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ABSTRACT

In the central nervous system, 7-aminobutyric acid (GABA) has been the 

predominant neurotransmitter that mediates inhibitory synaptic transmission. It has long 

been suspected that a disruption of the GABAcrgic system is likely the cause o f epilepsy. 

GABAu receptors have been implicated to play a role in this disorder, but to what extent 

are largely unknown. To this end, the goal o f the present thesis is to investigate whether 

GABAh receptors contribute to seizure genesis and modulation in rat strains that are 

cither seizure prone (Fast) or resistant (Slow). In experiment #1, chronic daily 

microinfusion o f a potent GABAu antagonist, SCH 50911, into the amygdala along with 

other GABAergic pharmacological agents including baclofen were administered, through 

infusion or systemic injection, at various time periods during kindling. SCI I 50911 and 

baclofen, administered via microinfusion, alone did not significantly alter afterdischarge 

thresholds and durations. However, a single systemic injection of baclofen completely 

abolished behavioural seizures in all Fast rats, and half of Slow rats. This same treatment 

in conjunction with infusion of SCH 50911 delivered the next day resulted in a 

substantial increase in the number o f convulsive seizures, especially among Fast rats, 

compared to systemic baclofen administration alone. Distinct patterns of 

elcctroencephalographic recordings from administration o f various GABAergic agents 

provide further evidence o f seizure susceptibility and propagation. In experiment #2, the 

distribution o f GABAu receptors, GAT1, and their co-localization at inhibitory terminals 

were explored using immunocytochemical techniques. No strain differences were 

evident. There was a slight tendency for increased GAT1 expression following kindling 

with no observable change in GABAu immunoreactivity. Assessment o f in vitro
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measurements from experiment ft3 revealed that kindling o f the amygdala resulted in 1) 

lower membrane resistance in Fast and Slow rats compared to sham controls; 2) greater 

and lower GABA(i IPSP amplitudes in Fast and Slow rats, respectively; 3) increase and 

decrease of total charge transfer of the kindled (stimulated) amygdala and contralateral 

(non-stimulated) amygdala o f Slow rats, respectively; 4) no changes in baclofen-induced 

slope conductance and reversal potential. The implications o f these results suggest that 

GABAu receptor-mediated inhibition in the amygdala plays a modulatory role in 

kindling-induced cpileptogenesis. An interplay between GABA.\ and GABA» receptors 

is critical for the regulation and dampening of neural network excitability, which differs 

between the Fast and Slow rats. Further elucidation of pre- and postsynaptic mechanisms 

that contribute to inhibition will ultimately be vital towards the development of more 

efficacious treatment protocols for epileptic patients.
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GENERAL INTRODUCTION

As we begin the twenty first century, the advancement in technological innovation 

in the field o f medical sciences has launched a new era for studying many neurological 

diseases and disorders that continue to plague the human race. Despite greater 

understanding, improved management, and progressive developments in therapeutic 

approaches over the past several decades, the precise etiology o f such diseases remain 

unknown. As scientists, one o f our goals is to gain further insight and knowledge into the 

functional constituents o f the normal brain. One simple question that may yield many 

complex answers is “ How does the brain work” ? Certainly the many discoveries will 

ultimately provide a framework to which specific behaviours are mediated by particular 

brain structures. Another goal is to understand the “ abnormal brain" from a pathological 

perspective in hopes to eradicate diseases, or at least, develop effective treatment 

protocols to improve and prolong the quality o f life. At what period do certain structures 

become pathological? What arc the mechanisms responsible for the initiation, 

maintenance and termination of such disorders? It is without a doubt that these and other 

important questions must be addressed in order to elucidate the many mysteries o f the 

brain.

Epilepsy

With a prevalence rate o f approximately 1% o f the population, human epilepsy is 

regarded as one o f the most common neurological disorders known to man. It is a 

chronic and frequently debilitating medical condition produced by temporary changes in 

the electrical function o f the brain, possibly culminating into convulsive seizures, where
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awareness, movement, or sensations are often perturbed. At first glance, epilepsy is a 

condition that varies considerably in its etiology and pathophysiology of mechanisms 

involving spreading discharges, mode of onset, clinical manifestations, responsiveness to 

treatment, and there is no apparent justification for believing that a common, singular 

process underlies this brain dysfunction (Majkowski, 1999). Yet, despite obvious 

variability in the manifestation o f epilepsy, there is considerable commonality in many 

facets o f the varied symptomology that are shared among all species. With this in mind, 

investigations into the pathology of seizure genesis and maintenance will prove vital in 

our understanding of this ubiquitous disorder.

The classification o f seizure types can be elaborate depending on its etiology, and 

manifestations. With approximately 40 different types of epilepsies and epileptic 

syndromes, the diversity o f this disorder is far reaching. Nevertheless, a central feature 

of this classification system is the anatomical localization o f seizure onset. In most cases, 

the origin o f epileptic seizures is unknown, however, different types of epileptic seizures 

appear to arise from different underlying disturbances, whether they be environmentally 

or genetically influenced (Engel, 1990). Seizures are generally categorized into two 

broad categories: idiopathic and symptomatic epilepsies. Idiopathic disorders are of 

genetic origin and usually are not associated with other neurological pathologies, while 

symptomatic disorders may arise from a pathological substrate that may be genetic, such 

as tuberous sclerosis, or acquired, such as a traumatic scar (Engel, 1996). The most 

identifiable types o f seizures are classified as partia l versus generalized seizures. Partial 

seizures (simple or complex) occur when excessive electrical activity in the brain is 

restricted to a local area. Simple partial seizures encompass unusual sensations that often
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translate into an aura, which can serve as a prelude to a more provocative seizure. 

Complex partial seizures, on the other hand, involve a loss o f awareness accompanied by 

more robust behaviours. Generally, simple partial seizures do not involve an impairment 

of consciousness, but are often accompanied by staring and an arrest o f motion, followed 

by altered responsiveness. The other main category involves generalized seizures 

(absence or tonic-clonic), which occur when the brain’s highly synchronized electrical 

activity spread immediately to other areas, thus often affecting the entire body. 

Generalized absence seizures are most prevalent in childhood and tend to disappear 

toward adolescence. They are characterized by momentary' lapse o f consciousness often 

associated with staring into space. Generalized tonic-clonic seizures, as the name 

suggests, involve stiffening o f the muscles (tonus) accompanied by jerking and twitching 

(clonus) o f the body extremities.

One of the many challenges confronting epilcptologists is to develop an animal 

model that mirrors many of the predisposing and precipitating causes of seizure activity 

seen in humans. With a clear understanding o f epileptogenesis at its different stages: 

onset, persistence, termination, it is one step closer to answering the ultimate question, 

“ why do seizures occur in some individuals and not in others” ? To date, the best and 

most widely studied animal model of simple partial seizures and/or complex partial 

seizures that secondarily generalize is the kindling phenomenon. The most frequent form 

of this seizure type in humans originates in the temporal lobe, and is called temporal lobe 

epilepsy (TLB). TLE is also the most common form o f human epilepsy and the most 

difficult to treat.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4

Kindling Mechanisms

Characteristics and Parameters

Kindling is an experimental model of epilepsy resulting from progressive activity- 

dependent changes in neuronal structure and function. Typically, kindling can be 

induced in one of two ways: chemically, in which repeated administration of 

subconvulsive doses o f known convulsants can induce seizure genesis, or electrically, via 

deep electrodes into brain structures that are susceptible for triggering epileptic episodes. 

The former (chemical kindling) can be induced by a variety o f drugs administered 

directly by local brain injection or systemically to mimic the kindling-like effects, while 

the latter (electrical kindling) is a phenomenon whereby repeated application o f an 

electrical stimulus results in progressive development of electroencephalographic and 

behavioural seizures, culminating in a secondarily generalized convulsive seizure 

(McNamara, 1984). One essential requirement for the development o f kindling is that the 

electrical stimulus must induce local afterdischarges (ADs), defined as rhythmic 

paroxysmal electrographic discharges that outlast the stimulus by two or more seconds 

(Racine, 1972a; McNamara, 1984). The kindling process consists o f many fundamental 

features that involve several well-defined characteristics occurring over individual trials. 

The first of which is a reduction in the afterdischarge threshold (ADT) required to evoke 

the AD. Stimulation that is above or below the initial ADT w ill gradually lower this 

threshold on subsequent trials (Racine, 1972a; Handforth, 1984; McNamara, 1986; Post, 

2002). Secondly, the progressive growth and propagation of AD to other anatomically 

related or distal structures are evidently shown in the form o f increased AD frequency,
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amplitude, complexity and duration. Further, successive administrations o f this 

unvarying stimulus, which initially does not provoke a behavioural convulsion, will do so 

i f  it is repeated sufficiently (Goddard et al., 1969; Kulkarni and George, 1994). Once 

established, the stereotypic progression o f seizure development (AD activity) will 

inevitably foster the propagation and generalization o f subsequent seizures through the 

recruitment o f a more spatially distributed neural network irrespective of the kindling site 

(Racine, 1972a; Ferland et al., 1998). When the necessary stimulus elicits a generalized 

full-blown convulsive seizure, the animal is then said to have reached the “ kindled state” . 

In the rat, the severity o f convulsions typically develop through 5 stages (Racine, 1972a): 

(1) mouth and facial twitches, (2) clonic head movements, (3) mild forelimb clonus, (4) 

forelimb clonus with rearing, and (5) the latter with loss o f postural control. All of these 

classes are associated with a reduced responsiveness to sensory stimuli, and the 

behaviour observed in classes 1 and 2 mimic similar behaviours found in human complex 

partial seizures; the behaviour in the latter three classes would be consistent with limbic 

seizures evolving to secondarily generalized convulsive seizures (McNamara, 19S4).

The efficacy of kindling induction is dependent upon a variety o f variables, such as, 

the strain o f the animal, site o f provocation, the number o f stimulations, frequency, 

intensity and duration of the electrical stimulus. Typically, the standard paradigm used to 

elicit a convulsive seizure in the least amount o f time (kindling rate) is to deliver a daily 

administration o f a 2 s sine wave at a frequency of 60 Hz. Earlier studies have indicated 

that kindling can develop at comparable rates regardless o f whether sine- or square waves 

are used, and regardless of whether train durations o f 1 s or 60 s are used (Goddard ct al., 

1969). One of the more widely studied parameters o f kindling induction involves varying
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the interval between successive stimuli. Traditionally, kindling is best achieved using 

interstimulus intervals o f 24 h or longer, whereas repeated electrical stimulation at 

intervals shorter than 30 min (rapid kindling) have been reported to suppress or retard 

kindling (Goddard et al., 1969; McIntyre et al., 1987, 1991b). Although seizures evoked 

using this rapid kindling protocol have been shown to result in a progressive, delayed 

development o f the fully kindled state, similar morphological changes in response to 

stimulation via traditional kindling were reported, albeit arising from possible distinct 

underlying mechanisms (Penner et al., 2001). The manipulation of stimulation 

parameters under the rapid kindling paradigm allows for assessment o f epilcptogencsis 

during this procedure, and to permit its comparison to that of the standard kindling 

protocol. By allowing a 2-4 week recovery period following rapid kindling, it would be 

advantageous to test whether this procedure resulted in any increased susceptibility to the 

daily stimulation protocol. Such results may provide insights into the mechanisms of 

seizure genesis following a traumatic insult. To this end, the long lasting enhanced 

seizure sensitivity induced by the kindling process not only affects the behavioural and 

electrographic responses in the animal, but changes in neuronal stability that ranges from 

altered gene-expression in neurons to the loss o f specific neuronal populations and the 

rearrangement o f synaptic connections are often associated with this phenomenon 

(Kamphuis et al., 1990; Mody, 1999).

Advantages of the Kindling Model and its Clinical Relevance

Electrical kindling is currently the most commonly used experimental model of 

complex partial and TLE. Its versatility allows for studying epileptogenesis at various
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defined points, especially during stages of development until the establishment o f the 

epileptic state. This advantage is particularly relevant for drug testing since the severity 

of the seizures can be triggered at the investigator’s convenience. For this reason, 

kindling is often regarded as the best-controlled model for chronic focal epilepsy. In 

addition, the ability to kindle in multiple sites permits an accurate assessment of 

connectivity and excitability in the contralateral homotopic region (mirror focus), or other 

sites in the ipsilateral hemisphere (McNamara, 1984; McIntyre and Poultcr, 2001).

Lastly, analyses of biochemical assays are made available without possible contamination 

from electrical kindling, unlike systemic administration of exogenous toxins, which will 

likely introduce a potential confound.

Wada (197S) introduced various criteria necessary to establish a valid animal model 

o f human epilepsy: 1) experimental control over the anatomical areas and size of 

epileptogenic lesions: 2) create an epileptogenic site without identifiable destructive 

pathology; 3) precise control over the initiation and development of seizures; 4) ready 

induction of seizure by a discrete and identifiable epileptic event; 5) development of 

spontaneous recurrent seizures: 6) persistence of the epileptic state for many months. 

There are two lines o f evidence to suggest a kindling-like mechanism in clinical epilepsy. 

First, the most effective animal models arc those that imitate a slowly developing process 

of epileptogenesis. Thus, chronic models with long lasting focal neuronal discharges, as 

shown by encephalographic epileptic activity, may represent epilepsy in contrast to acute 

models, which represent seizures only (Majkowski, 1999). However, determining the 

extent to which clinical seizures are indeed progressive is no easy task. At the time of
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evaluation and diagnosis, patients may have already experienced numerous seizures of 

which they may have no recollection.

Second, in humans, sudden head trauma or vascular lesions may damage brain 

tissue at a slow rate, depending on the severity of the injury. During the intervening 

period between the initial insult and the development o f clinical seizures, scar tissue or 

bone fragments may still be present. As a consequence, focal hyperexcitability could 

induce epileptic discharges that may start the process of kindling. However, chronic 

recurrent seizures do not arise until a large area of the brain has been sufficiently 

perturbed or kindled (Engel and Rocha, 1992). Thus, kindling proves to be an invaluable 

model for studying epileptogenesis in humans by allowing detailed monitoring of the 

subject’s symptoms and elcctrographical profile from the time of induction to its later 

stages.

Anatomical Substrates and Kindling Rates

The diversity o f the kindling phenomenon is not restricted to any one species. In 

fact, mice, dogs, cats, and primates have also shown to be susceptible. This preferential 

sensitivity to kindling depends largely on the stimulated structure, stage of brain 

maturation, degree o f brain dysfunction, and the species o f animal studied (Majkowski, 

1999). For example, kindling can be produced by electrical stimulation in a number of 

brain sites, but not all. Earlier studies have demonstrated that stimulation of the superior 

colliculus, reticular formation, or cerebellum, unlike other cortical and subcortical 

structures, does not result in kindling (Goddard et al., 1969; Racine, 1972b). It has been 

well established that seizure activity within the brain is not a random phenomenon, but

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



9

rather, the electrical discharge is generated and propagated by specific anatomical 

pathways that often can involve multiple interconnected brain structures (Sato et al., 

1990a). O f these, the limbic system has been largely implicated in the initiation and 

maintenance o f epileptic discharges. Thus, the induction o f a local epileptic focus can be 

triggered, via kindling, in selective structures within the brain, and may preferentially 

propagate into the limbic system producing generalized convulsive seizures occasionally 

associated with widespread cellular damage. The severity o f this pathology is dependent 

on the intimate connections between cortical and subcortical structures, such as the 

hippocampus, amygdala, piriform cortex (PC), perirhinal cortex (PRh), which are 

believed to be key structures in temporal lobe seizure genesis and propagation. However, 

the stereotypic progression in kindled seizure development occurs independently of the 

kindling site, suggesting that there is a common core o f structures involved and/or 

recruited during kindling from all limbic system sites (Ferland et ah. 1998).

In an attempt to correlate the anatomical substrates to that o f kindling, the rate at 

which a particular structure kindles or develops convulsive seizures can provide 

invaluable information to the development of generalized seizures. This speaks directly 

to possible intimate connections between the kindled structure and efferent connections 

to drive brainstem and spinal cord motor reflexes. Within the limbic system, the 

amygdala has been known to kindle at a much faster rate than the hippocampus (Goddard 

et ah, 1969; McIntyre et ah, 1993). Such inherent differences in kindling development 

between these two anatomically distinct structures may be attributed to: 1) differential 

connections to the motor systems that drive the convulsive seizures, 2) differential 

connections to forebrain sites that may augment the seizure discharge or 3) differential
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reactivity o f stimulation sites (Sato et al., 1990a; Kulkami and George, 1994). Damage 

to this structure appear to alter inhibitory circuitries that not only disrupt other 

subdivisions within the amygdala, but more often corrupt the hippocampus and other 

brain structures (Swanson, 1995; Pitkanen et al., 1998). The inability of the amygdala 

and hippocampus to support clonic forelimb activity directly would suggest that seizures 

generated within these limbic structures must propagate, via intermediate structures, to 

sites that activate motor centers (Kelly and McIntyre, 1996). As previously mentioned, 

one such structure may involve the PC. Located adjacent to the amygdala, the unique 

intrinsic associative fiber system of the PC and its various connections to and from other 

limbic nuclei allow for the facilitation o f seizure generalization (Honack et al., 1991; 

McIntyre et al., 1993; McIntyre and Kelly, 2000). For example, the PC contains more 

susceptible neural circuits o f all forebrain regions for electrical induction o f limbic 

seizures, and that during stimulation o f other limbic brain regions, broad and large ADs 

can be observed in the ipsilateral PC, indicating that the PC is activated early during the 

kindling process (Loscher and Ebert, 1996).

Recently, it has been suggested that the area immediately dorsal to the PC, the PRh, 

is a likely substrate for the expression o f generalized clonic seizures in the late states of 

kindling development (Kelly and McIntyre, 1996; Ferland et al., 1998). In support o f this 

hypothesis, the PRh has been shown to have the fastest kindling rates o f any other site in 

the brain in that it only requires 3-4 kindling stimulations to produce bilateral forelimb 

clonus (McIntyre et al., 1993; Kelly and McIntyre, 1996). Furthermore, Kelly and 

McIntyre (1996) have demonstrated that the latency from the stimulus onset to the onset 

o f a clonic convulsion was extremely brief. The significance o f this finding indicates a
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likely modification o f local excitability and the pathways, which permit greater access for 

discharges to circuits controlling convulsive activity. Taken together, these data suggest 

that the progression o f kindling to generalized convulsions requires the recruitment of the 

PRh cortex in combination with other structures, such as the PC or frontal cortices to 

activate motor systems in the spinal cord (McIntyre et al., 1999).

Kindling (Positive) Transfer

To understand the basic mechanisms underlying kindling, it is perhaps of initial 

interest to identify the spatial distribution o f the altered network of neural circuits caused 

by this phenomenon. Since kindling has been implicated to involve modification o f local 

networks surrounding the site o f stimulation, it is likely that the progression o f kindling 

will propagate to and reside in multiple structures within the brain. Consequently, these 

newly modified neural pathways and their efferent structures are said to have undergone 

some form o f reorganization, and that kindling of one structure usually facilitate the 

subsequent kindling o f another site, thus enabling recruitment of an entire neural network 

with great facility (Goddard ct al., 1969; Racine, 1972b; McNamara, 1984; Geinisman et 

al., 1988; Sutula et al., 1988). Such facile access to the kindled network from a 

secondary site is termed ‘positive transfer’ , and is measured in kindled animals as a 

positive savings in the number o f ADs needed to evoke generalized convulsions in a 

secondary site (Racine, 1972b; Spiller and Racine, 1994). For instance, animals 

previously or primary site kindled from the PRh displayed significantly more advanced 

behavioural seizures during the early stages of secondary site amygdaloid kindling than 

either amygdala controls or those partially PRh kindled (Buchanan and Bilkey, 1997).
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This finding suggests that primary PRh kindling may facilitate secondary amygdala 

access to systems responsible for the generation of motor seizures. It is likely that the 

enhanced responsiveness in the kindled network may represent a strengthening of 

excitatory connections within secondary sites that are monosynaptically or 

polysynaptically connected to the primary site (Racine, 1972b; McIntyre and Racine, 

1986).

The precise mechanisms of transfer kindling arc not fully understood, however, it 

has been suggested that the rapidity of seizure development in secondary sites reflect 

activation o f circuits established by primary site kindling (Burnham, 1975). The efficacy 

of kindling transfer is largely dependent on the site o f provocation. For example, 

kindling of structure 'A ' followed by 'B ' may not be equivalent to activation o f 'B ' 

followed by ‘A ’ . This is to say that the efficacy of kindling is not always bi-directional, 

and that the propagation of ADs and transfer kindling effects reflect the extent to which 

seizures arising in two distinct regions share common underlying mechanisms (Buchanan 

and Bilkey, 1997; Michalakis et al., 1998). Because of the complex and highly 

modifiable integration of local and distal circuits together with specific networks 

associated with kindling, it may prove difficult to accurately assess the spatio-temporal 

patterns o f discharge activation, which may differ with different kindling sites (Spiller 

and Racine, 1994).

Synaptic Plasticity

Intemeuronal communication has been ubiquitously recognized as the sole basis for 

the acquisition, integration and transmission of information in the mammalian brain. A
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proper balance between excitation and inhibition tightly regulates the maintenance of this 

communication in order to prevent circuits from either falling silent or generating 

epileptiform activity. The efficacy of this balance is largely dictated by the continual 

activity- and experience-dependent changes in neural circuitry, particularly the regulation 

of inhibition through changes in synapse numbers or synaptic strength (Kilman et al., 

2002). The term synaptic plasticity refers to long lasting changes in neuronal activity 

encompassing synaptic growth, activation of silent synapses, and change in the 

effectiveness of existing synapses (Bliss and Lomo, 1973; Majkowski, 1999). This 

plasticity provides the nervous system with the possibility to store new information, but if  

not adequately controlled, it also can lead to changes in the dynamics o f neuronal 

networks (Goddard et al., 1969; Racine, 1972b). Various neurological disorders, like 

epilepsy, can result from an overly increased excitatory drive that can induce pathologic 

discharges in many neurons at the network level (Mody, 1999). In recent years, research 

into the mechanisms o f epileptogencsis has begun to unravel several cellular and 

molecular neuronal alterations common to human TLE and the many experimental 

models o f epilepsy (Schwartzkroin, 1994). Insights into the long-term modification of 

cellular networks at the level o f single neurons, excitatoiy and inhibitory amino acid 

receptors, and ligand-gated ion channels may elucidate factors responsible for the 

epileptogenesis o f kindling.

GABAergic Neurotransmission and Epilepsy

In 1881, Sir William Gowers had postulated, “ abnormal discharges are due to 

potentiation of excitatory mechanisms or to a failure o f intrinsic cerebral inhibitory
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systems” . Today, the very same principle is the basic dogma o f epileptogenesis. 

Accounting for 60-70% of ail synapses, GABA, the key inhibitory ncurotransmitter in the 

central nervous system (CNS), serves to maintain the inhibitory tone that counterbalances 

neuronal excitation (Trciman, 2001). When this balance is perturbed, seizures are likely 

to ensue. Localized primarily in short-axon intemeurons that synapse on cell bodies and 

proximal axons, GABA formation by transamination o f Qf-kctoglutarate to glutamic acid 

and subsequently to GABA is released into the synaptic cleft via two routes. One way is 

through vesicular release, which is calcium dependent, sensitive to tetanus toxin, and 

triggered by high potassium concentrations. The other method o f GABA release is non- 

vesicular, whereby any efflux o f GABA is calcium independent and occurs secondary to 

depolarization of the cell membrane and sodium influx (Treiman, 2001). Upon its release 

and following ligand gated binding to several types o f GABA receptors (described 

below), GABA is rapidly removed by uptake into both glia and prcsynaptic nerve 

terminals, where it is further broken down and recycled. In the CNS, the efficacy of 

synaptic connections between neurons is modulated through a variety of mechanisms that 

affect the coupling between a presynaptic impulse and transmitter release at individual 

terminals (Behrends and Bmggencate, 1998). Recently, it has been shown that various 

neurotransmittcrs exert their synaptic actions through hetcrosynaptic interactions between 

different synaptic inputs converging on single target neurons (Yamada et al., 1999). Such 

interactions have been shown to involve the GABAergic system and that GABA can not 

only activate postsynaptic receptors, but also spill over synaptic gaps, thereby gaining 

access to non-synaptic targets (Yamada et al., 1999). This functional multiplicity further
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illustrates the complexity and plasticity o f the neurotransmitter systems regulating 

synaptic transmission.

It is well established that the use o f excitatory amino acids, such as glutamate and 

aspartate, and the inhibitory amino acid GABA are widespread in the CNS. Since the 

1960s, many convulsant drugs that were routinely used to generate experimental epilepsy 

were in fact antagonists o f GABAergic synaptic transmission (Thompson, 1994). In view 

of these findings, the quest for numerous, more efficacious clinical antiepileptic drugs 

had begun. This brought forth an intensive investigation into the mechanisms of 

inhibitory transmission in the brain, and subsequently gave rise to the enduring 

hypothesis that a dysfunction of the GABA system is likely the fundamental cause of 

human epilepsy (Kapur et al., 1989; Olsen et al., 1999). Consequently, research into the 

role o f GABAergic mediated inhibition in epilepsy has focused on five potential targets 

for therapeutics. They are: 1) GABA synthesis, 2) GABA release, 3) GABA transport 

and reuptake, 4) GABAa receptors, and 5) GABA» receptors (Olsen and Avoli, 1997). In 

this regard, our current understanding of GABA in epilepsy and epileptogenesis can be 

realized by its clinical and experimental findings: 1) genetic and acquired animal models 

of epilepsy display abnormalities o f GABAergic function; 2) reductions in GABA- 

mediated inhibition and GABA levels as detected by microdialysis have been reported in 

studies o f human epileptic brain tissue; 3) GABA agonists suppress seizures, while 

GABA antagonists facilitate seizures; 4) drugs that inhibit GABA synthesis induce 

seizures; 5) benzodiazepines and barbiturates enhance GABAergic-mediated inhibition;

6) drugs that increase synaptic GABA by inhibiting GABA catabolism, e.g. vigabatrin or 

tigabine are effective anticonvulsants (Treiman, 2001). A more thorough knowledge of
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GABAergic processes will be required for understanding a wide variety o f neuronal 

functions, including the pharmacology of GABA subunits, the integration of spatially and 

temporally patterned inputs, the coupling activity to learning-related changes in synaptic 

efficacy, and maintenance of the intricate balances between excitation and inhibition that 

are required for optimal function, while minimizing the risk o f seizure activity (Kapur ct 

al., 1997).

GABAa Receptor -  Molecular Biology and Function

The ability o f brain tissue to undergo specific structural or functional alterations is 

an essential property o f the CNS (Malenka and Nicoll, 1999). Upon subsequent release 

into the synaptic cleft, GABA exerts its actions via GABAa and GABAr receptors. The 

GABAa receptors are ligand-gated chloride channels that mediate rapid inhibition, and 

possess modulator)' binding sites for benzodiazepines, barbiturates, and anesthetics, all of 

which potentiate the response to GABA (MacDonald and Olsen, 1994; Johnston, 1996). 

These receptors are heteromeric and are assembled from a large family o f 5 subunits: a.

/3, 7, o, and e. However, most GABAa receptors in the CNS are thought to contain both a 

and (8 subunits, with one or more of the 7, 5, and e subunits. The many variations even 

within 1 subunit (e.g., a l, o2, a3, etc.) determine its pharmacological properties (Costa, 

1998; Delaney and Sah, 1999). In general, the a subunit is critical for determining the 

sensitivity and pharmacological properties for benzodiapezines, while the (3 subunit 

appears to be important for determining the affinity o f the receptor for GABA, the rate of 

desensitization, and the cooperativity o f GABA binding (Sigel et al., 1990; Thompson,

1994).
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The etiology of epileptic seizures is difficult to pinpoint, but often it is an acquired 

disorder, resulting from changes in the brain that arc environmentally induced. GABAa 

receptor function can be persistently impaired in response to over-activity resulting from 

drugs, stress, trauma or kindling (Barbaccia et al., 1996). Because these particular 

receptors are often the molecular targets o f convulsants and anticonvulsants, any 

impairment in GABAa receptor function has been hypothesized to play a role in seizure 

disorders. For example, an activity-dependent reduction in GABAergic inhibition has 

been observed in animals exposed to GABAergic drugs, such as benzodiazepines, 

barbiturates and alcohol (Hablitz et al., 1989; Kapur and Macdonald, 1997; Zcng and 

Tietz, 1999). Prolong tolerance to these drugs associated with abrupt cessation, facilitate 

seizures, similar to a kindling-like state. Thus, chronic administration of GABA 

enhancing drugs to animals produce hypofunctional GABAa receptors, and most likely 

lead to alterations in subunit mRNA expression (Tseng et al., 1994). Other mechanisms 

o f epileptogenesis could involve a GABAa receptor “subunit switch”  resulting in an over

expression of a particular type of receptor iso form (Bancrjee et al., 1998). It has also 

been suggested that epilepsy may be caused by a mutation in a GABAa receptor gene, an 

unexpressed GABAa receptor, or a mutated gene for a product that regulates a GABAa 

receptor (Olsen et al., 1999). Recent reports have demonstrated unique subtype-specific 

expression o f GABAa receptors with differential rearrangement o f the a l, o2, a3 subunits 

in various cell populations o f the human hippocampus (Loup et al., 2000). The 

significant reorganization o f distinct receptor subtypes in surviving hippocampal neurons 

of TLE patients with hippocampal sclerosis underlines the potential for synaptic plasticity 

in the human GABA system.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

Despite much evidence in support o f GABAa receptor impairment in 

epileptogenesis, there exists some controversy over whether reductions in synaptic 

inhibition are a necessary component for the expression of hyper-excitability. Thus, the 

amplification of excitatory activity as a result o f a reduction of inhibition in the epileptic 

foci, due to loss o f GABAergic intemeurons, or a reduction of GABA release or its 

effectiveness at its receptors, remains controversial (Bradford, 1995). Numerous 

obstacles may exist in an attempt to fully elucidate a deficit of GABAergic inhibition in 

epileptic tissue, including the multiplicity o f GABAergic inhibitory pathways and the 

multiplicity o f variables that characterize the potency of inhibition within each inhibitory 

pathway (Bernard et al., 2000). Nevertheless, further research into GABAergic-mediated 

inhibition in various regions of the brain coupled with molecular approaches to uncover 

subunit expression may provide important clues to understanding the mechanisms that 

initiate and regulate seizure genesis.

GABAa Receptor and Kindling

The generation o f epileptic discharge, synchronized burst firing and interictal spikes 

(IIS), can be a consequence of alterations of GABAa receptor function. A result of 

GABAergic disinhibition is the formation of new polysynaptic pathways leading to 

networks of neurons that were previously not connected (Bureau et al., 1997). This type 

of plasticity within the CNS in association with cell loss is common in most patients with 

TLE. Epileptiform activity has been associated with lasting activity-dependent decreases 

in inhibition (Schwartzkroin, 1994). Yet, following chronic epilepsy induced by 

kindling, an increase occurs in paired pulse inhibition in the dentate gyrus that may last
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for a few weeks (Tuff et al., 1983; Shin et al., 1985) with a concomitant increase in 

GABAa receptor binding and function (Otis et al., 1994). However, this increased 

inhibition ultimately decays with the absence of seizures. In contrast to results obtained 

from the dentate gyrus, GABAa receptor binding and function were reportedly reduced in 

the CA1 pyramidal cells (Kapur et ah, 1989; Kamphuis et ah, 1992; Lopes da Silva et ah,

1995). Therefore, it is clear that a divergence o f GABAa receptor-mediated inhibition 

exists even within one structure (CA1 vs. dentate gyrus of the hippocampus) after 

kindling.

The highly debated issue regarding the decrement o f GABA release has been 

proposed as a basis for disinhibition in TLE, which is partially characterized by a loss of 

glutamate-stimulated GABA release that is secondary to a reduction in GABA 

transporters (During et ah, 1995; Ucda and Willmore, 2000). This reduction of 

transporters in human TLE and in kindled animals could also be interpreted as part o f a 

compensatory mechanism aimed at enhancing the efficacy o f inhibition (Meldrum, 1995). 

These results support the more general concept o f a loss o f inhibition in chronic epilepsy 

models and probably in human epilepsies. To this end, synaptic GABAa receptors 

undergo significant structural reorganization that results in an increase in their numbers, 

and possibly their subunit composition. The altered properties o f GABAa receptors as a 

result of kindling have been demonstrated to differ from those in control neurons. Such 

differences should contribute to understanding the processes whereby receptors or ion 

channels aid in the generation of epileptic discharges.
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GABAb Receptor -  Function

Located both presynaptically and postsynaptically, GABA b receptors (unlike 

GABAa receptors) are G-protein-linked receptors that mediate the late inhibitory 

postsynaptic potential, and thus hyperpolarize the neuron by increasing potassium 

conductance. In addition to activating potassium conductances, GABAb receptors have 

also been shown to inhibit calcium conductances in many types o f neurons (Scholz and 

Miller, 1991; Swartz, 1993), and are further involved in presynaptic inhibition of 

neurotransmitter release (Doze et al., 1995; Olsen et al., 1999). The synaptic processes 

mediated by G ABA b receptors have not been studied in great detail, however, it has been 

suggested that synaptically released GABA is believed to spill over and activate 

presynaptic G ABA b receptors and transiently reduce the amount o f GABA release during 

subsequent stimulation (Deisz and Prince, 19S9; Davies et al., 1990; Jensen et al., 1999). 

The debate of whether G A B A b receptor-mediated presynaptic inhibition is through 

modulation of potassium and/or calcium conductances remains controversial. Some 

reports have proposed that inhibition is mediated through potassium channels (Yoon and 

Rothman, 1991; Thompson and Gahwiler, 1992), while others proposed a mechanism 

involving direct modulation of calcium channels (Isaacson, 1998; Takahashi et al., 1998). 

However, other experiments indicate that GABA b receptors exert a novel action at 

excitatory synapses, independent from either potassium or calcium conductances, 

suggesting that the modulation of transmitter release does not necessarily require 

decreases of presynaptic calcium currents (Scanziani et al., 1992). Nevertheless, some, i f  

not all, o f the mechanisms o f GABAb receptor-mediated presynaptic inhibition appears to 

be located at the terminal (Doze et al., 1995). The mediation o f GABA b presynaptic
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inhibition at the terminal follow three hypotheses: 1) GABAb receptor activation may 

directly modulate neurotransmitter release “ downstream” from calcium channels (Scholz 

and Miller 1992; Silinsky and Solsona, 1992); 2) GABAb receptors may directly inhibit 

calcium currents necessary for action potential dependent release (Deisz and Lux, 1985; 

Scholz and Miller, 1991); 3) GABAb receptor activation of one of several potassium 

conductances may indirectly reduce calcium currents that are involved in transmitter 

release.

GABA b Receptor and Kindling

During GABAergic transmission, GABA can act presynaptically to regulate further 

release by binding and activating GABAb receptors (Dicsz and Prince; 1989; Misgeld et 

al., 1995). It has been proposed that activation o f postsynaptic GABAb receptors has an 

antiepileptic effect; by contrast, preventing GABA release via activation of presynaptic 

GABAb receptors can promote seizures (Pitler and Alger, 1994). Apparently, kindling- 

induced epileptogenesis reduces the sensitivity of presynaptic GABAn receptors, an effect 

that may contribute to the enhancement o f excitatory transmission in kindled animals. 

Evidence in support o f these findings came from various studies using the GABAb 

receptor agonist, baclofen as a means to elucidate its electrophysiological, behavioural 

and electroencephalographic characteristics. For example, baclofen has been shown to 

significantly increase the ADT in the amygdala, and consequently retard the rate o f 

kindling and its behavioural symptoms (Wurpcl, 1994) with a concomitant mild increase 

in AD duration (Sato et al., 1990b; Karlsson et al., 1992). Further, GABAb receptor 

activation was demonstrated to have potent inhibitory effects on both ictal and interictal-
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like events as evidenced by the application o f high frequency trains in the CA3 region of 

the hippocampus (Morrisett et al., 1993). These results suggest that baclofen may 

decrease the local excitability o f the amygdala and retard the rate o f seizure spread (or 

generalization) throughout the brain.

Electrophysiological data from in vitro studies from the hippocampus have 

produced similar results that further substantiate the functional role o f GABAb receptors 

in kindling epileptogenesis. Days following kindling, paired pulse depression of 

inhibitory currents in the CA1 were shown to be significantly smaller in kindled rats 

compared to controls, which was likely attributed to reduced GABA autoinhibition after 

downregulation of presynaptic GABAb receptors (Wu and Leung, 1997). This 

downregulation after seizures may serve to prevent more recurrent seizures. There is also 

a possibility that chronic epilepsy is not the direct result o f the loss o f inhibitory drive, 

but rather due to plastic changes attributed to spontaneous ‘kindling’ , possibly facilitated 

by loss o f GABAB-mediated inhibition (Wasterlain et al., 1996). In addition, different 

pharmacological properties o f pre- and postsynaptic receptors, most noticeably in the 

amygdala and hippocampus, suggest two distinct populations of GABAb receptors whose 

long-lasting responses to kindling-induced seizures are different. To this end, in attempt 

to evaluate a therapeutic approach, it may be useful to involve antagonism of GABAb 

receptors on GABAergic nerve terminals combined with a postsynaptic agonist effect on 

cell bodies of GABAb receptors.
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Kindling-Induced In Vivo Changes of GABA Levels

The relation between changes in extracellular amino acids, particularly GABA, and 

seizures has been tested in a number o f experimental models o f epilepsy. However, the 

lack o f consistent data in support o f an increase or decrease of GABA levels is both 

puzzling and frustrating. Such discrepancies among various findings can easily be 

attributed to methodology, area o f sampling, the sensitivity o f the equipment, or simply to 

the intricacies o f the living brain. In an effort to study GABA levels as a consequence of 

kindling, several investigators have employed the microdialysis technique. Minamoto et 

al. (1992) have reported a three to four-fold increase in GABA levels in the hippocampus 

during early amygdala kindling in the rat, but when fully kindled, reached a seven-fold 

increase. This increase in GABA content in a kindled animal is thought to reflect its 

elevated metabolism during the induced hyperactive state (Kaura et al., 1995). The 

augmented inhibitory synaptic transmission may result from presynaptic factors such as 

increased transmitter release, or from the postsynaptic up-rcgulation of GABAa receptors 

(Kokaia et al., 1994; Otis et al., 1994). On the other hand, other investigators have 

indicated that the ratio of glutamate to GABA is significantly higher in fully kindled 

animals than partially kindled animals, thus supporting a kindling-induced deficit o f 

GABA levels (Lothman et ah, 1987; Buhl et ah, 1996). In addition, Loscher and 

Schwark (1985, 1987) have reported decreases in GABA levels and disturbance of 

GABA metabolism that would be expected to be associated with a smaller GABA 

neurotransmitter pool in kindled brains. It is also possible that a reduction in GABAergic 

neurons or nerve terminals o f a kindled rat could account for losses o f GABA content 

(Callahan et ah, 1991). The decay of GABAergic neurons was not limited to the
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amygdala or hippocampus in response to amygdala kindling, but extended to include the 

PC, a structure already established to be highly susceptible to kindling and propagation of 

seizure activity (Lehmann et al., 1998). Thus, evaluation o f genetic based variations in 

both excitatory amino acid and GABA release could provide important information on 

neurotransmitter changes associated with a genetic predisposition for seizure genesis in 

TLE.

A Need for Genetic Models of Epilepsy

Unraveling the many mysteries o f the brain has provided invaluable information 

into the physiological, anatomical and biochemical constituents that govern human 

behaviour. With the widespread availability o f molecular and genetic techniques in 

recent decades, the possibility o f developing new insight into the mechanisms responsible 

for epileptogenesis and various mental disorders was overwhelmingly optimistic. In an 

effort to better understand the genetic basis for many types of epilepsy, a number of 

animal models have been developed. O f these, two new strains o f rats were developed 

through selective breeding of a Long Evans Hooded and Wistar rat cross for either fast or 

slow rates o f amygdala kindling, culminating in a seizure-prone (Fast) and seizure- 

resistant (Slow) strain (Racine et al., 1999). The strains were designed as an animal 

model to test the hypothesis that there is a genetic predisposition for and against the 

development o f complex partial seizures in humans (McIntyre et al., 2002a).

The apparent differences in the Fast and Slow strains are represented not only in 

their kindling rates (for which they were selected) but also in their local AD 

characteristics. This latter finding suggests that differences in innate seizure mechanisms
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can operate at several levels, involving both local and distant networks (McIntyre et al., 

1999). Further, it is interestingly that these two strains, aside from their kindling 

characteristics, show differential sensitivity to GABA modulators, such that the Fast rats 

are more sensitive than the Slow rats to negative modulators like bicuculline and 

picrotoxin, whereas the Slow rats are more sensitive to positive modulators such as 

pentobarbital and diazepam (McIntyre et al., 2002a).

As previously mentioned, epilepsy may arise from an alteration in the normal 

functioning o f the GABA system, particularly involving GABAa receptor function, and 

specific GABAa subunit differences that may contribute to functional changes. In this 

regard, differences in GABAA-mediated inhibitory7 neurotransmission in various genetic 

models may elucidate prcdispositional factors in the development of TLE. To further 

explore this possibility, Poulter et al. (1999) have shown that the genetically seizure 

prone Fast rats highly expressed the a2, a3, and a5 GABAa subunits compared to 

controls, while the al subunit was significantly under-expressed. Conversely, the seizure 

resistant Slow rats showed a significant under-expression o f the o2, a3. and a5 subunits, 

but an over-expression of the a l compared with controls and Fast rats. The composition 

of the GABAa a subunit receptors is differentially expressed throughout development. 

For example, the a2, a3, and a5 subunits (over-expressed in Fast rats) are highly 

expressed early in development, but diminish substantially in adulthood and arc replaced 

by the a l subunit (over-expressed in Slow' rats) (Poulter et al., 1992; McIntyre et al., 

2002b). Consistent with this theme, the pattern o f subunit expression in the seizure prone 

Fast rats is one of immaturity (juvenile), whereas the seizure resistant Slow7 rats exhibit a 

mature (adult) subunit expression. The significance o f these findings speaks strongly to a
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stunted development o f the GABAa receptor system in the Fast rats and this may be a 

critical underlying molecular correlate to the Fast kindling phenotype (Poulter et al., 

1999). Consistent with this hypothesis, it has been suggested that brain trauma/injury 

causes a rc-expression of embryonic GABAergic subunits, leading to increased seizure 

susceptibility (Brooks-Kayal et al., 1998). Such explorations into the differences 

between the two kindling rat strains hopefully will provide insight into possible 

mechanisms underlying epileptogenesis.

Physiology of GABAergic Neurons

Our knowledge o f intrinsic membrane properties of single cells is vast. However, 

the mechanisms by which neuronal networks operate in synchrony are less clear. 

Nevertheless, electrophysiologica! research in recent decades has generated a plethora of 

studies in attempt to provide a greater understanding of synaptic inhibition. This in turn 

will undoubtedly lead to more promising developments o f better, more selective drug 

treatments for epilepsy and other disorders.

The physiological response patterns of neurons typically arise from two broad 

categories o f cell types: principal cells and intcmeurons. Given the importance of 

GABAergic inhibition in normal and pathological conditions, it seems crucial to better 

understand the properties o f individual synapses made by various types of GABAergic 

intcmeurons and principal cells. The ability o f these cells to communicate with each 

other to form a well-adapted pattern of activity is often identified in the recruitment of 

neuronal networks in epileptic tissue. Differences between principal cells and 

intemeurons may be distinguished not only on the basis o f their morphology, but also on
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the basis o f their obvious physiological properties. Interneurons have the ability to 

maintain a high rate o f action potential discharge during sustained depolarizing current 

injection, and have only brief after-hyperpolarizations following trains o f action 

potentials (Thompson, 1994). Pyramidal cells (a type of principal cells), in contrast, 

display adaptation in their firing rate during similar depolarization, and have a small 

after-hyperpolarization following single action potentials, but a pronounced after

hyperpolarization following trains o f action potentials (Thompson, 1994). Synaptically, 

GABAergic interneurons receive both excitatory glutamatcrgic and inhibitory 

GABAergic synaptic inputs. Direct excitatory inputs arise from both afferent fibers, 

mediating ‘ feedforward’ inhibition, and from recurrent axon collaterals of principal cells, 

mediating ‘ feedback' inhibition (Ribak, 1992; Bradford, 1995; Douglas et al., 1995).

This modulation of convergent inputs allows for the integration o f information with 

different processing capabilities. The extensive connectivity among interneurons through 

GABAa synapses o f various properties may underlie complex network oscillations at 

different frequencies.

It has been suggested that intemeurons are thought to provide the necessary timing 

mechanism for both low and high frequency firing o f principal cells (Bragin et al., 1995; 

Cobb et al., 1995; Jefferys et al., 1996). This is achieved by forming a divergent synaptic 

arrangement on principal cells that permits the synchronization o f a large number of these 

neurons to initiate neuronal network oscillations that appear to be essential for memory 

processing and seizure genesis (Lupica et al., 2001). Such interneuronal networks have 

the ability to sustain a range o f oscillation frequencies without any requirement for fast 

excitatory synaptic drive, and by sustaining such oscillations, may participate in higher
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cognitive functions (Hajos and Mody, 1997). It is likely that these oscillations are 

dependent on the kinetic properties ofG ABAA receptor-mediated events in intcmeurons 

and on the nature o f the connectivity among them.

Inhibitory Postsynaptic Currents and Potentials

Voltage-dependent channels are ultimately responsible for regulating the amount or 

pattern o f neurotransmittcr released from neurons. However, the contributions that these 

ion channels make to the process of neurotransmitter release in most neuronal networks 

are not completely understood. Synaptic communication between neighboring and 

distant cells is dependent on the efficacy and strength o f their connections. In this regard, 

the strength o f synaptic inhibition at GABAergic terminals is determined by a number o f 

factors. First, the receptors opposite each bouton are thought to be saturated by the 

release o f a single vesicle o f transmitter, so that the number o f available receptors for 

GABA binding rather than the amount of transmitter released determines the quantal 

amplitude o f the response (Jonas et al., 1993; Nusscr et al.. 1997; Ling and Benardo,

1998). Second, the number o f active zones per synapse and the time course of the 

inhibitory postsynaptic current (IPSC) are largely determined by the receptor kinetics and 

the release process (Glavinovic and Rabie, 1998; Wierenga and Wadman, 1999).

GABA-mediated IPSCs and inhibitor)' postsynaptic potentials (IPSPs) have been 

widely investigated in mammalian systems using the slice preparation from the 

hippocampus (Barker and Harrison, 1988; Kapur et al., 1997; Isokawa, 1998), amygdala 

(Smith and Dudek, 1996; Shoji et al., 1998; Delaney and Salt, 1999; Yamada et al.,

1999), PRh (Ziakopoulos et al., 2000; D'Antuono et al., 2001) and PC (Libri et al., 1998;
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Patil and Hasselmo, 1999). The heterogeneity of GABAergic responses is both intricate 

and elaborate. Several inhibitory circuits may exist in which different interneuron 

populations communicate with principal cells via biochemically/pharmacologically 

distinct receptors. Thus, spontaneous currents and evoked potentials generated at 

synapses on or near the soma of pyramidal and intemeurons provide an excellent 

opportunity to employ whole cell patch clamping techniques to determine the time course 

and amplitude of the underlying inhibitory currents that govern receptor channel opening. 

There is evidence to suggest that GABAa mediated IPSCs are generated in apical 

dendrites as well as cell bodies, and that GABAa inhibition consists o f fast and slow 

components with a greater proportion of the slow component residing in distal dendrites 

than cell bodies (Kanter et al., 1996). For example, within the pyramidal layer o f the 

hippocampus, IPSCs evoked by minimal stimulation of principal neurons (GABAA,f;lst) 

have been shown to maintain rapid rising and decay kinetics, whereas GABA currents 

evoked in more distal dendritic layers (GABAa,si0w) are slow to rise and decay (Banks et 

al., 1998). The kinetics of these evoked currents is differentially expressed because they 

are produced by receptors with different kinetic and pharmacological properties. The 

time course of IPSCs is partly determined by the concentration o f neurotransmitter acting 

on postsynaptic receptors and by the kinetics of GABAa receptors. Thus, slower time 

course o f GABAa,s|0W suggests an extended presence of neurotransmitter or slow 

diffusion o f transmitter to cxtrasynaptic receptors (Lambert et al., 1996). These findings 

are in agreement with other studies suggesting that inhibitory dendritic conductances are 

subjected to greater filtering than in or near the soma (Hausser, 2001). This in turn will 

lead to a prolongation of IPSC rise and decay times than their proximal counterparts
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(Ling and Benardo, 1998). To this end, inhibition mediated by the slow GABAa 

conductance component appears to be more effective than the fast GABAa component 

for regulating excitatory responses, especially of the N-methyl-D-aspartate (NMDA) type 

(Kapur etal., 1997).

One of the more studied tools for investigating synaptic inhibition has been the 

technique of pharmacologically isolated monosynaptic IPSPs. These IPSPs are obtained 

by blocking all excitatory amino acid receptors with high concentrations of NMDA and 

non-NMDA receptor antagonists, such as AP5 and C'NQX/DNQX, sufficient to eliminate 

feedforward and feedback excitation of intcmeurons (Thompson, 1994). These 

manipulations allow for direct activation o f cell bodies and/or axons, which can 

subsequently trigger GABA release without altering the excitation o f the interneuron.

Since normal functioning of the CNS is dependent on relative strengths of 

excitatory and inhibitory events, any limitations on the magnitude o f fast and slow 

inhibition could have significant consequences that lead to excitable states such as 

epilepsy. One issue that remains to be elucidated is whether fast and slow inhibition is 

mediated presynaptically, due to a limit on GABA release from inhibitory interncurons, 

or postsynaptically, consequent to saturation of GABAa and GABAb receptors on 

principal cells (Ling and Benardo, 1998).

Objectives and Outline of Proposed Study

Kindling-induced epileptogenesis can involve a number o f mechanisms interacting 

in synchrony to permit the brain to manifest a seizure, which is the hallmark o f epilepsy. 

In this regard, differential expression and subunit arrangement o f the GABA receptor
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complex have been hypothesized to underlie various profiles o f GABAergic inhibition, 

including synchronization and oscillation patterns of neural networks. In keeping with 

this presumption, any disruption or failure o f GABA-mediated inhibition may result in 

the abnormal expression o f certain GABA receptor subunits leading to various 

neurological disorders such as epilepsy. This phenomenon has been demonstrated in a 

number o f epileptic models whereby the efficacy o f inhibitory synaptic transmission is 

often compromised leading to a heightened excitation and/or a hypo-functional 

inhibition. The purpose of this thesis is to better understand GABAcrgic-mediatcd 

inhibitory processes, particularly through GABAb receptors, in two rat strains that have a 

predisposition either for or against epilepsy. These strains were created for their rate of 

amygdala kindling development, and so properly named Fast (seizure prone) and Slow 

(seizure resistant) kindling rats.

The thesis is divided into three separate experiments designed to delineate and 

further understand GABAb receptor function in naive, as well as. kindled Fast and Slow 

rat strains. In vivo assessments of GABAb receptor involvement during kindling 

development, and in the kindled state, are measured by changes in afterdischarge 

threshold, its duration, and kindling rates. Localization o f these receptors within the 

amygdala complex w ill provide important information regarding the abundance and 

distribution o f local circuits and inhibitor}' networks. From this, we can further study the 

physiological properties o f individual cells, as they provide clues regarding ion channel 

conductivity, input resistance, and firing patterns. A ll recordings were taken from the 

basolateral amygdala (BLA), which is known to be an important structure involved in the 

initiation and propagation o f seizure activity. The experiments provide novel insight into
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the factors responsible for seizure initiation, maintenance and termination in seizure 

prone versus seizure resistant phenotypes.

The first o f these experiments examined the chronic effects of a GABAb antagonist, 

SCH 50911, on kindling epileptogenesis o f the Fast and Slow rats. There is ample 

evidence to suggest that GABAb receptors may play a modulatory role in the 

maintenance o f seizure activity. We wished to assess how GABAb pharmacology has an 

impact on the development o f such seizures. Furthermore, in the kindled rat, a 

comparison between systemic administration and local infusion of GABAergic agents 

was made to assess the influence of one system (focal vs. distal networks) over the other. 

Additional GABAAand GABAb agonists and antagonists administered to kindled Fast 

and Slow rats alone or in combination were used to compare the impact o f these 

pharmacological agents on amygdala ADT and duration.

The second experiment focused on the identification and localization of GABAb 

receptors in the amygdala using immunocytochemical techniques. It is important to 

characterize the distribution o f these receptors, as their location within the synaptic 

terminal or on dendritic spines (extrasynaptically) determine their functionality, including 

their binding affinities and subunit composition. This technique was applied to identify 

GABAb receptors from both nai've and kindled brains o f the Fast and Slow rats.

Finally, the last experiments examined the kinetics and other electrophysiological 

properties o f principal cells within the BLA from an in vitro preparation. This is the first 

attempt to examine the intrinsic properties, synaptic currents and potentials, and 

conductance underlying GABAb receptors of the Fast and Slow strains. With the use of 

various GABAb receptor agonists and antagonists, we sought to gain new insights into
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the mechanisms that govern GABA release, and the efficacy, as well as the magnitude of 

GABAe-mediated synaptic transmission.

GENERAL METHODS AND MATERIALS

The treatment o f animals was conducted in accordance with the guidelines o f the 

Canadian Council on Animal Care and all protocols were approved by the Carleton 

University Animal Care Committee.

Animals

Originally developed from an outbred parent population o f Wistar and Long-Evans 

hooded cross, the seizure prone (Fast) and seizure resistant (Slow) rat strains were 

selectively bred for their differential rates o f amygdala kindling. Housed in the Life 

Sciences Research Building o f Carleton University, the animals were maintained 

individually with food and water available ad libitum in a constant temperature (21°C) 

and humidity (45-50%) controlled room with a 12h on 12h off light cycle.

Experiment #1 -  Kindling with Microinfusion and Systemic Administration of

GABAergic Agents

Synopsis

In recent years, an evaluation o f a possible role o f GABAb receptor involvement in 

kindling epileptogenesis has ignited an exciting area of pharmacological and 

electrophysiological research, hr this regard, the exploration of a number o f GABAergic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



34

agents has provided new insights into possible mechanisms that mediate local and global 

recruitment o f epileptogenic circuits, which if  sufficiently activated can easily trigger 

seizure onset. In the BLA, administration of the GABAb agonist, baclofen, has been 

shown to significantly increase ADTs, shorten AD duration, and retard the rate of 

kindling in rats, suggesting that postsynaptic activation of these receptors has an 

anticonvulsant/antiepileptic effect (Sato et al., 1990b; Wurpel, 1994). However, only a 

handful o f investigators have examined the chronic effects o f GABAb antagonists on 

ADT, duration and kindling rates. To this end, the purpose of the current experiment was 

to determine the long-term behavioural and electrographical effects of daily 

administration of the GABAb antagonist, SCH 50911, on amygdala seizure threshold, 

duration, and kindling rates.

The important points addressed in this experiment are simply to assess whether 

GABAb receptors are involved in seizure susceptibility, and determine i f  the antagonist 

would accelerate kindling by lowering its threshold for seizure generation. I f  so, then 

activation o f GABAb receptors would likely cause a disturbance or alteration in the 

seizure network. We would predict that our Fast and Slow kindling rat strains may show 

increased seizure susceptibility by exhibiting a lowered ADTs, increased AD durations, 

and decreased kindling rates, perhaps more pronounced in the Fast rats. Further, 

differential expression of these characteristics between the strains may suggest that 

GABAb receptor activation may be inherently different. To further assess potential 

differences that may exist between the Fast and Slow rats, it was necessary to examine 

their electrophysiological properties using an in vitro preparation. Experiment #3 will 

address this issue. The answers brought forth from Experiment #1 will undoubtedly

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



35

provide valuable clues regarding GABAj* receptor contribution and sensitivity to 

epilcptogenesis.

METHODS AND MATERIALS 

Animals

Originally, 15 Fast and 15 Slow male rats underwent surgery for electrode and 

cannula implantation. Due to unforeseen circumstances during the experiment such as 

lost of head cap and plugged cannula, 4 Fast and 4 Slow' rats w'crc removed from the 

experiment.

Drugs

(2.S)-(+)-5,5-Dimethyl-2-niorpholineacetic acid, SCH 5091 /; (/?)-4-Am ino-3-(4- 

chlorophenyl) butanoic acid, (R)-Baclofcn\ 5-Aminomcthyl-3-hydroxyisoxazole, 

muscimol; 1:1 mixture o f picrotoxinin and picrotoxin, picrotoxiir, 5-Aminomethyl-3- 

hydroxyisoxazole, muscimol were purchased from Tocris, MO. (y?5')-4-Amino-3-(4- 

chlorophcnyl) butanoic acid, (RS)-Baclofcn was purchased from Sigma (St. Louis, MO.).

Surgery

Under sodium pentobarbital anesthesia (65mg/kg, i.p.) a single Nickel-Chromium 

stimulating/recording bipolar electrode of 127 pm diameter wire w'as implanted into the 

left BLA of adult male Fast and Slow rats (250-350g). A second electrode w'as glued
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alongside a 26G steel cannula with its tip extending 0.5 mm more ventral than the tip of 

the cannula. Together, the cannula/electrode guide was implanted into the right BLA.

An obturator capped the cannula until the first day of pharmacological infusions. 

Implantations were performed using a Krieg stereotaxic with coordinates determined 

from the rat brain atlas of Pellegrino et al. (1979). The following stereotaxic coordinates 

relative to bregma were used for both the single electrode and electrode/cannula: A -0.0;

L +4.5; V -8.5 mm. Depth measurements were made from the dural surface. The 

cannula and electrodes were anchored to the skull by 7 jeweler's screws and a covering of 

dental cement. The Amphenol pins from the electrodes were inserted into a 9 pin 

‘McIntyre head plug’ . All subjects were allowed 5-7 days of postsurgical recovery 

before the beginning of the experiment.

Kindling and Drug Administration

On day 1 of the experiment, a subthreshold electrical stimulation (60 Hz sine wave, 

2s duration) was presented to the right amygdala (associated with the cannula) every' two 

minutes with increasing intensity until an AD was elicited. Stimulation intensities were 

delivered in the ascending order o f 15, 25, 35, 50, 75, 100, 150, 200,300, and in 100 pA 

increments thereafter. An AD was defined as a traditional spike-and-wavc discharge that 

outlasts the stimulus by 2 or more seconds. Upon triggering an AD, its duration was 

recorded and the behavioural activity characterized by Racine’s amygdala kindling scale 

(Racine, 1972b): stage 0, immobility; stage 1, mouth and facial twitches; stage 2, 

mastication and head nodding; stage 3, forelimb clonus; stage 4, rearing with forelimb 

clonus; stage 5, rearing and falling on side or back with forelimb clonus. This initial
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baseline AD assessment on Day 1 was in the absence of SCH 50911 or saline infusions 

via the cannula.

The design of the study then separated the rats into 2 basic groups for the rest of the 

experiment: control (saline) and experimental (drug, SCH 50911) groups (and of course 

Fast and Slow strains). Please refer to Figure 1 for the complete timeline o f drug 

administrations and kindling schedules. A bolded number for each manipulation and the 

corresponding day arc labeled for easy reference throughout the results section. Starting 

on day 2, and on ever}' other day for the next 2 testing trials, rats in the experimental 

group experienced microinfusion into their right amygdala (one dose increment for each 

testing day) o f SCH 50911 (50 pM, 500 pM or 1 mM), while the control group received 

only the vehicle, saline ~ delivered via a 10 pL Hamilton syringe. ADTs were re

determined on those 3 testing days 10 min after the end of infusion. The infusion needle 

was left attached to the cannula apparatus for 5 additional minutes following the 

cessation of pharmacological administration. All drugs were dissolved in sterile 0.9% 

saline and delivered at a flow rate o f 0.2 pL/min for a total o f 7.5 min, amounting to a 

total volume of 1.5 pL. Following this assessment, a single dose of 50 pM of (R)- 

baclofen was infused into the amygdala and the ADT re-assessed. Daily kindling was 

begun the next day using the 1 mM dose SCH 50911 (experimental group) or saline 

(control group). In order to easily follow changes in ADTs over time, each rat was 

stimulated on each daily trial using an intensity one increment lower than the one that 

was required to elicit the AD on the previous day. I f  an AD was triggered, the stimulus 

intensity and duration of the AD were recorded. I f  no AD was elicited, the intensity
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Figure. 1 -  Complete timeline o f kindling and drug administration schedules for Fast and 

Slow rats. At the top and bottom left corner labeled “ start” , two individual 

groups received either saline or SCH 50911 treatment over the course of 

kindling. The numbers in bold represented individual treatments for easy 

reference and identification (also indicated in the results section).

Treatments #2, #3, #4 (before crossover), and #7, #8, and #9 (after crossover) 

represented increasing dosages of SCH 50911. A ll drug administration 

without “ i.p.” as a suffix was delivered via microinfusion into the amygdala. 

For treatment #6, the “ X” in Day 9 -X  represented the number o f days 

for the rat to acquire 6 stage-5 seizures (varies from rat to rat). Day X 

(treatment #7) was the first day after the 6th stage-5 seizure (crossover). 

Notice all rats were pooled into 1 treatment group at the start o f GABAa 

manipulations (treatment #14).

Note: SCH = SCH 50911
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was increased one increment until an AD was produced. Thus changes in ADTs during 

the kindling process were detected using the lowest stimulus intensity possible without 

unnecessary stimulations. This procedure continued until 6 stage-5 seizures were 

accumulated. One day after the last stage-5 seizure, there was a crossover of the drug 

(SCH 50911) and saline conditions. That is, the animals that previously received SCH 

50911 during kindling now were infused with only saline (vehicle). Similarly, the 

animals that previously received saline infusions were switched over to 3 SCH 50911 

treatments (3 doses as in the original assessment for the drug group). On this day, and on 

every other day for the next 2 testing days, the ADT was re-assessed from the lowest 

intensity until an AD was elicited. This was followed by a single (R)-baclofen infusion 

as before kindling. Then for the next 7 days, the identical procedure in ADT assessment 

as described during kindling was followed (described above, including 1 mM SCH 50911 

or saline as used during initial kindling). Thus, the crossover treatment applied to fully 

kindled rats (both groups) lasted a total o f 10 days. After this time, the treatments applied 

to the two original groups (experimental and control) were identical (see Figure 1) and 

continued with single treatments o f systemic or i.p. (RS)-baclofen (5 mg/kg) administered 

on one day, and systemic (RS)-baclofen coupled with 1 mM SCH 50911 cannula infusion 

on the following day to all rats. These two treatments assessed the influence of GABAb 

mechanisms on the broad kindled network and its interface with the kindled focus, 

respectively, in both strains. In accordance with the literature, a baclofen dosage of 10 

mg/kg was initially used in this experiment. However, a few animals became extremely 

lethargic and eventually died. Therefore, the empirical dosage for systemic baclofen was 

decided at 5 mg/kg.
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To assess several other important questions, all kindled rats were subjected to 

various GABAa agonists and antagonists delivered via microinfusion or systemic 

injection during the next 5 days. The control and experimental group were pooled for 

these manipulations. The compounds were given in the following sequence on separate 

days: 1) GABAa agonist, muscimol (10 mM) by focal infusion; 2) GABAa antagonist, 

picrotoxin (500 pM) by focal infusion; 3) (RS)-baclofen systemically with focal 

picrotoxin infusion; 4) picrotoxin (0.5 mg/kg) systemically with focal muscimol infusion; 

5) picrotoxin systemically with focal (R)-baclofen infusion. The final trial consisted of 

systemic picrotoxin with a focal saline infusion. As described earlier, ADT re

assessment was performed 10 min following focal muscimol, picrotoxin, and baclofen 

infusions. However, following systemic baclofen and picrotoxin administration, ADTs 

were re-determined 60 and 20 min, respectively. At the completion o f the experiment, 

the animals were subsequently perfused intracardially with 0.9% saline, followed by 4% 

paraformaldehyde. Brains were later exposed to 30% sucrose solution for 5 days before 

sectioning on a freezing microtome in 40 pm sections. This was followed by Cresyl 

violet staining to confirm electrode and cannula placements.

RESULTS

GABAb Manipulations - Effects of SCH 50911 on Afterdischarge Thresholds and 

Afterdischarge Durations Early in Kindling, i.e., Partially Kindled Rats
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Afterdischarge Thresholds (ADTs)

Three increasing dosages (50 pM, 500 pM, 1 niM) o f the GABAb receptor 

antagonist, SCH 50911, or saline were administered through an infusion cannula on every 

other day following the initial ADT assessment (see Figure 1 -  timeline for treatment 

numbers). The examination o f the initial ADT trial (Day 1, treatment #1) in the absence 

of infusion compared to the ADT on the first SCH 50911 dose (50 pM, treatment #2) or 

saline administration (Day 2, treatment #2) revealed no significant Strain (Fast vs. Slow), 

Condition (Drug vs. No Drug), or Trial (Days) differences. Thus the two strains had 

similar amygdala ADTs, and the lowest dose of SCH 50911 or saline did not change that 

threshold. The second analysis, assessing ADTs over the 3 increasing SCH 50911 

dosages or saline (Days 2, 4, 6; treatments #2, #3, and #4), showed a gradual decrease in 

ADTs yielding a main effect o f Trial (F2.3o= 7.84, p<.01) (Figure. 2, A). Follow-up 

comparisons confirmed that the decrease was observed with both strains and drug 

treatments. The importance of this assessment was to determine whether SCH 50911 

would significantly alter seizure threshold to favour facilitation o f a longer AD. which it 

did not.

Afterdischarge Durations

The AD durations associated with the triggered thresholds were analyzed in an 

identical manner. In the first analysis (Day 1 vs. Day 2, treatment #1 vs. #2), longer AD 

durations were evident in the Fast rats, regardless of whether SCH 50911 (50 pM) or 

saline were administered, compared to the Slow rats (F |j6= 5.66, p<.05). The second
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Figure. 2 -  Seizure profiles of the basolateral amygdala of Fast and Slow rats following 

saline or GABAb antagonist infusion. The average (± SEM) afterdischarge 

thresholds (A) and durations (B) o f partially kindled Fast and Slow rats 

following amygdala infusion o f saline or 3 ascending concentrations of SCH 

50911 (50 fiM , 500 /tM, and 1 mM) on Days 2, 4, 6; (treatments #2, #3, and 

#4), respectively were assessed. On Day 1, the ADT and duration were 

recorded in the absence of drug/saline infusion.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



44

A

500

Fast Rats - Saline 
Slow Rats - Saline 
Fast Rats - SCH 50911 
Slow Rats - SCH 50911

<=L

Ow
TJ \_
CD

<

400;g 
o sz
C/5

ff 300JC
t—
d)05
ro 200  -

100

B
40

C/5
35

§  30

TO-C
o
C/5

0)
<

25
03
i_

Q
cu 20
0 5

15 

10

0
Day 1' Day 2 Day 4 Day 6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



45

analysis with the 3 increasing dosages of SCH 50911 or saline infusion (Days 2, 4, 6; 

treatments #2, #3, and #4) produced similar results (F|,k,= 8.63, p<.01) (Figure 2, B). 

Taken together, while Fast rats exhibited longer AD durations over Slow rats, SCH 

50911 focally applied via infusion into the amygdala failed to alter AD durations 

compared to saline infused rats.

Baclofen Infusion into Partially Kindled and Fully Kindled Rats

The effects of the well-known GABAb agonist, baclofen, on ADTs and durations 

were assessed in both partially kindled and fully kindled Fast and Slow rats. In reference 

to Figure 1 (timeline), focal infusion of baclofen occurred on Day 8 (partially kindled 

rats, treatment #5) and again on Day X + 6 (when the same rats were fully kindled, 

treatment #10). In partially kindled rats, the baclofen infusion occurred 2 days following 

the last of the 3 increasing dosages of SCH 50911 (1 mM) or saline (Day 6, treatment 

#4). Saline or SCH 50911 treatment resumed the day after baclofen administration (Day 

9, treatment #6) and throughout kindling (represented by “ X” , which is idiosyncratic for 

each rat). In this regard, we compared the ADT and its duration in the presence of 

baclofen with the trial prior to and following the infusion (Day 6, 8, 9; treatments #4, #5, 

#6). The analysis revealed an overall significant decline in ADTs over the 3 trials (4 day 

period) (F2,3o= 12.26, p<.001). However, focal baclofen administration had no 

significant influence on ADTs in either strain. Examination o f the AD durations again 

revealed longer durations in Fast than Slow rats (F1.15 = 11.86, p<.01), but no significant 

changes were evident as a result o f baclofen administration.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



46

Figure. 3 -  A comparison o f the effects o f baclofen infusion into the basolatcral

amygdala on afterdischarge durations in partially vs. fully kindled Fast and 

Slow rats. In partially kindled Fast and Slow rats (A), the average (± SEM) 

afterdischarge durations following infusion of 50 fiM  baclofen (Day S. 

treatment #5), with saline or 1 mM SCH 50911 administered 2 days prior 

(Day 6, treatment #4) and again 1 day following baclofen infusion (Day 9. 

treatment #6) were assessed. Similarly, average (± SEM) afterdischarge 

durations of fully kindled (B) Fast and Slow rats following infusion o f 50 jtM 

baclofen (Day X + 6, treatment #10), with saline or 1 mM SCH 50911 

administered 2 days prior (Day X + 4, treatment #9) and again 1 day 

following baclofen infusion were determined (Day X + 7, treatment #11).
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Surprisingly, however, following baclofen infusion (Day 9, treatment #6), the Fast rats of 

saline and SCH 50911 groups exhibited incrementally longer AD durations than the Slow 

rats, yielding a main effect o f Trial ( F 2 . 3 0  = 7.49, p<.01), and a Strain x Trial interaction 

(F2,3o= 3.68, p<.05) (Figure 3, A).

In fully kindled rats, shortly after the ‘crossover’ from saline to SCH 50911 and 

vice versa, focal infusion o f baclofen (Day X + 6, treatment #10) directly into the 

amygdala again resulted in no significant ADTs differences in both strains. As expected, 

the associated AD durations were significantly longer in the Fast rats than the Slow rats 

(F|.k,= 19.12, p<.001). Interestingly, the Fast rats that previously received SCH 50911 (1 

mM) 2 days before baclofen infusion (Day X + 4, treatment #9) exhibited longer AD 

durations in the presence o f baclofen (Figure 3, B). Consequently, AD durations assessed 

the following day (Day X + 7, treatment #11) were once again lowered to pre-baclofen 

values resulting in a Strain x Trial interaction (F :j; = 5.44, p<.01). Subsequent analyses 

further revealed a significant Condition x Trial interaction (F2.32 ~ 4.32, p<.05). The 

purpose of the above assessments was to examine whether direct focal infusion of 

baclofen into the amygdala would significantly reduce seizure threshold and duration in 

both partially kindled and fully kindled Fast and Slow rats. Further, it was also of great 

interest to observe the effects o f a focally applied GABAb agonist into the amygdala that 

had been previously treated with a GABAb antagonist, compared with saline, on kindling 

development.
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Amygdala Kindling Rates

Analysis o f the kindling rate in the Fast and Slow rats with saline vs. 1 mM SCH 

50911 treatment showed a significant main effect o f Strain (F|,K)= 7.38, p<.05). The 

follow-up comparisons, very unexpectedly, confirmed no strain differences in the 

kindling rate under saline infusion, but SCH 50911 treatment progressively lengthened 

the kindling rate o f the Slow rats, while the Fast rats remained indifferent (Figure 4).

This demonstrates remarkably that the cannula/electrode apparatus and/or chronic 

infusion of a liquid directly into the amygdala preferentially accelerate the kindling 

process in only the Slow rats. The significance of this finding will be addressed in the 

discussion section.

Kindled Convulsive Seizure Profiles

A series o f 6 fully kindled convulsive seizures (before the crossover treatment) 

comprising o f the following measurements: 1) ADT, 2) latency to forelimb clonus, 3) 

duration of clonus, and 4) total aftcrdischarge durations were recorded to assess the 

impact of kindling and drug interactions on these parameters. In the presence o f 1 mM 

SCH 50911, ADTs across 6 convulsive kindling trials were not statistically significantly 

different between the Fast and Slow rats compared to saline groups. However, ADTs in 

the Slow rats were elevated following the first convulsive seizure, while the Fast rats 

maintained lower threshold values (Figure 5, A).

The duration o f time from the onset o f stimulation to forelimb clonus is represented 

as the convulsion’s latency. As seen in Figure 5 (B), the Fast rats under both saline and 1 

mM SCH 50911 have longer latencies than the Slow rats during the first 2
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Figure. 4 -  Rate of amygdala kindling o f the Fast and Slow rats. This figure

demonstrated the average (± SEM) number of stimulations required to elicit 

the first stage-5 seizure (kindling rate) o f the Fast and Slow rats under daily 

saline or 1 mM SCH 50911 infusion into the basolateral amygdala.

' * ’ = significantly different than SCH 50911 treated Fast rats, p< .05.
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stimulation trials (F.s.sô  16.70, p<.001), but they quickly declined thereafter. This 

differential response o f the Fast and Slow rats over 6 convulsive trials was reflected in a 

significant Strain x Trial interaction (Fs.so- 4.97, p<.001) (Figure 5, B).

The duration of clonic motor convulsion was significantly longer in the Fast rats 

compared to the Slow rats (Fj.io — 13.78, p<.01). Over the course of 6 convulsive trials, 

there was a gradual lengthening of motor seizure in the SCH 50911 treated Fast rats 

compared to both saline controls and Slow rats, ultimately resulting in a main effect of 

Trial (F.s.so- 2.45, p<.05) (Figure 5, C).

The total AD duration on those convulsive trials is never shorter than the motor 

seizure and is often considerably longer. Similar to motor convulsion assessment, the 

total AD duration was significantly longer in the Fast rats than Slow rats (Fu<,= 20.14. 

p<.001). In addition, the Fast rats that were treated with SCH 50911 sustained longer 

durations than the saline group (Figure 5, D).

GABAb Manipulations - Effects of SCH 50911 on Afterdischarge Thresholds and

AD Durations in Kindled Rats

One day following the last stage-5 seizure, both saline and ding groups underwent a 

‘crossover’ in treatment administration. Fast and Slow rats that were previously treated 

with saline infusion were given 3 increasing dosages of SCH 50911 (50 pM, 500 pM, 1 

mM) on every other day (Day X, Day X + 2, Day X + 4; treatments #7, #8, #9), identical 

to the procedure described for the partially kindled condition as shown in the Figure 1 

timeline. Similarly, rats that were initially on SCH 50911 now received focal infusions
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Figure. 5 -  Seizure convulsion trials of the Fast and Slow rats. These figures showed a 

profile o f 6 convulsive seizure trials before the crossover (Day 9 -  X. 

treatment #6) measuring average (± SEM) afterdischarge threshold (A), 

latency to forelimb clonus (B), duration of convulsion (C), and total AD 

duration (D) o f Fast and Slow kindled rats following daily infusion of saline 

or 1 mM SCH 50911.
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o f saline. The purpose o f this assessment was to test the focal impact o f the GABAb 

antagonist on kindled rats that were previously subjected daily to focal saline infusion 

and vice versa to test whether the treatment would significantly alter the previously 

established seizure expression. We examined possible changes in ADTs and durations 

immediately after the ‘crossover’. Thus, the repeated measures analyses focused on 2 

comparisons. The first examined a comparison of the trial (last stage-5 kindled seizure) 

before, and the trial after the crossover (50 pM SCH 50911 or saline; Day X (treatment 

#7)). The second investigated 3 consecutive trials of increasing dosages of SCH 50911 

(described above) or saline. In Figure 6 (A), the Fast rats that were previously under 

daily SCH 50911 infusion exhibited higher ADTs the following day when given local 

infusions of saline. However, the same strain that had been on saline treatment showed a 

slight decrease in ADT in the presence of the drug (various dosages). This analysis 

yields a significant Condition x Trial interaction (F |j(,= 5.90, p<.05). The application of 

the 3 SCH 50911 dosages or saline infusion resulted in a significant overall decrease in 

ADT over 3 consecutive trials (F2.32= 5.70, p<.01). No differences were reported in the 

Slow rats from both saline and SCH 50911 treatments.

In the Fast rats, administration of 50 pM SCH 50911 resulted in a dramatic 

decrease in latency to convulsion from the previous saline trial (Figure 6, B). On the 

other hand, Fast rats that were previously on SCH 50911 showed increased latency in the 

presence o f saline. Taken together, the analysis revealed a significant Condition x Trial 

interaction (F| 14 — 7.20, p<.05). Examination of the 3 consecutive dosages of SCH 

50911 or saline resulted in longer latencies for the Fast rats compared to Slow rats
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Figure. 6 -  Impact o f the saline/drug crossover on afterdischarge threshold and durations. 

These figures represented seizure profiles o f 3 saline or 3 ascending dosages 

of SCH 50911 (50 /xM, 500 nM , and 1 mM, treatments #7, #8, #9) following 

the crossover compared with a single convulsive seizure trial assessed 1 day 

before the crossover (separated by the break). The seizure profile 

measurements were: average (± SEM) afterdischarge threshold, (A), latency 

to forelimb clonus (B), duration of convulsion (C), and total AD duration (D) 

o f Fast and Slow kindled rats. Please note that the kindling trial before the 

crossover was represented in opposition of the illustrated symbol legend. For 

example, i f  the symbol indicates Fast - saline group, the actual representation 

was Fast - SCH 50911 treated group.
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(F|,,3= 6.63, p<.05).

Not surprisingly, the Fast rats once again exhibited significantly longer convulsions 

(F |j4= 6.31, p<05) (Figure 6, C) and total AD durations (FU6= 9.02, p<.01) (Figure 6, 

D) than the Slow rats when assessed before compared to after the crossover. No other 

differences were observed throughout the assessment.

Systemic Baclofen Administration

In the following analyses, we tested the effects of 1) baclofen administered 

systemically and; 2) the combination o f systemic baclofen and focal infusion of 1 niM 

SCH 50911 on ADTs and durations in kindled Fast and Slow rats. One day after local 

infusion o f either saline or 1 mM SCH 50911 (Day X + 13, treatment #11), all rats were 

given a single i.p. injection of (RS)-baclofen (Day X + 14, treatment #12). The next day 

(Day X + 15, treatment #13), the effects o f systemic (RS)-baclofen in conjunction with 

focal infusion of 1 mM SCH 50911 were assessed in all groups. Thus, the data were 

analyzed as repeated measures for these 3 consecutive days (saline/SCH 50911, systemic 

baclofen, systemic baclofen with focal SCH 50911 infusion). As seen in Figure 7 (A), 

there was a drastic reduction in ADTs of saline treated rats with systemic baclofen 

injection, which continued the next day even in combination with SCH 50911 (F2.2o = 

8.69, p<.01). On the other hand, in the crossover SCH 50911 treated animals, Slow rats 

demonstrated a modest increase followed by a sharp decline in ADT under systemic 

baclofen, and systemic baclofen with focal infusion of 1 mM SCH 50911, respectively. 

Interestingly, the Fast rats exhibited no changes in ADT across the conditions. Taken 

together, these data resulted in a Condition x Trial interaction (F2,2o= 7.44, p<.01).
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To further explore the systemic effects o f baclofen and better understand the 

immediate relationship with seizure activity, it was important to determine the number of 

rats that exhibited generalized seizures in the presence o f this potent G ABA b agonist 

administered alone through systemic injection or in combination with the G ABAb 

antagonist via infusion into the amygdala. Following the crossover, nearly all Fast and 

Slow rats that received only daily amygdala infusion of 1 mM SCH 50911 and saline 

demonstrated generalized convulsions upon triggering an AD. However, in the presence 

o f systemic baclofen, all o f the SCH 50911 treated Fast rats also failed to generalize, 

while such seizures in half o f the Slow rats were also suppressed. Similarly, all the 

crossover saline infused Fast rats failed to elicit convulsive seizures in the presence of 

systemic baclofen. In addition, all the saline treated Slow rats also failed to show 

convulsive seizures, unlike those treated previously with 1 mM SCH 50911 (described 

above). Interestingly, most o f the SCH 50911 treated Fast rats given systemic baclofen in 

conjunction with focal SCH 50911 infusion resumed behavioural convulsions tested 1 

day later (Day X + 15, treatment #13). On the other hand, the majority o f the SCH 50911 

treated Slow rats did not produce a generalized convulsion at their ADT. In saline treated 

animals, both the Fast and Slow rats showed similar occurrence o f convulsions (50%) in 

the presence o f focaliy infused SCH 50911 and systemic baclofen. These results, 

summarized in Table 1, demonstrate that the impact o f systemic G ABA b manipulation on 

kindled seizure activity in the Fast and Slow strain is quite distinct.
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Figure. 7 -  Systemic baclofen administration in the Fast and Slow rats. A comparison of 

the average (± SEM) afterdischarge thresholds (A) and durations (B) was 

made between kindled Fast and Slow rats following administration of saline 

or SCH 50911 infusion (Day X + 13, treatment #11), systemic baclofen (Day 

X + 14, treatment #12), and systemic baclofen with 1 mM SCH 50911 

infusion (Day X + 15, treatment #13) delivered over 3 consecutive days.
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Tabic. I -  This table showed the average (± SEM) percentage o f Fast and Slow' rats that 

experienced a stage-5 seizure upon triggering an AD at threshold in the 

presence o f saline or 1 mM SCH 50911 infusion, systemic baclofen, and 

systemic baclofen with 1 mM SCH 50911 infusion over 3 consecutive days. 

Systemic baclofen, and 1 day later another systemic baclofen injection with 

SCH 50911 infusion were administered to all rats regardless of treatment 

groups. Fast and Slow rats on the trial prior to systemic baclofen 

administration were either given saline or SCH 50911 amygdala infusion.
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The administration of systemic baclofen alone lengthened the AD durations in the 

Fast rats previously treated with saline compared to the prior trial (day before). However, 

the SCH 50911 treated Fast and Slow rats exhibited a slight truncation o f the AD 

duration. The following day, in the presence of systemic baclofen injection with focal 

SCH 50911 infusion, the Fast rats o f both saline and SCH 50911 treated group showed 

even longer durations than the previous trials (F2,m -  4.04, p<.05) (Figure 7, B).

However the same treatment did not alter AD durations in the Slow' rats. This not only 

resulted in a significant Strain effect (F].i2= 8.39, p<.05), but also a Strain x Trial 

interaction (F:,:^^ 3.45, p<.05).

GABAa Manipulations

After 1 day o f rest following systemic baclofen administration with simultaneous 

focal SCH 50911 infusions, all kindled animals regardless o f initial drug/saline treatment 

were pooled according to their strain. Over a period o f 6 consecutive days, GABAa 

agonists and antagonists were administered either through focal infusion and/or via 

systemic injection. The purpose o f these manipulations was to examine the interaction 

between focal amygdala GABA mechanisms (infusion) and network GABA mechanisms 

(systemic) involving GABAa and GABAb treatments on amygdala kindled convulsions.

The first analysis over three days focused on the focal effects o f muscimol, a 

GABAa agonist, (Day X + 17, treatment #14), followed the next day by focal picrotoxin, 

a GABAa antagonist (Day X + 18, treatment #15), and then systemic baclofen coupled 

with focal picrotoxin infusion (Day X + 19, treatment #16) on AD thresholds and 

durations. No significant ADT differences were evident in both strains across all 3 drug
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trials. With focal muscimol infusion, 56% (5/9) of Fast rats experienced convulsive 

seizures, while 33% (3/9) did not. In contrast, an equal number (43% (3/7)) o f Slow rats 

produced and also failed to produce a convulsive seizure with muscimol infusion. In 

addition, the ADT in 1 Fast and 1 Slow rats could not be determined. Although not 

statistically significant, local infusion o f picrotoxin suggested a shorter latency to 

convulsion onset compared to administration of muscimol the previous day. Upon 

examination o f convulsive profiles, the number of Fast and Slow rats that experienced a 

generalized convulsion vs. no convulsion was nearly identical to the findings under 

previous focal muscimol infusion. Mowever, 1 Slow and 2 Fast rats failed to elicit an AD 

even at the highest stimulation intensity (1250 gA). Total duration of the electrographic 

seizure duration between focal muscimol and picrotoxin infusions were not significant. 

Interestingly, one day following picrotoxin infusion, the administration o f systemic 

baclofen and 50 min later with focal picrotoxin infusion blocked the initiation o f 

convulsive seizures in only 29% of Slow rats, a finding quite different with previous SCH 

50911 infusion with systemic baclofen, where approximately 50-67% failed to elicit a 

convulsion. However, the same treatment blocked convulsive seizures in 71% o f Fast 

rats, an opposite finding compared with previous SCH 50911 infusions with systemic 

baclofen. These results were obviously quite different from earlier administration of 

systemic baclofen alone in the absence o f picrotoxin, whereby, 50% of Slow rats, and 

none of the Fast rats exhibited a convulsive seizure at a stimulus intensity sufficient to 

trigger an AD. No significant strain differences were evident in the assessment of 

convulsion duration and total AD duration. The significance o f this finding speaks
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directly to the efficacy of a focally applied GABAa v s . GABAb antagonist on seizure 

expression even in the face o f a potent centrally acting GABAb agonist.

The second analysis examined the effects o f systemic picrotoxin coupled with focal 

infusion o f muscimol (Day X + 20, treatment #17), baclofen (Day X + 21, treatment 

#18), and finally saline (Day X + 22, treatment #19) administered over 3 consecutive 

days. These manipulations assessed whether GABAa or GABAb agonists focally applied 

to the amygdala in the presence of systemic picrotoxin will alter seizure ADT and seizure 

severity in Fast and Slow' kindled rats. Focal application of muscimol, baclofen or saline 

delivered via cannula infusion in conjunction with systemic picrotoxin did not affect 

ADT on these 3 trials. Further, no significant differences were reported in latency to 

forelimb clonus in all 3 trials, despite longer latencies in the Fast compared to Slow rats 

in the presence of muscimol, but not baclofen or saline. Assessment of motor seizure 

durations demonstrated that Fast rats exhibit longer convulsions than Slow' rats in the 

presence of systemic picrotoxin and baclofen infusion (Fi.4 = 9.33, p<.05).

The convulsive profiles in the presence o f systemic picrotoxin with focal infusion of 

muscimol or baclofen revealed that the majority o f Fast (57%, (4/7)) and Slow (71%, 

(5/7)) exhibited generalized convulsions upon stimulation o f the amygdala at threshold. 

Meanwhile, only 14% (1/7) o f both Fast and Slow' rats failed to initiate convulsions at 

threshold. Finally, systemic picrotoxin with focal infusion of saline produced similar 

results.
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EEG Measurements

Electrographic events were recorded from both amygdalae to document seizure 

progression and severity as a consequence of systemic drug injections/focal infusions and 

subsequent electrical stimulation. The administration of GABAa and GABAb agents 

resulted in unique electrographic seizure patterns before stimulation and in between 

multiple ADT stimulations o f Fast and Slow kindled rats. Each EEG pattern was 

described, labeled and categorized according to the type of drug administered. IIS is an 

important characteristic o f seizure development, propagation, and recruitment, and has 

been considered by many as the ‘hallmark' of epilepsy. In this regard, the frequency of 

IIS was measured and recorded before stimulation of the ipsilateral amygdala, between 

sub-threshold stimulations during ADT testing, and i f  applicable, the stimulation trial 

immediately prior to the elicitation o f an AD.

Systemic Baclofen Administration

Sixty minutes following systemic injection of baclofen (Day X + 14, #12), IIS and 

specific discharge patterns were assessed. There was little evidence of abnormal 

discharge activity prior to and between stimulations of Slow rats leading up to the ADT 

determination, except for 2 rats that elicited average IIS discharge frequencies of 1.0 ±

.08 Hz. The Fast rats, on the other hand, did not show any IIS activity either measured 

before daily stimulations or between stimulations during ADT testing.

In a perhaps related vein, ‘spindles’ were seen in many o f the EEG records. 

Interestingly, 56% (5/9) o f Fast rats, and only 38% (3/8) o f Slow rats exhibited multiple
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Figure. 8 -  EEG recordings from the basolateral amygdala o f Fast (A,B) and Slow (C\D) 

kindled rats were taken 60 min following systemic baclofen (5 mg/kg) 

injection. Notice the bilateral appearance o f spindles between sub-threshold 

stimulations in both the right (stimulated) (trace A and C) and left (non

stimulated) (trace B and D) amygdala. The written numbers represent 

stimulation intensities in jiA. Calibration = 2 seconds.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

A 

B
2s

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



70

Figure. 9 - EEG recordings from the basolateral amygdala of Fast (A,B) and Slow (C,D) 

kindled rats were taken 60 min and 10 min following systemic baclofen (5 

mg/kg) injection and 1 mM SCH 50911 infusion, respectively. SCH 50911 

was infused 50 min following systemic injection o f baclofen. Despite 

different times of drug administration, EEG recordings were taken 

simultaneously. Again, the appearance of spindles was evident from both 

amygdalae (stimulated amygdala, A and C; contralateral (non-stimulated 

amygdala, B and D)). Calibration = 2 seconds.
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2 s spindles between successive stimulations (Figure 8). The amplitude of these spindles, 

evident in both hemispheres and occurred with equal propensity, was highly correlated 

with increasing stimulation intensity. The meaning o f the spindles is not clear, but it 

represents highly synchronize activity.

Systemic Baclofen Administration with 1 mM SCH 50911 Focal Infusion

One day following systemic baclofen injection, all rats were given the same 

treatment in combination with 1 mM infusion of SCH 50911 into the right amygdala 

(Day X + 15, treatment #13). Surprisingly, unlike the previous treatment with only 

systemic baclofen administration, which failed to elicit any IIS in the Fast rats. 44% (4/9) 

o f these same rats exhibited spiking of 1.5 ± .27 Hz p rio r  to stimulation. In fact, with 

subsequent sub-threshold stimulations, the Fast and Slow rats displayed an average o f 1.3 

± .78 and .99 ± .22 Hz, respectively (Figure 9). The presence o f bilateral spindles was 

evident again in 56% (5/9) o f the Fast rats, but did not necessarily occur in the same 5 

rats. In other words, prior treatment with systemic baclofen did not predict identical 

spindle activity when treated with systemic baclofen and SCH 50911 the following day. 

Further, in 2 Fast rats, we observed a truncated AD (~ 7 s) on the trial before the 

induction o f a generalized seizure. On the other hand, the appearance of bilateral 

spindles was more robust and numerous in 71% (5/7) o f Slow rats with longer (~3-4 s) 

bouts and greater frequency when coupled with higher stimulation intensities.
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Figure. 10 -  EEG recordings from the basolatcral amygdala o f Fast (A) and Slow (B) 

kindled rats taken 10 min following picrotoxin (500 /xM) infusion into the 

amygdala. A very consistent and frequent spiking pattern was evident from 

both strains and amygdalae (stimulated amygdala, A and C; contralateral 

(non-stimulated amygdala, B and D)). Calibration = 2 seconds.
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Muscimol Infusion

The administration of muscimol (Day X + 17, treatment #14) resulted in quiescent 

EEG activity. There was some evidence o f bilateral IIS between stimulations with an 

average of 0.71 ±0.13 Hz in 50% (3/6) o f the Slow rats, while the Fast rats showed no 

apparent IIS patterns before stimulation trials and sporadic spiking between subthreshold 

stimulations.

Picrotoxin Infusion

Infusion o f the GABAa antagonist, picrotoxin (Day X + IS, treatment #15), resulted 

in significant changes in the EEG activity in both amygdalae. A distinctive and 

consistent “ double spiking” pattern, indicative o f a mild form of spike and wave 

discharge, was evident shortly following focal infusion into the kindled amygdala (Figure 

10). Interestingly, 57% (4/7) o f Fast rats demonstrated this spiking pattern bilaterally, 

while only 43% (3/7) o f Slow rats showed similar bilateral patterns. Upon closer 

qualitative examination, EEG from the contralateral (non-stimulated) side of Fast rats 

expressing the spiking pattern showed it was significantly attenuated and somewhat 

fewer in number o f spikes compared to the ipsilateral (stimulated) side. Furthermore, the 

EEG of rats that initially showed ipsilateral spiking became more bilateral towards 

threshold for eliciting convulsive seizures during the ADT test. The IIS frequency 

measured between sub-threshold stimulations was 1.6 ± 0.13 Hz, 1.7 ± 0.19 Hz, for the 

Fast and Slow rats, respectively. Prior to stimulation, the frequency of IIS were 1.2 ± .14
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in Fast rats, and 1.7 ± .01 Hz for the Slow rats, but only 2 Slow rats demonstrated pre- 

stimulation activity.

Systemic Baclofen with Focal Picrotoxin Infusion

The distinctive EEG pattern exhibited by the Fast and Slow rats as a consequence o f 

picrotoxin infusion demonstrated that local manipulation o f the amygdaloid complex with 

this GABAa antagonist could induce unique spiking patterns evident from both 

amygdalae. The introduction o f systemic baclofen in conjunction with local picrotoxin 

infusion allowed for the examination of whether focal manipulation o f local circuits by a 

potent GABAa antagonist could alter the behaviour and firing patterns in the presence o f 

a strong, centrally administered GABAu agonist. The most apparent pattern from this 

assessment consisted o f a single spike immediately followed by high frequency bursting 

(Figure 11). Interlaced between these IIS was the appearance o f spindles in both 

amygdalae, characteristic o f earlier administration o f systemic baclofen alone described 

previously. The frequency of IIS measured before stimulation and between sub-threshold 

stimulations in the Fast rats was .82 ± . 12 and .70 ±.12 Hz, respectively. In the Slow 

rats, the same IIS measurements pre-stimulation and between sub-threshold stimulations 

were .86 ± .22 and .75 ± .27 Hz, respectively. Further, in contrast to picrotoxin infusion 

alone described above, the present treatment showed that the occurrence of IIS was 

bilateral in 71% (5/7) o f Fast rats, while 67% (4/6) o f Slow rats adopted a unilateral 

pattern. These differences may be attributed to the interaction o f picrotoxin with a 

systemically administered GABAcrgic agonist, and to strain specificity.
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Figure. 11 -  EEG recordings from the basolateral amygdala o f Fast (A,B) and Slow

(C,D) kindled rats taken 60 min and 10 min following systemic baclofen (5 

mg/kg) and picrotoxin (500 /rM) infusion, respectively. Picrotoxin was 

infused 50 min after systemic baclofen injection. Despite different times of 

drug administration, EEG recordings were taken simultaneously. A unique 

spiking pattern was apparent in the Fast rats o f the stimulated amygdala (A), 

but more sporadic/random in the Slow rats (C). Notice EEG spikes from the 

contralateral (non-stimulated) side of each amygdala (B and D) were more 

muted than the ipsilateral (stimulated) side (A and C). Calibration = 2 

seconds.
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Figure. 12 -  EEG recordings from the basolatcral amygdala of Fast (A,B) and Slow

(C,D) kindled rats taken 20 min and 10 min following systemic picrotoxin 

(.5 mg/kg) and muscimol (10 mM) infusion, respectively. Muscimol was 

infused 10 min after systemic picrotoxin injection. Despite different times 

o f drug administration, EEG recordings were taken simultaneously. 

Interictal spikes were fewer in number from both hemispheres (stimulated 

amygdala, A and C; contralateral (non-stimulated amygdala. B and D)) and 

in both strains. The written number represented stimulation intensity in [iA 

Calibration = 2 seconds.
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Systemic Picrotoxin with Muscimol Infusion

A combination o f systemic picrotoxin and local infusion o f muscimol (Day X + 20, 

treatment #17) into the amygdala resulted in sporadic and bilaterally occurring IIS with 

an average frequency of .95 ± .13 and 1.0 ± .08 Hz in the Fast and Slow rats, respectively 

(Figure 12). The rate o f IIS between successive stimulations in both strains was directly 

proportional to the intensity delivered. There was some evidence o f IIS in both strains 

measured before stimulation, but were very infrequent.

Systemic Picrotoxin with Baclofen or Saline Infusion

Administration of baclofen directly infused into the amygdala in the presence of 

systemic picrotoxin (Day X + 21, treatment #18) resulted in EEG patterns similar to the 

above treatment with muscimol. Focal infusion o f saline into the amygdala in 

combination of systemic picrotoxin (Day X + 22, treatment #19) did not show any 

apparent abnormalities in EEG profiles, but did display some periods o f IIS in the Fast 

and Slow rats before stimulation.

DISCUSSION

This main focus o f experiment #1 was to assess the chronic effects o f a daily- 

administered GABAb antagonist, SCH 50911, on seizure genesis and development in 

Fast and Slow kindling rats. In addition, EEG and behavioural profiles were examined in 

response to the administration o f a GABAb agonist, baclofen, as well as a GABAa 

agonist, muscimol, and antagonist, picrotoxin. The efficacy o f these compounds in 

altering seizure profiles was strongly dependent on the route o f administration: 1)
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systemically (i.p.) or 2) microinfusion through a cannula directly into the amygdala. We 

explored the pharmacological effects of both treatments on amygdala-kindled seizures. 

The experiment provides answers to some challenging questions directed toward the 

importance and involvement o f both GABAa and GABAb receptors in temporal lobe 

epilepsy.

Due to the obvious complexity o f this experiment, the treatment comparisons and 

their corresponding treatment numbers from Figure. 1 (timeline) will be indicated in the 

text. Each section of the discussion will follow the sequential order in which the results 

were presented. However, only the results that we deemed the most significant will be 

presented and discussed.

In regards to the time course of the present study, we acknowledge that the series of 

daily drug manipulations may provide a basis for confounds due to possible carryover 

effects on various dependent measures, such as ADT, durations, and severity o f the 

seizures. Thus, concerns may be raised to challenge the validity of these manipulations 

and to the extent they reflect the human condition. Be it known that the treatment o f 

clinical epilepsy requires administration of repeated pharmacological agents to patients 

that likely have a history o f epileptic episodes. It is often the case that many types of 

antiepileptic medications be administered before settling on the most effective. In this 

regard, numerous prior drug treatments to an epileptic patient mirror the present 

experiment with repeated drug applications into an epileptic (kindled) rat. Therefore, the 

validity and justification of current procedures are certainly warranted.
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Microinfusion of SCH 50911 and Baclofen into Partially Kindled Rats

The current discussion is in reference to the administration of SCH 50911 (timeline: 

treatment #2 onwards until the crossover) and a single administration of baclofen through 

microinfusion (treatment #5). The main findings o f these two GABAb manipulations 

failed to reveal any significant or obvious GABAb effects (involving the agonist, 

baclofen or antagonist, SCH 50911) on ADTs and AD durations when infused directly 

into the amygdala o f Fast and Slow rats either before or during the early stages of 

amygdala kindling. To our knowledge, this was the first investigation that employed 

microinfusion o f SCH 50911 in any known seizure models, and even studies that have 

examined seizure properties o f baclofen via microinfusion were few in number. Most, if  

not all, o f the experiments in the literature employed systemic injections of SCH 50911 

or baclofen at doses that range from 100 -  300 mg/kg and 2 - 3 0  mg/kg. respectively.

The results obtained from the current study suggest that repeated, local infusion of a 

GABAb antagonist did not obviously change the inhibitory tone within the amygdala to 

significantly alter AD propagation leading progressively during kindling to generalized 

seizures. Similarly, microinfusion of baclofen failed to significantly alter kindling 

parameters during partial kindling, where it was hypothesized it might increase ADTs 

and/or shorten AD durations. Despite our narrow focus on the physiological 

measurements o f ADT and durations, which did not change, possible focal changes in 

receptor density, kinetics, and expression, as a consequence of daily SCH 50911 infusion, 

cannot be ruled out. However, i f  such changes did occur from the repeated 

administration o f SCH 50911, they did not have an impact on the physiological 

measurements. In addition, it may be possible that the dosage used in this experiment
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was not sufficient to offset the ADT for triggering seizures at the local level. Other 

studies have similarly shown an absence o f behavioural or EEG abnormalities with 

intracortical microinfusion of another GABAb antagonist, phaclofen, into the 

somatocortex o f rats during GABA withdrawal syndrome (Brailowsky et ah, 1995). 

Further, the GABAb receptor antagonist CGP 35348 (1 mM), administered for 20 min via 

microdialysis into the cortex, was without effect on spontaneous GABA-mcdiated 

acetylcholine release (Giorgctti ct ah, 2000). In this regard, lower to moderate dosages 

through microinfusion appear ineffective to induce global changes in seizure expression. 

On the other hand, exposure of a larger area of the CNS to CGP 3534S through 

intracerebroventricular injection has been shown to increase hippocampal triggered AD 

durations, and seizure severity in a dose dependent manner (Leung et ah, 2005). It was 

further suggested that GABAb receptor blockade increases seizure susceptibility by 

reducing AD threshold and increasing the spread of hippocampal AD (Leung ct ah,

2005). Such discrepancies between studies could be attributed to the method of drug 

delivery' and distribution, time of AD assessment, and also the brain structure from which 

the seizures were triggered. Certainly the hippocampus is one of the most vulnerable 

areas o f the brain to seizure induction, witnessed by its ADT, compared to various 

neocortices (McIntyre et ah, 1999).

GABAb receptor antagonists delivered systemically have demonstrated pro- 

convulsive effects, but only at extremely high dosages (Vcrgnes et ah, 1997). In fact, 

dosages as high as 300 mg/kg of SCH 50911 were considered non-convulsive (Carai et 

ah, 2002). Despite a very low inhibitory concentration value (IC50) o f 1.1 pM, SCH 

50911, which is approximately 60 times more potent than the more common GABAb
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antagonist CGP 35348, needs to be administered with high potency to exert its 

considerable convulsive effects (Badran et al., 1997). The reason for this has not been 

fully elucidated, however, it may be due to poor penetration through the blood-brain 

barrier when injected systemically, and thus the effective amount o f binding at the 

receptors would be considerably reduced and delayed over time (Olpe et al., 1993). 

Clearly, any discrepancies that arise between focal and systemic application of 

compounds could be due to differences in potency, distribution, binding affinity and 

receptor availability and occupancy.

To this end, our data indicated that the highest dosage o f SCH 50911(1 miM), 

administered daily through microinfusion, was not sufficient to significantly perturbate 

the local amygdala networks in either strain and impact the ADT, or affect recruitment 

from that focus and alter the kindling process. The precise mechanisms by which SCH 

50911 exerts its effects have not been fully elucidated. However, we suspect that the 

drug may favour postsynaptic GABAb receptors, which when occupied, would suppress 

late IPSPs. This putative action should ultimately provide increased sensitivity in the 

local networks and translate into slight increases in AD durations in some o f the SCH 

50911 treated trials, which we observed in many of the Fast rats. I f  this proposal was the 

case, daily microinfusion o f SCH 5091 1 into the amygdala might subtly and locally up- 

regulated GABAb receptors both synaptically and extrasynaptically. However, it is 

difficult to determine whether changes in GABA release, binding affinity or uptake 

mechanisms are greatly affected by this chronic manipulation. In fact, it has been shown 

from radioligand assays that GABAb antagonists display flat inhibition curves, while 

GABAb agonists show normal inhibition curves with higher binding affinity (Bittiger et
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al., 1993). These data may partially explain the relative invariant nature o f the seizure 

network in response to SCH 50911 in the Fast and Slow strains.

Kindling Rates

One o f the more puzzling findings in this experiment was the kindling rate of our rat 

strains. Traditionally, the number o f stimulations required for BLA kindling in the Fast 

and Slow rats are typically 8-12, and 40-50, respectively (McIntyre et al., 1999). On the 

other hand, our data show that with saline infusion directly into the amygdala, the 

kindling rate o f the Slow rats was dramatically reduced to rates comparable to the Fast 

rats! This was a stunning and unexpected observation, which tells us that there is 

something unique about the Slow rats with respect to this manipulation. SCH 50911 

infusion (dissolved with saline) produced a similar, but less robust pattern in the Slow 

rats. The reasons for this are unclear. The presence of electrodes in the amygdala over 

time exert a pro-kindling effect by lowering the ADT, which should provide greater 

recruitment and faster access to motor network to trigger stage-5 kindled convulsions 

(Loscher et al., 1995, 1999). How daily infusion of isotonic saline, albeit a small volume, 

directly into brain tissue accelerated that process is speculative but may have increased 

interstitial pressure, which could lead to an acceleration o f the kindling process, perhaps 

by increasing gap junction communication or ephaptic transmission, but preferentially in 

the Slow rats. This suggest, however, that adequate perturbation of local networks within 

the amygdala o f a seizure resistant rat (Slow rat in this case) may render the local area 

more vulnerable to subsequent stimulations, and provide a local kindling environment 

similar in important ways to the seizure prone Fast rat. Thus, these observations provide
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further evidence that aggravation of brain tissue, via mechanical invasion (insertion of 

cannula) or fluid injection, in a kindling susceptible structure may push the local network 

closer to the threshold for recruiting and triggering generalized seizures. Traumatic brain 

injured patients associated with brain lesions or a scar tissue may express a similar fate. 

The addition o f SCH 50911 to the infusion did little to alter the kindling progression, 

however, there was a slight suggestion o f retardation (compared to saline alone) in the 

Slow rats.

Baclofen Microinfusion in Kindled Rats

Although the GABAb antagonist SCH 50911 had little effect on the progression of 

kindling or partial seizure development, our data point to a sensitivity to infusion of the 

GABAb agonist, baclofen in kindled Fast rats (treatment #10). Earlier results indicated 

no significant strain differences in ADTs and durations as a consequence of baclofen 

infusion into the amygdala o f partially kindled rats (treatment #5) compared to previous 

saline/SCH 50911 trials (treatment #4). However, repeated daily treatment with SCH 

50911 before the crossover phase (rats that received saline after the crossover) elicited a 

dramatic increase in AD duration following baclofen infusion in kindled Fast rats shortly 

following the crossover. This result suggests that the Fast rats were perhaps uniquely 

sensitized by the antagonist (becoming manifest after its withdrawal), which was 

indicated by an exuberant response to the agonist. This finding again indicates the 

importance o f the focus in driving the recruiting response, witnessed by a much- 

lengthened AD duration. Others have reported similar pro-convulsive findings of 

baclofen using systemic or focal administration. Karlsson et al. (1992) indicated an
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increase in AD durations after systemic administration. Similar epileptogenic effects 

have also been seen after intracortical microinjections of baclofen in vivo (van Rijn et al., 

1987). Further Brailowsky et al. (1995) have shown that baclofen infused directly into 

the somatomotor cortices induced 2 types of paroxysmal discharges: 1> consisting of a 

fast rising monophasic spike followed by a biphasic slow wave: 2> consisting of a high 

frequency burst o f high voltage, fast monophasic spikes, where both patterns peaked -70 

min after the injection. In both cases, no behavioural correlates were associated with the 

abnormal EEG patterns. Compared to the present experiment, microinfusion of baclofen 

into the amygdala did not trigger a similar fast spiking EEG profile, but did corroborate 

an absence of behavioural seizures with a concomitant increase in AD duration. 

Discrepancies between our results and the above study, of course, can be attributed to the 

site o f drug administration (amygdala vs. somatomotor cortex), concentration (50 pM, 

amygdala; 10 mM, somatocortex) and other variables.

One of the more important questions that need to be addressed is whether SCH 

50911 and baclofen bind to pre- and/or postsynaptic receptors to create their effects. In 

the previous discussion (above), we had alluded to the fact that chronic, daily 

microinfusion o f SCH 50911 may cause change in regulation of GABAb receptors, 

resulting in increased seizure responsiveness of local networks. It has been suggested 

that the autoreceptor-mediated release of GAB A is increased by interactions of GABAb 

receptor antagonists at presynaptic receptors (Waldmeier et al., 1992; Sohal and 

Hasselmo, 1998). However, at postsynaptic sites, these antagonists suppress the late 

IPSPs during both in vitro and in vivo studies (Bittiger et al., 1993). Presumably, 

GABAb receptor agonists operate in an opposite fashion, where activation o f the
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presynaptic responses would decrease GABA release and increase seizure behaviour, 

while a postsynaptic agonist would increase late IPSPs and decrease seizure suppression. 

Because baclofen has multiple post-synaptic sites of action on both inhibitory and 

excitatory neurons, and affects both synaptic and extrasynaptic GABA 13 receptors, it is 

difficult to interpret the precise mechanisms o f drug action with great accuracy (Karlsson 

et al., 1992), making its assessment largely empirical (rather than speculative). 

Nevertheless, speculatively, i f  baclofen has a preferential affinity to presynaptic GABAb 

receptor binding, then it is conceivable that previous repeated infusions of SCH 50911 

into a “ kindled” network may have “ primed” or increased the sensitivity of resident 

presynaptic GABAb receptors to baclofen. This in turn might have increased activity in 

GABAb autoreceptors, resulting subsequently in reduced GABA availability in and 

around the synapse. How this would affect the efficacy of local GABA transporters will 

be addressed in experiment #2.

In the hippocampus, baclofen has been shown to promote inhibition of both calcium 

channels and quantal release of GABA presynaptically (Jarolimek and Misgeld, 1992, 

1997). With respect to our data, the lack o f increase in AD duration of previously treated 

saline Fast rats in response to focal microinfusion o f baclofen support our initial 

hypothesis that SCH 50911 may have sensitized postsynaptic GABAb receptors, a 

finding that was absent with saline manipulation (Figure 1, treatment #10 compared to 

treatment #5). The invariant nature of the kindled Slow rats in response to focally 

infused GABAb agonists and antagonists demonstrate that the GABAb receptor system 

within the amygdala o f this strain is less responsive to GABAb manipulations and likely 

requires higher doses to induce significant changes at the cellular and physiological
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levels. Taken together, these findings indicate a small overall effect o f GABAb 

treatments delivered directly into the kindled amygdala of the Fast rats compared to 

virtually no effect in Slow rats. These data might suggest that the GABAb receptor 

system in humans who are susceptible to epilepsy could play a more significant role in 

seizure suppression and maintenance than was previously thought.

Systemic Baclofen Administration

The administration o f systemic baclofen (treatment #12) in Fast and Slow kindled 

rats produced profound effects on ADT and duration. Fast rats previously treated with 

focal SCH 50911 (after crossover) failed to exhibit significant changes in ADT as a 

consequence of both systemic baclofen and the combination o f systemic baclofen with 

focal SCH 50911 administered the next day (Figure 1, treatments #12 and #13). On the 

other hand, the SCH 50911 treated Slow rats showed minimal increase in ADT as a result 

o f systemic baclofen injection (treatment #12), but thresholds dropped dramatically the 

following day in combination focal SCH 50911 (treatment #13). Saline infused Fast and 

Slow rats (after crossover) exhibited a different ADT profile. Systemic baclofen 

dramatically reduced the ADTs o f Fast and Slow rats, with the Slow rats showing yet a 

further reduction following the combination of baclofen with SCH 50911. The reasons 

for a preferential decrement in ADT of previously treated saline rats compared to SCH 

50911 assessed immediately following systemic injection of baclofen are not clear. We 

hypothesized earlier that the increase in AD duration during focal baclofen microinfusion 

into the amygdala might be attributed to a change in sensitization resulting from earlier 

SCH 50911 treatments. The possible up-regulation of postsynaptic GABAb receptors
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resulting from a possible receptor blockade by SCH 50911 might enhance local neuronal 

excitability by effecting a lowered ADTs, especially among the seizure prone Fast rats. 

Furthermore, an enhanced presynaptic effect o f baclofen is likely to reduce GABA 

release, which should increment excitability. As discussed previously, this hypothetical 

increase in excitability was nevertheless insufficient to drive the network toward seizure 

expression, both behaviourally and electrographically. In this vein, one o f the more 

important observations in this study was realized after the crossover, in that saline treated 

Fast and Slow rats (previously SCH 50911 treated prior to crossover) exhibited a gradual, 

but significant increase in ADTs over approximately 10 kindling trials compared to those 

treated with SCH 50911 (previously saline treated prior to crossover). These findings 

strongly suggest that GABAb antagonists, like SCH 50911, maintains a disinhibitory tone 

of the neural network upon daily infusion into the kindled amygdala.

It is known that the GABAb agonist, baclofen, is a muscle relaxant acting at the 

spinal level, but many of its physiological/pharmacological effects arc still somewhat 

unclear. Studies have shown that baclofen (5 mg/kg) produced severe sedation, vomiting 

and ataxia along with diffuse paroxysmal EF.G discharges (Morimoto et al., 1993). 

Interestingly, the effects of baclofen on seizure profiles are vastly different during 

kindling development compared to the fully kindled state. Karlsson et al. (1992) have 

shown that during kindling baclofen prolongs AD duration while retarding the 

development o f behavioural symptoms. Once the fully kindled state has been achieved, 

differences in AD durations and severity ceased to exist with baclofen administration 

(Sato et al., 1990b; Wurpel et al., 1990). In the present study, a reduction o f ADT along 

with a concomitant increase in AD duration in the saline treated Fast rats may seem
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paradoxical since baclofen has been regarded as a agent that enhances GABAergic 

activity in the CNS. Apparently, this result was completely opposite to the findings from 

focal microinfusion of baclofen into the kindled amygdala, where large increase in AD 

duration was reported in SCH 50911 treated Fast rats. Since systemic baclofen binds pre- 

and postsynaptic sites and both synaptic and extrasynaptic GABAb receptors (Karlsson et 

al., 1992), the proposed up-regulation of GABAb receptors by chronic infusion o f SCH 

50911 may result in less disinhibition. In other words, presynaptic activation o f GABAb 

receptors by baclofen will likely limit GABA release into the synapse. At the same time, 

more postsynaptic GABAb receptors may be available for baclofen (as a consequence of 

SCH 50911) favouring a reduction in seizure expression. Conversely, the large increase 

in AD duration in saline treated Fast rats as a result of systemic baclofen is likely 

attributed to the same mechanism except that the number of postsynaptic GABAb 

receptors is not as abundant because of the absence of SCH 50911. These differential 

effects o f focal vs. systemic administration of baclofen, in saline and SCH 50911 treated 

Fast rats, speak strongly to the modulatory influence of the GABAb receptor system in 

seizure expression and maintenance.

Despite the increased focal AD activity seen in saline treated Fast rats in response to 

systemic baclofen, the motor manifestations of generalized kindled seizures o f both 

strains were absent, suggesting a clearly retardation in the effective spread of seizure 

beyond the primary focus. How is this possible when the focal AD duration was not 

truncated? The presence of AD, however, does not indicate the magnitude of the network 

that is involved in that local seizure response. As McIntyre et al. (1991a) previously 

showed, the utilization o f glucose o f a unilaterally amygdala kindled rats was entirely
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different in the two amygdala during electrically induced status cpilepticus, yet, 

remarkably, the AD in the two amygdalae during the status event was identical. Thus the 

EEG response appeared to be far more sensitive to the presence of focal seizure activity, 

but did not discriminate its ‘magnitude’ or intensity like the glucose measurements. In 

the present context, the long AD durations triggered in the kindled amygdala associated 

with systemic baclofen do not necessarily mean that the amygdala output was intense but 

only that it was present. It was certainly sufficiently weak to fully recruit the network 

and trigger a generalized stage-5 convulsive seizure, as other provocations did. These 

results arc in agreement with other reports that have supported an antiepileptic role of 

baclofen as evidenced by a lengthening of kindling rates and reduction of seizure severity 

following its administration (Wurpel et al., 1990; Wurpel, 1994). However, using 

outbred rats, other studies have also shown that moderate doses of baclofen have no 

anticonvulsant action on any parameters o f kindling, including AD duration and severity 

o f seizures in the kindled amygdala (Morimoto et al., 1993). Yet. baclofen has been 

demonstrated to increase electrographic epileptiform activity in strains o f rats with 

spontaneous, generalized spike-wave discharges of thalamocortical origins (Vergnes et 

al., 1984) in vivo and in vitro (Mott ct al., 1989; Burgard and Sarvey. 1991). It is clear 

from our data that systemically administered baclofen not only exhibited anticonvulsant 

properties, but also facilitated electrographic activity in our genetically seizure prone Fast 

rat, and that this phenomenon appear to be strongly dependent on previous 

pharmacological manipulations (drug vs. saline). This variant nature o f seizure 

sensitivity to baclofen may be attributable to inherent strain differences within the
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GABAergic system, including receptor efficacy, density, and subunit composition 

(Poulteret al., 1999; Racine et al., 2003).

In conclusion, baclofen delivered via cannula vs. i.p. injection yields significantly 

different effects on amygdala kindled ADT and durations. Moreover, previous daily 

infusion into the amygdala o f SCH 50911 interacts with local networks and subsequently 

induces changes in excitability expressed at the focus, which subsequently affects the 

kindled network. It is also conceivable that the different pharmacological properties of 

pre- and postsynaptic receptors in the amygdala may give rise to two distinct populations 

o f GABAb receptors whose responses to kindling-induced seizures are dissimilar, and 

that, differential coupling o f presynaptic and postsynaptic GABAb receptors to effector 

mechanisms may also exist (Asprodini et al., 1992; Pitler and Alger. 1994).

Systemic Baclofen with Focal iMicroinfusion of SCH 50911

Lastly, injection o f baclofen combined with SCH 50911 infusion (treatment #13) 

resulted in a substantial increase in the number o f convulsive seizures in previously 

treated saline and SCH 50911 Fast rats, and previously saline treated Slow rats compared 

to baclofen administration alone the previous day. The only exception was the SCH 

50911 treated Slow rats, who exhibited a slight reduction in seizure frequency (see Table 

1). These results clearly demonstrate that focaily applied SCH 50911 directly into the 

amygdala was sufficient to overcome the enhanced inhibitory tone exerted by the 

powerful anticonvulsant properties o f systemic baclofen. The ability o f the kindled focus 

to recruit the kindled motor networks in the presence o f focal SCH 50911 (during 

systemic baclofen) demonstrates a new efficacy o f the antagonist, which was absent
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when administered alone prior to kindling. As previously suggested, it is possible that 

daily SCH 50911 might exert a disinhibitory tone on the seizure network by lowered 

ADTs compared to saline controls. The most obvious example in support o f this 

hypothesis was immediately following systemic baclofen with SCH 50911, in which 

previously treated SCH 50911 Fast rats (treatment #13) (80%) exhibited significantly 

longer and more frequent generalized convulsions than the Slow rats (33%) or saline 

group (50%). These results not only suggest that G A B A b receptor antagonism o f kindled 

brains has epileptogenic effects, but may also affect the strains differently. It is also 

important to note that a decrement in ADTs does not always equal a concomitant increase 

in seizure durations. These different measures may well be reflecting very different 

mechanisms. In this vein, our data, despite demonstrating a large decrease in ADTs of 

saline treated Fast and Slow rats following baclofen and baclofen with SCH 50911, do 

not show substantial increases in seizure expression. Our findings were in contrast to 

those found in other studies (Karlsson et al., 1992) that showed rats given both systemic 

injections o f baclofen and a GABAb antagonist, CGP 35348, for 12 consecutive days 

demonstrated large increases in AD durations at seizure stage 3 and 4, with none of the 

rats achieving stage 5 seizures. This result provides evidence that baclofen can increase, 

rather than suppress AD durations during kindling development (Karlsson et al., 1992).

It appears that the effects o f the two drugs (baclofen vs. CGP 35348) in that study were 

mutually antagonistic, especially during stages 1-2, but at later stages o f kindling CGP 

35348 failed to overcome the threshold for the initiation o f generalized convulsions. 

Clearly, the differences in the two studies were attributed to the kindled state vs. partially 

kindled, strain o f the animals, and route o f administration of the GABAb antagonist.
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As mentioned above, we also found that Slow rats, previously treated with SCH 

50911 after the crossover, in response to systemic baclofen with SCH 50911 infusions 

demonstrated fewer convulsive seizures compared to only systemic baclofen 

administration the day before. This finding was in complete opposite to the Fast rats. It 

is likely that SCH 50911 infused into the amygdala o f Slow rats did not adequately 

recruit motor networks to drive generalized convulsions in the presence baclofen. 

Another possibility may arise from a greater binding affinity for systemic baclofen to 

G A B A b receptors than focal SCH 50911 in the Slow rats. In either case, the above 

manipulation demonstrated the importance of the amygdala focus in determining the 

initiation o f seizure activity even in the face of a potent G A B A b agonist. Furthermore, 

the increase in seizure expression and severity largely evident only in the Fast rats, 

suggest that the heightened responsiveness to G A B A b antagonism is strain specific.

GABAa Manipulations

Muscimol Microinfusion in Amygdala Kindled Fast and Slow Rats

Microinfusion o f the GABAa agonist, muscimol, into the kindled amgydala 

(treatment #14) failed to significantly alter any measurable parameters o f kindling in the 

Fast and Slow rats, including ADTs, AD durations and convulsion profiles. 

Approximately half o f the Slow rats, and the majority o f Fast rats experienced 

generalized convulsions when triggered with a kindling stimulus at their ADT. In 

addition, EEG recordings showed little evidence of IIS measured before and during 

subthreshold stimulations. The large majority of Fast rats did not exhibit IISs prior to
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stimulation, while most Slow rats demonstrated some IISs, with low frequency. 

Subsequently, between subthreshold stimulations, IISs remained sporadic but now 

appeared in both strains, while the frequency was increased slightly with higher 

stimulation intensities and appeared in both hemispheres. Taken together, these data 

suggest that the agonist o f GABAa type receptor, muscimol, focally administered into the 

amygdala did not alter the expression of either IISs or the mechanisms recruiting and 

manifesting the motor seizures emanating from the kindled amygdala.

IIS have been regarded as the hallmark o f epilepsy, and are indicative of an 

abnormally excitable epileptic focus (Sundaram et al., 1990). Therefore, it is of no 

surprise that the occurrence of IIS is a direct consequence of the kindling process since 

they are not observed in experimental animals prior to kindling (Gotman, 1984, Leung, 

1990). However, the mechanism and meaning of IIS are highly controversial. IIS are 

characterized as synchronized burst of action potentials generated by recurrent excitation, 

followed by a period o f hyperpolarization (McCormick and Contreras. 2001). Thus, the 

nature o f the IIS may represent periods of faulty inhibition o f the network that would 

account for the appearance of discrete excitatory spikes. It has been shown that IISs 

occur more frequently in Slow rats compared to Fast rats during normal development of 

amygdala kindling (Dufresne, 1990). To explain this apparently paradoxical result of 

IISs in the seizure resistant Slow rats, we suggest that they might normally manifest 

spontaneous or triggered shunting o f excitation from a focus during and after kindling, 

resulting in enhanced inhibition of ictal seizure generating mechanisms (slower kindling) 

but higher IIS rates, while Fast rats, with fewer and less sustained IISs, maintain a more 

facilitated seizure network (faster kindling) (Grabowski, 1996).
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The lack o f significant effects o f muscimol against kindled and other seizures has 

been supported by other studies. For example, muscimol perfusion via microdialysis into 

the hippocampus failed to significantly inhibit glutamate increase induced by various 

depolarizing agents (Tanaka et al., 2003). Infusion studies reported that muscimol aimed 

at the anterior substantia nigra o f amygdala-kindled rats did not elicit an increase in 

seizure thresholds or reduce seizure severity and duration (Gcrncrt and Loschcr, 2001). 

Additionally, centrally administered muscimol failed to attenuate kindled seizures even at 

doses that produced pronounced side effects (Loscher and Schwark, 1985).

Taken together, despite the relatively quiescent baseline IIS activity from both 

amygdalae, the results from this and other experiments demonstrate that microinfusion of 

muscimol directly into various seizure susceptible structures has little consequence on the 

blockage of kindled seizures. The mechanisms underlying this phenomenon could 

originate from several possibilities. First, microinfusion of muscimol directly into the 

amygdala may cause an initial desensitization o f postsynaptic GABAa receptors, which 

would lead to their partial inactivity (Anwyl and Narahashi, 1980). This in turn would 

prevent endogenous GABA from binding to postsynaptic sites, and a subsequent 

reduction o f inhibition w ill likely ensue. Therefore, upon triggering an AD at threshold, 

generalized seizures may occur. In the present study, this desensitization hypothesis may 

be very likely because our total duration o f microinfusion o f muscimol lasted 7.5 min. 

However, the rate o f desensitization may depend on many factors especially the type of 

receptor. For the GABA receptor, concentration o f the drug, number of receptors, 

binding affinity and areas o f the brain all play a role. Second, a more plausible 

explanation for the inadequate blockade of generalized seizures from muscimol
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microinfusion is the possibility that muscimol directly acts on inhibitory interneurons or 

on the GABAergic nerve terminal (Chesnut and Swann, 1989). Such a mechanism may 

promote or at least maintain disinhibition of the amygdala that allows for unimpeded 

generalized kindled seizures, a condition that appears more favourable among the seizure 

prone Fast rats since the majority were able to elicit convulsions when triggered with an 

adequate stimulus at threshold.

Picrotoxin Microinfusion in Amygdala Kindled Fast and Slow Rats

Microinfusion o f picrotoxin into the kindled amygdala (treatment #15) also did not 

elicit any clear behavioural abnormalities. However, the most important finding from 

this manipulation was the appearance of very distinct and nearly rhythmic pattern of 

rapid double spikes. This type o f IIS was clearly o f higher frequency than those elicited 

from muscimol or baclofen administration. EEG recordings showed evidence of IIS 

measured before stimulations, but were dominated by the high frequency spikes between 

subthreshold stimulations. In other studies, picrotoxin spikes arc often associated with 

myoclonic jerks indicative o f convulsive seizures (Medvedev et al., 1996). However, the 

spikes reported in other studies have used a picrotoxin dosage 3 times the dose o f our 

experiment (Medvedev et al., 1996; MacKcnzie et al., 2004).

Typically, the spikes are in the range of 5-7 Hz and often accompanied by bilateral, 

synchronous high amplitude bursts (van Luijtelaar and Coenen, 1986). The proposed 

mechanism by which picrotoxin exerts its synchronizing effects is via the disinhibition of 

GABAergic intemeurons, which under normal circumstances serve to modulate and 

inhibit principal cells (Thompson, 1994). The lack of myoclonic jerks associated with
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the focal spikes in our Fast and Slow rats was not surprising considering the focal method 

by which the drug was administered compared to the more centrally activating systemic 

routes used in other studies. Interestingly, however, the dosage used in our experiment 

was enough to induce measurable EEG abnormalities in the amygdala, but did not trigger 

the severe behavioural seizures characterized by systemic application. However, in the 

present study, the unilateral infusion was sufficient to induce bilateral spiking, which 

occurred with equal propensity in Fast and Slow rats, an effect that became more 

apparent with increased stimulation intensities during the subsequent ADT test. The 

bilateral appearance of the spikes was likely attributed to a powerful drive radiating from 

the infused focus to other structures, including the propagation o f impulses through 

callosal pathways to the contralateral amygdala (Medvedev et al., 1996).

Although it has been suggested that picrotoxin causes a decrease in recurrent 

inhibition, both in the induction o f IIS and in ictal seizure facilitation (Dichtcr and Ayala. 

1987), to our surprise, a near equal number of Fast and Slow rats (approximately 50%) 

failed to produce a generalized kindled convulsive seizure upon triggering an AD in the 

kindled focus in the presence o f focal picrotoxin. This finding suggests that picrotoxin, 

delivered directly into the amygdala through microin fusion, failed to create a ubiquitous 

hyperexcitable environment that unabashedly allowed a focally triggered AD from 

readily generalizing into the kindled network to drive a kindled motor seizure. Why this 

should happen is not clear. It may be possible that the dosage used in this experiment 

was simply too low to allow for that outcome or to induce behavioural changes and/or a 

change in the kindled ADTs and their respective durations. Another possibility is that the 

‘pattern’ of triggered activity is critically important in allowing for generalization to
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occur, and picrotoxin perturbated the network and upset the balance between excitation 

and inhibition, but also created a milieu such that the ‘necessary pattern’ for 

generalization was not easily induced by the triggered AD.

In the present experiment, focal microinfusion o f picrotoxin did not show any 

preferential effects for one strain over the other, unlike previous reports, using systemic 

administrations. which demonstrated that Fast rats were far more sensitive to GABAergic 

antagonists like picrotoxin than Slow rats (Racine et al., 2003). Taken together, the 

results from microinfusion of picrotoxin directly into the amygdala showed that it 

produced very strong, IISs that synchronized both amygdalae of Fast and Slow rats 

bilaterally, and that the occurrence of these spikes did not clearly predict the spontaneous 

spread of excitation beyond the focus to other structures, or the secondary generalization 

of focally triggered ADs that typically occurs during the threshold triggering o f kindled 

convulsions.

Systemic Baclofen with Focal Picrotoxin Infusion

The primary purpose o f the systemic baclofen and picrotoxin microinfusion drug 

combination was to assess whether focal application o f a GABAa antagonist would offset 

the inhibitory effects o f a centrally administered GABAb agonist. Further, this focal 

GABAa antagonist, picrotoxin, was specifically selected to compare with the previously 

used focal GABAb antagonist, SCM 50911 (treatment #13), on seizure thresholds, 

durations and severity. The most significant finding from this manipulation was that 

microinfusion of picrotoxin (treatment #16) produced opposite convulsive profiles 

compared with microinfusion o f SCH 50911 (treatment #13) in the presence o f systemic

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



102

baclofen among Fast and Slow rats. More specifically, focal administration o f picrotoxin 

with systemic baclofen did not unmask the ability of systemic baclofen to block the 

expression o f convulsive seizures in Fast rats. Conversely, the same combination 

treatment in Slow rats resulted in the convulsive generalization in many cases. This 

result has two important messages. The first speaks to the difference between the two 

strains with respect to focal GABAa mechanisms and their interaction with the network 

when exposed to a GABAb agonist. The second speaks to the importance of local 

networks and their control of seizure initiation mechanisms in one strain compared to the 

other. The ability o f systemic baclofen to significantly block convulsive seizures in the 

Fast rats, even in the face of a potent focal GABAa antagonist, demonstrates not only a 

greater sensitivity o f the GABAb system in the network o f this strain (perhaps owing to a 

greater number o f GABAb receptors) but also the dominance o f the global network 

excitability over the focal seizure discharge as a synchronizer o f the network. This 

finding was consistent with our earlier systemic administration o f baclofen (treatment 

$12), which blocked the initiation o f convulsive seizures in all Fast rats and all Slow rats, 

depending upon the previous day’s treatment (treatment $11, saline versus SCH 50911). 

In the majority o f Slow rats, the ability o f the focal AD to generate convulsions clearly 

suggests that manipulation o f local network with a potent GABAa antagonist in that 

strain can overcome the powerful inhibitory effects in the global network under the 

influence o f systemic baclofen. How might this be achieved? It may be possible that the 

focal amygdala o f Slow rats is more under the influence of GABAa mediated inhibition 

than the Fast rats, while the global network is more under the influence of GABAb 

mediated mechanisms in the Fast compared to Slow rats. Certainly, the Slow rats seem
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far less sensitive to GABAb manipulations, either administered systemically or directly 

into the focus than Fast rats. Despite the natural differential seizure expression between 

the Fast and Slow rats (longer convulsion latencies and durations and longer AD 

durations in Fast rats), the combination of baclofen and picrotoxin failed to induce 

significant changes in the ADTs, or the profile o f the ensuing convulsive seizure, when it 

occurred.

Systemic baclofen with focal application of picrotoxin changed EEG attributes but 

failed to uncover strain differences. Although the electrographic profiles differed from 

the previous infusion of picrotoxin, spike frequency measured before stimulation and 

during IIS was substantially reduced and more disorganized when baclofen was onboard. 

Clearly systemic baclofen had a profound effect on the timing and frequency of 

picrotoxin-induced spiking in the amygdala. The similarities in EEG characteristics 

between the strains during these manipulations might suggest that GABA.\ mechanisms 

relevant to IIS are similar between the two strains but the recruitment o f the network 

from a focal AD is not.

In the last 2 manipulations (treatments #17-19), in parallel to the immediately 

previous manipulations, we wished to further explore whether infusion into the amygdala 

of GABAa or GABAb agonists would alter the spread o f seizures from the focus in the 

presence of a disinhibited network under the influence o f systemic picrotoxin.

Systemic Picrotoxin with Focal Infusion of Muscimol or Baclofen

In the last 2 manipulations, picrotoxin was systemically administered in conjunction 

with either muscimol or baclofen infusion into the kindled amygdala. There were no
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obvious abnormalities in behaviour or significant electrographic patterns during these 

treatments (treatments #17 and #18). As expected, the presence of IIS was infrequent 

before and during subthreshold stimulations. Administered separately, baclofen and 

muscimol through infusion, and picrotoxin via systemic injection elicited generalized 

convulsive seizures in nearly all o f the Fast and Slow rats. Although baclofen exerts its 

effects on different receptors than muscimol, the ability o f either agonist to suppress the 

recruitment o f seizure spread from the focus in the presence o f systemic picrotoxin was 

lacking. This was of no surprise, as these two agonists did not change the seizure profiles 

o f the rats when they were infused singly at an earlier time (treatments # 10 and #14). 

These manipulations were more to complete the parallelism of procedures, and to look 

for larger changes in convulsive profiles (perhaps shorter latencies and longer seizures) 

when the network was disinhibited with picrotoxin.

In summary, the data addressed the overall contribution and efficacy of GABA..\ 

versus GABAb pharmacology on seizure development when administered centrally via 

systemic injection compared to focal application directly into the amygdala. The 

activation and/or blockage of one receptor type over another suggest the relative 

importance of each GABA receptor system in kindling epileptogcnesis and the 

subsequent modulation of inhibition within the amygdala during the kindled state. Given 

that the amygdala is a common origin o f seizure activity in humans, elucidating the many 

possible cellular mechanisms in rats that possess a genetic background for or against 

epilepsy should ultimately provide novel insights into the development of more 

efficacious treatments against temporal lobe epilepsy.
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Experiment #2 -  Immunocytochemical Identification and Localization of GABAb 

Receptors and GAT1 Transporters 

Synopsis

The predominant neuronal GABA transporter GAT1 is localized in GABAergic 

axons and nerve terminals, where it is thought to influence GABAergic synaptic 

transmission by modulating extracellular GABA concentration (Bernstein and Quick, 

1999; Jensen et al., 2003). GABA levels, in turn, modulate chronic changes in GABA 

transport in a time and dose dependent manner. This powerful feedback mechanism 

governs and maintains the brain’s inhibitory tone. In epilepsy, it has been postulated that 

an up-regulation of GAT expression may result in lowered GABAergic transmission and 

therefore contribute to the generation o f seizures (Gadea and Lopez-Colome. 2001). To 

this end, one part o f the present experiment was conducted to quantify and assess GAT1 

distribution in the BLA of Fast and Slow rats. The second part of the study was to 

identify GABAb receptors in the BLA, and also assess whether these receptors co

localized with GAT1 within inhibitory terminals. Previous studies have shown that 

GABAb receptors are located on pre- and postsynaptic sites, primarily on the 

extrasynaptic membrane of spines and dendritic shafts o f principal cells (Kulik et al., 

2003). As a result, their activation is primarily dependent on spillover o f GABA, and not 

directly associated with GABAergic synapses per se. Nevertheless, GABAb receptors 

are important in determining enhanced and/or simultaneous activity o f GABAergic 

interneurons, particularly during oscillations of neuronal populations in the epileptic 

brain.
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The present study attempted to examine whether the seizure prone Fast rats may 

show a preferential increase in co-localization of GABAb and GAT1 (indicative o f loss in 

inhibition) within the inhibitory terminal o f GABAergic neurons compared to Slow rats. 

Furthermore, in the kindled amygdala, we hypothesized that GAT1 immunoreactivity of 

Fast rats would escalate and postsynaptic GABAb receptors to down-regulate, thereby, 

favouring a decrease in GABAergic transmission across the synapse.

METHODS AND MATERIALS

Ten non-kindled and 10 kindled Fast and Slow male rats were used in this 

experiment. Kindled animals were sacrificed at least 1 week following the last 

convulsive seizure. The present study sought to: 1) examine the independent distribution 

of GABAb (R l) receptor and GAT1 protein within the basolateral amygdaloid complex 

and; 2) examine the co-localization of these proteins at specific inhibitory nerve 

terminals.

Intracardial perfusion of both non-kindled and kindled brains was made possible 

with 70/30% acetone/methanol solution for increased resolution during 

immunocytochcmical fixations. The brains were placed in acetone/methanol for a 

minimum of 3 days at 4°C before subjected to cryoprotection in 30% sucrose in PB for 

an additional 5 days. Whole brain coronal sections of 10 pm were made possible using a 

cryostat maintained at -30°C. The tissue was kept in a -20°C freezer until processing for 

immunocytochemistry. The mounted sections were permeabilized with PBS for a total of 

3 runs at 5 min each. PBS with 0.2% Triton X-100 was then applied for an additional 30 

min. A solution containing guinea pig polyclonal primary antibody (1:5000, Chemicon)
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raised against synthetic peptides of the rat sequences o f GABAu receptors, and rabbit 

anti-GABA transporter-1 (GAT-1) polyclonal antibody (1:50, Chemicon) was applied to 

the tissue and allowed to incubate overnight at 4°C. The next day, after rinsing in 0.2% 

Triton X-100 in PBS for 3 runs (10 mill each), the sections were incubated in Cy3- 

conjugated donkey anti-guinea pig (1:1000, Jackson Immunoresearch Labs) together with 

Alexa Fluor 48S goat anti-rabbit (1:1000, Molecular Probes) secondary antibodies for 

2 hr at room temperature in minimal light. The slices were then rinsed with Triton X-100 

in PB for 3 runs (10 min each) followed by a 3 min incubation period using antifade with 

DAPI equilibration buffer (Molecular Probes). After rinsing o ff the excess antifade 

buffer, the sections were subjected to 1% Sudan Black. Slices were then perfused 3 times 

with 70% alcohol then mounted using PBS with glycerol mixture and placed in -20°C 

until examination under a fluorescent microscope. Negative controls consisted o f 

sections processed as described above but in the absence o f primary antibody.

Image Acquisition and Analysis

A series o f stacked photos were taken from a Leica DMXRA wide-field fluorescence 

microscope at 100.x magnification to visualize immunorcactivity. A Photometries 

CoolSncipfx CCD camera (1300 x 1030 pixels) in conjunction with the “ Openlab” 

software (Improvision) was used to capture these images. The optical resolution (OR) of 

an image was calculated based on the wavelength o f each fluorescent channel and the 

numerical aperture (NA) o f the objective using the formula, OR = V(2 x NA). The NA 

for the lOOx objective was 1.3. The following colour channels were used in this 

experiment: DAPI (stain DNA, A=440 nm, 0R=169 nm), Rhodaminc (identify CY3
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fluorescence, GABAb, \=590 nm, OR=227 nm), FITC (identify CY2 fluorescence, 

GAT1, \=540 nm, OR=208 nm). Thirty photos in total (10 for each fluorescent channel) 

with a z spacing o f 0.2 pm covering a total depth o f 2 pm were obtained. The individual 

TIFF files were converted to raw files using the IPLAB software (Scanalytics). The files 

were then de-convolved using a series of mathematical algorithms, while incorporating 

multiple "point spread functions" (PSFs) to resolve out o f focus photos into fine detailed 

images. Fluoresccntly labeled Styrofoam beads (Molecular Probes) with a radius o f 

0.175 pm were used for the PSFs. Following de-convolution, the images were assessed 

for co-localization using IPLAB whereby images from each colour channel were merged 

and selected for co-localization based on a signal ratio o f 1.5x background. When 

appropriate, an area was selected for a given region of interest, and the amount of 

immunoreactivity was analyzed accordingly. The presence o f co-localization was 

explored in 3 separate groups of rat within the basolateral complex: naive (non-kindled) 

and kindled ((stimulated amygdala), and contralateral (non-stimulatcd amygdala)). All 

co-localization was expressed as a percent o f the availability o f GABAb and GAT1 in 1) 

the whole photo (53.5 x 71.5 pm area), 2) the soma (approximately 13.2 x 15.4 pm area), 

and 3) the neuropil (approximately 23.3 x 26 pm area). In addition, the total area of 

immunoreactivity, as represented by the number o f pixels (764 x 1020), o f GABAb and 

GAT1 was also examined.

Analysis

As mentioned above, the expression of co-localization was presented as a percent 

based on a ratio o f co-localization to the density o f GABAb and GAT1. Using ANOVA,
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the Fast and Slow rats represented between groups factors, as did kindling manipulations 

(naive vs. kindled animals, (Group)). The within group factors were analyzed according 

to region of interest (whole photo, soma, neuropil).

RESULTS

As seen in Figure 13, co-localization o f GABAb receptor and GAT1 

immunoreactivity within the basolateral complex was minimal (—5-10%). The overall 

analysis found no strain differences between naive and kindled rats. As expected, there 

was a greater amount o f GAT1 immunoreactivity compared to GABAb in both the entire 

photo (Fi,52= 27.05, p<.001), and within the neuropil (F1.53 = 39.20, p< 001). In the 

soma, there was no significant difference in the intensity o f co-localization between 

GABAb and GAT1.

The total pixelated area o f antibody immunoreactivity was examined to measure the 

absolute amount o f GABAb and GAT1 present irrespective o f co-localization. This 

analysis was necessary to explore possible changes in synaptic efficacy or receptor 

density as a consequence of kindling. The analysis showed a significant increase in 

whole photo GAT1 compared to GABAb (F1.53 = 32.22, pc.OOl). However, there were 

no strain or kindling effects. Although statistical insignificant, there was a slight 

tendency for a greater increase in GAT1 of both strains in the kindled (stimulated) 

amygdala compared to the contralateral (non-stimulated) amygdala and naive rats (Figure 

14). Assessment o f the somatic distribution of total GABAb and GAT1 

immunoreactivity revealed a significant main effect o f Group (F2J50= 5.48, p<.01) and 

Group x Antibody interaction (F ij50 = 4.14, p<.05). The follow-up comparisons
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Figure. 13 -  Co-localization of GABAb and GAT1 immunoreactivity in the basolateral 

amygdala o f the Fast and Slow rats. These series of figures represented an 

average (± SEM) percentage of co-localization of GABAb and GAT1 

immunoreactivity in the Fast and Slow strains. Each percentage was 

represented as a ratio o f co-localization to the amount o f GABAb or GAT1 

assessed in whole photo (W), soma (S), and neuropil (N). Very similar 

profiles existed between naive (non-kindlcd) (A), contralateral 

(non-stimulated) amygdala (B), and kindled (stimulated) amygdala rats (C).

= significantly different than N-GAT of the same strain, p<.05.

‘+ ’ = significantly different than W-GAT of the same strain, p<05.
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confirmed that the immunoreactivity of somatic GABAb in the contralateral (non- 

stimulated) amygdala was significantly higher than naive rats. Further, the kindled 

(stimulated) and contralateral (non-stimulated) amygdala maintained a higher density of 

total GAT1 in the somatic region compared to naive rats. Again, total GAT1 expression 

in the neuropil was significantly higher than GABAb (F1.53 = 48.89, p<.01). A 

photomicrograph shown in Figure 15 displays typical GABAb and GAT1 

immunoreactivity. The majority o f GABAb staining was located in cell bodies with 

GAT1 in the immediate vicinity and also scattered throughout the neuropil.

DISCUSSION

The results o f the present experiment did not confirm the original hypothesis, which 

suggested that the seizure prone Fast rats might express higher levels o f co-localization of 

GABAb and GAT1. In fact, although the percentage o f co-localization was remarkably 

low', it w'as consistent across all 3 groups (naive, stimulated, non-stimulated amygdala). 

This indicates that GABAb receptors may not play a pivotal role in regulating GABA 

release at inhibitory terminals ofGABAcrgic neurons, and that kindling does not 

significantly alter GABAb expression at both pre- and postsynaptic sites within the BLA. 

Although statistically insignificant the kindled (stimulated) amygdala in the whole photo 

showed a slightly larger percentage of co-localization (expressed as a ratio to overall 

GABAb) compared to non-kindled rats, suggesting a minor up-regulation o f GABAb 

receptors on inhibitory terminals as a result o f kindling. The data was further examined 

for total GABAb and GAT immunoreactivity in the entire photo irrespective o f co-
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Figure. 14 -  A measure o f total GABAb and GAT1 immunoreactivity in the basolateral 

amygdala o f the Fast and Slow rats. The average (± SEM) total amount of 

GABAb and GAT1 immunoreactivity in the Fast and Slow strains were 

assessed in naive rats (non-kindled) (A), contralateral (non-stimulated) 

amygdala (B), and kindled (stimulated) amygdala (C) irrespective o f co

localization. Each total was examined in whole photo (W), soma (S), and 

neuropil (N). Notice the slight increase of GAT1 immunoreactivity taken 

from the whole photo o f Fast and Slow kindled rats (C).

= significantly different than N-GABA of the same strain, p<.05.

'+ ’ = significantly different than W-GABA of the same strain, p<.05.
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Figure. 15 -  Co-localization of GABAb and GAT1 immunoreactivity from pyramidal 

cells o f the basolateral amygdala under lOOx magnification. This was a 

representative photomicrograph taken from the contralateral (non- 

stimulated) amygdala o f a kindled Fast rat that showed modest co

localization of GABAb and GAT1 immunoreactivity (yellow). Largest 

concentration of GAT1 (green) was scattered in the neuropil (N). along 

dendrites of pyramidal cells, and the region surrounding the outer membrane 

of the soma (S) that housed the majority o f GABAb receptors (red). There 

was also the appearance of GABAb staining present on dendritic branches. 

The presence of the nucleus was confirmed with a DAPI stain (blue). The 

bottom photomicrograph was a magnified image from an ideal cell (blue 

boxed area), which showed that the presence of co-localization usually 

resided in between GABAb and GAT1 immunoreactivity (blue arrows).
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localization. The kindled (stimulated) amygdala o f Fast and Slow rats demonstrated 

greater expression o f GAT1 compared to the contralateral (non-stimulated) amygdala and 

naive rats, but again not statistically significant. Similarly, somatic GAT I was 

significantly higher in the kindled rats compared to nai'vc controls. There was, however, 

no significant change in overall GABAb immunoreactivity.

One of the more important points that must be addressed in this discussion is the 

modulation of GAT1 transporter function by a balanced feedback mechanism for 

controlling GABA levels at the synapse. The amount of transmitter at synaptic and 

extrasynaptic sites ultimately determines the number of functional receptors. For 

example, changes in extracellular GABA concentrations induce changes in GAT1 

activity in a dose and time dependent manner (Bernstein and Quick, 1999). In fact, this 

modulation occurs through the action o f GABA on the transporter directly (not mediated 

by GABA receptors), and that the regulation of transporter levels are proportional to the 

rate of transporter internalization (Bernstein and Quick, 1999). In the context o f epilepsy, 

studies have shown that antiepileptic drugs have been used to down-regulate neuronal 

and glial GAT1 protein expression, thereby increasing the extracellular GABA 

concentration (Ueda and Willmore, 2000). Our results are in agreement with the 

hypothesis that an up-regulation o f GAT expression in epilepsy may result in lowered 

GABAergic transmission and therefore contribute to the generation of seizures (Gadea 

and Lopez-Colome, 2001). Since activation o f both presynaptic and postsynaptic 

GABAb receptors is dependent on spillover o f GABA from inhibitory synapses, the 

increased efficacy and number o f G AT1 transporters, along with a slight rise in GABAb 

presynaptic receptors, may be sufficient to dampen the inhibitory' tone. Although the
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present findings suggest an elevation o f inhibitory terminals as a consequence kindling, 

the amount o f postsynaptic GABAb immunoreactivity remain relatively unchanged. One 

explanation may be that the presence and efficacy o f GAT1 transporters after kindling at 

synaptic and extrasynaptic sites are sufficiently available to lower GABA concentration 

to levels that activate minimal number o f GABAa, GABAb autoreceptors and 

heteroreceptors (Mitchell and Silver, 2000). This in turn will have little impact on the 

number and density of pre- and postsynaptic GABAb elements, and may even promote 

down-regulation o f postsynaptic sites over a prolonged period. As a result, more GABA 

may be released into the synapse via other mechanisms due to the brain’s attempt to 

maintain an inhibitory balance. One such mechanism may involve a calcium 

independent, non-vesicular efflux o f GABA via GAT1 transporters that may help to 

compensate for the GABA deficit. It has been proposed that this mechanism is related to 

pathological conditions like epilepsy (Meldrum, 1995). During a severe seizure, neuronal 

depolarization reaches threshold with great facility and is sufficient to reverse GABA 

transport (Ma et al., 2001). It is possible that the over-expression o f GAT1 may be 

compensator}' and serves to facilitate the calcium independent GABA release, thus 

suppressing further spread o f seizure activity and maintaining a balance between 

excitatory and inhibitory processes. However, this particular mechanism o f GABA 

release may not apply to the present results because immunoreactivity in the kindled rats 

was not assessed until at least a week following the last convulsive seizure. The present 

data suggest that kindling does not induce a permanent, robust change in GABAb 

receptor distribution and expression. We propose that the availability o f GABA in the 

synaptic cleft o f kindled rats, regardless o f strain, was not sufficient to induce a long
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lasting change in the number o f postsynaptic GABAb receptors. It is unclear in this study 

whether the minor increase of GAT1 expression in the Fast and Slow rats after kindling 

was due to the above mechanism and/or other external factors such as presynaptic 

GABAb modulation of glutamatergic transmission.

Are GABAb Receptors Important in Epilepsy?

Presynaptically, GABAb receptors reside in the extrasynaptic membrane and 

presynaptic membrane specialization o f glutamatergic, and to a lesser extent, GABAergic 

axon terminals (Kulik et al., 2003). These receptors are known to inhibit 

neurotransmitter release by depressing calcium influx via voltage activated calcium 

channels (VVu and Saggau, 1995; Olsen et al., 1999). Postsynaptically, GABAb receptors 

are localized to the extrasynaptic plasma membrane of spines and dendritic shafts of 

principal cells and shafts o f intemeuron dendrites (Kulik et al.. 2003). Their function is 

to generate and maintain delayed, long lasting inhibitory postsynaptic potentials. There 

are many reports suggesting that GABAb plays a minor role in neuronal signaling. For 

example, ambient GABA levels in brain slices at moderate concentrations have been 

shown to activate postsynaptic GABAa receptors and presynaptic GABAb receptors to 

depress GABA release, while failing to activate postsynaptic GABAb receptors (Yoon 

and Rothman, 1991). On the other hand, Jensen et al. (2003) demonstrated from 

immunocytochemical studies that GAT1 knockout mice exhibited no changes in the 

numbers ofG ABAA and GABAb receptors at inhibitory terminals compared to wild type 

controls. In fact, despite several fold higher external GABA concentrations in GAT1 

knockout slices compared to wild type, no presynaptic GABAb tone was found in these
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animals (Jensen et al., 2003). These experiments demonstrate that GABAb receptors 

quietly modulates neurotransmission via inhibitory synapses, and perhaps may not 

become fully functional until the balance between excitation and inhibition is offset by 

seizure activity. I f  this was true, the severity o f the seizure (partially kindled, fully 

kindled, recurrent seizures or status epilepticus) may then account for the degree at which 

the GABAergic system is able to compensate for this pathological state.

There have been a number of in vitro studies that have reported a decrease in 

presynaptic GABAb receptor efficacy after kindling (Asprodini et al., 1992; Wu and 

Leung, 1997). On the other hand, an increase in presynaptic inhibition has also been 

documented (Gloveli et al., 2003). However, it is not known whether kindling can induce 

changes in GABAb receptors at the cellular level in vivo. Numerous experiments have 

confirmed a decrease in GABA-immunoreactivity in kindled animals (Kamphuis et al., 

1986; Lehmann et al., 1998; Callahan et al.. 1991), which may be directly attributed to a 

down-regulation o f GABA receptors that would account for the loss o f GABA-mediated 

inhibitory postsynaptic potentials in seizure prone areas like the amygdala (Gean et al., 

1989). In contrast, under a mass kindling stimulation protocol o f 40 trials delivered to 

the ventral hippocampus every 5 minutes, Kokaia and Kokaia (2001) found no changes in 

GABA immunoreactivity at 6, 12 hours, and 4 weeks in the amygdala. Interestingly, in 

all other areas examined (entorhinal cortex, perirhinal), except the piriform cortex, 

changes in GABAb receptor immunoreactivity were transient suggesting that GABAb 

receptors do not contribute to the long-term maintenance of the kindled state (Kokaia and 

Kokaia, 2001). Tuunancn et al. (1997) confirmed that the density o f GABA
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immunoreactive neurons in the stimulated amygdala did not differ from the contralateral 

(non-stimulated) amygdala 6 months after the last evoked seizure.

Taken together, the results of this experiment revealed no overall significant 

differences in GABAb expression o f the Fast and Slow rats from the BLA. Future studies 

should be directed to identify the molecular subunits and distribution o f GABAb in these 

strains at different stages of kindling. GABAa alpha subunits from the Fast and Slow rats 

have already been identified and exhibit differential expression of juvenile and adult 

forms, suggesting that abnormal expression o f these receptors may underlie 

epileptogenesis (Poulter et al., 1999; McIntyre et al., 2002). The effect o f kindling, from 

the present data, does not support a robust change in GAT1 or GABAb immunoreactivity 

in the amygdala. There was a slight tendency toward increased GAT1 and GABAb 

expression in kindled rats, suggesting enhanced presynaptic uptake o f GABA from 

synaptic and extrasynaptic sites resulting in decreased inhibitor}' neurotransmission 

indicative o f seizure activity. However, this effect was subtle at best.

Experiment #3 -  Electrophysiological Correlates of GABAu Receptor-Mediated

Inhibition of Fast and Slow Rats

Synopsis

Synaptic transmission, particularly through inhibitory networks can be studied in a 

variety o f ways. One approach is to elicit polysynaptic IPSCs and IPSPs from principal 

cells via stimulation o f an afferent pathway or a group of nuclei innervating these cells. 

Depending on the placement of the stimulating electrode, viable recordings can be
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obtained from direct activation of cell bodies and/or axons o f the inhibitory neurons 

through feedforward or feedback inhibition (Thompson, 1994). One o f the more 

important parameters worth investigating is the postsynaptic conductance change at 

GABAergic synapses as a result o f kindling or pharmacology. Differences in 

conductance values may stem from variations in the strength o f inhibitory inputs. For 

example, an ion channel with a small conductance would suggest relatively few to 

moderate number o f channels that would have been available to open at the peak of the 

IPSC (Collingridge et al., 1984). Further, maximal IPSC conductance attained from 

stimulation may stem from one of two sources: 1) a limit on GABA release from 

inhibitory interneurons; or 2) saturation of GABAa receptors on principal cells (Ling and 

Benardo, 1998). Therefore, understanding IPSC and 1PSP kinetics in the Fast and Slow 

rats as a consequence o f evoked stimulation should provide valuable information 

regarding GABA release and the inherent differences that favours or resists epilepsy in 

these two strains.

The modulation and inhibition of GABA release from synaptic terminals of 

intemeurons is, to some extent, presynaptically controlled by GABAb receptors, albeit the 

mechanisms are not fully understood. Postsynaptically, it has been demonstrated that 

activation of GABAb receptors may impose an antiepileptic effect by increasing the ADT 

and rate o f kindling (Bowery, 1989; Wurpel, 1994). Further, activation o f GABAb 

receptors retards the influx o f calcium ions into the terminals, thereby reducing the 

evoked release o f excitatory amino acids and possibly other transmitters (Davidoff,

1985). In contrast, by preventing GABA release, activation o f presynaptic GABAb 

receptors can promote seizures (Pitler and Alger, 1994). To further understand the
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electrophysiological properties and responses of these receptors and its role in 

epileptogenesis, several investigators have used baclofen as one approach for studying 

frequency-dependent depression of GABAergic IPSCs (Mott et al., 1993; Doze et al., 

1995; Jensen et al., 1999). Others have employed the paired pulse depression paradigm 

with the hypothesis that short interval periods between successive stimulations is largely 

due to the GABAu-dependent reduction in GABA release (Pitler and Alger, 1994; Wu 

and Leung, 1997). It has been found that baclofen significantly attenuates IPSCs in a 

concentration-dependent manner with no effect on the frequency o f miniature IPSCs 

(mIPSCs) (inhibitory currents in the absence of stimulation) recorded from CA1 

pyramidal neurons (Doze et al., 1995). Conversely, baclofen attenuated the frequency, 

but not the mean amplitude o f mIPSCs recorded from the BLA (Doze et al., 1995).

These results suggest that activation o f GABAb receptors by baclofen may be modulated 

by different presynaptic mechanisms that underlie the physiological properties o f neurons 

in a particular region o f the brain. Such regional differences may speak directly to the 

importance and involvement o f GABAb receptor-mediated inhibition in the modulation 

and maintenance of seizures within the limbic system. Irrespective o f the methodology 

used to activate and study GABAb receptors, the information gathered from 

electrophysiological and pharmacological studies will likely provide important clues 

regarding its role in both pre- and postsynaptic inhibition.

The purpose o f this experiment is to determine the time course and amplitude of the 

underlying inhibitory currents and potentials in the Fast and Slow strain in response to 

afferent stimulation. We wish to explore the kinetics o f GABAb receptor-mediated 

responses in the amygdala o f principal cells. The relationship between kinetic properties
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of the IPSC, IPSP and conductance is a major determinant o f inhibitory strength and 

efficacy o f neurotransmission. I f  GABAb receptors played a role in seizure genesis and 

expression, we would expect large differences in our Fast and Slow strains, suggesting 

that these receptors acting alone or in combination with GABAa receptors mediate 

seizure susceptibility and maintenance.

METHODS AND MATERIALS 

Slice Preparation

Patch-clamp recordings were performed on brain slices isolated from adult Fast and 

Slow male and female rats (S5-250 d o f age). The number of rats used in the experiment 

was as follows: kindled group (stimulated amygdala, 20 Fast, IS Slow), (non-stimulated 

amygdala, 20 Fast, 20 Slow); sham group (5 Fast, 14 Slow). The number of cells 

attempted, and o f that group, the actual number of cells used for analysis (shown in 

brackets) were as follows: kindled group (stimulated amygdala -  Fast 66( 13), Slow 

55(7)), (non-stimulated amygdala -  Fast 62(1S), Slow 46(8)); sham group -  Fast 25(10), 

Slow 91(22). Taken together, this amounts to a 24% average success rate for eliciting 

GABAb responses from the BLA. Before decapitation, the rat was heavily anesthetized 

(sodium pentobarbital, 65mg/kg, i.p.) and perfused intracardially with an ice-cold 

Ringer’s solution (composition in mM: 110 C5H14NOCI, 1.2 NaHiPO.*, 25 NaHCCh, 2.5 

KC1, 2.4 CjfyNaOj, 1.3 L-ascorbate, 20 glucose, 7 MgCF, 0.5 CaCF; pH 7.2) in which 

choline replaced sodium for the purpose of reducing sodium influx coincident with the 

tendency for neurons to depolarize during initial anoxia that follows decapitation,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



125

dissection, and slicing. Immediately following perfusion, the brain was rapidly removed 

and placed in ice-cold choline aCSF for approximately 2 min before a sagittal dissection 

along the midline. One hemisphere was glued at a time, on its posterior surface, to a 

vibratome tray. Subsequently, coronal slices (300 pm) were obtained and immediately 

incubated in choline aCSF maintained at 34°C for 30 min. Finally, the slices were 

transferred to a room temperature choline bath until needed for recording. Choline 

solution was constantly bubbled with 95% 0 ; - 5% CO: mixture of humidified gas. 

During electrical recordings, regular aCSF solution was similar to choline aCSF, but with 

pyruvate, ascorbate and MgCl: removed, and choline was replaced with 120 mM NaCl, 

with the addition of CaCF and MgS04 in 2 mM concentrations. All recordings were 

made in a submersion chamber with each slice supported by a nylon net anchor. The 

appropriate drugs, described below, were delivered via a gravity perfusate system at a 

rate of approximately 3 mL/min.

Drugs

(25)-(+)-5,5-Dimethyl-2-morpholineacetic acid, SCH 5091 /; (/?)-4-Amino-3-(4- 

chlorophenyl)butanoic acid, (R)-Baclofen\ 6-Imino-3-(4-methoxyphenyl)-l(6//)- 

pyridazinebutanoic acid hydrobromide, SR 95531 hydrobromide (Gabazine); 6,7- 

Dinitroquinoxaline-2,3-dione, DNQX; DL-2-Amino-5-phosphonopcntanoic acid, DL-AP5 

were purchased from Tocris, MO.
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Whole-Cell Recordings

In this experiment, only pyramidal (principal) cells from the basolateral amygdala 

were recorded for their GABAb profiles. Recordings from interneurons were not possible 

because o f the inability to isolate pure, clean GABAb responses in the presence of 

appropriate glutamatergic and GABAa blockers. Recordings were made possible with an 

upright microscope (Zeiss Axioskop, Germany) and a 40X water immersion objective 

attached to a CCD camera to project cells o f interest onto a Hitachi television monitor. 

Initially, baseline whole cell recordings were made at a resting membrane potential (Vm) 

of-58 mV. Series resistance and whole cell capacitance were monitored and adjusted 

during the experiments using the “ PULSE” software program in conjunction with an EPC 

9 Amplifier (Heka Instruments). The recordings were filtered at 2 kHz and sampled at 5 

kHz. The absolute threshold for accepting a viable recording was at least -55 mV, series 

resistance (Rs) o f <20 MQ, membrane input resistance (R;„) o f >100 MQ, and scries 

compensation at approximately 60%. Events with poor baselines and unstable Vm were 

excluded from the analyses. All recordings were made at 32°C. The junction potential 

was calculated to be -2 mV, and all subsequent measurements were adjusted accordingly.

Potassium gluconate patch pipettes o f 3-8 MQ were filled with an internal electrode 

solution containing (in mM): 145 gluconate, 3 K.C1, 0.5 CaCH, 1 EGTA, 2 MgATP, 0.3 

GTP, 10 glucose, and 10 HEPES (-300 mOsm; pH adjusted to 7.2), with 0.3% Lucifer 

Yellow for pyramidal classification of cells based on their somatic, dendritic, and axonal 

morphology.

Both voltage-clamp and current-clamp recordings were used to resolve evoked 

IPSCs and IPSPs. Stimulation was made possible by a bipolar electrode placed in the
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lateral amygdaloid nucleus (LA). Isolated GABAb IPSCs and IPSPs were recorded in the 

presence o f the glutamatergic antagonists 10 pM DNQX, 50 pM AP5, the GABAa 

antagonist, SR 95531 (20 pM) in the bathing solution. Baclofen (10, 20 pM) was applied 

to the bathing solution to assess changes in current in the absence o f stimulation. The 

GABAb receptor antagonist, SCH 50911 (20 pM), was added to the perfusion medium 

for a selected number o f cells to confirm the abolishment o f GABAb responses.

IPSP and IPSC Measurements and Analysis

The rats used in this experiment were divided into 3 groups (Treatment): 1) sham 

(amygdala electrodes with no stimulation); 2) stimulated kindled amygdala; 3) non- 

stimulated (contralateral) amygdala. The initial voltage clamp assessment was designed 

to ensure the cell had sufficiently strong inward Na+ current (> 1 nA) indicative o f a 

healthy, tightly sealed cell. The next recording employed the current clamp technique to 

examine dynamic and steady state changes in voltage as measured by the peak 

amplitudes of both traces. Further, the spiking characteristics of each cell were recorded 

and documented. Following these 2 initial recordings, evoked GABAb responses were 

isolated in the presence o f DNQX, AP5, and SR95331. Starting with a membrane 

potential held at -50 mV, GABAb IPSPs and IPSCs (at -58 mV) were evoked using a 

stimulation intensity o f 20 V via a pencil point profile stimulation electrode (FHC,

Maine) connected to a PSIU6 photoelectric isolation unit with pulses controlled by a 

Grass Instrument S88 stimulator. A ll stimulation pulses were 2 ms duration and 

delivered at 5 s intervals. Subsequent changes in amplitude were reflected at current 

intensities held at the corresponding membrane potential o f -58, -68, -78, -88, -98, -108

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



128

mV. GABAb responses during IPSP recordings were examined for time to peak, 

amplitude (assessed at peak), and the duration o f response. Conversely, responses during 

IPSC recordings with V m held at -58 mV examined the total charge transfer, as measured 

by the area under the curve from baseline, determined by the experimenter and analyzed 

with a default macros function in the IGOR Pro software program. The evoked IPSCs 

and IPSPs for each membrane potential were averaged over 5 individual traces. 

Immediately following the series of stimulated-cvoked responses, a Voltage/Current 

Ramp Test (VCRT) was conducted, which consisted of a linear drop in V m from -55 mV 

to -100 mV over a period o f 2 s to measure changes in voltage, and subsequently 

conductance.

Baclofen Administration

Following 1 min o f baseline whole cell recordings (after the VCRT) held at -58 mV, 

2 different doses (10, 20 pM) of the GABAb agonist were introduced into the aCSF 

perfusate in the absence o f stimulation to assess changes in current flow for duration of 3 

min. At the end o f this assessment, a second VCRT was conducted, followed by another 

2 min o f baclofen with 9 min o f washout. In this manipulation, the time to baclofen 

onset, peak of response, time of washout, and reversal potential were recorded. The 

conductance for each experimental group was calculated from the slope of the responses 

during the second VCRT (peak of baclofen) and subsequently subtracting the baseline 

responses during the initial VCRT.

RESULTS
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Input Resistance of Fast and Slow Rats

Basic spiking properties of the Fast and Slow rats in response to hyperpolarizing 

currents are characterized in Figure 16. Regardless o f strain and treatment group, all 

pyramidal cells exhibited regular spiking pattern with an average threshold for triggering 

action potentials o f approximately -50 mV. The average overshoot was approximately 30 

mV. Under current clamp, standard I-V curves were generated to assess current-voltage 

relationship at both peak amplitude and steady state o f sham, and kindled (stimulated and 

non-stimulated amygdala) Fast and Slow rats. A total o f 4 currents (3 hyperpolarized (- 

150, -100, -50 pA) and 0 pA) were used to examine intrinsic voltage responses in the 

absence o f external stimulation. As seen from Figure 17, sham rats o f both strains 

showed slightly larger inward rectifying currents compared to kindled rats (stimulated 

and non-stimulated amygdala). The corresponding averaged voltage amplitudes in 

response to the 3 hyperpolarizing pulses are shown in Figure 18. At the most 

hyperpolarizing pulse (-150 pA), significant differences were reported between the 

Treatment groups (sham vs. kindled) (F2.71 = 6.65, p<.01). The follow-up comparisons 

confirmed that the Slow rats from the sham group exhibited significantly higher 

amplitudes at both peak and steady state compared to the Slow kindled rats. However, no 

main effect o f Strain or Trial (steady state vs. peak) was reported. At the second 

hyperpolarizing pulse (-100 pA), significant differences were again evident between the 

Treatment groups (F2,7i = 6.80, p<,01). This dissimilarity was again attributed to a 

greater amplitude response among sham controls. Lastly, the weakest hyperpolarizing 

current o f -50 pA yielded the lowest amplitude. A main effect o f Treatment group was 

consistent with the responses from previous pulses ( F 2 . 7 1  = 7.98, p<.001).
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Figure. 16 -  Spiking characteristics o f basolateral pyramidal cells o f the Fast and Slow 

rats. Typical examples of current-voltagc relationships in sham and kindled 

(stimulated and non-stimulated amygdala) Fast and Slow rats showing 

prominent spiking properties o f pyramidal cells o f the basolateral amygdala 

assessed undercurrent clamp in response to hyperpolarizing (-150, - 100, - 

50, 0 pA) and depolarizing (50, 100 pA) steps of current.
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Figure. 17 -  Typical plots o f current-voltage relationships, obtained from Figure 16 

(above), o f sham and kindled (stimulated and non-stimulated amygdala) 

Fast and Slow rats. The slope o f each experimental condition was used 

to calculate input resistance assessed at peak and steady state.
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Figure. 18 -  Average (± SFM) voltage amplitude recordings taken at peak and steady

state in response to hyperpolarizing steps of current (-150, -100, -50 pA) in 

sham (top) rats, contralateral (non-stimulated) amygdala (bottom left), and 

kindled (stimulated) amygdala (bottom right) o f the Fast and Slow rats.

= significantly different than the Slow kindled (stimulated and non- 

stimulated) amygdala o f the same hyperpolarized current, p<.05.
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Table. 2 -  This table represented average (± SEM) input resistance in M fi, as measured 

by the slope of the current-voltage plot, in sham, contralateral (non- 

stimulated) amygdala, and kindled (stimulated) amygdala groups of the Fast 

and Slow rats assessed at peak and steady state.

' * ’ = significantly different than Sham group o f the same strain and treatment 

p<.05.
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Fast Rats 
Peak

Slow Rats 
Peak

Fast Rats 
Steady State

Slow Rats | 
Steady State

Sham 161,0± 18.2 
MS2 

(N = 10)

1S7.9± 11.8 
Mfi 

(N = 22)

151.0± 17.3 
MS2 

(N -  10)

172.2± 11.4 
MQ 

(N -  22)

Contralateral 152.8± 9.6 
Mfi 

(N =  18)

135.3± 7.1* 
Mfl 

(N = 8)

141.4± 8.4 
MJ2

(N = 18)

117.5+8.3* 
M 9.

(N = 8)

Kindled 139.4± 13.6 

(N = 13)

122.3± 9.0* 

(N = 7)

129.2± 13.9 
Mn 

(N = 13)

115.6± 8.4* 
M fi

(N -  7) 1
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The input resistance o f peak and steady state in the Fast and Slow rats arc indicated in 

Table 2. The overall ANOVA showed no strain differences, but yielded a significant 

main effect o f Treatment group (Fi,69 = 5.27, p<.01). Follow-up comparisons confirmed 

that cells from the kindled (stimulated) and contralateral (non-stimulated) amygdala of 

Slow rats exhibited lower input resistance compared to sham controls. Differences in 

input resistance between treatment groups (kindled vs. sham) did not reach statistical 

significance in the Fast rats. Input resistance between peak and steady state were again 

robust resulting in a significant main effect o f Trial (F1.92 = 76.6, p<.001). The average 

resting membrane potential o f all groups among the Fast and Slow rats was very 

consistent at -69.9 ± .57 mV.

Evoked GABAu Inhibitory Postsvnaptic Potentials - Amplitude

Evoked IPSP amplitudes were elicited at various membrane potentials described in 

the methods section. The time to peak and duration of the entire evoked GABAu 

response were also recorded (described in the next section). Under current clamp, at the 

most depolarized potential o f -50 mV, stimulation-induced GABAb responses revealed a 

Strain x Treatment group interaction (F2.2S7 — 12.13, p<.001). Post-hoc analyses showed 

that cells recorded from the kindled (stimulated) amygdala o f Fast rats demonstrated 

larger GABAb amplitudes compared to Slow rats, and sham controls. Conversely, 

recordings of GABAb amplitudes taken from the kindled amygdala o f Slow rats were 

smaller than sham controls (Figure 19). As the membrane potential was shifted to -58 

mV, Slow sham rats maintained greater GABAb amplitudes over Slow kindled rats. 

Meanwhile, the Fast kindled (stimulated) amygdala group maintained greater amplitudes
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Figure. 19 -  Current clamp assessment o f GABAb 1PSP amplitudes o f the Fast and Slow 

rats. Stimulus-evoked average (± SEM) GABAb 1PSP amplitudes from the 

basolateral amygdala o f the Fast and Slow rats assessed at membrane 

potentials o f -50, -58, -68, -78, -88, -98, -108 mV were represented in sham 

(A), contralateral (non-stimulated) (B), and kindled (stimulated) amygdala 

(C) groups.
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Figure. 20 -  Representative stimulus-evoked GABAb IPSPs recorded from the

basolateral amygdala at various membrane potentials assessed under current 

clamp. The reversal potential for this particular cell was approximately -80 

mV.
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over sham and contralateral (non-stimulated) amygdala groups. Taken together, these 

results revealed a main effect o f Treatment group (F2323 = 3.62, p<.05). On the other 

hand, the different GABAb 1PSP amplitude profiles in the kindled amygdala vs. sham 

rats resulted in a significant Strain x Treatment group interaction (F2.323= 11 -61, p<.001). 

The assessment o f GABAb amplitudes measured at -68 mV indicated a proportional 

decrease in both strains across the different treatment groups (F2.32S= 7.44 p<.001), with 

cells from the kindled amygdala maintaining higher amplitudes compared to the 

contralateral amygdala and sham controls. At -78 mV, the membrane potential was 

slowly approaching the reversal potential of GABAb neurons. The Slow rats showed 

smaller amplitude compared to Fast rats across all conditions (F 1.290= 5.25, p<.05). 

Interestingly, our results indicated that the contralateral (non-stimulated) amygdala 

maintained the smallest GABAb amplitudes compared to the kindled amygdala and sham 

controls (F2,29o= 5.59, p<.01). As the membrane potential became more hyperpolarized 

(-88, -98, -108 mV), the Fast rats maintained significantly larger GABAb responses over 

the Slow rats. Typical GABAb responses under current clamp measured at different 

membrane potentials are displayed in Figure 20. The reversal potential for all cells was 

approximately -85.8 mV.

Time to Peak Onset of GABAb Responses

The time to peak onset o f evoked GABAb responses represents the time from 

stimulation to maximum amplitude assessed undercurrent clamp. At -50 mV membrane 

potential, the analyses revealed a significant main effect o f Treatment group (F2.2s? =
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Figure. 21 -  Average (± SEM) time to achieve peak amplitude of the stimulus-evoked 

GABAb IPSPs measured at various membrane potentials in sham (top), 

contralateral (non-stimulated) amygdala (bottom left), kindled (stimulated) 

amygdala (bottom right) groups of the Fast and Slow rats.
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18.35, p<.001) and a Strain x Treatment group interaction (F2,2S7 = 9.84, p<001). As a 

result of kindling, the time o f onset assessed from the stimulated amygdala o f Slow rats 

was markedly reduced compared to Fast rats, a finding opposite to the contralateral 

amygdala (Figure 21). At -58 mV, the Fast rats overall exhibited longer onset times 

compared to Slow' rats (F |,287 = 7.09, p<.01), with the kindled (stimulated) amygdala 

showing the largest difference. The analysis also showed a significant main effect of 

Treatment group (F2,2S7= 5.59, p<.01), and a Strain x Treatment group interaction (F2.2S7 

= 4.86, p<.01) (Figure 21). At more hyperpolarized membrane potentials, the time of 

onset steadily diminished in all treatment groups and in both Fast and Slow' rats. 

However, recordings from the kindled (stimulated) amygdala o f the Fast rats maintained 

longer onset times compared to Slow rats, coincident with greater GA B A b amplitudes 

described previously.

Total Duration of GABAb Responses

A final measurement from evoked GABA0 recordings under current clamp assessed 

the total duration of these responses. At the most depolarized membrane potential of -50 

mV, the analysis showed a significant main effect of Treatment group (F2.2S7 = 12.26, 

p<.001). In the kindled (stimulated) amygdala group. Fast rats show'ed significantly 

longer total durations than Slow' rats, while the opposite effect w'as evident in the sham 

control group (F2.2S7 = 15.80, p<.001) (Figure 22). This finding supports the argument of 

kindling-induced augmentation of evoked GABAb responses in the Fast rats, but not in 

Slow rats. At a membrane potential o f -58 mV the results w'cre almost identical to the
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Figure. 22 -  Average (± SEM) total duration of stimulus-evoked GABAr IPSPs

measured at various membrane potentials in sham (top), contralateral (non- 

stimulated) amygdala (bottom left), kindled (stimulated) amygdala (bottom 

right) groups o f the Fast and Slow rats.
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prior assessment except that the total duration o f GABAb responses in both strains from 

the contralateral (non-stimulated) amygdala were substantially decreased compared to 

responses at -50 mV resulting in a significant Strain x Treatment group interaction (F2334 

= 7.40, p<.001). At -68  mV and subsequent hypeqoolarized membrane potentials, total 

GABAb durations were relatively stable across all treatment groups. The only exception 

was at -108 mV where the kindled (stimulated) amygdala o f the Fast rats elicited 

significantly longer durations than the ipsilateral Slow kindled rats (Ft. 1.3 = 19.17, p<001) 

(Figure 22).

Total Charge Transfer

The amount o f evoked current over a period of approximately 1 s was measured in 

the Fast and Slow rats with the membrane potential clamped at -58 111V. The overall 

ANOVA revealed significant greater charge transfer in the kindled (stimulated) amygdala 

compared to sham and contralateral (non-stimulated) amygdala (F2,84 = 24.47, p<,001). 

Further, a Strain x Treatment group interaction was also reported (F2.s4 = 12.72, p<.001). 

The follow-up comparisons showed that the Slow rats exhibited greater charge transfer in 

the kindled (stimulated) amygdala compared to Fast rats, and sham controls. The Fast 

kindled amygdala group also demonstrated significantly greater charge transfer compared 

to shams. In contrast, the Slow rats showed less charge transfer compared to Fast rats 

from the contralateral (non-stimulated) amygdala (Figure 23).
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Figure. 23 -  Average (± SEM) total charge transfer, measured as the area under the

stimulus-evoked IPSC curve, assessed during voltage clamp at membrane 

potential o f -58 mV in sham, contralateral (non-stimulated) amygdala, and 

kindled (stimulated) amygdala groups o f the Fast and Slow rats.

‘ * ’ = significantly different than Fast rats. p<.05.

‘+ ’ = significantly different than sham controls, p<.05.
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Baclofen Administration

Following the assessment o f GABAb recordings at various membrane potentials, 

baclofen was administered to the perfusate to assess changes in current, conductance and 

reversal potential induced by the GABAb agonist. Cells that have had no previous 

evoked GABAb response and no baclofen response were excluded from the analysis.

Baclofen Onset, Peak Current, and Washout

The speed o f which baclofen took effect to induce changes in measured current was 

examined in the Fast and Slow rats, and among treatment groups. Significant differences 

were reported between Treatment groups (F3.37 — 7.05, p<.001), with follow-up 

comparisons confirming that the sham rats have a faster time of onset compared to the 

kindled group (Figure 24, A). At the height o f the baclofen response, the peak current 

was measured in all groups. No significant differences were reported between Treatment 

groups and Strain. However, sham controls showed slightly higher peak current than 

kindled rats (Figure 24, B). The time required for baclofen to washout was slightly 

longer in the kindled (stimulated) amygdala compared to the contralateral amygdala 

yielding a significant main effect o f Treatment group (F3..U,- 3.99. p<.05) (Figure 24, C).

Peak Conductance During Baclofen Administration

At the peak of baclofen recording, a measure o f GABAb membrane conductance 

was taken to assess whether kindling impacted on the conductivity o f ion channels in the 

Fast and Slow rats. Surprisingly, there were no correlation between the concentration of 

baclofen (10 vs. 20 (iM ) and conductance. Also, no significant differences were reported
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Figure. 24 -  Baclofen administration induces outward current. Average (± SEM) time 

for baclofen to take effect following its application into the perfusate (A), 

average (± SEM) increase in current induced by 5 min o f baclofen (B), and 

average (± SEM) time required for baclofen washout (C) in sham, 

contralateral (non-stimulated) amygdala, and kindled (stimulated) amygdala 

groups of the Fast and Slow rats.
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Figure. 25 -  An average (± SEM) measurement o f GABAb membrane conductance 

assessed at the peak o f baclofen administration. Conductance was 

calculated by subtracting the slope of the voltage-current ramp test (VCRT) 

during baseline recordings from the slope of the VCRT during peak 

baclofen response. These were recordings from basolateral amygdala 

pyramidal cells o f Fast and Slow rats that previously had synaptically driven 

GABAb responses compared to those that did not.

= significantly different than Fast rats with no previous GABAb 

response, p<.05.
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Figure. 26 -  Typical baclofen-induced current response curve over a total period o f 1 

min (750 s) measured at a membrane potential clamped at -58 mV. 

Baseline recordings were taken for 1 min then baclofen (20 gM) was 

administered into the perfusate for 5 min, after which was the washout.
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Figure. 27 -  Deconvolved photomicrographs of basolateral amygdala pyramidal cells 

stained with 0.3% Lucifer Yellow. Fast sham (A), Slow sham (B),

Fast contralateral (non-stimulated) amygdala (C). Slow contralateral (non 

stimulated) amygdala (D), Fast kindled (stimulated) amygdala (E), Slow 

kindled (stimulated) amygdala (F) groups are shown. Notice the presence of 

basal and apical dendrites radiating away from the soma. The size of the 

soma was calculated to be approximately 5 /xm in diameter.
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between the Fast and Slow rats, and across the treatment groups. However, the strength 

of GABAb conductance was strongly dependent upon prior evoked GABAb response 

recorded at various membrane potentials under current clamp. Therefore, the data was 

pooled into 2 groups for analysis: 1) prior evoked GABAb response, 2) no evoked 

GABAb response, and analyzed according to strain. The analysis showed that cells with 

prior GABAb response maintained greater conductance over cells without any detectable 

GABAb response regardless of the strain (Fi.y? = 8.61, p<.01) (Figure 25).

The reversal potential recorded during peak baclofen administration was the final 

measurement in this experiment. No significant differences across treatment groups, and 

among the Fast and Slow' rats w'ere evident. The overall average reversal potential was -  

84.9 ± 1.27 mV.

Morphology of Basolateral Neurons

Lucifer Yellow' impregnated BLA neurons were identified based on their 

morphology (soma size, appearance of dendrites). A ll o f our representative 

photomicrographs showed pyramidal characteristics with soma size o f approximately 20 

pm in diameter. The presence o f basal and apical dendrites that branched away from the 

soma to distances o f several hundred micrometers was evident in most cells (Figures 27).

DISCUSSION

The present study has provided evidence that kindling o f the basolateral amygdala

1) reduced the apparent membrane input resistance (Rj) o f both Fast and Slow rats 

compared to sham controls, this reduction was greater in the Slow' than in the Fast strain;
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2) resulted in greater GABAb amplitude in Fast rats compared to Slow rats, and also 

sham controls; 3) caused a reduction of GABAb amplitudes measured in current clamp in 

the Slow rats compared to sham controls; despite 4) an increase in total charge transfer of 

Slow from the kindled (stimulated) amygdala, and a decline in charge transfer from the 

contralateral (non-stimulated) amygdala o f Slow rats measured using voltage clamp; 5) 

did not elicit any change in the estimated slope conductance measured at the peak of 

baclofen administration.

Input Resistance of Fast and Slow Rats

We found that the apparent input resistance (R,) of neurons in both Slow and Fast 

rats was significantly decreased after kindling. This was estimated from the current- 

voltage relationship obtained from hyperpolarizing pulses delivered in current clamp 

mode. Both R; estimated at the peak and steady state voltage deflections were altered. 

This result may be due to a number of possible mechanisms including alteration in leak 

conductances, inward rectification and background synaptic noise (D'Aguanno et al., 

1989; O ’Brien et al., 2002). Input resistance can have a profound affect on cell 

excitability as the synaptic input sums in parallel with this resistance. In this regard, the 

apparent input resistance measured here is known to be attributable to neuronal size, 

degree o f innervation onto the soma, and the number o f ion channels, (Liu et al., 1996; 

Magee, 2000). As this parameter can have an effect on the efficacy o f synaptic responses 

(Magee, 2000), our results demonstrating that kindling significantly lowers this resistance 

in both Fast and Slow rats compared to sham controls suggests that cell excitability may 

be altered. This further implies that kindled neurons of the BLA would require a stronger
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and/or higher frequency excitatory input to drive the membrane toward threshold for 

generating an action potential. Alternatively kindled cells may be less efficiently 

inhibited by local intemeurons as the increased conductance may shunt the membrane. It 

is not clear from these studies what accounts for the change in Rj. Possible explanations 

include increase in soma surface area and/or a change in the expression o f channels 

responsible for this resistance.

A second possible explanation may arise from inward rectification properties. Our 

data indicated a divergence from linearity o f the I-V curve at approximately -77 mV 

regardless o f treatment groups (kindled vs. non kindled), and strain. Negative current 

injections produced hyperpolarized responses with an initial peak voltage trace that was 

followed by a depolarizing “ sag” . In agreement with other studies (Rainnie et al., 1991a). 

the present data showed at membrane potentials greater than -75 mV, a time-independent 

rectification (measured at peak) was evident in BLA neurons. Further, a time-dependent 

rectification (measured at steady state) at membrane potentials more negative than -SO 

mV was also reported. Taken together, both contributing factors played a role in the 

observed decreased input resistance of kindled Fast and Slow BLA neurons, which 

functionally would act to strengthen inhibition in the hyperpolarizing direction (Rainnie 

et al., 1991a). This is characteristic o f a hyperpolarizing current, which serves to 

modulate membrane properties that influence excitability and inhibitory processes.

Unlike the present study, other reports have demonstrated that kindling of the BLA 

failed to induce changes in the firing frequency, input resistance, and resting membrane 

potential o f pyramidal neurons (Asprodini et al., 1992; Rainnie et al., 1992; Shoji et al., 

1998). The reason for this is likely attributed to the recording technique. For example.
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intracellular recordings, adopted by the above studies, typically produce much lower 

input resistance than whole cell recordings. As a result, modest changes in membrane 

excitability or ion channel expression during intracellular recordings may not be easily 

detectable compared to whole cell recordings.

Evoked GABAb IPSPs - Amplitude

In the BLA there is a high concentration of GABAb receptors along the dendrites of 

pyramidal neurons and particular subpopulations of interneurons (Washburn and Moises, 

1992). Activation of these receptors produces a slow, prolonged hyperpolarization via 

the activation o f inwardly rectifying potassium channels (Thompson and Gahwiler,

1992). Local intemeurons are the most abundant source o f GAB A activating these 

receptors through feedforward inhibition, but a direct inhibition from GABAergic LA 

interneurons has also been shown to contribute as well (Rainnie et al., 1991b; Rainnie, 

1999, Katona et al., 2001). GABAb receptors on pyramidal cells and interneurons are 

mainly activated when many GABAergic neurons fire simultaneously, in association with 

rhythmic oscillations (Traub et al., 1996). The subsequent release o f GABA into the 

extracellular space, i f  sufficient, may activate extrasynaptic receptors and exert an 

inhibitor}' postsynaptic effect in the adjacent postsynaptic neuron.

During current clamp assessment o f evoked GABAb IPSPs, the measured amplitude 

elicited from Fast rats o f the kindled (stimulated) amygdala at membrane potentials of -  

50 and -58 mV was significantly greater than the amplitude o f the contralateral (non

stimulated) amygdala, Slow rats, and sham controls. Although the results o f the present 

study showed that kindling significantly increases GABAb amplitude o f the Fast rats,
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other studies have not found similar findings in outbred rats. For example, in the 

presence of DNQX and APV, no differences were reported in GABAa or GABAb IPSPs 

elicited from control and kindled neurons o f the BLA in response to LA stimulation 

(Shoji et al., 1998). On the other hand, kindling of the amygdala has been shown to 

reduce GABA receptor-mediated inhibitory transmission (Gean et al., 1989; Asprodini et 

al., 1992). More specifically, amygdala kindling has been suggested to induce a pathway 

specific loss o f LA evoked feedforward GABAergic synaptic transmission (Rainnie et al., 

1992). Our data from these different strains o f rat show a different outcome. The 

increase in GABAb IPSP amplitude in Fast rats following kindling o f the amygdala might 

be due to a strengthening of inhibitory input onto pyramidal cells necessary to activate 

the receptors. As our data show from experiment #2 that most GABAb immunoreactivity 

is not associated with synaptic markers (GAT1), this implies that extrasynaptic GABAb 

receptors are activated by a larger extracellular accumulation of GABA after kindling 

(Mody et al., 1994; Thomson and Destexhe, 1999). The outcome of this may be to act as 

a compensatory mechanism for further limiting the spread o f seizures in the Fast rats. 

Functionally, the potentiation of inhibition could serve to modulate the balance between 

excitation and inhibition, favouring a shift towards the latter. In any case, an 

augmentation o f GABAb inhibition may be due to several possibilities that include an 

increase in receptor density and/or innervation resulting in more GABA release. Also 

increase efficacy of GABA binding to GABAb receptors or increase expression o f G 

protein-coupled inward rectifying potassium (Girk) channels may all contribute to 

enhanced GABAb receptor-mediated inhibition. The significance of reduced GABAb 

IPSP responses in the Slow rats will be discussed below.
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Evoked GABAb IPSPs -  Time of Onset and Total Duration

In the kindled (stimulated) amygdala, it was observed in seizure resistant Slow rats 

that the time to peak onset and duration, along with amplitude, o f the evoked GABAb 

IPSPs were considerably reduced especially at more depolarized membrane potentials 

compared to the contralateral (non-stimulated) amygdala, Fast rats, and sham controls. 

These results contrasted to those found in Fast rats, which demonstrated longer onset 

time, broader and longer lasting IPSP response. In contrast the total charge transfer due 

to GABAb, assessed under voltage clamp, increased after kindling in the Slow rats, and 

to a lesser extent in the Fast rats, measured at a membrane potential o f -58 mV. These 

apparently conflicting results may be accounted for by the fact that Rj decreased. In 

current clamp the change in Rj would decrease the charging time constant and shorten the 

potential o f the GABAb response, but in voltage clamp this effect would not have been 

seen because only the total charge would be manifested irrespective o f any changes in R,. 

Overall these data suggest that GABAb function is enhanced in the Slow strain due to 

kindling but that the decrease in Rj prevents this outcome from manifesting itself as an 

increased IPSP. Although it has not been ruled out that decreased GABAb mediated 

IPSPs may arise from a reduction in GABA synthesis, or neuronal depletion o f GABA 

(Rainnie et al., 1992).

Effects of Baclofen

Application of baclofen into the perfusate resulted in roughly equivalent increase of 

outward currents recorded from the basolateral amygdala regardless of strain or treatment 

groups. The GABAb conductance measured at the peak of baclofen response did not
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differ between the Fast and Slow rats, or between kindled and sham controls. Cells that 

had a synaptic response maintained a larger baclofen response than those that did not 

have a synaptic driven GABA response. These findings imply that a direct connection 

from the lateral amygdala to BLA neurons is necessary for GABAb mediated 

transmission. Baclofen exerts its effects on both synaptic and extrasynaptic GABAb 

receptors and so it is not clear i f  the smaller response reflects a subset o f cells that have 

relatively little GABAb receptors or we were simply unable to stimulate the direct 

inhibitory path to these cells. In those that had both a synaptic response and baclofen 

response we estimated that charge transfer from the synaptic receptors was only about 

5% of the baclofen response. This result clearly indicates a minor involvement of 

GABAb receptors at the synapse, and that baclofen-induced increase in K7 conductance 

largely activates extrasynaptic GABAb receptors o f the Fast and Slow rats.

For the past many years, there has been considerable debate as to whether GABAb 

agonists, such as baclofen, have a preferential binding for pre- or postsynaptic sites. It 

has been suggested that the activation of pre- and postsynaptic GABAb receptors is 

dependent on the amount o f GABA released into the synaptic cleft (Yamada et al., 1999). 

In this regard, activation o f presynaptic GABAb receptors with a low baclofen 

concentration (<10 /rM) has been shown to attenuate excitatory and/or inhibitory synaptic 

transmission (Wu and Leung, 1997; Garden et al., 2002; Hefft et al., 2002) by inhibition

^  -f*o f axonal terminal Ca“ current (Dunlap and Fischbach, 1981; Thompson and Gahwiler, 

1992). On the other hand, GABAb receptor activation o f postsynaptic receptors with 

higher baclofen concentrations (>10 /iM ) produced outward currents accompanied by 

increased membrane conductance (Lambert and Wilson, 1993). These findings likely
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suggest that pre- and postsynaptic GABAb mechanisms are mediated by G proteins that 

couple to different effector substrates (Pitler and Alger, 1994). The aim o f the present 

study was bounded by its limitations to specifically assess the mechanisms involved in 

GABAb binding, or the pre- or postsynaptic effects o f baclofen. However, in our slice 

preparation, we believe that baclofen exerted a postsynaptic effect as evidenced by 

increased K+ conductance following its application. In addition, the increase in outward 

current with baclofen administration from the present study support the findings of other 

experiments, which demonstrated no differences of the K" current between kindled and 

naive controls (Gloveli et al., 2003; Liu and Leung, 2003).

In summary, this experiment demonstrated some important characteristics o f the 

Fast and Slow rats as a result o f kindling. First, lower input resistance in the Fast rats and 

more so in the Slow rats after kindling, compared to sham controls, may account for 

changes in cell excitability or GABAb channel expression. Second, the evoked GABAb 

IPSPs in kindled Fast rats were significantly greater than Slow rats and sham controls. 

This could be attributed to increased inhibitory innervation and/or greater number of 

GABAb extrasynaptic receptors that may serve as a compensatory mechanism for 

generating further seizures. The Slow rats, on the other hand, exhibited smaller IPSP 

amplitudes compared to Fast rats and sham controls. This apparent reduction of GABAb 

response coupled with an increase in charge transfer from the kindled amygdala suggests 

that the low input resistance o f Slow rats may mask the enhanced inhibition. Lastly, the 

administration of baclofen showed that an increase in K." conductance is generated by the 

activation o f extrasynaptic, rather than synaptic GABAb receptors. Taken together, these 

results suggest that GABAb receptor mediated inhibition o f the Fast and Slow rats within
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the basolateral amygdala is altered after kindling, but favours an inhibitory tone. From 

this and other studies, seizure genesis, propagation and termination are likely to involve 

GABAb receptors, but to what extent arc presently unknown.

GENERAL DISCUSSION AND CONCLUSIONS

The current thesis provided a comprehensive examination into the effects of 

kindling on GABAb receptor-mediated inhibition in the amygdala o f seizure prone (Fast) 

and seizure resistant (Slow) rats. Three separate experiments were performed to answer 

one ultimate question: What role does the GABAb system plays in amygdala kindling- 

induced epileptogenesis, and does that system differentially affect the Fast and Slow rats 

in the spread o f such seizures? With the administration of various GABAergic agents 

delivered via systemic injection and/or direct focal infusion into the amygdala, we 

investigated the extent to which these compounds, separately, or in combination affected 

the threshold, duration and severity o f stimulation-induced seizures. In addition, the 

administration of various GABAa and GABAb agents elicited distinct EEC patterns, 

including interictal spikes and in some cases spindles from both amygdalae. The in vivo 

assessment o f these GABAergic manipulations provided important answers regarding 

drug efficacy, seizure genesis, interaction o f focal and global networks, and the 

synchronization of inhibition within the amygdala. Given the utmost importance of 

receptor binding and its subsequent effects on GABA transmission, it was o f great 

interest to the current thesis to assess the localization and distribution of GABAb 

receptors and the GABA transporter (GAT1) in both the non-kindled and kindled 

amygdala. The information gathered from these results speaks directly to receptor
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availability and to the amount o f transporters present within inhibitory terminals of 

interneurons that impinge on pyramidal cells. The possible up- or down-regulation of 

GABAb receptors and GAT1 transporters regulate the availability o f GABA in the 

synaptic cleft. Consequently, using immunocytochemistry, our data provided an 

evaluation to the extent o f GABAergic inhibitory' transmission in the amygdala. Lastly, 

the biophysical properties o f GABAb receptor-mediated inhibition were studied using in 

vitro preparations from sham, and kindled Fast and Slow rats. Inherent membrane 

characteristics, basic spiking properties, evoked GABAb potentials and currents, and the 

effects o f baclofen on membrane conductance were all examined from pyramidal cells of 

the basolateral amygdala. The importance of these recordings was three-fold. First, the 

interpretation of the results, including possible cellular mechanisms of G ABAb mediated 

inhibition could be compared directly to the findings in the whole animal preparation 

(experiment # 1). Second, the efficacy and magnitude of cell-to-cell synaptic 

transmission were easily examined. Third, assessment o f ion channel behaviour and 

conductivity o f K ' ions provided important information regarding the extent to which 

GABAb receptors regulate epileptic seizures.

Activation o f GABAa and GABAb receptors allow for the direct modulation and 

control o f seizure genesis, maintenance, and termination in many brain structures that are 

susceptible to epilepsy, including the amygdala and other limbic structures. With this in 

mind, our Fast and Slow rat strains provide a genetic backdrop to these GABA 

manipulations that may uncover similar or dissimilar mechanisms by which local circuits 

synchronize and recruit more global networks in generating convulsive seizures.
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Our data not only provided further evidence that both G A B A a and GABAb receptors are 

involved in epilepsy, but GABAb receptor activation appears to affect the seizure prone 

(Fast) rats with greater propensity compared to seizure resistant (Slow) rats. Both our in 

vivo and in vitro studies support this notion. This might suggest that the number of 

GABAb receptors may be more abundant in the Fast rats or perhaps GABAb receptors 

receive more inhibitory inputs from interneurons as a compensatory mechanism to further 

limit seizure development. It is difficult to conclude from the present study with absolute 

certainty the precise concentration and location (synaptic vs. extrasynaptic) of GABAb 

receptors that rest at pre- and postsynaptic sites, but none the less, clear differences 

between the strains exhibit in the behaviours o f those systems recorded in this thesis. 

Regardless, from our in vitro experiments and immunocytochemistry data, it appears that 

a large majority o f GABAb receptor activation takes place cxtrasynaptically, suggesting 

that a significant amount of GABA must be released from prcsynaptic receptors to exert 

its inhibitory action on postsynaptic sites. Our data from electrophysiological findings, in 

part, showed that kindling induced an increase in GABAb receptor-mediated inhibition, 

which appeared to be more prevalent in the Fast rats. Ultimately, the expression of 

epileptic seizures will greatly depend on the binding affinities for these receptors and 

subsequent activation o f G-coupled proteins that are likely to induce a cascade of events 

that will govern inhibition or disinhibition o f the amygdala, and the global network.

One of the more important disclosures from the current study was the intimate 

association between local and global seizure networks. Our initial measurement o f daily 

focal infusion o f a GABAb antagonist, SCH 50911, into the amygdala early in kindling of 

both Fast and Slow rats did not affect ADTs and AD durations. Similarly, in the same
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rats during subsequent kindling trials, continuous daily treatment o f this drug failed to 

further elicit robust changes in seizure expression. In fact, it was only after a systemic 

injection o f baclofen, a powerful GABAb agonist, that we observed an inability of Fast 

and Slow rats to elicit generalized convulsions when triggered with a stimulus at the 

seizure threshold. This finding provided clear evidence of the anticonvulsive properties 

o f baclofen, which were only manifested through systemic administration, and not 

through focal infusion. The very next day, the ability o f the kindled amygdala to 

generate convulsive seizures in the presence of the focally applied SCH 50911 with 

systemic injection o f baclofen was tested. The majority o f Fast rats, when given adequate 

stimulation intensity, elicited generalized convulsions, while behavioural seizures in a 

large number o f Slow rats were suppressed. Taken together, these results demonstrate a 

greater GABAb sensitivity o f the Fast rats, compared to Slow rats, in response to focal 

manipulation o f local amygdala networks. I f  this was the case, it would mean that 

amygdala GABAb receptors as a whole are important players in regulating inhibition, 

perhaps more so in the Fast than Slow rats, and adequate blockage of these receptors 

(postsynaptically) may constitute the predominant factor for triggering and recruiting 

epileptic seizures beyond the focus.

Another important revelation uncovered in this thesis worth discussing is the 

differential expression o f seizure genesis in response to focal applications o f GABAa and 

GABAb antagonists. Previously, it was shown that focal application o f a GABAb 

antagonist, SCH 50911, into the amygdala of Fast rats overcame the strong 

anticonvulsive effects o f systemic baclofen leading to generalized convulsions. Several 

days following this assessment, we tested the focal effects o f a potent GABAa antagonist.
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picrotoxin, with systemic administration o f baclofen. This allows for a direct comparison 

between GABAa and GABAb efficacy on seizure genesis. Our results indicated that the 

majority o f Fast rats failed to elicit convulsive seizures, while most Slow rats experienced 

generalized convulsions. This finding was in stark contrast to previous GABAb 

antagonist infusion in the presence of systemic baclofen. The implication of these results 

suggest 1) that the amygdala of Slow rats have more receptive GABAa receptors and/or 

bind GABA with greater efficacy than Fast rats, and/or 2) that the focal amygdala of 

Slow rats is more controlled by GABAa receptor-mediated inhibition than Fast rats, 

whereas GABAb receptor-mediated inhibition is more globally organized. By this same 

measure, this hypothesis also suggests that there may be more functional GABAb 

receptors in the amygdala of Fast rats than Slow rats.

Lastly, our electrophysiological data points to the conclusion that kindling does 

alter cell excitability. Evidence in support of this notion came from changes in input 

resistance o f kindled Fast and Slow rats compared to sham controls. Furthermore, the 

increase in evoked GABAb IPSP amplitudes of the Fast rats following kindling provides 

further evidence that this strain may be more sensitive to GABAb manipulations than the 

Slow rats. However, the lack of increase in evoked GABAb IPSP amplitudes of Slow 

rats is likely due to lowered input resistance, which likely attenuated GABAb responses 

that may otherwise be more pronounced. The large increase in total charge transfer in the 

kindled amygdala o f Slow rats, compared to Fast rats, supports this possibility.

In conclusion, the findings of the current thesis provided some invaluable answers 

to the contributions of GABAb receptor-mediated inhibition o f the Fast and Slow rats 

within the basolateral amygdala. The primary role o f GABAb receptors appears to be
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one of modulation. In order to fully appreciate and elucidate the precise mechanisms of 

action of the GABAb receptor and its role in epilepsy, further questions must be 

addressed in future experiments regarding GABAn receptor subunit distribution, 

competitiveness and specificity o f GABAb agonists and antagonists, binding affinities, all 

of which may affect GABA release and the overall inhibitory tone of the amygdala. 

Although it is still too early to know when blockade or stimulation of GABAb receptors 

might be of clinical use, certainly GABAb agonists and antagonists hold promise as 

therapeutic agents for the treatment o f epilepsy in the many years to come.
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