.7 ±6.5%, respedively, compared to 61.1 ±3.9% and 57.1 ± 5.0°A»

in control slices. Given the previously demonstrated involvement of GABAs

autoreceptors in the activity-dependent depression of inhibition, we examined

whether a reduction in the fundion of these receptors may undertie the presently

observed effeds of GVG pretreatment. Consistent with such a hypothesist in

slices from GVG pretreated animais we observed a reduction in the ability of the

GABAs receptor agonist, baclofen, to decrease the amplitude of monosynaptic

inhibitory postsynaptic currants. Our findings indicate that GVG pretreatment
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results in a frequency-dependent reinforcement of inhibition which mast likely

contributes to the anticonvulsant effectiveness of this compound.
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Introduction

Despite its continued spontaneous ralease from inhibitory intemeurons,

low extracellular levels of GABA are maintained in the central nervous system

due to the presence at inhibitory synapses of a high-affinity uptake system

capable of the concentrative transport of GABA into neurons and glia (for review

see Borden, 1996). Neurochemical studies have demonstrated that a large

fraction of the intracellular pool of GABA formed as a result of the activity of the

GABA-transporter is destined ta be degraded through a transamination reaction

catalyzed by the enzyme y-aminobutyrate-a-oxoglutarate aminotransferase

(GABA transaminase, GABA-Tf E.C. 2.6.1.19)(Abe and Matsuda, 1983; Wood et

aL, 1988). Compounds capable of inhibiting the enzymatic activity of GABA-T

are expected to facilltate GABAergic transmission by increasing the presynaptic

availability and subsequent release of GABA. Given the importance of GABA in

the control of CNS excitability, inhibitors of GABA-T are therefore expected to

passess anticonvulsant properties. The enzyme-activated irreversible inhibitor of

GA8A-T, GVG, was rationally designed with the aim of developing a novel

anticonvulsant drug capable offacilitating GABA-mediated inhibition (Jung et al.,

1977a; Lippert et al., 1977). Studies have shown that GVG can effectively

control seizures in animal models (Schechter et aL, 1977; Shin et aL, 1986) as

weil as in humans suffering tram previously drug-resistant partial epilepsy

(Michelucci and Tassinari, 1989; Arzimanoglou et al., 1997). Furthermore,

compared with the anticonvulsant benzodiazepines and barbiturates, the

effectiveness of GVG is generally better maintained over time and fewer CNS

depressant side effects are associated with ils prolonged use (Upton, 1994;

Brodie and Dichter, 1996).

Neurochemical studies in bath animais and humans have generally

demonstrated that the anticonvulsant actions of GVG are weil correlated with the

increased brain GABA levels resulting from the irreversible inhibition of GABA-T

(Schechter et al., 1977; Riekkinen et al., 1989b; Ben·Menachem, 1989).

Although these results are consistent with the suggestion that GVG produces its
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therapeutic effects by facilitating GABA-mediated transmission, convincing direct

evidence of this drug's ability to cause an increase in synaptic inhibition has not

yet been presented. In fact, the only previous attempt at characterizing the

effects of GVG on GABA-mediated inhibition (Rak and Lothman, 1988) failed to

demonstrate an increase in synaptic inhibition at several time points following

GVG pretreatment at which an anticonvulsant effect had previously been

reported. Specifically, no enhancement of inhibition was observed 8 and 24

hours following the administration of a single i.p. injection of GVG at a dose

(1500 mg/kg) previously shown to protect animais from kindling-induced seizures

(Shin et aL, 1986). In this in vivo electrophysiological study, inhibition was

assessed indirectly by examining the effects of conditioning stimulation, which is

expected to activate GABAergic inhibitory pathways, on the subsequent

extracellularly recorded response of a population of neurons to stimulation of

their afferent fibres. The rather unimpressive effects of GVG on GABA-mediated

inhibition observed under these testing conditions may have been due to the

failure of the single conditioning stimulation used to reflect the hypersynchronous

and repetitive activation of inhibitory intemeurons expeetect to occur during a

seizure. The importance of using a pattern of stimulation which more accurately

mimics seizure activity when testing the effects of an anticonvulsant drug on

synaptic inhibition is highlighted by the weil characterized dependence of the

effectiveness of GABA-mediated transmission on the frequency at which it is

activated. Thus, stimulation at low-frequencies (0.2-20 Hz) causes an activity­

dependent depression in the strength of inhibition produced as a result of bath

pre- and postsynaptic mechanisms (Ben-An et al., 1980; McCarren and Alger,

1985; Thompson and Gihwiler, 1989a; Nathan and Lambert, 1991; Oavies and

Collingridge, 1993b). In contrast, compensation for the effects of repetitive

stimulation occurs with higher stimulation frequencies (>20 Hz) (Davies and

Collingridge, 1993b) such that an enhancement in the strength of inhibition can

be observed (Esplin and eapek, 1990). The effects of an anticonvulsant drug

acting speciflcally to either prevent the use-dependent depression of inhibition or
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paradoxically to augment its frequency-dependent facilitation would therefore not

be detected using a simple paired-pulse protocol.

Using single, low- and high-frequency conditioning stimulation, the aim of

the present study was therefore to determine whether changes in the strength of

GABA-mediated synaptic inhibition can be detected in hippocampal sUces

prepared from animais having previously received a single anticonvulsant dose

of GVG. A preliminary aceaunt of these experiments has been presented

(Jackson et al., 1993a).

Methode

Preparation ofs/ices

Hippocampal sUces were prepared from male Sprague-Dawley rats 24

hours after they had been given a single intraperitoneal injection of GVG (1500

mg/kg) or saline by an experimenter bUnded to the kind oftreatment. Slices

(400-500 ~m) were prepared with the use of either a tissue chopper or vibratome

and allowed to recover at room temperature for at least 1 hour in a holding

chamber filled with artificial cerebrospinal fluid (aCSF) of the following

composition (in mM): Nael. 124; KCI. 3.3: CaCI2• 2.5: MgS04• 2.4; NaHC03• 25.6;

KH2P04, 1.25; glucose, 10. For recordings, sUces were transferred to a recording

chamber where they rested on either a nylon mesh or piece of lens paper at the

Interface between warm (33-35°C) 95 % O2 and 5 ok CO2 and oxygenated aCSF

perfused through the chamber at a rate of 2-3 ml/min.

&trace/lular recordings

Extracellular recordings of population spikes (PSs) were made using a 3 M

NaCI filled micropipette (5-15 Mn) positioned in the CA1 pyramidal ceIl layer.

Constant-current stimuli (100 IJS)I applied through bipolar stimulating electrodes
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positioned in the stratum radiatum and alveus, evoked orthodromie and

antidromie PSs, respectively. Orthodromicallyevoked PSs were inhibited by

conditioning stimulation delivered to either the stratum radiatum (ortho-ortho

paired-pulse test) or alveus (anti-ortho paired-pulse test). Inhibition evoked by

orthodromie conditioning stimulation can be attributed to the activation of both

feed-forward and reeurrent inhibitory pathways, while inhibition evoked by

antidromie conditioning is produced as a result of the activation of only the latter.

The frequency-dependence of GVG's effects were tested using repetitive

antidromic conditioning stimulation whieh consisted of a train of 20 stimuli

delivered at either a low (2.5, 5 or 10 Hz) or high (100 Hz) frequeney. The delay

between the end of a single conditioning stimulus or of the last stimulus in a train

and the subsequent orthodromie test stimulus was varfed between 10 and 1600

ms and was termed the interstimulus interval (ISI). In eaeh sUce, a stimulus

intensity for orthodromie stimulation was selected which produced a half-maximal

PS. For the ortho-ortho paired-pulse test, the same stimulus intensity was used

for bath conditloning and lesting, while for the anti-ortho paired-pulse test, the

intensity of antidromie conditloning stimulation was adjusted 50 that the

amplitude of the haIf-maximal orthodromie test PS was reduced to between 10

and 30% of its original amplitude at an ISI of 10 ms. The reduction in the

amplitude of the test PS, expressed as a percentage of the unconditioned

response, was used as a measure of the strength of GABA-mediated inhibition.

Responses were obtained at each ISI in sUces prepared from the GVG treated

and control animais, and were compared using the two-tailed Student's t-test.

Who/e-cell recorrJings

Tight-seal (>3 GO) whole-cell recordings were obtained from CA1

pyramidal cells using patch pipettes whieh had a resistance of 2-4 Mn when filled

with an internai solution consisting of (in mM): 135-145 of either potassium

methylsulfate (KMeSO., used for current-clamp recordings) or cesium
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methanesulfonate (CsCH3SOJ • used for voltage-clamp recordings). 10 N-2­

hydroxyethylpiperazine-IV-2-ethanesulfonic acid (HEPES). 2 MgCI2• The

solutions were buffered with KOH or CsOH to a final pH of 7.2-7.3 and total

osmolality was 210-290 mOsm. With excitatory transmission blocked by the

addition of the excitatory amino acid receptor antagonists 6-eyano-1­

nitroquinoxaline-2,3-dione (CNQX, 20 J.l.M) and 3-«R)-2-carboxypiperazin-4-yl)-

propyl-1-phosphonic acid (CPP. 5 J.l.M) ta the aCSF. monosynaptic inhibitory

postsynaptic potentials (IPSPs) or currents (IPSCs) were recorded following

stimulation delivered to the stratum radiatum through a bipolar stimulating

electrode. In order to directly activate the inhibitory intemeurons, stimulating

electrodes were positioned in close proximity ta the pyramidal cells fram which

recorctings were made. Stimulation by single pulses was at a frequency (0.03­

0.05 Hz) which assured a stable response throughout the recording period.

Current-clamp recordings were made with an Axoclamp 2A amplifier (Axon

Instruments) operated in bridge mode whereas an Axopatch 200A (Axon

1nstruments) was used for the voltage-clamp recordings. For currant clamp

recordings. cells were maintained, by appropriate currant injection, at a constant

membrane potential. Ali signais were filtered at 1 kHz, digitized at 3-5 kHz and

stored on disk using a PC based acquisition and analysis system functionally

similar to that described previously (Théorêt et al., 1984). Baclofen (0.5-2 ~M),

used to examine changes in the sensitivity of the presynaptic GABAs

autoreceptors, was dissolved in aCSF and superfused over slices. The

significance of GVG induced changes were evaluated using the two-tailed

Student's t-test.
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Re.ults

Effects of GVG pretreatment on paired-pulse inhibition

The effects of GVG pretreatment on GABA-mediated inhibition were tirst

evaluated using the ortho-ortho (Fig 1A) and anti-ortho (Fig 1B) paired-pulse

tests of inhibition. In control sliees prepared from saline injected animais, both

orthodromie and antidromic conditioning stimulation resulted in a strong reduction

in the amplitude of subsequent orthodromie test PSs evoked at an ISI of 10 to 20

ms. With antidromie conditioning stimulation, the test PS gradually recovered to

its unconditioned amplitude as the ISI was inereased trom 40 to 160 ms (Fig.

18). In comparison, following orthodromie conditioning stimulation, the retum of

the test PS to its unconditioned amplitude was more rapid and occurred within an

ISI of 40 ms (Fig. 1A). The much shorter inhibitory phase (10-20 ms) whieh was

observed with orthodromie conditioning stimulation was followed by a period of

marked facilitation which outlasted the range of ISis which we tested (Fig 1A, ao­
160 ms). The effects of GVG pretreatment on paired-pulse inhibition were limited

to a decrease in the inhibition produced 10 ms following a single orthodromie

conditioning stimulus (Fig. 1A).

Effects of GVG pretreatment on the inhibition produced by low and high­

frequency stimulation

The effects of GVG on the activity-dependent depression of inhibition

produced by low-frequency stimulation as weil as on the inhibition produced

following high-frequency stimulation were tested using trains of antldromic stimuli

dellvered at either low (5 Hz) or high (100 Hz) frequencies. Given that the

strength of inhibition is measured indirectly as a reduction in the population

response of CA1 pyramidal cells to a presumably constant excitatory input,

repetitive orthodromie stimulation could not be used sinee this would have

resulted in a change in the excitatory drive against which inhibition is measured.
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It is for this reason that our analysis was restricted to a study of the frequency..

dependent effects of GVG pretreatment on antidromically-evoked reeurrent

inhibition. In addition, special care was taken when positioning the alvear

stimulating electrode sa that no synapticallyevoked PS, resulting from the

activation of exeitatory fibers in stratum ariens, could be detected following the

direct antidromically evoked PS (see inset of Fig. 18). Under these conditions,

GVG pretreatment altered the pattem of inhibition typically observed in control

sUces with changes in the frequency of stimulation. Thus, in control sUces,

considerably less inhibition of the orthodromie PS was always observed following

low-frequency conditioning stimulation (Fig. 2, control; 5 Hz, 4 sec [40 ms]) than

following conditioning bya single stimulus (Fig. 2, control; single [40 ms]).

However, in sUces from GVG pretreated animais, there was no such activity­

dependent depression of inhibition; the low-frequeney conditioning stimulation

now typically produced more inhibition of the PSs than conditioning with a single

stimulus (Fig. 2, GVG; single [40 ms)). In control sUces, high-frequency

stimulation always resulted in a much stronger and longer lasting inhibition than

that induced by a single stimulus; the PSs were greatly inhibited at ISis

exceeding by far the duration of inhibition induced by a single stimulus (Fig 2,

control; 100 Hz, 200 ms [200 ms)). In GVG sUces, the strong inhibition resulting

from high-frequency stimulation (Fig. 2, GVG; 100 Hz, 200 ms [200 ms)) was

qualitatively similar to that observed in control sUces.

Since the activity-dependent depression of inhibition is typically observed

at frequencies of 0.2 to 20 Hz, we decided ta investigate the ability of GVG to

reverse the depression of inhibition induced by a broader range of low-frequency

stimulation. Therefore, in addition to using 5 and 100 Hz conditioning

stimulation, the effects of GVG were tested at 2.5 and 10Hz. Fig.3 iIIustrates the

dependence of GVG's effects on the frequency of conditioning stimulation over

the entire range of ISis examined. In control sUces, activity-dependent

depression of inhibition was observed following repetitiv8 stimulation at ail of the

low-frequencies testad. The resulting depression was greatest at ISis of 10 to 40

ms and was slightly larger as the frequency of repetitive stimulation was
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increased from 2.5 to 10Hz. The effects of GVG pretreatment on the activity­

dependent depression of inhibition were greater as the frequency of stimulation

was increased over this range. At 2.5 Hz, GVG simply prevented the occurrence

of depression such that the time course of inhibition was now identical ta that

resulting from conditioning with a single stimulus. In contrast, while the

development of depression was similarly prevented at short time intervals of 10

to 20 ms after 5 and 10Hz conditioning stimulation, GVG pretreatment not only

prevented but actually reversed the depression of inhibition at ISis of 40 to 160

ms such that signiflcantly stronger inhibition than that produced bya single

conditioning stimulus was now observed. The frequency-dependence of the

resulting enhancement of inhibition producecl following pretreatment with GVG is

more directly evident in Fig. 4 where the opposing effeds offrequency on the

strength of inhibition in each population of sUces can be clearly seen at two ISis.

Effects of GVG pretreatment on monosynaptic IPSPs evoked with repetitive

stimulation

The ability of GVG to prevent the activity-dependent depression of GABA­

mediated neurotransmission was studied more diredly by examining the

consequences of low-frequency repetitive stimulation on monosynaptic IPSPs

evoked in the presence of the excitatory amino acid receptor antagonists, CNQX

and CPP. Low-frequency stimulation, which consisted of a train of 20 stimuli,

was delivered at 5 Hz through a stimulating eledrode positioned in the stratum

radiatum. In control slices, a marked reduction in the amplitude of IPSPs was

observed during such stimulation (Fig. SA). The depression of IPSPs reached its

maximum within the first five evoked responses (Fig. 5A2) and was then

maintained at a relatively constant level through the remainder of the stimulation

period (Fig. 5A1). The 20" IPSP superimposed overthe 111 one (Fig. SA3) clearly

shows that repetitive low-frequency stimulation produced a reduction in the

amplitude of bath fast and slow components of evoked IPSPs. GVG

pretreatment greatly reduced the extent to which IPSPs were depressed
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following repetitive stimulation such that their peak amplitudes were relatively

weil maintained throughout the period of stimulation (Fig. 581). This effect was

seen with bath the fast (f-IPSP) and slow (s-IPSP) components of the evoked

IPSPs (Fig. 5B3). Thus, with repetitive stimulation in GVG sUces, the f..IPSPs

and s-IPSPs were maintained at 91.5 ±6.6°k (mean ±se, n =9) and 87.7 ±

6.460/0 (n = 9) of their original amplitude, respectively, compared to only 61.1 ±

3.9% (n =10) and 57.1 ± 5.00/0 (n =10) in control (Fig. 5C).

Effects of GVG pretreatment on the baclofen-induced depression of IPSCs

Two of the predominant mechanisms which are thought to underlie the

activity-dependent depression of GABAergic transmission are (1) activation of

GABAs autoreceptors and (2) shifts in the concentration gradients of the ionic

species involved in the generation of IPSPs. The near identical effect of low­

frequency repetitive stimulation on the amplitudes of both the fast, presumably

GABAA receptor-mediated, and slow, presumably GABAs receptor-mediated,

components of the evoked IPSPs suggests that the depression of IPSPs most

likely occurred as a consequence of a reduced release of GABA following the

activation of presynaptic GABAs autoreceptors rather than as a consequence of

shifts in ionic equilibria. The frequency-dependent effects of GVG pretreatment

on GABA-mediated neurotransmission may have therefore been due to a

reduction in the sensitivity of GABAs autoreceptors following prolonged (i.e. 24

hours) exposure to the increased brain levels of GABA induced by the inhibition

of GABA-T. This hypothesis was tested by examining the ability of the GABAs

receptor agonist, baclofen. to cause a reduction in the amplitude of evoked

IPSCs in sUces tram control and GVG pretreated animais. In control sUces.

baclofen caused a concentration-dependent reduction in the amplitude of evoked

IPSCs, such that in the presence of 2.0 ~M of the agonist the mean amplitude of

IPSCs was reduced to 43.5 ±2.1 Ok (n =4) of responses evoked in the absence

of baclofen. In contrast. application of baclofen to GVG sllces produced
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significantly less of an effect on the amplitude of IPSCs (Fig. 6). Thus, in the

presence of 2.0 ~M baclofen, the mean amplitude of IPSCs was 60.5 ± 3.9% (n =

7) of control responses. Partial recovery from the effects of baclofen was

observed during washout of the agonist in slices from bath control and GVG

animais.

Discussion

Based on results from neurochemical studies, the coexistence of two

distinct transmitter pools within GABAergic nerve terminais has been suggested

(Abe and Matsuda, 1983; Sihra and Nicholls. 1987; Wood et al.. 1988). The first

of these pools is generated from the reuptake of GABA and is subjected to active

degradation by GABA-T. Release from this pool, which has been termed

cytoplasmic, occurs through a Ca2
+-independent mechanism involving the

operation of the GABA transporter in a reversed direction. The second pool of

GABA consists of newly synthesized transmitter. stored within synaptic vesicles.

GABA within this pool, referred to as vesicular, is not subjeeted to the enzymatic

activity of GABA-T and is released through a Ca2+-dependent mechanism.

Intimate knowledge of the mechanism by which GABA-T catalyzes the

degradation of GABA led ta the rational design and synthesis of highly specifie

and irreversible catalytic (or suicide) inhibitors ofthis enzyme. Although bath "t

acetylenic GABA (GAG) and GVG inhibit GABA-T (Lascher, 1980b), GAG was

later demonstrated ta also partially inhibit GAD (Saman and Seiler, 1979;

Lascher, 1981), an action which is thought to underlie the proconvulsant

properties of this compound and has precluded its further development as a

novel anticonvulsant. In contrast, although sorne proconvulsant actions have

been described for GVG (Lëscher et al., 1989), it has generally proven itself ta be

highly effective in preventing seizures in animais (Schechter et al., 1977; Shin et

al., 1986) as weil as in previously drug-resistant epilepsy patients suffering from

complex partial seizures (French et al., 1996).
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The anticonvulsant properties of GVG have generally been attributed to its

perceived ability to enhance GABA-mediated inhibition (Richens, 1989; Wilder,

1996). Although demonstrations of elevated brain GABA levels and enhanced

transmitter release following the administration of GVG are strongly suggestive of

enhanced GABAergic transmission, they do not constitute definitive evidence in

favor of such a mechanism since the resulting functional consequences of the

elevated GABA levels were not directly assessed. In the present study, we have

demonstrated that pretreatment with a single acute injection of GVG (1500

mg/kg) causes a frequency-dependent enhancement of inhibition. The

demonstration of a reduced sensitivity of monosynaptically evoked IPSCs to the

inhibitory effects of baclofen suggests that the frequency-dependent actions of

GVG are due to a reduction of presynaptic GABAs autoreceptor function. This

conclusion is further supported by the inability of GVG to produce a change in

the strength of the inhibition evoked with high-frequency stimulation. Indeed, a

detailed study of the role of GABAs autoreceptors in the regulation of inhibitory

synaptic responses evoked using a similar broad range of stimulation

frequencies (0.1 to 100 Hz) demonstrated that the amplitude of IPSCs evoked

during high-frequency (100 Hz) stimulation is unaffected by the activation of

GABAs autoreceptors (Davies and Collingridge, 1993b).

Even though they were not directly assessed, previous studies of the

neurochemical actions of GVG strongly suggest that elevated brain GABA levels

were produced in our study following the pretreatment of animais with GVG.

Although these increased levels most likely occur as a result of the inhibition of

GABA-T, another source may also have contributed to raising the extracellular

levels of the inhibltory transmitter in our study. Due to its very design as an

enzyme-activated irreversible inhibitor, GVG was expeded to interact highly

specifically with GABA-T. However, sinee it is structurally quite similar ta GABA,

it has been possible ta demonstrate further effects of GVG on the GABA

neurotransmitter system. In addition to being a weak inhibitor (IC5Q > 1 mM) of

the binding of [3H]GABA to GABAA receptors (Lëscher, 1980b; Jackson et al.,

1994). GVG has been shown to inhibit the reuptake of GABA (Lëscher, 1980b;
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Abdul-Ghani et aL, 1981: Jolkkonen et aL, 1992). Furthermore, since it is a

substrate for the GABA transporter (Schousboe et aL, 1986), it has been

possible to demonstrate that GVG can cause a release from rat cerebral cortical

synaptosomes of bath exogenous and endogenous GABA through a

heteroexchange mechanism (Abdul-Ghani et aL, 1981). In this respect, the

neurochemical actions of GVG resemble those previously reported for nipecotic

acid (Johnston et al., 1976b). The GABA releasing properties of GVG were

demonstrated over a concentration range (0.25-0.5 mM) which has been

estimated to occur in the CNS of animais given a single i.p. injection of GVG at a

dose of 1500 mg/kg (Abdul-Ghani et al., 1981). It is therefore likely that the

elevated brain GABA levels, which resulted in the observed down-regulation of

GABAs autoreceptor function, were the result of bath the GABA releasing as weil

as the GABA-T inhibiting properties of GVG.

Similar downregulation of autoreceptor function, resulting in a decrease of

the baclofen-induced inhibition of evoked IPSPs, has previously been observed

following the chronic treatment of animais with the GABAs receptor agonist,

baclofen (Malcangio et aL, 1995). Furthermore, in an animal model of temporal

lobe epilepsy with a demonstrated deficit in GABAs receptor function, repetitive

low-frequency activation was shown to produce no depression in the amplitude of

monosynapticallyevoked IPSPs (Mangan and Lothman, 1996). Such changes

were proposed to serve as a compensatory mechanism designed to reduce the

onset of epileptiform activity. Severa1mechanisms have been identified through

which a reduction in receptor function can accur. These include changes in

receptor phosphorylation, receptor sequestration, increased receptor degradation

and reduction in receptor gene expression. Any of these potential mechanisms

could have contributed to our observation of a reduced presynaptic autoreceptor

function. However, a mechanism involving a change in GABAs receptor gene

expression would be expeded to operate on a somewhat longer lime scale than

the 24 hours of elevated GABA levels ta which our animais were exposed

following pretreatment with GVG.
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Although a redudion in the baclofen-induced inhibition of monosynaptic

IPSCs was demonstrated following GVG pretreatment, IPSCs were nevertheless

inhibited by nearty 40% in the presence of 2 IJM baclofen. Therefore, the

reduction of GABAs autoreceptor function may only partially explain the observecl

effects of GVG on synaptic inhibition. Another explanation may be proposed

based on the demonstration that the inhibition of GABA-T causes a large

increase in the metabolic pool of GABA from which the transmitter can be

released in a Ca~..independent manner(Szerb, 1982b; Wood et al., 1988), a

process which is believed to be mediated through a reversai in the direction of

GABA transport (Bemath, 1992; Attwell et al., 1993). The ability of the GABA

transporter to operate in a reversed mode occurs as a result of the dependence

of its activity on the electrochemical gradient of Na+ and cr ions. Based on the

recognized stoichiometry of the transporter (two Na+ ions and one cr ion for each

molecule of GABA transported) the following thermodynamic equation has been

proposed which dictates the extent to which the transporter can cause an

accumulation of GABA in the extracellular space (Attwell et al., 1993)

where [ ]0 and [ ]1 are the extracellular and intracellular concentrations of each

molecular specias. respectively, V is the voltage, Fis Faraday's constant, Ris

the gas constant, and T is the absolute temperature. Thus, consistent with

results from neurochemical studies (Haycock et al., 1978; Nelson and Blaustein,

1982), the contribution of a transporter-mediated mechanism to the evoked

release of GABA will be strongly depandent on the extent to which the

intracellular concentration of Na+ is raised as a result of the activation of voltage­

dependent Na+ channels during the depolanzation of neNe terminais. Since a

much greater elevation of the intracellular concentration of Na· will be achieved

as the frequency and duration of action potential firing is increased, the

transporter-mediated release of GABA is therefore expected to depend on the

frequency and duration of stimulation. Given the level of depression which we
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observed under control conditions, it appears unlikely that the reversed transport

of GABA contributed significantly to the inhibition resulting from low-frequency

(2.5-10 Hz) stimulation. However, following pretreatment with GVG, the resulting

elevated intracellular levels of GABA may facilitate the release of the

neurotransmitter through a transporter-mediated process, even with repetitive

stimulation at a relatively low-frequency of 2.5 Hz. As the frequency is increased

to 5 and 10Hz, the rise in intracellular Na+ is expected to be greater, therefore

increasing the relative contribution of this mechanism to the release of GABA.

Such a mechanism would be consistent with the observed frequency­

dependence of GVG's actions.

It should be noted that with repeated administrations of GVG, effective

seizure control can be achieved with much lower doses (ED50 = 36 mg/kg) than

following a single injection (ED5Q = 990 mg/kgXSchechter et al., 1977). It cannat

be taken for granted that both or either of the mechanisms suggested to account

for the efficacy of pretreatment with a single dose of GVG will contribute to the

anticonvulsant effects of this drug when administered chronically. Although the

high levels of GABA produced in the CNS during chronic treatment with GVG

(Qume and Fowler, 1996) suggests that down-regulation of GABAs autoreceptors

may equally occur during repetitive dosing with GVG, a similar investigation of

the effects of GVG on GABA-mediated inhibition following chronic treatment

would nevertheless be clearly desirable.

ln acute models of focal epilepsy, synaptic inhibition importantly

contributes to the inhibitory mechanisms which limit bath the duration of

epileptiform activity as weil as the spatial extent of ils propagation. The graduai

fading and eventual disappearance of these inhibitory mechanisms, perhaps as a

consequence of the repeated occurrence of focal epileptiform adivity, is one of

the initial events which are charaderistically observed during the progressive

development of full blown seizures (Dichter and Ayala. 1987). Therefore, the

selective strengthening of inhibition by GVG during the repeated occurrence of

epileptiform adivity may allow a relatively selective anticonvulsant effect to be

achieved while reducing the incidence of CNS side-effects.
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Figure Legends

Flg.1. Effects of GVG on P8lred-pul.e Inhibition in .lIee. prepared from
pretreated animais. GVG produced IiUle or no change in the inhibition of
orthodromically-elicited PSs produced by conditioning with either a single
orthodromie (A) or antidromic (B) stimulus. Insets show examples of paired
ortho-ortho (A) and anti-ortho (B) responses generated at an ISI of 10 ms.
Inhibited « 100%) orfacilitated (> 1000k) PSs were expressed as a % of the
unconditioned test PS amplitude. Each point represents the mean ± SE of data

(n =11-22) plotted on a semi-Iogarithmie scale against the ISis (10-160 ms). *
Significantly different trom control at p =0.03.

Fig. 2. GYG pretreatment reverse. the actlvlty-dependent depresslon of
Inhibition normally ••soclated wlth the low frequency repetltlve stimulation
of recurrent Inhlbltory pathway.. Representative orthodromie responses
recorded from control and GVG sUces in either the absence of antidromic
conditioning stimulation (unconditioned), 40 ms following antidromic conditioning
bya either a single stimulus or a low frequency (5Hz), 4 sec train of 20 stimuli. as
weil as 200 ms following antidromic condilioning by a high frequency (100 Hz).

200 ms train of 20 stimuli.

Fig. 3. Effects of GVG on the tlme cours. of Inhibition produced by
repetltlve antldromic condltlonlng stimulation at low (2.5, 5 and 10Hz) and
hlgh (100 Hz) frequencl.s. In each graph, the inhibition resulting from a single
antidromic conditioning stimulation (squares, dashed lines) was plotted in orcier
to facilitate comparisons between the effects of repetitive stimulation (circles,
continuous Unes) on the inhibition produced in control (fillad symbols) and GVG
sUces (open symbols). The means:t SE are shown. Results with repetitive
stimulation were significantly different from control at: + p < 0.05, x p < 0.02 and
* p < 0.0001, respectively (n =4-18).
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Fig. 4. Frequency-elependence of the enhancement of GABA-medlated
Inhibition followlng GVG pretreatment. The amplitude of PSs recorded in
sUces prepared from control and GVG pretreated animais is plotted against the
frequency (0-10 Hz) at which the repetitive conditioning stimulation was delivered
with the effects of single condltioning stimulation plotted as a frequency of 0 Hz.
When increasing the frequency of conditioning stimulation, a decrease in the
effectiveness of inhibition was observed in sUces from saline pretreated animais,
while, in contrast an increase in its effectiveness was observed in sUces frorn

GVG pretreated animais. The data for the graph is the same as that reported in
Fig. 3. at ISis of 40 ms.

Fig. 5. GVG prevenla the actlvlty-dependent depre.slon of
monosynaptlcaUy evoked IPSPs. In the presence of 20 ~~1 CNQX and 5 ~M

CPP, repetitive stimulation consisting of a train of 20 stimuli delivered at a
frequency of 5 Hz to the stratum radiatum of slices from control (A1) and GVG
(81) treated rats evoked a series of monosynaptic IPSPs. A2 and 82 shows
initial five IPSPs in control and GVG, respectively. Most of the depression seen
in control occurred between the first and second evoked IPSP. First and last
(20th

) IPSPs were superimposed in A3 and 83, and shows the extent of
depression in control as weil as its prevention in GVG sUces. The amplitudes of
the fast (=) and slow «) components of the 20lf\ evoked IPSPs were determined

in control (A3, n = 10) and GVG sUces (83. n =9) and expressed as a
percentage of their respective original (1 1t IPSP) amplitudes (C). • Significantly
different from control at p < 0.01.

Fig. 8. GVG reduces the Hnsltlvlty of GABA. autoreceptors to th.
e.ag_nous a80nlsl, bacloten. In cells voltage-clamped at 0 mV, monosynaptic
IPSCs were continuously elicited at a frequency which did not exceed 0.02 Hz.
thus insuring that a stable response amplitude wes maintained throughout the
recording period. After a stable control period, increasing concentrations of
beclofen (0.5-2 IJM) were added to the superfusate. The amplitude of bactofen­
inhibited IPSCs were expressed as a percentage of responses obtained before
the addition of the GABAs receptor agonist. Significantly less baclofen-induced
inhibition of IPSCs was observed in GVG sUces (n = 6-8) then in control (n =4-7)
at· p< 0.01.
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Flg.1. Effects of GVG on palred-puls. Inhibition ln sUces prepared from
pretreated animais.
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Fig. 2. GVG pretre.tment reve,.e. the actlvlty-dependent depre••lon of

Inhibition norm.Uy •••ocl.ted wlth the low frequency repetltlve stimulation

of recurrent Inhlbltory pathw.ys.
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1 Fig. 3. Effects of GVG on the tlme course of Inhibition produced by

repetltlve antldromlc condltlonlng stimulation at low (2.5, 5 and 10Hz) and

hlgh (100 Hz) frequencle•.

100
i , l, 1

5 Hz

1
10

60

80

40

20

100

120

100

+

2.5 Hz

-1-----.~.~,I""''''I---'I a
10

o

Q) i 80
"C c:
~ .2......'c.:g 60
E 0cu (J

en c 40
a. :J

?ft
20

100

120

1000
, 1 1 1Il iii

100

181 (ms)

100 Hz

20

60

80

120

100

100

151 (ms)

10 Hz

----,........., .....1~ir-',..,ir""'l'''T''I--,' 0o

120

20

100

Q) i 80
"C C
::J .2......= =s 60c.cE 0cu (J

en c 40
a. :J

'of!.

Reaulls••130



Flg.~. Frequency-dependence of the enhancement of GABA-medlated

Inhibition followlng GVG pretreatment.
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Fig. 5. GVG prey.nts the actlYlty-dependent depre••lon of

monosynaptlc811y eyoked IPSPs.
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Fig. 6. GVG reduc•• the .en.ltlvlty of GABA. 8utoreceptors to the

exogenou. agonl.t, baclofen.
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Pref8ce to Section 8

ln addition to its ability to irreversibly inhibit GABA...T, GVG can reportedly

black the reuptake of GABA, an effect which has been suggested to contribute to

the anticonvulsant properties of this drug. The inhibition of GABA uptake was

determined by examining the effects of GVG on the sodium-dependent binding of

[3H]GABA (Lôscher, 1980b), which is believed to be associated with the high­

affinity GABA transporter, as weil as on the extracellular levels of GABA

measured by microdialysis (Jolkkonen et al., 1992). Paradoxically, GVG was

also demonstrated to inhibit the GABA stimulated uptake of 3ecr into membrane

vesicles which suggests that GVG may act as an antagonist at the GABA"

receptor complex (Suzuki et al., 1991). In contrast ta the inhibition of GABA

uptake, such an action is expected to result in a proconvulsant effect. The aim of

the following study was to determine the outcome of the contrasting

neurochemical actions of GVG on GABA-mediated inhibition. In order to

separate the actions of GVG on either the GABA transporter or the GABA"

receptor complex from its inhibitory effect on GABA-T, the consequences of

which are expected ta be more delayed, we examined the effects of GVG on

synaptic inhibition during its bath application.
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Ab.tract

The acute effects of l"vinyl-GABA (GVG) on GABAergic inhibition were

investigated in the hippocampal sUce preparation using the paired-pulse test of

inhibition during extracellular recordings. Superfusion of GVG (100-500 ~M) for

60 min resulted in a concentration-dependent decrease in GABAergic inhibition.

Slices superfused with higher concentrations of GVG (0.5-1 mM) were

hyperexcitable as demonstrated by the appearance of multiple spikes. Binding

studies showed that GVG (1 mM) had no effect on the binding of

[3H]flunitrazepam or [3H]TBOB and displaced no more than 15% of specifie

[3H]GABA binding, which indicates that GVG-induced disinhibition is not

mediated through an action at the GABAA receptor complex. Consistent with this

suggestion is the finding that GVG (500 ~M) had little effect on the inhibition of

the orthodromically evoked CA1 population spike produced by the GABA"

receptor agonist muscimol (1 0 ~M), whereas this inhibition WBS considerably

attenuated by the GABA" receptor antagonist, bicuculline methiodide (5 IJM).

The results of this study suggest that the acute actions of GVG on the

GABAergic neurotransmitter system are not involved in its anticonvulsant effect.

Key words: Anticonvulsant; GABA; GVG; Hippocampus; Inhibition; Paired-pulse
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1 Introduction

GVG is a structural analog of GABA designed to aet as a suicide inhibitor

of GABA-transaminase (GABA-T), the enzyme responsible for the catabolism of

GABA. Pretreatment of laboratory animais with GVG has been shown ta result in

a dramatic increase in brain GABA levels as weil as ta proteet against

experimentally induced seizures (Bemasconi et al., 1988; Lëscher and Frey,

1987; Schechter et aL, 1977). Similarty, clinical trials have demonstrated that

GVG elevates cerebrospinal fluid levels of GABA and is an effective antiepileptic

in drug resistant epilepsy (Ben-Menachem, 1989; Dam, 1989; Riekkinen et aL,

1989a). Increased presynaptic availability and release of GABA following

inhibition of GABA-T is generally believed to be the mechanism by which GVG

exerts its anticonvulsant action. However, because of its structural similarity with

GABA, GVG could conceivably influence GABAergic neurotransmission at other

sites. In fact, recent studies on the acute actions of GVG suggest that this

compound can inhibit GABA uptake in vivo (Jolkkonen et al., 1992) as weil as

GABA-stimulated chloride flux in brain membrane vesicles (Suzuki et al., 1991),

two actions expected to produce opposite effects on GABAergic

neurotransmission. Inhibition of GABA uptake would result in an enhancement of

GABA-mediated inhibition whereas, in contrast, depression of GABA-stimulated

chloride flux would produce its decrease.

ln order to detennine the functional consequences of these neurochemical

effects, the aim of the present study was to investigate the effects of GVG

superfusion on GABA-mediated inhibition in the hippocampal slice preparation in

vitro. The results presented here demonstrate that acute application of GVG

produces a concentration-dependent decrease in GABA-mediated inhibition, an

effect which does not appear to be mediated through an action at the GABAA

receptor complex. A preliminary account of these results was presented

(Jackson et al., 1993b).
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M.terl.ls .nd Methods

Preparation ofslices

Male Sprague-Oawley rats (100-200 g) were decapitated, the brains

quiekly removed and placed in cooled. oxygenated artificial cerebrospinal fluid

(aC8F) of the following composition (in mM): NaCI, 124; Kel, 3.3; CaCI2• 2.5;

Mg804 • 2.4; NaHC03• 25.6; KH2P04, 1.25; glucose. 10. The hippocampus was

isolatad and transverse hippocampal sUces (350-425 mm) were prepared using a

Mellwain tissue chopper. SUces were maintained at 35°C and allowed to recover

for 1 hour in the recording chamber where they rested on a nylon mesh at the

interface between humidified 95% O2 and 5% CO2, and oxygenated aCSF

perfused through the chamber at a flow rate of 1.5 ml/min.

Extracellular Recorc/ings

Conventional extraeellular recording techniques and the paired-pulse test

of inhibition used were described previously by us as weil as by others (eapek

and Esplin. 1991; Rogers and Hunter, 1992; Xie and Tietz, 1991). Field

potentials were recorded in the CA1 pyramidal cali layer with a 3 M NaCI-filied

micropipette (5-15 Mn). Constant currant stimuli (100 ms) dellvered through

bipolar electrodes located in the stratum radiatum and alveus evoked

orthodromie and antidromie population spikes (PS), respectively. The paired

pulse paradigms were carried out as follows: orthodromie test PSs were inhibited

either by orthodromie conditioning stimulation delivered to the stratum radiatum

(0/0 paired-pulse test) or by antidromie stimulation of the alveus (AIO paired­

pulse test). The time interval between the conditioning stimulus and the

subsequent orthodromie test stimulus is referred to as the interstimulus interval

(181) and was in the range of 10 to 320 ms. Orthodromie stimulus intensity was

adjustect te produce a PS which was 50% of the maximum. The intensity of the

antldromie stimulus was adjusted ta inhibât the orthodromie PS ta between 10
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and 30% of its original amplitude at an ISI of 10 ms. During the 0/0 paired-pulse

stimulation, the orthodromie stimulus intensity producing PSs of 50% of the

maximum was used for bath the conditioning and test stimulation. The

mierocomputer based system used for data acquisition and analysis was

functionally similar to that previously described (Théorêt et al., 1984). The

amplitude of the PS was defined as the average of the absolute potential

difference between the first positivity and the maximum negativity, and between

the maximum negativity and following positivity. Conditioned PSs were

expressed as the percentage of unconditioned ones. Drugs (GVG and nipecotic

aeid) were dissolved in the aCSF and superfusecl through the recording chamber

for up ta 90 min. Paired-pulse responses for eaeh ISI were obtained before and

after drug treatment, and were compared using the one-tailed t-test for paired

samples.

ln a separate series of experiments, the effects of GVG on the depression

of the PS produced by the GABAA receptor agonist, muscimol, was studied as

described by Kemp et al. (Kemp et aL, 1986). Orthodromie CA1 PSs, evoked

using the lowest stimulus intensity capable of eliciting a maximal response, were

recorded from hippocampal slices superfused with either normal aCSF (naCSF),

GVG (500 ~M) or bicueulline methiodide (5 ~M). Once these initial responses

were perfectly stable, muscimol (10 IJM) was added to the superfusion and ils

effect on PS amplitude was compared under each condition.

Membrane Binding Procedures

Binding studies were performed on hippocampal tissue obtained from

male Sprague-Dawley rats (175-200 g). Hippocampi were rapidly dissected frae

and stored until needed at -70°C.

fH}GABA blndlng. [3H]GABA bindlng ta GABAA receptors was performed

according ta the method of Hill et al. (Hill et al., 1984). Briefty, hippocampi from
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1 15 rats were pooled and homogenized in 15 volumes of ice-cold Tris-HCI (50 mM

pH 7.4) using a Brinkmann Polytron. The homogenate was incubated for 30 min

at 37°C, separated into 4 equal volumes and centrifuged for 15 min at 48,000 g.

The resultJng pellets were then stored at -70GC. For the assay, a single pellet

was thawed and washed twice in 15 volumes of 50 mM Tris-citrate pH 7.1

containing 0.050/0 Triton X-100. The final pellet was resuspended in 25 volumes

of Tris-citrate buffer. [3H]GABA binding was conducted as follows: incubations

were carried out in triplicate at room temperature for 20 min in a final volume of

0.25 ml containing 30 nM eH]GABA, 100 IJM baclofen (in orderto mask GABAs

receptors), 300-400 mg of membrane protein, and 12-14 concentrations of either

GVG (0.001-1000 IJM) or GABA (0.001-100 ~M). Sound radioactivity was

separated from free by centrifugation at 48,000 9 for 6 min. The resulting pellet

was superficially washed with 1.5 ml distilled water, solubilized in soluene-350

and counted in 4 ml of scintillation cocktail. Non-specifie binding was defined by

incubation in the presence of 100 IJM GABA and represented 55-60% of the total

binding.

fHjFlunitrazepam binding. The binding of radiolabeled flunitrazepam to

benzodiazepine receptors was performed as described by Suranyi-Cadotte et al.

(Suranyi-Cadotte et al., 1984). Briefly, a single hippocampus was homogenized

in 10 volumes of iee-cold 50 mM Tris-HCI pH 7.4. The homogenate was

centrifuged at 48,000 9 for 15 min at 4°C. The resulting pellet was resuspended

and recentrifuged two more times. The final pellet was resuspended in 150

volumes of the Tris-HCI buffer. Triplicate incubations were carried out at 4°C for

90 min in a final volume of 0.6 ml containing 1 nM eH)fIunitrazepam, 200-250 mg

of membrane protein and 12-14 concentrations of either GVG (0.001-1000 IJM)

or Ra 15-1788 (0.001-1 ~M). The incubations were terminated by rapid filtration

through Whatman GF/B flilers (pre-soaked in Tris-Hel buffer for 1 hr). The filters

were rinMd 3 times with 4 ml ice-cold buffer and the radioactivity was determined

by liquid scintillation spectroscopy. Ra 15-1788 (1 J,lM) was used to determine

non-specifie binding which represented 3-5% of the total binding.
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t-fH}butylbicycloorlhobenzoate (fH}TBOB) binding. Hippocampi from 25

rats were pooled and homogenized in 20 volumes of ice-cold 50 mM Tris-citrate

buffer pH 7.4. The homogenate was pelleted at 48,000 g for 10 min at 4°C. The

samples were resuspended, separated into 8 equal volumes and recentrifuged

under identical conditions 4 more times. The resulting pellets were stored at ­

70°C. For the assay, two pellets were thawed, resuspended in 60 volumes of

Tris-citrate buffer containing 500 mM NaCI and centrifuged. The final pellets

were resuspended in 60 volumes of the Tris-citrate buffer with 500 mM NaCI.

[3H]TBOB binding to the picrotoxin binding site was performed according to

Tvrdeit et al. (Tvrdeic and Periaic, 1991). Briefly, 12-14 concentrations of either

GVG (0.001-1000 IJM) or picrotoxin (0.001-1000 IJM) and 300-400 mg of

membrane protein were preincubated in triplicate at room temperature for 30

min. [3H]TBOB (4 nM) was then added and a second 30 min incubation was

carried out (the final incubation volume was 0.5 ml). Incubations were terminated

by filtration through Whatman GF/C filters (pre-soaked for 1 hr in Tris-citrate

buffer). The filters were rinsect twica with 4 ml ice-cold buffer and the

radioadivity was determined by Iiquid scintillation spectroscopy. Non-specifie

binding was determined in the presence of 1 IJM picrotoxin and represented 10­

200k of the total binding.

IC50 values, defined as the concentration of drug required to displace 50%

of the radiolabeled ligands from the receptor sites, were calculated for each

binding experiment using a computer based EBDA-Ligand program (Elsevier­

Biosoft, Cambridge, U.K.).

Compounds

GVG was generously supplied by Marion Merrell Dow (Cincinnati, Ohio)

and nipecotJc acid was a gift from Dr. K. KmJeviC. Bicuculline methiodide, GABAt

mU8cimoi and picrotoxin were purchased from Sigma Chemical Co. (St-Louis,

Mo.), baclofen was from Research Biochemicals International (Natick, MA.) and

Ro 15-1788 (flumazenil) from Hoffman-LaRoche (Etobicoke, Ont.). [3H]GABA
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(specifie activity 60 Cümmol) and eH]TBOB (specifie activity 25 Cümmol) were

purchased tram Amersham Canada (Oakville, Ont.), and [3H] flunitrazepam

(specifie activity 74.1 Cümmol) from Dupont-NEN (Mississauga, Ont.).

Re.ulta

Effects of GVG on GABA-mediated inhibition

Under control conditions, at an ISI of 10 ms, orthodromie as weil as

antidromie conditioning stimuli produced strong inhibition whieh resulted in an

almost complete suppression of the subsequent orthodromie PS. Following 60

minutes of superfusion with GVG (100 IJM), conditioning orthodromie stimulation

no longer inhibited but rather faeilitated the test PS. The effectiveness of

conditioning antidromic stimulation was reduced as demonstrated by the

inerease in test PS amplitude following GVG administration (Fig. 1 A and B).

Figures 2 A and B iIIustrate the effects of GVG (100-500 IJM) over the

entire range of ISis tested. In control, conditioning orthodromie stimulation at

short ISis (10-20 ms) inhibited the test PS, while at longer ISis (40-320 ms) it

resulted in a facilitation of the test PS. Meanwhile, conditioning antidromie

stimulation resulted in a near complete inhibition of the test PS at an ISI of 10

ms. With longer ISis, the test PS gradually retumed ta its original unconditioned

amplitude. GVG superfusion resulted in a concentration-dependent decrease in

the inhibition. This effect was greatest at ISis of 10-40 ms while little or no effect

was seen at the longer ISis (80-320 ms).

Superfusion of slices for over 1 hour with a high concentration of GVG (1

mM) resulted in the appearance of multiple spikes following high intensity

orthodromie stimulation (Fig. 3), but did not cause a further decrease in inhibition

as measured by the paired-pulse test (results not shown). With superfusions

lasting more than 2 hrs multiple spikes were also observed with 500 ~M GVG

(see Fig. 4).
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1 Mechanisms of GVG-induced disinhibition

Given the following observations: (1) that during the 010 paired-pulse test

GVG only produced significant disinhibition over ISis which correspond more

closely to the time course of GABAA receptor-mediated inhibitory post-synaptic

potentials (IPSP) (Davies et al., 1990), and (2) that GVG reduced the

effectiveness of antidromic conditioning stimulation which evokes an early,

presumably GABAA receptor-mediated IPSP but not the late, presumably GABAs

receptor-mediated IPSP (Newberry and Nicoll, 1984), the most straightforward

explanation for the disinhibitory effect of GVG would be that it is an antagonist of

the GABAA receptor complex. This was investigated by performing binding

studies where we examined GVG's ability to compete with the specifie binding of

[3H] ligands to the GABA, benzodiazepine and picrotoxin binding sites of the

GABAA reeeptor complex. The results ofthese studies are compiled in Table 1.

When tested for ils ability to campete for binding with [3H]GABA,

eH]lIunitrazepam or [3H]TBOBt 1mM GVG was able to displace no more than 15

% of eH]GABA binding while having no effect on the binding of the other two

ligands. In these same experiments, the reference compounds, GABA, Ro 15­

1788 and picrotoxin, displaced their respective radioligands with ICso values

within the range of those reported in the literature (Lôseher, 1980b; Massotti et

al., 1991; Van Rijn et al., 1990).

The binding data therefore suggest that GVG does not aet in a significant

way on the GABAA receptor complex. In order to confirm this in a functional

sssay, the effects of GVG on the inhibition produced by the GABAA receptor

agonist, muscimol, were compared with those of the competitive GABAA receptor

antagoniste bicuculline methiodide, as described by Kemp et al. (Kemp et al.,

1986). The results ofthese experiments are illustrated in Fig. 4. In normal

aCSF, the PS was greatly inhibited (by 83.94% and 84.110/0 in two separate

experiments) after 100 min of superfusion with muscimol 10 IJM. Superfusion

with GVG, at a concentration (500 ~M) which produced a maximal disinhibitory

effect (see above), had very Itttle effect on muscimol-induced inhibition. Indeed,
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in the presence of GVG, muscimol caused a similar reduction in the initial PS

amplitude (69.91% and 73.750/0) as in its absence. In contrast to GVG,

bicuculline methiodide, at a concentration (5 IJM) which mimicked GVG's effect

on the PS (compare initial responses in the presence of GVG and bicuculline).

was able to partially antagonize muscimol's actions. In its presence. muscimol

reduced the PS amplitude by only 24.18°k and 41.040/0.

Taken together. these results suggest that GVG-induced disinhibition is

not mediated through an adion at the GABAA receptor complex. Another possible

explanation for GVG's actions would be that. following ils uptake into presynaptic

terminais, GVG competes for release with GABA and diminishes the

effectiveness of the inhibitory drive by acting as a false transmitter. This was

indirectly investigated by comparing the effects of GVG on hippocampal

GABAergic inhibition with that of nipecotic acid. Evidence has accumulated that

this inhibitor of GABA uptake can aet as a false transmitter (Lerma et al.. 1985;

Roepstorff and Lambert. 1992). The effects of nipecotic acid on GABA-mediated

inhibition were therefore investigated under identical conditions. In three

experiments, nipecotic acid (1000 ~M) consistently produced the same effed as

GVG. that is, il reduced inhibition of the test PS produced by both orthodromie (p

< 0.05 at 10 ms ISI) and antidromic (p < 0.05 at 20 ms ISI) conditioning

stimulation (Fig. 2 A and a).

Discus.lon

ln addition to blocking GABA-T. GVG has long been known ta inhibit the

uptake of GABA, an action expected to result in an enhancement of inhibition

and which has been suggested ta be partly responsible for the anticonvulsant

properties of this compound (Abdul-Ghani et al., 1981; Jolkkonen et al., 1992;

Laacher, 1980b). However. the present study, the firat ta directly assess the

functional consequences of acute GVG application on the GABAergic

neurotransmitter system, yielded opposite results. Contrary ta the anticipated

action of a pure uptake blacker, GVG superfusion caused a concentration-
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dependent reduction in GABA-mediated inhibition in the CA1 ragion of the rat

hippocampus.

These results are consistent with the racent observation by Suzuki et al.

(Suzuki et al., 1991) that GVG caused a concentration-dependent reduetion in

the net uptake of 3Icr into membrane vesicles from rat cerebral cortex, an effect

whieh was interpreted as indicating that GVG aets directly at the GABAA receptor

complex as a non-competitive antagonist. Very little is known about GVG's

ability to bind to the GABAA receptor complex. To our knowledge, no information

is available regarding the ability of GVG to bind to the benzodiazepine and

picrotoxin sites, while in one study, GVG was reported to displace the specifie

binding of [3H]GABA with an ICso of 4.1 mM (Lascher, 1980b), a value which is

more than 8 fold higher than the concentration of GVG needed to produce a

maximal disinhibitory effect. The binding assays performed here confirm and

extend these findings to the benzodiazepine and picrotoxin binding sites. At a

concentration of 1 mM GVG had no influence on the specifie binding of

rH]ftunitrazepam or rH]TBOB and displaced no more than 15°k of [3H]GABA

binding. Although it is possible that GVG acted on a site distinct from those

investigated (Le. neurosteroid site or other as yet unknown sites) or in a manner

whieh does not interfere with the binding of the radioligands used, these results

would suggest that GVG-induced disinhibition is not mediated through an action

at the GABAA receptor complex. Such a suggestion is supported by the

experlments testing the postsynaptie sensitivity to the GABAA receptor agonist,

musclmol. This drug was chosen because it is specifie for the GABAA receptor

and has a very low affinity for the GABA-transporter (Krogsgaard-Larsen, 1980;

Johnston et al., 1978). Muscimol retained its postsynaptlc inhibitory action even

in the presence of GVG, whereas its action was substantially attenuated in the

presence of a relatively low concentration of the competitive GABAA reœptor

antagonist, bicuculline. The difference between GVG and bieuculline is entirely

in line with the receptor binding data indicating the laek of GVG action on the

GABAA receptor complex.
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ln addition to inhibiting the uptake of GABA, GVG is known to be a

substrate for the transporter (Schousboe et aL, 1986), and has been reported to

have an intrinsic GABA releasing action (Abdul-Ghani et al., 1981). Together

with the apparent lack of affinity for the binding sites on the GABA" receptor

complex, the actions of GVG on the GABA system resemble those reported for

nipecotic acid. Indeed, nipecotic acid has been shawn ta inhibit the uptake of

GABA (Kemp et al., 1986), to be a substrate for the GABA-transporter (Johnston

et al., 1976b), to cause the release of bath labelled and endogenous GABA

(Abdul-Ghani et al., 1981; SoUs and Nicoll, 1992; Szerb, 1982a), and to have no

effect at the GABA" receptor (Roepstorff and Lambert, 1992). When tested for its

affects on inhibitary postsynaptic potentials and currants in rat hippocampal CA1

pyramidal cells, nipecotic acid was found to reduce the amplitude of these

responses (Dingledine and Kam, 1985; Roepstorff and Lambert, 1992). This

effect is thought ta be due to nipecotic acid's ability ta compete with GABA for

release. Having no postsynaptic effects, nipecotic acid would therefore aet as a

false transmitter and recluce inhibitory responses. If this mechanism is involved

in mediating the disinhibitory action of GVG then we predict, based on the

comparable neurochemical effects of these two compounds, that nipecotic acid

should produœ a simitar effect when tested under identical conditions, which is

exactly what was observed. Based on this indirect evidence, we suggest that

GVG is taken up into GABAergic terminais and produces disinhibition by acting

as a taise transmitter. Another possibility could be that GVG's GABA-releasing

action causes an increase in basal GABA release which could lead to either

GABA receptor desensitization or ta a feedback inhibition of GABA release due

ta the activation of presynaptic GABAs autoreceptors.

ln summary, the present study demonstrates that the aeule application of

GVG to rat hippocampal slices caused a concentration-dependent decrease in

GABA·mediated inhibition, whlch further led to the appearance of multiple PSs at

the highest concentrations tested. These results suggest that acute actions of

GVG are not involved in rnedlating its anticonvulsant effects, and may help

explain the proconvulsant actions of this drug observed in amygdala-kindled rats
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(Lëscher et al.. 1989). During chronic treatment of patients. it is unlikely that the

concentrations of GVG needed to produce disinhibition are achieved in the brain.

This action of GVG may nevertheless be relevant in cases of acute drug

overdose or in susceptible individuals.
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Table 1.

Lack of inhibition ofspecifie fH}GABA, fH]fIunitrazepam and
fH]TBOB binding by GVG compal8d ta specifie competing drugs
(GABA, Ra 15-1788 and picrotoxin, respective/y)

Binding assays were perfonned as described in METHOOS. IC50

values are means ±S.E.M. of 3 separate experiments each perfonned
in triplicata. n1 indicates no inhibition up ta the concentration given in
brackets.

Competing Drug GVG

[3H]GABA 147±19 nM >1 mM

eH]fIunitrazepam 1.86%0.05 nM n.i. (1 mM)

[3H]TBOB 4785±629 nM nJ. (1 mM)•
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Figure Legends

Fig. 1. Effects of GVG on GABA-medl.ted Inhibition. During control,
conditioning orthodromic (A) or antidromic (B) stimulation causes inhibition of the
subsequent test P8. Superfusion of GVG (100 JJM) for 60 min caused a
reduction in this inhibition. The 181 in these traces was 10 msec. Calibration
bars: 5 mV, 5 ms.

Fig 2. Effects of GVG (100-500 IIM) on GABAerale Inhibition over the entlre
range of ISis tested. GVG superfusion resulted in a concentration-dependent
decrease in the inhibition produced by bath orthodromie (A) and antidromic (8)

conditioning stimulation. At a concentration of 1 mM, nipecotic acid (NA)
produced a similar disinhibitory effect. Inhibited or facilitated test PSs are
expressed as a % of the unconditioned P8. Each point is the mean:t S.E.M. of
values obtained tram the number of experiments given in brackels. GVG's
effect was significant in (A) at ISis of 10-40ms for GVG 100-250 IJM (p < 0.05)
and at 10-20 ms for GVG 500 IJM (p < 0.03), and in (B) at ISis of 10-40 ms for
GVG 100,250 (p < 0.05) and 500 IJM (p < 0.02).

Fig. 3. Superfuslon of GYG (1 mM) resulted ln the appe.rance of multiple
PSs. This effect was reversible. Stimulation was by a single stimulus near
maximal intensity. Calibration bars: 10 mV, 5 ms.

Fig. 4. Comparllon of the effects of GVG and bicucuillne on the mUlclmol·
Induced Inhibition of the orthoclromlcally evoked CA1 PS. Initial responses
were recorded from separate sUces in the presence of either normal ACSF
(nACSF), GVG 500 IJM or bicuculline methiodide 51JM. Then, muscimol (10 ~M)

WBS added to the superfusate and its effect on the PS amplitude was determined
under each condition. Each trace represents the average of four responses.
Calibration bars: 5 mV, 10ms
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1 Fig. 1. Effects of GVG on GABA-medlated Inhibition.
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Flg2. Effects of GVG (100-500 ~M) on GABAerglc Inhibition ove, the entlre

range of ISis te.ted.
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Fig. 3. Superfuslon of GVG (1 mM) resulted ln th. appearanc. of multlpl.

PSs.
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1 Fig. 4. ComP8r1son of the effects of GVG and bicucuillne on the mu.clmol­

Induced Inhibition of the orthodromically evoked CA1 ps.
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7. Summary and General dlscu.slon

11t Study: Frequency-dependent enhancement of hyperpolarizing and

depolarizing GABAergic synaptic responses following inhibition of

GABA uptake by tiagabine.

The frequency-dependence of the affeds of drugs acting upon the GABA

neurotransmitter system was evaluated by ~apek and Esplin in their study of the

effects of two novellipophilic blockers of GABA transport, SKF 89976A and SKF

100330A (eapek and Esplin, 1993). The impetus for these earty studies was

provided by the demonstration that while producing relatively modest effects on

evoked IPSPs, inhibitors of the uptake of GABA are in contrast capable of

producing a robust suppression of epileptiform discharges elicited following the

superfusion of hippocampal slices with a solution containing an elevated

concentration of K+ (Dingledlne and Kom, 1985). An examination of the rate at

which the neuronal population was entrained during high tÇ-induced epileptiform

discharges revealed that burst firing could be generated at frequencies of up to

200 Hz. The contrasting effects of GABA uptake blockers on evoked IPSPs and

epileptiform bursts might therefore have been due to the ability of these

compounds to selectively reinforce inhibition during episodes of

hypersynchronous high-frequency activity. This possibility was explored by

comparing the effects of uptake inhibitors upon the inhibition produced following

the activation of hippocampal recurrent inhibitory pathways by either a single

stimulus or by trains of stimuli delivered at low (5 Hz) and high (100 and 500 Hz)

frequencies. This study clearly demonstrated the relatively selective ability of

GABA uptake blockers to mediate an enhancement of synaptic inhibition during

the stimulation of inhibitory pathways at high frequencies. Additionally, this study

revealed the contrasting consequences of low versus high frequency stimulation

on the effectiveness of GABA-mediated inhibition. Indeed, in contrast to the

activity-dependent depression of inhibition which il consistently observed as a

result of the low-frequency stimulation of inhibitory pathways, stimulation at high
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frequencies was shown to elicit a much stronger inhibitory response than that

produced following a single stimulus. Although experiments involving the use of

the GABAs receptor antagonist 2-0H saclafen suggested that an increased

activation of GABAs receptors may have contributed to the observed

enhancement of inhibition during high-frequency stimulation. the limitations

inherent ta the use of extracellular recordings prevented a more accurate

assessment of the postsynaptic mechanisms involved. Use of the tight seal

whote-ceU recording technique under conditions whereby GABA·mediated

postsynaptic responses were pharmacologically isolated would certainly allow a

more detailed description of the mechanisms through which; (1) high-frequency

stimulation of inhibitory intemeurons results in an strengthening of synaptic

inhibition and. (2) GABA uptake blockers produce a further increase in the

effediveness of GABA..mediated inhibition during high-frequency stimulation.

The tirst study of this thesis was undertaken with these specifie objectives

in mind. Our findings can be summarized as follows:

1) With excitatory transmission blocked by the bath application of specifie

antagonists of bath AMPA and NMDA receptors and in camparison ta GABA­

mediated IPSPs evoked in response ta a single stimulus. the dired high­

frequency stimulation (HFS) of inhibitory intemeurons caused:

A) An increase in the amplitude and duration of GABAA and GABAs

receptor-mediated IPSPs.

B) The appearance of a GABAA receptor-mediated depolarizing response

whose amplitude and duration were dependent upon bath the intensity

and duration of HFS.

2) Bath application of the GABA uptake blocker tiagabine greatly increased the

depolarizing actions of GABA produced in response to HFS. an effect which

far exceeded those produced by this drug on the hyperpolarizing IPSPs

evoked by a single stimulus.
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3) Tiagabine-augmented depolarizing responses evoked more distally by a

stimulating electrode located at the border of stratum radiatumlmoleculare

could trigger the firing of a burst of action potentials. whereas those evoked

more proxirnally by a stimulating electrode located in the alveus elicited fewer

if any action potentials despite being of similar amplitude as responses

evoked more distally.

Previous studies examining the effects of paired-stimulation on IPSPs

revealed that these synaptic events could linearly summate at interstimulus

intervals of less than 10 ms (10 ms effectively corresponds to a stimulation

frequencyof 100 Hz) (Davies et al., 1990). Thus. we suspected that the strong

inhibition produced in response to HFS at frequencies greater than 100 Hz

resulted from a strong hyperpolarization of pyramidal neurons due to the

generation of a large compound hyperpolarizing IPSP. Consistent with this

expectation, we observed that HFS using low stimulus intensities provoked a

large increase in the amplitude and duration of hyperpolarizing IPSPs.

Surprisingly however, as the stimulus intensity and/or duration of HFS was

increased. the postsynaptic response was now dominated by a GABAA receptor­

mediatecl depolarization which was capable of triggering the burst firing of action

potentials in hippocampal CA1 pyramidal cells. These results were seemingly

incompatible with the strong synaptic inhibition which had previously been shawn

to occur following the HFS of recurrent inhibitory pathways. In addition. based on

these findings alone, the inhibition of GABA uptake produced by tiagabine. which

greatly increased the depolarizing actions of GABA, might be expected ta

produce a proconvulsant rather than anticonvulsant action when administered ta

epileptic 8ubjects. Yet, as highlighted in the introduction of this thesis, there is

little doubt as to the etfectiveness of tiagabine as an anticonvulsant.

GABAA receptor-mediated depolarizing responses in the adult mammalian

CNS have been reported to occur under numerous experimental conditions ail of

which have in comman the ability of causing a prolonged and pronounced

activation of the postsynaptic GABAA receptor. More readily elicited in the distal
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dendrites of hippocampal pyramidal neurons. these GABA-mediated

depolarizations have. in the past. been attributecl to the maintenance in these

distal compartments of a reversecl transmembrane gradient for cr ions (Müller et

al.• 1989) as weil as to the existence of a subtype of GABAA receptors present on

the extrasynaptic dendritic membrane and through which inward (i.e.

depolarizing) currents can be generatad (Alger and Nicoll. 1982a). A recently

proposecl model (Staley et al.. 1995) suggests that GABA-mediated

depolarizations are generatad as a result of an increased flux of HC03- ions

through the GABAA receptor-gated channel following a collapse of the

transmembrane gradient of cr, the normally dominant ionic species whose influx

underlies the fast hyperpolarizing component of IPSPs, during prolonged

receptor activation. More recently. investigations of the ionic basis of GABAA

receptor-mediated depolarizing responses have suggested that the proposed cr

accumulation model may nead further refinements in arder to fully aceaunt for ail

of the available experimental findings (Perkins and Wong, 1996; Kaila et al.•

1997). Nevertheless. the chloride accumulation model is generally consistent

with most of the properties and features associated with these depolarizing

events. in particular, their dependence on the level of GABAA receptor activation

and their intimate association with a preceding fast Cr-dependent

hyperpolarization.

ln considering the possible role. either physiological or pathological, of

GABA-mediated depolarizations and the consequence of their augmentation by

tiagabine. the conditions under which these responses were observed must be

barn in mind. Can such a high degree of intemeuronal synchronization. as was

produced by our use of high intensity electrical stimulation in close proximity ta

the neuron whose membrane potential was being recorded, be expectect ta occur

through intrinsic synaptic and/or non-synaptic mechanisms? ln short, the answer

appears to be yeso Anatomlcal studies have demonstrated that there exists

within the hippocampus several distinct populations of Intemeurons which have

been identified on the basis of their neurochemical content and distinctive

terminatlon patterns (Somogyt et al., 1983: Gulyés et al., 1993: Buhl et al.• 1994:
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Sik et alo. 1994; Sik et aL, 1995; Miles et aL, 1996). While certain intemeuronal

types, such as the basket cell, preferentially target hippocampal pyramidal cells,

others, termed intemeuron-selective, exclusively innervate other GABAergic

cells. The presence of such interconnections and the demonstration of the ability

of intemeurons to excite one another through GABAA receptor..mediated

depolarizing potentials and possibly gap junctions (Michelson and Wang. 1991;

Michelson and Wong. 1994) provides an anatomical and physiologiesl basis for

the synchronization of GABAergic intemeurons. Furthermore, the observation of

spontaneously occurring GABAA receptor-mediated depolarizing responses in

hippocampal slices following the application of the K+ channel blocker and

convulsant agent 4-AP (Perreault and AvoU. 1992) suggests that a high degree

of intemeuronal synchronization can in fact occur under certain circumstances.

The persistence of these spontaneously occurring depolarizing events in the

absence of glutamatergic excitatory transmission and theif simultaneous

generation in different hippocampal areas suggests that the mechanisms

highlighted above are likely to play a key role in the generation of these GABA­

mediated potentials. Recent studies of the ionic mechanisms which underlie the

4..AP-induced GABA..medlated depolarizing responses suggest that, as with

those evoked by the monosynaptic high-frequency stimulation of inhibitory

intemeurons. these events are dependent on the efflux of HCO·3through GABAA

receptors (Lamsa and Kaila, 1997).

Given the fad that GABA-mediated depolarizing potentials can be

spontaneously generated in an ln vitro seizure model il is worthwhile considering

the possible role that these events may play in the generation of burst

discharges. Due to the demonstration of their ability to elieit the firing of bursts of

action potentials. several authors have claimed that GABA..mediated depolarizjng

responses may contribute to the generation of epileptiform diseharges. These

claims were based solely on findlngs from stuettes in which GABAA receptor­

mediated depolarizations were evoked following the high..frequeney stimulation of

a restrteted population of intemeurons by an electrode located in stratum

radlatum. Hawever. as our own results dernonstrate. the ability of GABAA
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receptor-mediated depolarizing responses to trigger action potential firing

depends on the site from which these depolarizing events are evoked. Thus, in

contrast to the relative ease with which bursts of action potentials can be

generated by depolarizing responses elicited from the stratum radiatum, those

evoked from the alveus trigger very little if any action potential firing. These

results are especially interesting in light of the observed paucity of action

potential firing observed in response to the spontaneously occurring depolarizing

responses that are associated with the application of 4-AP (Perreault and Avoli,

1991; Perreault and Avoli, 1992). Since these spontaneously occurring

depolarizing events occur synchronously in different hippocampal areas, the

possibility exists that the simultaneous occurrence of a proximally located GABA"

receptor-mediated conductance increase may offset the ability of a distally

generated depolarizing response to trigger action potential firing. Taken

together, these findings suggest that the fundional significance of GABA·

mediated depolarizing events and their role in the genesis of epileptic activity is

not as clear as had previously been suggested.

Nevertheless, evidence for a role of GABA-mediated potentials in the

generation of epileptiform activity has been found in studies of the mechanisms

involved in the initiation and propagation of epileptiform activity induced by 4-AP

in hippocampal slices from immature rodents (Avoli et al., 1993) as weil as in

combined hippocampal-entorhinal cortical sUces from adults (AvoU et al., 1996;

Lopantsev and AvoU, 1998). In these models, 4-AP was shawn to induce three

types of spontaneously occurring activity which, in addition ta the GABA­

mediated depolarizing responses, included interietal- and ietal-like events.

Interestingly. the ictal-like discharges were typically preceded. and thus appearad

to be initiated. bya GABAA receptor-mediated depolarization of particularly large

amplitude. Similarly, the extracellular rise in the concentration of K+, which has

been observed to occur in association with GABAergic depolarizing events, was

shown ta be especially large for those events which appeared ta trigger the onset

of the ictaform discharge. As mentioned in the introduction ta this thesis. an

increase in extracellular~ resulting in an increased neuronal synchronization is
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one of the meehanisms whieh have been implicated in the generation of full

blown seizuras. Thus, it ramains to be determined whether the onset of ietal

diseharges observed in these experiments is triggered as a result of the direet

postsynaptic influence of the GABAA receptor-mediated depolarizing response or

the assoeiated rise in extracellular potassium. Nevertheless, our results with

tiagabine could be interpreted as suggesting that the resulting inhibition of GABA

uptake will facilitate the onset of ietal diseharges and thus of seizures. However,

evidence demonstrating that nipecotic aeid can suppress the interietal and ietal

aetivity induced by 4-AP in hippocampal slices from immature rodents despite

transiently inereasing the GABA-mediated potentials suggests that this is

unlikely. In the presence of GABA uptake bloekers the resulting inereased

effediveness of GABA-mediated inhibition rnay disrupt intemeuronal

synehronization and pravent the generation of GABA-mediated depolarizations.

An examination of the effeds of tiagabine on 4-AP-induced epileptiform activity

may nevertheless allow for the elucidation of the significance of the seemingly

paradoxical increase in the depolarizing actions of GABA produced by this drug.

2'" Study: The inhibitory nature of tiagabine-augmented GABAA receptor

-mediated depolarizing responses (ORs) in hippocampal pyramidal

ceIls

As outlined in the preceding sedion, the ability of GABAA receptor­

mediated responses ta depolarize neurons weil beyond their threshold for action

potential generation has led ta the suggestion that under certain circumstances

GABA could actually contribute to the generation of epileptiform discharges. In

this respect, supplementary mechanisms can be proposed through which, in

addition to directly triggering the firing of action potentials, GABA-mediated

depolarizations could lead to an increase in excitation. The first is based on the

charactertstic hyperpolarizlng-depolarizing sequence assoclated wtth the

synehronized monosynaptic GABA-mediated respanses elicited following high­

frequency stimulation. It was suggested that such a sequential change in
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membrane potential would be ideally suited to first deinactivate and then activate

low-threshold calcium channels in pyramidal neurons (Lambert and Grever,

1995). As outlined in the introduction of this thesls, GABA-mediated

depolarizations could thus activate an intrinsic burst generating mechanism by

triggering dendritic Ca2+ spikes. The second was suggestect following the

demonstration of a large increase in NMDA-evoked conductance during GABA­

mediated depolarization (Slaley et al., 1995), a result which was interpreted as

suggesting that GABA-mediated depolarizations may enhance NMDA receptor

activation by alleviating the voltage-dependent block of these receptors by Mg2
+.

The implication of this finding is clear given the prominent role that NMDA

receptors have been proposed to play in epileptiform activity (Dingledine et al.,

1986: Ashwood and Wheal, 1987: Jones, 1988: Hwa and AvoU, 1989; Traub et

al., 1993). Although plausible, no evidence has yet been presented implicating

any of these potential mechanisms in the generation of epileptiform discharges.

The first study of this thesis confirmed previous observations made by

several groups suggesting that high-frequency stimulation of inhibitory

intemeurons can transform the postsynaptic actions of GABA from mainly

hyperpolarizing to predominantly depolarizing. Furthennore, we showed that the

inhibition of GABA uptake produced by tiagabine greatly facilitates the

depolarizing actions of GABA following high-frequency stimulation. Interestingly,

the time course of the GABA-mediated depolarizing response which we recorded

closely resembles that of the strong synaptic inhibition which was previously

observed ta occur following the activation of recurrent inhibitory pathways using

stimulation parameters (100 Hz, 200 ms) identical ta those with which GABA

depolarizatlons can be evoked (Capek and Esplin. 1993). Furthermore, if we

assume that in this study, the use of GABA uptake blockers, which greatly

enhanced the strength and duration of the inhibition resulting from high­

frequency stimulation, was associated with an increase in the depolarizing

actions of GABA, similar to that which we observed with tiagabine, then the

occurrence of GABAA receptor-mediated depolarlzing responses may in fact be

associated with a prolonged period of strong inhibition.
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The second study of this thesis was thus undertaken with the specifie

objective of examining the influence of GABA-mediated depolarizing responses.

evoked under both control conditions as weil as in the presence of tiagabine,

upon coinciding excitatory transmission. The main findings of this study can be

summarized as follows:

1) As was previously observed with the SKF series of GABA uptake inhibitors,

extracellular recordings demonstrated that bath application of tiagabine

greatly increases both the strength and duration of hippocampal recurrent

inhibition produced following high-frequency stimulation of the alveus.

2) Whole-cell current-clamp recordings revealed that the amplitude of evoked

EPSPs superimposed upon tiagabine-enhanced depolarizing responses was

reduced and their ability to generate action potentials suppressed.

3) Similarly, in the presence of tiagabine the charge carried to the soma by

EPSCs evoked 400 ms following high-frequency stimulation of the alveus was

reduced to only -100/0 of that carried by responses evoked in the absence of

preceding high-frequency stimulation.

Synaptically released GABA acting through postsynaptic GABAA and

GABAs receptors subtypes produces inhibition by reducing the response of a

neuron to its excitatory inputs. The mechanism by which GABA produces robust

inhibition in the CNS is customarily assumed ta be due to the resulting

postsynaptic hyperpolartzation which drives the membrane potential further away

tram the action potential firing threshold. This inhibitory mechanism has

generally been referred ta as being of the hyperpolarizing type but has aise been

tenned linear inhibition since Ils effect upon the output of a neuron is expected to

depend on the outcome of the linear summation of excitatory and inhibitory

inputs. Conversely, in neurons in which the reversai potential for the inhibitory

response is naar the resting membrane potential, GABA can nevertheless
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mediate synaptic inhibition despite producing negligible changes in membrane

potential. The resulting inhibition is referred to as nonlinear or shunting inhibition

and the key to its effectiveness is the associated increase in membrane

conductance which reduces the ability of an excitatory input to depolarize its

target neuron. For shunting inhibition ta be effective 1) the inhibitory synapse

should be located along the path from the excitatory synapse to the cell bodyf 2)

the inhibitory conductance Increase should be larger than the excitatory

conductance and 3) there must be substsntial temporal overlap between the two

conductances (Koch et al., 1983; Qian and Sejnowski, 1990).

ln granule cells of the dentate gyrus, GABA,. receptor-mediated synaptic

responses are depolarizing due to the highly negative membrane potential at

which these neurons rest. Despite this, the resulting synaptic responses are

considered inhibitory since the reversai potential for the GABA,. receptor­

mediated event is below the threshold for adion potential generation (Staley and

Mody, 1992; Holmes and Levy, 1997). A shunting mechanism was proposed to

undertie the ability of GABA to maintain its inhibitory fundion in these cells

(Staleyand Mody. 1992). The results of the second study of this thesis suggests

that even under circumstances in which GABA clearty depolarizes cells beyond

their threshold for adion potential generation, strong inhibition can nonetheless

be produced as a consequence of the large increase in membrane conductance

which is associated with the generation of GABA-mediated depolarizing

responses.

It could be argued that the evidence which we presented in favor of such a

mechanism is somewhat circumstantial. Indeed, as mentioned in the second

manuscript (see Results). the strong inhibition of population spikes resulting from

high-frequency stimulation of recurrent inhibitory pathways may have resulted

from either strong shunting inhibition or from a reduction in the effectJveness of

excitatory transmission due to the activation of GABAs heteroreceptors located at

glutamatergic neNe tenninals. Although the latter mechanism was ruled out in

our voltage-clamp experiments due to the presence of the GABAsreceptor

antagonist. CGP 52432. the effects of shunting inhibition upon evoked excitatory
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responses was only examined at a time point (400 ms) corresponding ta the

peak of the large GABAA receptor-mediated inward current. Since the membrane

conductance increase peaks within the first 100 ms following high-frequency

stimulation (see Fig. 2 of Section 3), it is more than likely that a shunting

mechanism strongly contributed to the enhanced inhibition of bath population

spikes and action potentials observed within the tirst 400 ms following high­

frequency stimulation of the alveus, especially following the bath application of

tiagabine. However, sinee bath extracellular and current-clamp recordings were

performed in the absence of GABAs receptor antagonists, it is possible that in the

presence of tiagabine the prolongation of the inhibitory period to time points

extending beyond 1600 ms may have involved an increased activation of the

GABAs heteroreceptors located at glutamatergic terminais. Such a possibility

would be consistent with the suggestion, made by Isaaeson and colleagues

(Isaacson et al., 1993), based on experiments using inhibitors of GABA transport,

that GABA uptake plays an important role in limiting the spill-over of GABA ta

neighboring synapses.

The contribution of a shunting mechanism ta the inhibition produced

following high-frequency stimulation of recurrent inhibitory pathways could have

been more precisely estimated in these experiments by comparing the time

course of the inhibition to that of the conductance change resulting from the

adivation of GABAA receptors bath before and after the inhibition of GABA

uptake by tiagabine. The demonstration of a substantial overlap of bath the time

course of inhibition and the membrane conductance increase would add further

support to our suggestion that shunting inhibition strongly contributes ta the

prolonged period of enhanced inhibition resulting from high-frequency

conditioning stimulation in the presence of tiagabine. The additional use of

GABAs receptor antagonists in these expertments would also allow us to

examine the contribution of GABAs receptor-mediated mechanisms. As

mentioned earlier, previous evidence had suggested that GABAs receptors could

be involved in the prolonged inhibitory phase observed following HFS (Capek

and Esplin, 1993). The88 experiments, involving the use of the GABAs receptor



antagonist 2-0H-saclofen, could not however differentiate between pre­

(involving heteroreceptors) versus postsynaptic mechanisms. Despite claims as

to the specificity of more recently developed GABAs receptor antagonists (Olpe

et al., 1994; Deisz et al., 1997), it is unlikely that we could precisely differentiate

between pre- versus postsynaptic mechanisms based on pharmacological

manipulations alone. The postsynaptic GABAs receptor..mediated response

could selectively be blocked by the inclusion of Cs· and QX-314 in our

intracellular recording solutions. Such a procedure has previously been use ta

abolish postsynaptic GABAs receptor-mediated responses (Otis and Mody.

1992). Therefore, in bath the presence and absence of tiagabine. a comparison

of the conductance increase, produced following HFS, between recordings with

or without added Cs+ and Qx-314 could allow us to determine the relative

contribution of postsynaptic GABAs receptor activation to the inhibitory response

elicited following HFS. Similarly, the use of intracellular Cs· and QX-314 could

also allow us to examine the effect of presynaptic GABAs heteroreceptor

activation on the amplitude of evoked EPSPs. If these receptors underlie the

especially prolonged period of inhibition which we observed in the presence of

tiagabine, then, under the conditions described above, the bath application of a

high-affinity GABAs receptor antagonist will be expected to diminish the reduction

of EPSP amplitude produced following HFS.

Regardless of the specific mechanism involved, our results demonstrate

that the occurrence of GABA-mediated depolarizing responses is more likely ta

be associated with strong inhibition of postsynaptic neurons than with their

excitation. This is in contrast ta situations where GABA-mediated excitation is

generated due to the maintenance in neurons of a cr gradient which is more

positive than the threshold for action potential generation. A classical example of

such a situation is found in prenatal as weil as earty postnatal « P7) mammalian

CNS neurons where GABA aets as an 8xcitatOry transmitter (Ben-Ari et al., 1989;

Mueller et al., 1984; LoTurco et al., 1995; Owens et al., 1996). In these cells

GABA can readily mediate excitation since ils depolarizing actions do not

nece88itate a large GABA. receptor-mediated conductance increase.
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Nevertheless, even in cells maintaining a very positive cr gradient, a sufficiently

large GABAA receptor mediated conductance increase can transform the actions

of GABA from excitatory to inhibitory. This has been demonstrated in numerous

preparations, including frog melanotrophs (Le Foli et al., 1998), rat adrenal

chromaffin cells (Busik et al., 1996), as weil as rat embryonic cultured

hypothalamic neurons (Chen et aL, 1996) where exogenously appUed GABA

initially triggered action potential firing but could then prevent excitation following

either an increase in the concentration of GABA or its co-application with a

positive allosteric modulator of GABAA receptor fundion. Both of these

manipulations were shown to be associated with a significant collapse of the

input resistance. 1nterestingIy, a similar phenomenon may explain our finding

that action potential firing following high-frequency stimulation of stratum

radiatum was more Iikely to oceur in sUces in which tiagabine was added to the

superfusate following a control run in its absence than in sUces that were

preincubated (> 30 min) with tiagabine (unpublished results). This would indicate

that once a steady-state concentration of tiagabine is aehieved the conductance

increase associated with depolarizing responses is sufficiently large to inhibit

action potential firing.

Finally, the possibility nevertheless exists that transient excitation through

a GABAA receptor-mediated mechanism could facilitate the onset of ietal

discharges as suggested from recent evidence (AvoU et al., 1996; Lopantsev and

AvoU, 1998). Indeed, the strength of shunting inhibition is primarily determined

by the size of the conductance increase. However, due to the membrane time

constant, the consequences of receptor activation will typically outlast the

duration of the associated conductance increase. In this respect it ia noteworthy

that the peak of the depolarizing response occurs at lime points which

correspond ta the decaying phase of the conductance increase (see Fig. 2 of

Section 3). The combined depolarizing influence of the GABA-mediated

depolarizing response and a particularly large extracellular accumulation of~ at

a time when the GABAA receptor-medlated conductance increase is on the

decline may participate in triggering ietal events under certain circumstances.
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Such a mechanism would be consistent with the slight delay which is observed to

occur between the onset of the depolarizing response and that of ietal

discharges.

3n1 Study: Reversai of the activity-dependent suppression of GABA·mediated

inhibition in hippocampal slices from y-vinyl GABA (vigabatrin)

-pretreated rats

Gamma-vinyl GABA (GVG) is one of very few examples of the successful

utilization of a rational drug design strategy in the development of a novel,

clinically effective anticonvulsant (for review see Loscher, 1998). This fact,

perhaps more than any other, may have contributed to the widely held belief that

GVG is one of the few anticonvulsant compounds whose mechanism of action is

precisely known. The anticonvulsant properties of GVG are generally attributed

to ils ability to enhance synaptic inhibition by elevating the concentration of

GABA in the CNS. Although a large number of studies (refer to 2.2.3) have

confinned the ability of GVG to elevate the brain levels of the inhibitory

neurotransmitter, these studies could not directly assess the resulting funetional

consequences. Interestingly, the only previous electrophysiological study which,

to our knowledge, investigated the effects of GVG on GABA-mediated synaptic

inhibition (Rak and Lothman, 1988) demonstrated that little if any change could

be detected following pratreatment of animais with a regimen previously

demonstrated ta produce an anticonvulsant effect. The aim of the next study of

this thesis wes therefore to examine the effects of GVG on synaptie inhibition.

Given the likely mechenism of GVG's anticonvulsant actions, namely

elevation of brain GABA levels followtng the irreversible inhibition of GABA·T, it

appeared unllkely at the onset of these studies that substantial elevations in

GABA levels could be achieved in acutely prepared hippocampal sUces

superfused with GVG. Indeed, peak brain GABA levels occur approxlmately 3

hours and are maintalned for 24 hours following the pretreatment of animais with

GVG (Jung et aL, 1977a; Schechter et al., 19n). It is for thls reason that we
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chose ta examine the effects of GVG upon GABA-mediated synaptic responses

recorded in hippocampal slices prepared from rats having previously been

administered an anticonvulsant dose (1500 mg/kg) of GVG 24 hours bafore the

start of experiments. As a result, the effects of GVG were based on camparisons

of the strength of inhibition in slices obtained from separate populations of

animais pretreated with either GVG or saline (contrais).

The findings from our initial study of the actions of GVG in sUces prepared

from pretreated animais can be summarized as follows:

1) While producing negligible effects on the inhibition resulting from the

activation of inhibitory pathways with a single conditioning stimulation, GVG

pretreatment either prevented or reversed the activity-dependent depression

of inhibition normally associated with repetitive conditioning stimulation at low­

frequencies (2.5-10 Hz).

2) Recordings of low-frequency (5 Hz) train-induced IPSPs revealed that GVG

prevented the activity-dependent reduction in the amplitudes of bath early,

presumably GABAA receptor-mediated, and late, presumably GABAs receptor­

mediated, hyperpolarizations.

3) GVG pretreatment reduced the sensitivity of evoked IPSCs ta the inhibitory

effeds of baclofen suggesting that a decreased efficacy of the mechanism

regulating GABA release via presynaptic GABAs autoreceptors may underlie

the frequeney-dependent actions of GVG.

The lability of synaptic inhibition during the repeated activation of the

GABA neurotransmitter system has been weil recognized since early

electrophysiological studies of inhibitory synaptfe transmission in motoneurons

(Curtis and Eccles, 1960), hippocampal pyramidal cells (Ben-Art et al., 1979;

McCarren and Alger, 1985) and neocortical cells (Connora et al.• 1982).

Varlously referred to as use-, frequency- or adivity-dependent depression of
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inhibition, this phenomenon was immediately recognized as being a possible

contributing factor allowing for the propagation of epileptiform activity into normal

brain tissue. In fact, the large number of studies which have investigated the

mechanisms involved in the activity-dependent depression of GABA-mediated

inhibition attasts to the perceived importance of this phenomenon in the control

of CNS excitability. The resulting reduction in the effectiveness of GABA­

mediated inhibition has mast consistently baen attributed ta a depolarizing shift in

the equillbrium potential for cr as weil as to a reduction in GABAA receptor­

mediated conductance. The transient depolarizing shift in the cr equilibrium is

due to an activity-induced collapse of its transmembrane gradient, normally

maintained by the K+'Cr cotransporter. Reestablishment of the cr gradient may

be delayed following repetitive stimulation due to the resulting rise in extracellular

IÇ which reduces the effectiveness of the K+'Cr cotransporter (Thompson and

Gahwiler, 1989b). Conversely, although the reduction in GABAA receptor­

mediated conductance has been attributed to bath presynaptic and postsynaptic

mechanisms, more recent investigations have generally attributed most if not ail

of the conductance decrease to the activation of presynaptic GABAs

autoreceptors (for review see Deisz, 1997).

The results of our studies would suggest that GVG pretreatment causes a

depression of GABAs autoreceptor-mediated mechanisms regulating the release

of GABA. This change is further referred to as downregulation or depression of

the GABAs autoreceptor function while recognizing, as mentioned in the

discussion of Section 5 ofthis thesis, that such a change could have occurred by

various mechanisms. Consistent with the prominent role played by GABAs

receptors in the activity-dependent depression of inhibition, low-frequency

repetitive stimulation no longer produced a disinhibitory effect in sliees from GVG

pretreated animais. This conclusion is based predominantly upon the observed

reduction of the ability of baclofen to cause a decrease in the amplitude of

evoked monosynaptic IPSCs in sllees from GVG pratreatad rats. Nevertheless,

bath application of the GABAs receptor agonist reduced the amplitude of IPSCs

by about 40%. In addition, GVG pretreatment did not affect the facilitation of



population spike amplitude which occurred with paired orthodromie stimulation at

ISis of > 40 ms. As with the activity-dependent depression of inhibition, paired­

pulse facilitation has been attributed ta a reduction in the strength of inhibition

following the activation of presynaptic GABAs reœptors (Nathan et al., 1990).

These two observations contrast with those from studies in which a more

profound downregulation of GABAs receptor function was observed. Indeed, in

hippocampal sUces prepared from animais previously subjected to kainic acid­

induced status epilepticus, the downregulation of presynaptic GABAs receptor

function was associated with a complete elimination of the facilitation normally

observed during paired perforant path stimulation (Haas et al., 1996). Similarly,

in hippocampal slices prepared from animais made epileptic following continuous

hippocampal stimulation, a downregulation of GABAs receptors was noted, as

evidenced by the inability of bath GABAs receptor agonists and antagonists to

cause a change in the amplitude of monosynaptically evoked IPSPs (Mangan

and Lothman, 1996). The observed absence of activity-dependent disinhibition

in this latter study could therefore more clearly be attributed to autoreceptor

downregulation. Therefore, our results searn ta indicate that although reduced,

the function of presynaptic GABAs receptors following the administration of GVG

is not abolished.

It is possible nonetheless that the partial reduction in presynaptic GABAs

receptor function that we observed could have accounted for the frequency­

dependent actions of GVG on GABA-mediated inhibition. In addition to

synaptically located GABAs receptors, there is increasing evidence supporting

the existence of GABAs receptors of extrasynaptic origin (Pham et al., 1998). As

discussed in the introduction to this thesis (referto 2.2.3) there is evidence

suggesting that GVG preferentially inhibits neuronal rather than astrocytic GABA­

T. One may therefore expect hlgher extracellular levels of GABA in the vicinity of

inhlbltory synapses. As a result, synaptlc GABA. receptors may be

downregulated to a greater degree than their extrasynaptic counterparts. This

could explaln the ability of baclofen (2 IJM) to cause a large reduction in the

amplitude of monosynaptic IPSCs since the bath application of an exogenous
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agonist will cause an activation of GABAs receptors regardless of whether they

are synaptically or extrasynaptically located. However. given a preferential

desensitization of synaptic GABAs receptors. a reduction in paired-pulse

facilitation might have been expected to occur following GVG administration.

An explanation for the apparent discrepancy between results tram

extracellular and intracellular recordings cannot be proposed at the present time.

Future experiments involving the use of bath GABAs receptor agonists and

antagonists could help strengthen the role of autoreceptor downregulation in the

mechanism of action of GVG. If the downregulation of GABAs autoreceptors

underlies the ability of GVG to suppress activity-dependent disinhibition. we

would therefore expect that the application of either agonists or antagonists of

GABAe reœptors would have little effect upon either the time course of paired­

pulse inhibition or the amplitude of monosynaptic IPSPs evoked by low­

frequency stimulation in sUces from GVG pretreated animais.

Regardless of the exact mechanisms involved. the effects which we have

observed confirm the ability of GVG to affect GABA-mediated transmission.

However, we found no evidence to support the conventional view whereby GVG

enhances synaptic inhibition by facilitating the evoked release of transmitter.

Such an action would have been expeded to cause an increase in the

effectiveness of the conditioning stimulus during paired stimulation. resulting in

an increased inhibition of the subsequently evoked population spikes. An

example ofthis can be seen in Fig. 1 of Section 4 ofthis thesis where the block

of GABA uptake by tiagabine was assoeiated with an increase of the strength of

inhibition at ISis of 40-160 ms. However. our tests revealed no sueh change

tollowing GVG pretreatment. Nevertheless. tollowing the initial observation of the

frequency-dependent actions of GVG, whole-cell recordings were undertaken

with the specifie goal of determining the mechanisms contributing to the

frequency-dependence of drug action. A more detailed study of GABA-rnediated

transmission in sUces prepared frorn pratreatad animais involving a companson

of evoked monosynaptfc IPSC amplitude and kinetics (rate of rise, lime to peak

and decay lime constant) as weil as a similar comparison of mlPSCs rnay have



revealad additional effects of GVG on GABA·mediated transmission. An analysis

of the effects of GVG on the frequency of mlPSCs would be of particular interest

since it might reveal the source of the increased extracellular GABA needed in

order to produce a downregulation of the GABAs autoreceptor function. The

absence of any change in mlPSC frequency following GVG pretreatment might

indicate that a reversai of the activity of the GABA transporter due to an increase

in the intracellular concentration of GABA rnay be involved in raising the

extracellular levels of transmitter. Although more difficult to address, the effects

of GVG pretreatment on the carrier-mediated release of GABA could be

examined using an approach similar to that recently used in investigating the

functional consequences of the carrier-mediated ralease of GABA (Gaspary et

al., 1998). In this study, the carrier-mediated release of GABA (non-vesicular)

could be separated from its vesicular ralease by pretreating cultured

hippocampal neurons with tetanus toxin, a compound which inhibits synaptic

vesicle exocytosis (Schiavo et al., 1992). Altematively, slices could be

maintainecl in aCSF devoid of Ca2+ which is necessary for the vesicular ralease of

transmitters. Carrier-mecliated release could then be provoked by either high

intensity electrical stimulation or bath application of a high concentration of~.

4· Study: Acute effects of1-vinyl GABA (vigabatrin) on hippocampal

GABAergic inhibition in vitro.

Although GVG was designed to selectively inhibit GABA·T il is not

surprising, given the tact that GVG is a close structural analog of GABA, that this

compound can produce additional effects upon the GABA neurotransmitter

system. Indeed, GVG reportedly can inhibit the actions of GABA at the GABA"

reœptor complex (Suzuki et al., 1991) and black the reuptake of GABA into

neurons and glia (Loscher, 1980b; Jolkkonen et aL, 1992). The block of GABA

uptake Is expected to increase neuronal inhibition by prolonglng the postsynaptic

actions of synaptically released GABA and could thus be expected to contribute

to anticonvulsant actions of GVG. In contrast, black of GABA" receptors is
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expected to result in a decrease in the effectiveness of GABA-mediated synaptic

inhibition, which suggests the possibility that GVG could produce proconvulsant

actions.

As explained in the preceding section, the rise in brain GABA levels

produced as a result of the irreversible inhibition of GABA-T by GVG is expected

to occur with a lime course of severa1hours. It is for this reason that in our initial

studies of the effects of GVG on GABA·mediated inhibition we pretreated

animais with GVG rather than bath applying the drug to acutely prepared

hippocampal slices. However, in contrast to the delayed actions of GVG

following the irreversible inhibition of GABA-T, it should be possible to observe

with minimal delay the consequences of this drug's interaction with either the

GABAA receptor or the GABA transporter. Indeed, the acute effects of GVG on

the extracellular levels of GABA were observed within 25 min following its

application via a microdialysis probe (Jolkkonen et al., 1992). Similarly, the

inhibition of the GABA-stimulated uptake of 3Icr was observed following a

relatively short 10 min preincubation of membrane vesieles in the presence of

GVG (Suzuki et aL, 1991).

These results suggested ta us that the fundional consequences of the

acute effects of GVG at either the GABAA receptor or at the GABA transporter

could be separated from those occurring due to the inhibition of GABA-T in

experiments in which GVG was bath applied to hippocampal slices. Therefore,

using paired-pulse tests of inhibition the aim of the final study of this thesis was

ta detennine whether changes in the effectiveness of GABA-mediated

transmission, attributable ta either of the proposed acute actions of GVG, could

be detected following the bath application of this compound.
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The main findings of this study can be summarized as follows:

1) Bath application of GVG (100-500 IJM) causes a concentration-dependent

decrease in the strength of inhibition elicited by bath orthodromie (ortho-ortho

paired-pulse test) and antidromic (antidromie-orthodromie paired-pulse test)

conditioning stimulation.

2) At high concentrations (500-1000 IJM), GVG caused hyperexcitability as

evidenced by the appearance of multiple population spikes in response to

Schaffer-collaterals stimulation.

3) Although these results are consistent with the suggestion that GVG can inhibit

GABAA receptors, binding studies showed that GVG produces negligible or no

effeds on the binding of tritiated ligands with high affinity for the GABAt

picrotoxin and benzodiazepine binding sites. These results were confirmed in

a functional assay of GABAA receptor function in which GVG was unable to

prevent the inhibitory effects of the GABAA receptor agonist. muscimol, on the

orthodromicallyelicited population spike amplitude.

There is little doubt that the development of GVG was a marked

improvement over previously introduced GABA-T inhibitors. As previously

mentioned, these compounds acted by inactivating pyridoxal phosphate (PLP), a

coenzyme required for the enzymatlc activity of GABA-T. Since PLP is a

required coenzyme for numerous enzymes, including decarboxylases as weil as

other transaminases, the actions of these drugs showed very little selectivity with

respect ta the neurotransmitter system upon which they acted. Although

neurochemical studies have confirmed the much greater selectivlty of GVG for

the GABAergic system, there is now ample evidence indicating that within this

neurotransmitter system GVG can praduce multiple actions.

ln contrast ta previous suggestions. our demonstration of the disinhibitory

effects of bath applled GVG suggests that the acute actions of GVG cause a pro-
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rather than anticonvulsant effed. Superficially. our results seemed to support the

claim that GVG may aet as an antagonist at the GABAA receptor complex. The

ability of GVG to inhibit the association of GABA with its binding site has

previously been examined (Lëscher, 1980b). In this study. GVG was shown to

have a minimal effeet on the binding of eH]GABA with a reported ICso of 4.1 mM.

Clearly, such a modest interadion could not account for the disinhibitory action of

GVG which could be observed at concentrations of as low as 100 IJM. Our own

binding studies confirmed the inability of GVG to influence the binding of GABA

and demonstrated. for the tirst time. a similar lack of effeet on the binding of

tritiated ligands for bath the benzodiazepines and picrotoxin binding sites.

Further supported by the inability of GVG to reduce the inhibitory actions of

muscimol on the amplitude of orthodromically evoked population spikes. these

results indicate that the disinhibitory actions of GVG are not mediated through an

action at the GABAA receptor complex.

Although no direct evidence was presented. we proposed that GVG may

act to reduce the effectiveness of GABA-mediated inhibition by acting as a false

transmitter. For such a mechanism to occur it is clear that GVG must be taken

up tirst into inhibitory terminais and then into synaptic vesicles. Once present

within synaptic vesicles GVG could then be released in a Ca2
+-dependent manner

following naNe terminal depolarization. There is little doubt that GVG serves as

a substrate for the plasma membrane GABA transporter and can thus be taken

up into inhibitory terminais (Schousboe et al., 1986). Previous results have in

addition demonstrated the ability of GVG to inhibit the transport of GABA into

synaplie vesicles (Christensen et al.. 1991). Furthermore, in PC12 cells

transfected with VGAT. a recently cloned vesicular GABA transporter, GVG was

shown to inhibit the transport of [3H]GABA as potently as unlabelled GABA

(Mclntire et al., 1997). Although these studies cannot confirm whether GVG

serves as a substrate for VGAT. they demonstrate that, if not by acting as a false

transmitler. GVG rnay nevertheless cause disinhibitlon by reducing the vesicular

content of GABA.
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ln addition to the false transmitter hypothesis we also speculated that the

GABA-releasing properties of GVG could promote disinhibition by causing eithar

a desensitization of postsynaptic GABAA receptors or a reduction in transmitter

relaase due to an increased activation of presynaptic GABAs receptors.

However, in this study we demonstrated that GVG did not reduce the inhibitory

effects of muscimol on the PS amplitude, indicating that GABAA receptor function

was largely preserved. Thus. in retrospect, desensitization would not appear to

be a plausible mechanism of GVG-induced disinhibition. Another possibility.

which was not previously considered, is that the GABA releasing actions of GVG

cause a depletion of transmitter stores. Disinhibition through such a mechanism

appears unlikely sinee it would be partially offset by the increasing inhibition of

GABA-T over time. Furthermore, the depletion of a cytosolic pool of GABA

would not be expected to greatly influence inhibition evoked by a single

conditioning stimulus sinee the resulting inhibitory response is more likely to

depend on the Ca2+-dependent release of GABA from its vesicular stores. The

role of the most plausible of these additional mechanisms, namely the increased

activation of presynaptic GABAs receptors, could be determined in future

experiments by evaluating the effects of GABAs receptor antagonists on the

acute actions of bath applied GVG.

It is interesting to note that the previously reported IC5Q (110 IJM) value for

the inhibitory affect of GVG on GABA uptake (Loscher, 1980b) suggests that the

interaction of this compound with the GABA transporter occurs over a range of

concentrations similar to that with which we observed disinhibition (100-500 J,lM).

ln addition. the GABA releasing adion of GVG, which occurs due ta the ability of

GVG to aet as substrate for the GABA-transporter, al80 occurs over a similar

range of concentrations (250-5000 IJMXAbdul-Ghani et al., 1981). These results

would seems to suggest that the acute adions of GVG are most likely

attributable to the interaction of this compound with the GABA transporter rather

than with the GABAA receptor complex. However. based on our tlndings, and

contrary ta previous suggestions. this additional property of GVG is expected to

promote rather than inhibit the generation of seizur&s.
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The GABA-releasing properties can be postulated to have contributed to

the results obtained from the previously mentioned studies of the acute effects of

GVG. Previous determinations of the effects of high-affinity GABA uptake

blockers on the extracellular overflow of GABA have either failed to deteet any

change (Pittaluga et al., 1987) or have reported a 4.5-fold maximal increase

(Fink-Jensen et al., 1992; Inglefleld et al., 1995). In contrast, GVG was reported

to cause an approximate 10-fold increase in the basal concentration of GABA

(Jolkkonen et aL, 1992). Since GVG is a relatively paor GABA uptake blocker, it

seems possible that ils ability to cause a larger increase in the resting

extracellular levels of GABA was partly due to its GABA-releasing effects. In

keeping with our own results, it is interesting that in this study the K+-stimulated

release of GABA was decreased by 33% in the presence of GVG.

The results suggesting that GVG can aet as an antagonist of the GABA,.

receptor (Suzuki et al., 1991) could also be explained ifwe consider how the

GABA-releasing properties of GVG may have influenced the results obtained. In

this study, GABAA receptor function was evaluated in membrane vesicles by

measuring the intracellular accumulation of 3ecr following the GABA-simulated

activation of receptors. The maximal extent of the stimulated intracellular

accumulation of 3ecr through the GABAAreceptor gated ionophore will clearly

depend on the maintenance within these vesieles of a transmembrane gradient

allowing for the inward movement of cr. The key to the proposed involvement of

the GABA-releasing properties of GVG in causing a redudion of 3Icr uptake

resides in the fact that no effect was observed unless membrane vesieles were

preineubated in the presence of GVG (100-500 IJM). It is therefore possible that

during the preineubation period GVG stimulated the ralease of GABA from

membrane vesieles whieh then activated the GABAA receptors resulting in a

partial collapse of the transmembrane cr gradient. Under these conditions, influx

will consequently be reduced during the subsequent coapplication of ·cr and

GABA.

Although our results suggest that the acute adions of GVG are

proconvulsant, il is unlikely that a suffieiently high drug concentration will be
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reached in the CNS during chronic treatment in arder ta elicit the disinhibitory

actions of GVG. The disinhibitory effects associated with high concentrations of

GVG may nevertheless explain the observation that, contrary ta most others

anticonvulsants, a reduction in the anticonvulsant efficacy of GVG occurs

following the administration of higher drug doses (McKee et al.. 1993; Harden,

1994; Ben-Menachem. 1995b). Finally, with respect to our previous study it

would appear that the GABA-releasing actions of GVG were likely to have been

elicited by our pretreatment of rats with GVG at a dose of 1500 mg/kg. tndeed,

the GABA-releasing actions of GVG have been reported in vivo (Abdul-Ghani et

al., 1980) following the i.p. injection of GVG at a dose (1500 mg/kg) identical to

that which we used. However, given the short elimination half-lite of GVG (-4

hrs) it is unlikely that this action contributed signiflcantly to our results which were

obtained tram sUces prepared 24 hour after treatment. Nevertheless. as

previously discussed, the GABA-releasing properties of GVG could have

contributed to the elevated extracellular levels of GABA which likely caused the

reduced GABAs autoreceptor function.

Epileptic seizures can be simplistically viewed as being the result of either

an excess of excitatory or a deficiency of inhibitory neurotransmission. Basad on

the recognized importance of GABA-mediated synaptic inhibition in the control of

neuronal excitability and the ease with which seizures can be induced following

the administration of pharmacological agents which reduce the effectiveness of

GABAergic transmission, the "GABA hypothesis" of epilepsy was proposed. In

support of this hypothesis. studies of brain tissue removed during the

neurosurgical resection of epileptogenic areas have provided evidence which

suggests that in as many as 60-70% of epileptic patients deftcits in GABAergic

transmission consÎsting predominantly of a reduction in the synthetic adivity of

GAD and/or of a reduction of GABAA receptor binding sites can be identified (for

review see Lloyd et al., 1988). Similarty, reductlons in inhibitory functlon have
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been reported in animal models of seizures and epilepsy (Kapur et al.. 1989;

Kapur et al., 1994; Luhmann et al.. 1995). Still, other studies have either failed to

reveal any abnormality in GABAergic transmission or have paradoxically

observed an increase in its function (Kostopoulos and Antoniadis. 1991; Troyer

et al., 1992; Prince et al.• 1997) suggesting that the GABA hypothesis cannat

fully aceaunt for ail forms of epilepsy.

Nevertheless, regardless of the underlying pathological mechanism which

is responsible for the maintenance of the epileptic state, it is clear that

pharmacological interventions which produce an enhancement of GABA­

mediated inhibition can effectively limit the ability of neuronal networks to support

epileptiform activity. However, in the past, therapies aimed at facilitating synaptic

inhibition have been assoeiated with numerous problems. As a result, the clinical

use of drugs sueh as the benzodiazepines and barbiturates has become severely

restricted due to the pronounced development of tolerance and physical

dependence which can be associated with the prolonged use of these drugs.

While the anticonvulsant actions of the barbiturates were fortuitously

discovered in psychiatrie patients, those of the benzodiazepines were revealed

serendipitously during the sereening of compounds in animal seizure models.

Even though drug screening and strudural variations of known anticonvulsant

drugs remains one of the predominant strategies through which many novel

compounds are being developed (Lëscher and Schmidt, 1994b), a more rational

approaeh based on a greater understanding of the mechanisms involved in the

initiation and propagation of epileptiform aetivity has been attempted in recent

years (Porter and Rogawski, 1992). Although the design of drugs aimed at

redueing the level of excitability in CNS through a deerease in glutamatergie

neurotransmission has sa far proven ta be disappointing from a therapeutic

standpoint, the development of compounds through a strategy based on the

GABA hypothesls has proven to be more frultful. Developed in such a manner.

tiagabine, a potent inhlbitor of the uptake of GABA. and GVG, an irreverslble

inhlbitor of the breakdown of GABA, are two novel anticonvulsant drugs recently

introduced into clinical pradice which are effective in the treatment of patients
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suffering from previously drug resistant epilepsy. In contrast to the

benzodlazepines and barbiturates, the chronic use of these novel GABA

enhancing agents is generally better tolerated and their effectiveness is weil

malntained over prolonged periods. Important differences in the manner in which

these drugs interact with the GABA transmitter system can be postulated to

partlally aceaunt for the differences in the degree ta which the various GABA

enhancing anticonvulsants are tolerated.

Compared with an indiscriminate sustained activation of the GABA

receptors produced by a direct agonist action, an allosteric enhancement of

GABAA receptor function, such as that produced by the benzodiazepines and

barbiturates. is clearly a more desirable mechanism of action for an

anticonvulsant drug sinee the consequences of the resulting augmented

inhibition should predominantly be felt during the activation of the postsynaptic

receptors following the synaptic ralease of GABA. Thus, the temporal and spatial

characteristics of GABA·mediated synaptic inhibition are expected ta be

preserved under these conditions. However, drugs acting through such a

mechanism are not expected ta selectively act upon the neurons involved in the

generation and/or propagation of epileptiform activity. As a result, the

effeetiveness of GABAA receptor-mediated synaptic inhibition will be potentiated

throughout the CNS. This may partially explain the relatively peor therapeutic

profile of existing benzodiazepines and barbiturates.

Despite being mechanistically preferable to a direct agonist action, the

a110sterie enhancement of GABAA receptor funetion produced by the

benzodiazepines and barbiturates can nevertheless be expected to cause a

qualltatlvely similar (I.e. irrespeetive of synaptlc aetivlty) indlscriminate increase in

the resting inhibitory tone. Such an effect could occur as a result of the

enhancement, by each of these compounds. of the eurrent generated through

the activation of GABAA receptors by ambient transmitter levels present in the

extracellular spaca. The barbiturates may. in addition. increase tonie inhibition

as a result of their abillty ta mlmic GABA and directly cause GABAA receptor

channel openings. In contrast, due to the mechanisms by whieh they are
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believed ta produce their anticonvulsant actions, bath GVG, which elevates the

presynaptic stores of GABA following the inhibition of GABA-T, and tiagabine,

which reduces the transporter-mediated reuptake of GABA from the synaptic

cleft, will selectively enhance the postsynaptic activation of GABA receptors by

transiently increasing the synaptic concentration of neurotransmitter, above that

which would normally be achieved in the absence ofthese drugs. The facilitation

of GABA-mediated inhibition by these drugs should therefore be truly contingent

on synaptic activity. Nevertheless, based on the widespread CNS distribution of

bath the GABA transporter and GABA-T, neither of these drugs can be expected

ta seledively aet upon the synchronously discharging neurons involved in the

generation of seizure activity. In support ofthis, the in vivo binding of

[H"iagabine has been shawn ta be widely distributed throughout the CNS

(Suzdak et al., 1992b; Suzdak et al., 1994). Similarty, elevated GABA levels

have been reported following the administration of GVG in severa1brain regions

(Lëscher and Frey, 1987; Lôscher and Hërstermann, 1994a). Therefore, the

resulting increase in the effectiveness of synaptic inhibition produced by these

two compounds could interfere not only with neuronal populations involved in

epileptiform activity but with those involved in normal CNS functions as weil.

Thus, based solely on a consideration of their targets and mechanisms of action,

the more favorable therapeutic profile of these novel GABA-enhancing drugs

remains unclear.

Due ta the necessity in epileptlc patients of maintaining anticonvulsant

therapy for prolonged periods, an ideal anticonvulsant should completely

suppress seizure adivity while having no effect on the ability of neurons to carry

out their normal physiologiesl fundions. Established and novel anticonvulsant

drugs produce their therapeutic actions by acting upon excitatory and inhibitory

neurotransmitter systems, as weil as on voltage-dependent ion channels. The

difficulty in achieving such a therapeutic ideal is therefore due to the involvement

of the targets of anticonvulsant drugs in normal synaptic transmission. How can

an anticonvulsant drug produce a selective inhibition of seizure discharges while

preserving nonnal neuronal activities? One possibility can be proposed based
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on a consideration of the most striking difference between populations of

neurons involved in a seizure and those serving a normal physiological function,

namely their lever of activity. Indeed, during a seizure the firing patterns in

numerous ragions of the CNS become synchronized such that large populations

of neurons experience prolonged depolarization upon which high-frequency

bursts of action potentials are superimposed (Matsumoto and Ajmone Marsan,

1964a; Matsumoto and Ajmone Marsan, 1964b). Consequently, an

anticonvulsant can be expeeted ta produce a relatively more selective action if it

specifically targets the rapidly discharging neurons participating in the seizure

activity. Such an effect can be achieved if the actions of a drug are use- or

frequency-dependent, that is, contingent on or increasing sharply with the level of

neuronal activity.

The anticonvulsants phenyloin and carbamazepine, bath ofwhich produce

a voltage-dependent black of voltage-gated Na· channels, are classie examples

of anticonvulsant drugs which possess such a property. These compounds are

considered drugs of choice in the treatment of partial epilepsy (Mattson et aL,

1985) due ta the protection against seizures which they afford and the lack of

sedative side-effects associated with their use. The favorable therapeutic profile

of these drugs has generally baen attributed ta their ability to seledively inhibit

the high-frequency firing of action potentials while produeing little or no effect on

the firing of single action potentials or those elicited at low frequencies. Such

frequency-dependent action occurs because openings of the gates during the

action potential provide ready aeeess of the drug to the binding site within the

channels and because the channels in the active and inactivated state have

much hlgher afftnity for the drug than the channels at rest. Thus, bath of these

anticonvulsants, as weil as others possessing a similar mechanism of adion,

cause the Na· channels to accumulate in an inadivated state following their

transient activation during membrane depolarization. Over time, as the channels

recover tram inactivation, the blocking actions of phenytoin and carbamazepine

are relieved and action potentials can again be generated despite the continued

presence of the drug.
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Although use-dependence is weil recognized as being an important

property of Na+ channel blockers, its contribution to the actions of drugs acting

upon the GABAergic neurotransmitter system to produce enhanced synaptic

inhibition has not previously been considered. In the past, the effects of

anticonvulsant drugs proposed ta act through a GABAergic mechanism have

solely baen investigated on postsynaptic inhibitory responses generated in

response ta GABA released either spontaneously (spontaneous and miniature

IPSP/Cs) or following the single as weil as paired stimulation of inhibitory

intemeurons. While these studies allowed the identification of compounds

capable of facilitating GABAergic transmission their experimental design did not

permit a characterization of the effects of these drugs under stimulation

conditions which more accurately resemble the pattern of intemeuronal activation

expected ta occur during seizure aetivity. Thus, our results suggest that

additional properties which may importantly contribute to the anticonvulsant

actions of GABA enhancing anticonvulsant drugs were overlooked in these

previous studies.
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8. Contribution to orlgln.1 knowledge

1) High-frequency conditioning stimulation (HFS). previously demonstrated to

evoke a strong inhibitory response from hippocampal recurrent pathways. can

evoke large depolarizing responses capable of triggering action potential

firing. These depolarizing responses occurred despite the presence of the

excitatory amino acid antagonists. CNQX and CPP, and could be blocked by

the GABAA receptor antagonist, bicuculline methiodide, suggesting that they

are GABAA receptor-mediated.

2) The GABA uptake blocker, tiagabine, can facilitate the monosynaptic GABA­

mediated depolarizing responses (ORs) evoked by HFS of inhibitory

intemeurons.

3) Differences in the functional consequences of tiagabine-augmented GABA­

mediated depolarizing responses were demonstrated depending on the

hippocampal region from which they are evoked: ORs evoked from the

stratum radiatum were able to fire action potentials whereas those evoked

from the alveus were note despite being of the same magnitude.

4) Tiagabine was demonstrated to cause a greater increase in the effectiveness

of sYnaptie inhibition elicited by HFS than on the inhibition evoked by a single

stimulus.

5) The fundional consequences of tiagablne-augmented depolarizing responses

are largely inhibitory due to the associated large GABAA receptor-mediated

conductance increase which greatly reduces the depolarizing influence of

excitatory transmission through a shunting mechanism.

6) The Irreversible blocker of GABA transaminase, y-vinyl GABA (GVG.

vigabatrin) was demonstratad to cause a frequency-dependent enhancement
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of GABA-mediated inhibition due to its ability ta prevent or reverse the

activity-dependent depression of inhibition nonnally associated with low­

frequency (2.5-5 Hz) repetitive stimulation.

7) The frequency-dependent actions of GVG could be attributed in part to a

lower efficacy of the negative feedback mechanism regulating GABA ralease

from intemeurons via presynaptic GABAs autoreceptors.

8) The acute actions of GVG at the GABA neurotransmitter system are

associated with a concentration-dependent disinhibitory effect.

9) 1have shown that GVG does not interact with either the benzodiazepine- or

convulsant-binding sites of the GABAA receptor complex.
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10. Appendlx

Table 1. Targets of established anticonvulsants:

Na T-Ca Excitatory GABA
channels channels Transmission Inhibition

Barbiturates ?/+ +

Benzodiazepines ++

Carbamazepine ++

Phenytoin ++

Ethosuximide ++

Valproate ++ ?/+ ?/+

Table wes constructed based on reviews by Rogawski and Porter, 1990 and by Lascher and
Schmidt, 1994

Table 2. Targets of novel anticonvulsants:

Na T-Ca Excitatory GABA
channels channels Transmission Inhibition

Felbamate + +

Lamotrigine ++

Oxcarbazepine ++

Topiramate + +

Tiagabine ++

Vigabatrin ++

Table wa. constructed based on reviews by Rogawski and Porte,. 1990 and by Loscher and
Schmidt, 1994
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