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ABSTRACT
The GABAA/central benzodiazepine receptor (cBZR) complex is a major inhibitory 

receptor in the vertebrate CNS. A functional impairment of GABAergic inhibition has 

been proposed as one mechanism which may underlie increased seizure susceptibility in 

human temporal lobe epilepsy (TLE). The objective of this study was to characterise 

abnormalities of the GABAa/cBZR in TLE with a correlative autoradiography, in-situ 

hybridisation, immunohistochemistry and quantitative neuropathology study.

Hippocampal tissue was obtained at surgery from patients with intractable TLE due to 

hippocampal sclerosis (HS) and autopsies of neurologically normal controls. Neuronal 

densities were obtained using a 3-D counting method in paraffin-embedded sections. 

Saturation autoradiographic studies were performed on cryostat sections using [^H]- 

flumazenil and expression of mRNA encoding the a l-a6 , (33 and y2 subunits of the 

GABAa receptor was assessed using in-situ hybridisation histochemistry. Distribution 

of the receptor protein was also determined using immunohistochemistry with 

antibodies to the GABAa a l  and p2/3 subunits.

A significant decrease in central benzodiazepine binding sites was demonstrated in all 

subfields of the human hippocampus in HS. This loss of cBZR binding sites would 

appear to be due primarily to changes in neuronal density characteristic of this 

pathology. However, in the CAl subfield, a reduced BZ receptor concentration was 

evident on surviving neurones in the HS group (p<0.05).

Expression of mRNA encoding GABAa receptor subunits a l ,  a2, a4, a5, and y2, was 

upregulated in surviving neurones of the granule cell layer of the dentate gyrus in HS. 

In addition, epilepsy-associated increases in the expression of mRNA encoding the a l  

subunit were observed in the hilus and CA2 and a2 mRNA in the hilus and CAl. In 

contrast, an apparent decrease in expression of P3 mRNA per neurone was detected in 

CAl in HS (p<0.07) and of y2 in the CA2 in HS (p<0.10).

These findings imply a functional abnormality of the GABAa /cBZR complex that may 

have a role in the pathophysiology of epileptogenicity in HS.
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Chapter 1: Introduction

1.1 The GABAa receptor

1.11 GABA - an h istorical perspective

The status of y-aminobutyric acid (GABA) as the major inhibitory neurotransmitter in 

the mammalian central nervous system (CNS) is well established. Equally well 

described is the phenomenon of paroxysmal electrical activity accompanying 

impairment of GABAergic mechanisms in the brain and that pharmacological 

enhancement of GABAergic neurotransmission is useful in the treatment of human 

epilepsy. Alteration of GABAergic neurotransmission has also been implicated in the 

pathophysiology of several other neurological and psychiatric disorders including: 

anxiety, Parkinson's disease, Alzheimer's disease, Huntington's disease and 

schizophrenia. An understanding of the basic physiological mechanisms underlying the 

various components of GABAergic inhibition is crucial in aiding attempts to elucidate 

putative pathological abnormalities of neurotransmission in these disease states and 

identifying potential therapeutic targets accessible to pharmacological manipulation. 

Several aspects of GABAergic neurotransmission have been well characterised in the 

literature including GABA synthesis, release, uptake and degradation and many have 

been exploited for therapeutic potential, however, the major focus of research remains 

the two predominant receptor subtypes for GABA in the CNS, GABAa and GAB As.

In 1967, Kmjevic and Schwartz, recording the membrane potential and resistance from 

individual cat cortical neurones, compared the action of GABA, applied by 

microiontophoresis and the inhibitory postsynaptic potential (IPSP) evoked by surface 

stimulation. Both responses were found to be chloride ion-dependent and had similar 

reversal potentials, thus providing the first direct evidence for GABA acting as an 

inhibitory transmitter substance in the mammalian CNS. The increase in membrane 

chloride ion conductance was blocked selectively and reversibly by the plant alkaloid, 

bicuculline, providing an important pharmacological tool for studying GABAergic 

inhibition (Curtis et al 1971). The widespread distribution of radioligand binding sites 

for ^H-GABA in post-mortem human brain pointed towards the ubiquitous nature of 

GABA as an inhibitory neurotransmitter throughout the CNS (Enna et al 1977).

20



Chapter 1: Introduction

In 1981, Bowery and colleagues reported the presence of presynaptic GABA receptors 

on sympathetic nerve terminals in isolated rat atrial muscle, mediating inhibition of 

evoked noradrenaline release (Bowery et al 1981), These receptors were described as 

atypical in that they were insensitive to bicuculline and several classical GABA receptor 

agonists such as 3-aminopropane sulphonic acid (3-APS). Baclofen (p-chlorophenyl 

GABA), synthesised as a lipophilic analogue of GABA, in order to aid penetration of 

the blood brain barrier, was found to be a potent agonist at this presynaptic receptor, 

despite being inactive at bicuculline-sensitive sites (Curtis et al 1974). Subsequent 

binding studies, in the presence of divalent cations such as Ca^^ or M g^, demonstrating 

saturable high-affinity binding sites for baclofen in fragments of crude synaptic 

membranes prepared from rat brain, led to the classification of GABA receptors into 

GABAa and GABAb, describing the classical bicuculline-sensitive receptor site and the 

bicuculline-insensitive baclofen binding site, respectively (Hill & Bowery, 1981).

1.12 The GABAa/B Z  receptor - function & pharmacology

The fast postsynaptic inhibitory effect of GABA is due to its action at GABAa 

receptors, which contain an integral anion channel. Binding of GABA to the GABAa 

receptor causes an increase in chloride permeability of the postsynaptic membrane. The 

concentration gradient between high extracellular chloride concentration and, in most 

cases, low intracellular chloride concentration, forces chloride ions into the neurone. In 

unexcited neurones, an opposing electrochemical force due to the negative charge inside 

the cell forces prevents a substantial influx of chloride following activation of GABAa 

receptors and the net result is usually a slight hyperpolarisation of the neuronal 

membrane. Neuronal excitability is significantly reduced following activation of 

GABAa receptors due to the increased chloride permeability of the nlembrane 

counteracting the effects of depolarising stimuli (see Bormann et al 1987).

GABAb receptors on the other hand, are located primarily on presynaptic terminals and 

are coupled to either potassium or calcium ionophores via pertussis toxin-sensitive G- 

proteins. Activation of GABAb receptors in CNS neurones leads to an outwardly 

directed potassium current resulting in membrane hyperpolarisation and inhibition of 

voltage-sensitive calcium channels leading to inhibition of neurotransmitter release (for 

review, see Bormann et al 1987),
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Chapter 1: Introduction

Electrophysiological studies would indicate that at least two molecules of GABA must 

bind to the GABAa receptor for receptor activation (see Bormann et al 1987) and 

membrane binding studies with ^H-GABA (using sodium-free buffer and low 

temperatures to inactivate the GABA transport system) in vertebrate brain homogenates 

suggest the existence of high and low affinity binding sites which may represent 

different conformational states of the GABAa receptor (Olsen et al 1981).

The relatively high concentrations of GABA (micromolar) necessary to activate the 

chloride ion channels in electrophysiological experiments has led to the general 

conclusion that GABA exerts its physiological effects by acting at very low affinity 

binding sites. It was originally proposed that increasing occupation of high affinity sites 

on the GABAa receptor complex by GABA molecules may result in allosteric 

modulation of remaining sites causing a reduction in their affinity for GABA (Sieghart, 

1995). This would explain the appearance of high affinity sites following thorough 

washing or pre-treatment of membranes with GABA-transaminase to remove 

endogenous GABA (Napias et al 1980), however, evidence from molecular biology 

studies of the receptor have shed further light upon this issue (section 1.17).

GABAa receptors are also stimulated by agonists such as muscimol and isoguvacine and 

are inhibited competitively by bicuculline as discussed previously. In addition to 

binding sites for classical agonists and antagonists, several other ligand binding sites 

have been identified on the GABAaR complex including sites for benzodiazepines 

(BZs), barbiturates, neurosteroids, ethanol, general anaesthetics and loreclezole. Most 

of these ligands act to allosterically enhance the effects of GABA upon occupation of 

their respective independent modulatory sites and have a variety of clinical effects as 

sedatives, hypnotics, anxiolytics, anti-convulsants and anaesthetics. The BZ binding 

site however, may be activated by BZ agonists which augment GABA or BZ inverse 

agonists which inhibit the effects of GABA. BZ antagonists such as flumazenil lack 

intrinsic activity but prevent the actions of BZ agonists or inverse agonists. Other 

proposed modulators of the GABAa receptor, which may be functionally important in 

vivo, include Zn^^ ions. Cl" ions and the pineal gland hormone - melatonin (see 

Sieghart, 1995 for review). In addition, actions of GABA at the GABAa receptor are
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Chapter 1: Introduction

inhibited non-competitively by picrotoxin acting at a unique site associated with the 

GABAa chloride channel.

As well as the classical BZ binding site associated with GABAa receptors in the brain, a 

binding site labelled by ^H-diazepam was discovered in numerous peripheral tissues 

including in particular the kidney, adrenal cortex and Leydig cells of the testes 

(Braestrup & Squires, 1977). Some of the most pharmacologically potent agents at the 

so-called central BZ receptor (cBZR) such as clonazepam, were found to be a thousand

fold weaker at peripheral sites and conversely, compounds such as Ro 5-4864, devoid of 

anti-anxiety activity, were found to have high affmity for peripheral sites but are less 

than 0.1% as potent at central receptors (Braestrup & Squires, 1977).

The existence of pharmacological subtypes of the cBZR was postulated following the 

discovery of the triazolopyridazine series of compounds which bound to the receptor 

with Hill co-efficients of between 0.5 and 0.7 (Squires et al 1979) suggesting at least 

two binding sites of different affinities. The cBZR was subsequently subdivided into 

Type I and Type II cBZRs based on a higher affmity for the triazolopyridazine 

CL218,872 and the imidazopyridine zolpidem at so-called Type I receptors (Squires et 

al 1979). The classical benzodiazepines and antagonists such as flumazenil however, 

fail to differentiate between these subtypes in autoradiographical studies.

The functional importance of the benzodiazepine binding site and binding sites for other 

allosteric modulators on the GABAa receptor complex in vivo is not clear at present. 

Candidate putative endogenous ligands (endozepines) for the cBZR have, however, 

been identified such as the polypeptide, diazepam binding inhibitor (DBI) (Guidotti et al 

1983), which has been shown to inhibit binding of ^H-diazepam, ^H-flunitrazepam and 

^H-flumazenil and exhibits anxiogenic behavioural effects in animal models.

1.13 GABAa/B Z  receptor distribution in normal rat and human brain

Early autoradiographic studies of ̂ H-GABA binding to sections of rat brain (Bowery et 

al 1987) revealed a widespread non-uniform distribution of GABAa and GABAb 

binding sites throughout the CNS, albeit with marked variations in density between 

nuclei. White matter areas of the cerebellum and spinal cord and the corpus callosum
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were reported to contain little, if any, specific binding. In general, GABAa receptors 

were more numerous than GABAb however, GABAb binding predominated in some 

areas, the inter peduncular nucleus, the globus pallidus and the molecular layer of the 

cerebellum in particular.

The highest concentrations of GABAa binding sites were in the frontal cortex, the 

granule cell layer of the cerebellum and the external plexiform and internal granule 

layers of the olfactory bulb. The hippocampus and dentate gyrus demonstrated 

moderate to high levels of GABAa binding sites and similar levels were evident 

throughout the thalamus.

Studies of GABAa receptor distribution in post-mortem human brain homogenates 

using ^H-GABA (Lloyd & Dreksler, 1979) revealed a high concentration of binding 

sites in the cerebellum, a moderate to high concentration in the cerebral cortex and low 

concentrations in other regions examined, including the basal ganglia. This study did 

not however differentiate between GABAa and GABAb binding.

Correlation of GABAa and BZ binding throughout the vertebrate brain has been an 

issue of some contention in the past. Young 3rd. and Kuhar (1979) observed a 

discrepancy between ^H-muscimol and ^H-fiunitrazepam binding patterns in the human 

cerebellum and Unnerstall and colleagues (1981) suggested that the BZ-linked GABA 

receptor may represent a subpopulation of total GABAa binding sites. Conversely, most 

BZ receptors in the brain would appear to be coupled to GABAa receptors, as 

demonstrated using immunohistochemical techniques (Schoch et al 1985). The 

development of molecular biology techniques since these early studies has shed some 

light on this issue and will be discussed further.

1.14 GABAa/B Z  receptor molecular biology

Early electrophoresis work using affinity-purified GABAa receptor preparations 

suggested the receptor complex to be composed of two subunits - the a  subunit (48- 

53kDa) and the p subunit (55-57kDa) (Sigel & Barnard, 1984). The primary structure 

of the GABAa receptor was deduced in 1987 (Schofield et al 1987) and indicated that 

the GABAa receptor was a member of the ligand-gated ion channel superfamily that
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included nicotinic ACh receptors, 5HT] and strychnine-sensitive glycine receptors. It 

was suggested that two a  subunits and two p subunits combined to form the receptor 

based upon the structure of the nicotinic ACh receptor. Each subunit consists of four 

transmembrane helical domains (TM1-TM4) with two intracellular loops (one longer), 

one extracellular loop and extracellular carboxy and amino termini. The authors 

proposed a model whereby the 16 transmembrane domains of the four subunits when 

combined, were arranged in such a way to form a pore in the membrane which acts as an 

anion-selective channel.

A pore diameter of 5.6 Â was determined for the GAB A receptor-associated chloride 

channel in the somata of mouse spinal cord neurones (Bormann et al 1987) which is 

intermediate between approximately 7 Â for the pentameric nicotinic ACh receptor and 

4 Â for the sodium channel tetramer (Unwin, 1986). Studies of receptor size however, 

(for review see Stephenson, 1988) and visualisation by electron microscopy (Nayeem et 

al 1994) conclude that the GABAa receptor is a pentamer rather than a tetramer. A 

revised model of the structure of the receptor indicates a pentameric structure with five 

subunits arranged around a central pore, the walls of which are formed by the M2 

transmembrane domains of each subunit (Figure 1.1). Each protein subunit consists of a 

large hydrophilic amino-terminal domain with several potential glycosylation sites and a 

cysteine loop formed by two conserved cysteines. This domain is followed by four 

putative transmembrane domains with a large intracellular loop between the third and 

fourth, containing possible phosphorylation sites. The carboxy-terminus is extracellular.

Schofield et al (1987) speculated that the channel might be gated by GABA binding to 

the extracellular domain of the amino terminus thus causing a conformational change 

and shifting of the transmembrane domains resulting in chloride ion flux. Binding of 

BZs or barbiturates were presumed to allosterically modulate this conformational 

change. Photoaffinity labelling of GABAa receptors from mammalian brain using ^H- 

flunitrazepam and ^H-muscimol and subsequent polyacrylamide gel electrophoresis 

indicated that both the a  and the p subunit peptides carried binding sites for both ligands 

(Bureau & Olsen, 1988).
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Figure 1.1 Schematic representation of the proposed pentameric structure of the 
GABAa receptor.

Binding sites for GABA and receptor modulators are assigned to their 
respective subunits where such evidence exists. Also illustrated is the 
spectrum of agonism through antagonism to inverse agonism displayed by 
agents that interact with the BZ binding sites associated with GABAa 
receptors. (Adapted with permission from Upton & Blackburn, 1997).
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Expression in Xenopus oocytes of genetically engineered mRNAs complementary to full 

length cDNAs for both subunits resulted in the production of GABA-regulated chloride 

channels in the oocytes (Schofield et al 1987). Initially it was thought that both the a  

and p subunits were sufficient for full physiological function of the GABAa receptor, 

including allosteric modulation by BZs and barbiturates and block by picrotoxin and 

bicuculline. However, subsequent studies revealed that this expressed receptor-ion 

channel complex exhibited most but not all of the expected properties of the native 

GABAa receptor (Levitan et al 1988). Consistent electrophysiological responses to BZs 

could not be demonstrated in several expression systems (Levitan et al\9%%\ Pritchett et 

al 1988) and no benzodiazepine binding to the a  and p subunits expressed in HEK 293 

cells could be detected. Isolation of a cloned DNA encoding a new GABAa y subunit 

family (Ymer et al 1990; Pritchett et al 1989b) and co-expression of y2 with the a  and p 

subunits in HEK 293 cells resulted in production of a GABAa receptor displaying high 

affinity binding for cBZR ligands and full functional properties of GABA/BZ receptors.

The cloning of the y subunits and subtypes of the a  subunit led to the conclusion that the 

two bands observed following electrophoresis of affinity-purified GABAa/BZ receptors 

(Sigel & Barnard, 1984) are heterogeneous, consisting of the p subunit and several 

variants of the a  and y subunits.

More recent work by DNA homology cloning has identified novel subunit families (ô 

and p) and subtypes of subunits (a l-a6 , pl-p3, yl-y3, pl-p2) of the human GABAa 

receptor gene family, divided into subcategories on the basis of their relative sequence 

identities (see Whiting et al 1995 for review). The most recent GABAa receptor gene 

families which have been isolated are the s subunit (Whiting et al 1997; Davies et al 

1997) and the n subunit (Hedblom & Kirkness, 1997). Within a subgroup such as the a  

subunits, there is 70-80% sequence homology, whereas between subgroups, there may 

be only 30-40% homology. The regions of greatest homology are in the putative 

transmembrane domains and the extracellular amino-terminal domain. The putative 

signal peptide and the large intracellular loop between transmembrane regions M3 and 

M4 demonstrate the greatest sequence diversity. Splice variants of the human y2
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subunit have also been identified (y2s and y2l) further adding to the possible 

heterogeneity of the receptor (Whiting et al 1990).

If five subunits are required to form an intact receptor and in human brain these can be 

selected from a total of 16 in the CNS, a potential maximum of 16  ̂different subtypes of 

the GABAa receptor would be possible, providing there were no constraints upon 

subunit assembly. The number of theoretical possibilities is reduced by several 

constraints such as the need for and a, p and y subunit for a fully functional GABAa/BZ 

receptor. Evidence from electrophysiological studies of recombinant receptors and 

antibody immunohistochemistry would appear to support the preferential co-assembly 

of two a  subunits, one p subunit and two y subunits or two a  subunits, two p subunits 

and one y subunit. The ô subunit may substitute for the y subunit in certain brain areas 

(See Whiting et al 1995 for review). This would reduce the number of possible receptor 

types to between one and two hundred (Prof. F.A. Stephenson, personal 

communication).

1.15 GABAa receptor subunit distribution in normal rat and human brain

Extensive in situ hybridisation mapping studies have been performed by Wisden and 

colleagues (1992) and Persohn et al (1992), describing the distribution of GABAa 

subunit mRNA in the rat brain. In addition, Fritschy and Mohler (1995) report the 

localisation of subunit-specific antibodies in rat brain as determined by 

immunohistochemical methods. Studies of GABAa subunit mRNA distribution in the 

human brain to date have been limited (Akbarian et al 1995; Longson et al 1997; 

Lewohl et al 1997).

Expression of mRNA encoding some subunits such as a l  was found to be widespread 

throughout the rat brain whereas other subunits were restricted in their distribution such 

as a6 in the cerebellum, a3 in layers V and VI of the neocortex and the reticular 

thalamic nucleus and a5 and pi in the hippocampus (Wisden et al 1992).

Several subunit combinations of putative GABAa receptor subtypes were proposed by 

Wisden and colleagues (1992) based upon co-localisation of these subunits in rat brain
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sections. Combination of the a l  and p2 subunit mRNAs, often co-expressed with y2 

mRNA predominated in the olfactory bulb, globus pallidus, inferior colliculus, 

substantia nigra pars reticulata, subthalamic nucleus, medial septum and cerebellum. 

Co-localisation of a2 and p3 mRNA was also reported and regions of abundant 

expression of this combination included the amygdala and hypothalamus.

Co-expression of the a4 and ô mRNAs was evident in much of the forebrain, with the 

exception of hippocampal pyramidal cells. The thalamic nuclei were positive for a l ,  

a4, p2 and, to a lesser extent, 5 subunit mRNA only, with the addition of y3 in the 

medial geniculate thalamic nucleus.

Fritschy and Mohler (1995) described the distribution of recognition sites for antibodies 

raised to seven subunits of the GABAa receptor in rat brain: a l ,  a2, a3, a5, p2/3, y2 & 

Ô. The co-localisation of the distribution patterns of antibodies recognising the a l ,  p2/3 

and y2 subunits is in agreement with mRNA data fi'om Wisden er <3/ (1992). Confined 

distribution of the a5 subunit to hippocampal pyramidal cells and olfactory bulb granule 

cells is also in close agreement with mRNA studies, as is the restricted distribution and 

relatively weak staining for the a3 subunit. Co-localisation of the 5 subunit and the 

alp2/3y2 subtype was reported by Fritschy and Mohler (1995) in the thalamus and 

intemeurones of the cortex and hippocampus as well as cerebellar granule cells, again in 

agreement with the mRNA data.

Akbarian and colleagues (1995) reported the distribution of a l ,  p2, and y2 mRNA in 

prejftontal cortex fi*om schizophrenic patients and normal controls following in situ 

hybridisation. Comparatively high levels were evident in all six cortical laminae but the 

most intense labelling was in layers m  and IV. The a2, a5 and pi subunit mRNAs 

were expressed only in layers IQ and IV.

Expression of a l ,  pi and y2 subunit mRNA in the human entorhinal cortex 

demonstrated a laminar pattern of distribution of these subunits co-localised with GluR2 

mRNA distribution and most intense in layer Q (Longson et al 1997).
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Finally, Lewohl et al (1997), using polymerase chain reaction, demonstrated comparable 

levels of a l ,  a l  and a3 subunit mRNA in tissue homogenates from human superior 

frontal and motor cortices.

1.16 GABAa receptor subunit co-localisation in native receptors

Attempts to identify the combinations of GABAa subunits co-assembling to form native

receptors in vivo relied on a combination of several research techniques.

The use of high-affmity subunit specific antibodies to immunoprecipitate the 

corresponding subunit-containing GABAa receptor from solubilised mammalian brain 

preparations, followed by ^H-muscimol radioligand binding allows estimation of the 

fraction of total GABAa receptors containing that particular subunit. Combination of 

subunit-specific antibodies in immunoprécipitation studies enable investigators to 

determine whether two subunits co-exist in the same receptor. Qualitative approaches 

involve immunopurification of detergent-solubilised receptors using antisera directed 

against one subunit, subsequent Western blotting of the purified receptor and testing the 

blots for antigenicity for other subunit antisera. A third approach is to take advantage of 

pharmacological studies of recombinant GABAa receptors expressed in various cell 

lines or primary cultures for comparison with radioligand binding studies of solubilised 

receptors immunoprecipitated with subunit-specific antibodies in order to ascertain 

which combination of subunits exist in vivo. Yet another approach has been the use of 

immunohistochemical double-labelling techniques in tissue sections and their 

combination with in situ hybridisation studies of subunit mRNA expression for direct 

C O -visualisation by immunofluorescence microscopy or electron microscopy.

McKeman and Whiting (1996) reviewed the ever-increasing volume of literature 

describing the results of studies utilising these techniques and proposed a model to 

define the relative proportions of putative GABAa receptor subtypes in the rat brain.

The a ip 2 y2  combination represents the predominant GABAa receptor subtype in the 

brain based upon these findings. In the hippocampus, this subtype has been 

demonstrated primarily on intemeurones but widespread distribution in most brain areas 

of this subtype has been reported. The next most abundant combination, comprising 
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almost one fifth of brain GABAa receptors and notably present on hippocampal 

pyramidal cells, the striatum and spinal cord motoneurones, was a2p2/3y2. Also 

demonstrated on hippocampal pyramidal cells was the a5p3y2/y3 subtype, albeit at 

approximately 20% of the density of the a2p2/3y2 subtype.

Almost equally abundant as the a2p2/3y2 combination is the proposed a3py2/y3 

subtype, found in the cortex and mainly localised on cholinergic and monoaminergic 

neurones. The yl subunit has been suggested to co-localise with the a2 and p subunits 

and comprises approximately 8 % of total GABAa receptors in the rat brain, with a 

distribution mainly restricted to Bergmann glia. Combinations of subunits including the 

a6 subunit were found to be expressed almost exclusively in the granule cells of the 

cerebellum and include a6py2 and a6p5 (approximately 2% of total GABAa receptors 

respectively). Apart from other minor subtypes, the final significant GABAa receptor 

subtype proposed includes the a4, p and ô subunits and has been described in some 

regions of the thalamus and the dentate gyrus of the hippocampus.

It should be noted that the co-existence of two a  subunits and two y subunits has been 

demonstrated in the same immunoprecipitated receptor and the above-mentioned 

combinations will doubtless include more than one subunit of the same family within 

the native pentamer. As regards subunit stoichiometry, a combination of two a, two y 

and one p subunit would appear most likely, given available evidence (see Whiting et al 

1995 for review).

1.17 GABAa receptor subunits - functional and pharmacological studies 

Various expression systems have been used for the functional and pharmacological 

characterisation of recombinant GABAa receptors including: direct injection of mRNA 

encoding GABAa subunits into individual Xenopus oocytes, transient expression in 

mammalian or insect cell lines (e.g. HEK 293, CHO cells), stably transfected cell lines 

and cell lines endogenously expressing a defined set of subunits.

The formation of homo-oligomeric chloride channels by cells expressing only one 

GABAa receptor subunit have been described, some of which can be activated by
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GABA, inhibited by bicuculline and picrotoxin and allosterically modulated by 

barbiturates (see Sieghart 1995, for review). However, the GABA-activated currents 

were tenfold smaller than those measured in cells expressing two or three different 

subunits. The presence of binding sites for GABA, picrotoxin, barbiturates and in some 

cases steroids, was reported on homomeric channels in cells expressing a variety of a  

and p, or y2 subunits, suggesting that, in theory, a maximum of 5 binding sites for each 

of these compounds is possible in a native pentameric receptor (see Sieghart 1995). 

However, recent evidence would suggest that homomeric channels may only be formed 

at the cell surface by pi or p3 subunits (Connolly et al 1996; Krishek et al 1996; 

Wooltorton et al 1997) and these channels are GABA-insensitive. What was originally 

thought to be homomeric expression of a  or y subunits may have been a result of 

contamination by low levels of endogenous GABAa subunits not normally transported 

to the cell surface.

Channels consisting of two different subunits were found to form more efficiently, were 

activated by lower concentrations of GABA and were more effectively activated by 

GABA than homomeric channels (Sigel et al. 1990). Based upon expression 

efficiencies, it would appear that ap  dimers form preferentially and that free subunits 

are subsequently incorporated. Receptors consisting of a  and p subunits were activated 

by GABA and inhibited by bicuculline and picrotoxin. They contained binding sites for 

^H-muscimol and ^^S-TBPS and were positively modulated by barbiturates, steroids and 

anaesthetics and inhibited by Zn^. The ap  subtype did not however, contain 

benzodiazepine binding sites.

Substitution of a y subunit for the p subunit resulted in a decrease in Z n^ inhibition and 

a loss of high affinity ^H-muscimol and ^^S-TBPS binding sites with the introduction of 

binding sites for ^H-flunitrazepam. The ay combination has been demonstrated as 

sufficient to produce GABA-induced chloride currents that are augmented by 

benzodiazepines and inhibited by inverse agonists at the benzodiazepine receptor. Co

expression of P2y2 subunits have also shown GABA-gated chloride currents potentiated 

by non-selective BZ ligands such as diazepam but unaffected by Typel selective ligands.

32



Chapter 1: Introduction

Co-expression of a , (3 and y2  subunits resulted in the formation of GABAa receptors 

which most closely mimic the properties of native GABAa receptors in the vertebrate 

brain (Sigel et al 1990). Large GABA-stimulated chloride currents were produced that 

could be inhibited by bicuculline and picrotoxin and potentiated by barbiturates, steroids 

and anaesthetics. A more consistent electrophysiological response to benzodiazepine 

receptor ligands was observed for these receptors in comparison with dimeric receptors. 

Binding sites for ^H-muscimol, and ^^S-TBPS and ^H-flunitrazepam were present on 

these receptors and were modulated by allosteric ligands of the GABAa receptor in a 

similar way to native receptors. In agreement with electrophysiological studies of 

dimeric receptors, the presence of a y subunit resulted in a receptor less sensitive to Z n ^  

inhibition (Smart et a l\9 9 \\  White & Gurley 1995).

From a functional point of view, the particular a  subunit present in recombinant ap  

dimers determined, to an extent, the sensitivity of the resultant channels to GABA. Rat 

a l/a2 /a3  subunits co-expressed with pi subunits demonstrated a 30 fold difference in 

sensitivity to GABA (Levitan et al 1988) and an a5p i combination was more sensitive 

again (Sigel et al 1990). The affinity of GABA and other agonists for a particular 

receptor subtype is also dependent upon the choice of a  subunit, with a 70-fold 

difference in affinity for GABA evident between the a5p3y2 and a3ply2 combinations 

(Ebert et al 1994). In general, subunit combinations containing the a3 subunit 

consistently demonstrated lower affinities for GABA in comparison with other a  

subunits studied. The presence of a y subunit, as well as conferring benzodiazepine 

sensitivity, also reduces the affinity for GABA at the receptor by approximately 7-fold 

(Sigel et al 1990). Variation of the p subunit would appear to have relatively little 

effect upon the interaction of GABA with the receptor but, where y subunits are 

concerned, substitution of a yl subunit for a y2  or y3 subunit resulted in a loss of 

efficacy for partial agonists at the receptor and may affect the affinity/efficacy of GABA 

at these receptors (Ebert et al 1994).

Studies of recombinant receptors have revealed substantial pharmacological 

heterogeneity of GABAa receptors depending upon subunit combinations expressed. 

The a  and y subunits appear to have the strongest influence on the affinity of various
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benzodiazepine receptor ligands (agonists and inverse agonists) for the GABAa 

receptor. Type I BZ receptors have been reported to consist primarily of receptors 

containing an a l  subunit (Pritchett et al 1989a) whereas subtypes containing a2, a3 or 

a5 subunits appear to have Type II pharmacology (Pritchett & Seeburg 1990; 

Hadingham et al 1993). The a4 and a 6  subunits form receptors with BZ sites 

demonstrating a unique pharmacology, having a high affinity for Ro 15-4513 and 

bretazenil but low affinity for classical BZs such as flunitrazepam (Liiddens et al 1990; 

Wisden et al 1991). Initial studies of recombinant receptors containing the ô subunit 

instead of y2 also indicated a lack of affinity for classical benzodiazepines (Shivers et al 

1989). This may explain previous reports of discrepancies in ^H-flunitrazepam and ^H- 

muscimol binding site distribution in brain regions such as the cerebellum (Unnerstall et 

ûf/ 1981). In addition receptors containing a yl subunit exhibited a reduced affinity for 

benzodiazepines compared to y2-containing receptors (Ymer 1990).

The affinity of the BZ receptor antagonist, flumazenil (Ro 15-1788) was also 

significantly influenced by subunit composition, demonstrating a relatively low affmity 

for a4 and a 6  subunit-containing receptors and negligible affinity for yl subunit- 

containing receptors (see Sieghart 1995).

Finally, allosteric modulation of recombinant receptors by barbiturates, neurosteroids, 

anaesthetics and numerous other compounds has again been found to be subunit 

dependent to varying degrees and with considerable heterogeneity although not as well 

characterised as benzodiazepine pharmacology (see Whiting et al 1995 for review).

1.2 The human hippocampus

1.21 Three-dimensional structure

The word hippocampus meaning seahorse, was first coined by Arantius in 1587 to 

describe the arch-shaped, 4-4.5cm long, grey matter structure lying bilaterally in the 

medial temporal lobe of the brain. The hippocampal formation comprises two cortical 

laminae rolled up, one inside the other, the dentate gyrus and the cornu ammonis or
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Ammon's horn from the ram's horn crown worn by the Egyptian god Amun-Ra. The 

general three-dimensional appearance of the hippocampus is similar to a seahorse 

(Duvemoy, 1988; Amaral & Insausti, 1990). It is arched around the mesencephalon and 

bulges in to the temporal horn of the lateral ventricle. The structure itself runs rostro-

caudally and coronal cross-sections, taken through the mid-portion or "body" of the 

hippocampus, reveal a characteristic C-shape or "swiss-roll" of the interlocking laminae 

of the dentate gyrus and the cornu ammonis, separated by the hippocampal sulcus 

(Figure 1.2). As the hippocampus approaches the rostral (anterior) limit of the lateral 

ventricle, it bends sharply in a medial direction and then back on itself in a caudal 

direction several times, losing the characteristic C-shape in cross-section. At caudal 

(posterior) levels, the C-shape is again lost as the hippocampus bends dorsally and 

ascends towards and around the splenium of the corpus callosum.

1.22 The hippocampal subfields

Coronal sections through the body of the hippocampus also reveal a heterogenous 

structure, largely due to the varying appearance of pyramidal cells in the cornu 

ammonis. Ammon's horn has been divided into four subfields by Lorenté de No (1934): 

CAl, CA2, CA3 and CA4.

The CAl continues from the subiculum (continuous with the entorhinal cortex of the 

parahippocampal gyrus) and contains scattered, generally small, but well defined 

triangular pyramidal cells. The pyramidal cell layer is wide in humans compared to the 

narrow, dense layer seen in rats. The CA2 is composed of giant, oval-shaped, densely 

packed somata, resulting in a narrow and dense pyramidal cell layer quite distinct in the 

human hippocampus but difficult to define in the rat. CA3 forms the curve of the cornu 

ammonis as it enters the C-shape of the dentate gyrus. The pyramidal cell bodies are 

similar in size and shape to CA2 but less densely packed.

The CA4 lies within the C-shape of the dentate gyrus. Some controversy exists as to 

whether the CA4 is a continuation of Ammon's horn or part of the dentate gyrus. For 

the purposes of this thesis, it will be considered as the hilus of the dentate gyrus. 

Several neuronal types have been identified in the hilus. One of these is a mossy cell 
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Figure 1.2 Illustration of cresyl violet/luxol fast blue-stained section of hippocampus 
from a control individual.

NeLironal cell bodies appear red/purple coloured whilst white matter is stained 
blue/black. Abbreviations: CA - cornu ammonis; DG - dentate gyrus; p.l. - 
polymorphic layer; s.g. - stratum granulosum; s.m - stratmn moleculare; s.l. - 
stratum lacunosum; s.r. - stratum radiatum; s.p. - stratum pyramidale; s.o. - 
stratum oriens
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with a triangular or multipolar-shaped body and extensive dentritic trees within the 

hilus. The dentate gyrus is a narrow, curved lamina, separated from the cornu ammonis 

by the hippocampal sulcus. It envelopes the hilus and part of CA3.

1.23 Neuronal connectivity o f  the hippocampus

The principal neuronal pathway of the hippocampus is composed of a trisynaptic 

unidirectional circuit composed of: entorhinal cortex (via perforant path) dentate 

gyrus granule cell (via mossy fibres) CA3 pyramidal neurones (via Schaffer 

collaterals) CAl pyramidal neurones (Duvemoy, 1988). Axon collaterals from 

mossy fibres also synapse with the mossy cells and intemeurones of the hilus and basket 

cells within the dentate gyms.

The neurotransmitter at these three excitatory synapses is glutamate. The trisynaptic 

circuits are thought to be organised in functional thin parallel sections or lamellae, 

which are oriented transversely to the long axis of the hippocampus (Sloviter, 1994). 

Extensive longitudinal association pathways have also been shown to exist in the 

hippocampus and dentate gyms. However, the mossy fibre projection from the DG to 

CA3 has an anatomical distribution which is strictly lamellar. GABA-mediated lateral 

inhibition is thought to keep these transverse lamellae functionally separated.

Numerous local hippocampal circuits regulate and inhibit this main excitatory 

trisynaptic circuit. Basket cells are GABAergic intemeurones which are found largely 

in the stratum oriens layer of Ammon's hom (see section 1.24) and the molecular and 

polymorphic layers of the DG. The basket cells receive input from pyramidal and 

granule cells and their axons form arborizations around the somata axon hillocks and 

proximal dendrites of these cells and thus mediate recurrent inhibition of pyramidal and 

granule cells. Neurones producing substance P, VIP, CCK, somatostatin and 

neuropeptide-Y have also been described in the hippocampus and have an intervening 

role in local inhibitory and excitatory circuits. In addition, granule cells of the DG 

produce enkephalin and dynorphin which may reach the comu ammonis through mossy 

fibres.
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The axon-initial segment of pyramidal cells is innervated exclusively by a type of 

hippocampal GABAergic intemeurone known as an axo-axonic or chandelier neurone, 

whereas the somata and dendritic domains of pyramidal neurones are innervated by a 

variety of GABAergic intemeurones, including basket cells (Buhl et al 1994; 1995). 

Both axo-axonic and basket intemeurones exert their synaptic actions solely through 

GABAa receptors.

Afferent inputs from cortical association areas, subcortical stmctures, brainstem, and 

other parts of the limbic system including the amygdala, all converge on the entorhinal 

cortex and are transmitted to the hippocampus via the perforant path. Afferent supply to 

the DG and CA3 and CAl pyramidal cells also includes direct excitatory cholinergic 

input from the septum. The hilus also receives cholinergic input from the septum, 

noradrenergic fibres from the locus coemleus and serotonergic innervation from the 

raphe. In addition, direct connections exist between the hippocampus and the neocortex 

such as cingulate gyms, temporal and prefrontal lobes. Limited hippocampal 

commissural connections exist in the human brain. The hilar neurones project to the 

contralateral DG and the CA3 pyramidal neurones project to the contralateral CA3 and 

CAl.

Efferents from the CAl pyramidal neurones project to the anterior thalamic nucleus, 

either directly or via the mamillary bodies, and possibly other thalamic nuclei and the 

hypothalamus. From the thalamus impulses could reach the cerebral cortex, particularly 

the cingulate cortex. Collaterals from CAl axons also project to the subiculum and 

from there to the entorhinal cortex, which sends fibres to numerous cortical association 

areas.

1.24 Ammon *s horn and the dentate gyrus - stratified anatomical structure 

The hippocampus belongs to the allocortex (other cortex) and has a three layered 

stmcture from the ventricular cavity towards the hippocampal sulcus consisting of the 

stratum oriens, stratum pyramidale and molecular zone (Figure 1.2). The molecular 

zone may be further subdivided into the stratum radiatum, stratum lacunosum and 

stratum moleculare. The three-layered cortex is distinct from the six-layered neocortex
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of the parahippocampal gyrus and the subiculum displays a cortical structure which is a 

transition between allocortex and neocortex.

The alveus covers the intraventricular surface and contains the axons of the 

hippocampal and subicular neurones which enter the fimbria as the main efferent 

pathway of these structures.

The stratum oriens is comprised of scattered basket cells and is crossed by pyramidal 

cell axons as they arrive at the alveus.

The stratum pyramidale is the major layer of the comu ammonis and contains the 

pyramidal neurones. The soma of a pyramidal neurone is triangular in shape with the 

base facing the alveus and apex oriented towards the hippocampal sulcus. The axon 

emerges fi*om the base and traverses the stratum oriens to the alveus to the various 

afferent pathways. Schaffer collaterals branch fi-om CA3 pyramidal neurone axons and 

curve back to project through the stratum radiatum to innervate the dendritic tree of 

CAl pyramidal neurones. At the apex of each pyramidal neurone is an apical dendrite 

which projects to the stratum moleculare. Basal dendrites also arise, some of which 

arborize in the stratum oriens. Basket intemeurones and stellate neurones are also 

scattered throughout the stratum pyramidale and other layers of the comu ammonis.

The stratum radiatum is so called because of the parallel arrangements of apical 

dendrites firom the pyramidal neurones giving the layer a striated appearance. Schaffer 

collaterals fi"om the CA3 pyramidal neurones and axons firom mossy cells of the hilus 

synapse with pyramidal neurones' apical dendrites in the stratum radiatum of CA2 and 

CAl. In the CA3 subfield, a layer known as the stratum lucidium is described between 

the stratum pyramidale and stratum radiatum and this contains mossy fibres of the 

granule cell layer of the dentate gyms which synapse in this layer with the dendrites of 

CA3 pyramidal neurones.

The stratum lacunosum consists of the axonal projections of the Schaffer collaterals and 

perforant path fibres.
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The stratum moleculare borders the hippocampal sulcus (which disappears during 

development) and blends with the stratum moleculare of the dentate gyrus. The stratum 

moleculare contains few intemeurones and consists mainly of the synaptic connections 

between the apical dendrites of pyramidal cells and the perforant fibre collaterals.

The three layers of the allocortex are plainly visible in the DG and are termed (from the 

hippocampal sulcus towards the hilus) the stratum moleculare, stratum granulosum and 

the polymorphic layer. The principal layer is the stratum granulosum, containing the 

somata of granule cell neurones which are small, rounded and densely packed. Also 

present in the granule cell layer are basket pyramidal cells which give rise to a dense 

network of GABAergic fibres and terminals surrounding granule cell bodies.

The overlying stratum moleculare consists mainly of the unipolar dendritic tree 

extending firom the granule cells of the stratum granulosum. The external two thirds 

receives inputs from the perforant path whereas the internal one third, is occupied by 

commisural and septal fibre connections.

The polymorphic layer is synomynous with the hilus and differentiation of cells of the 

polymorphic layer from the cells of Ammon's hom is anatomically difficult in this 

complex region.

1.25 The functional relevance o f  the hippocampus

Early studies of the hippocampus attributed to it the primary fimction of regulation of 

emotional behaviour. The prevailing belief in contemporary neuroscience is that it is 

involved mainly in learning and memory (Squire, 1986).

It is the opinion of some researchers that the hippocampus may serve as a type of filter, 

before the process of memorisation, for all information acquired in the projection cortex 

which passes to the hippocampus via the entorhinal cortex. A role limited to spatial 

memory is proposed by others (Maguire et al 1996).
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Surgical resection of the hippocampus has resulted in clinical observations of mainly 

disorders of memory, particularly short-term memory Avith the most frequent defects 

being in spatial memory.

1.26 GABAa/B Z  receptor distribution in normal rat and human hippocampus

In the normal human hippocampus, ^H-muscimol autoradiography demonstrated a 

similar distribution of binding sites as ^H-flumazenil, suggesting that GABAa receptors 

in this region of the brain are associated with BZ binding sites (Schoch et al 1985; 

Burdette et al 1995). Greatest binding was reported for the dentate gyrus, stratum 

pyramidale of CAl and the strata lacunosum and moleculare of CAl (see section 1.24 

for hippocampal anatomy). Moderate levels of binding were evident in the hilus and 

strata pyramidale and moleculare of the CA3 and CA2 subfields and the subiculum. 

Minimal levels of binding were reported for the stratum radiatum of CA3, CA2 and 

CAl (Burdette et al 1995). This distribution pattern compares favourably with reported 

binding patterns for ^H-flunitrazepam (Faull & Villiger, 1988; Zezula et al 1988; 

Manchon et al 1985) and for antibodies for the GABAa receptor (Houser et al 1988). 

Distribution of Type I and Type II cBZRs were found to be similar throughout the 

normal human hippocampus in roughly equal proportions (Burdette et al 1995; Faull & 

Villiger, 1988) and significantly correlated with ^H-flumazenil binding (Burdette et al

1995).

1.27 GABAa subunit distribution in normal rat and human hippocampus

As mentioned earlier, studies of GABAa subunit mRNA distribution in the human brain 

to date have been limited and have not included the hippocampus (Akbarian et al 1995; 

Longson et al 1997; Lewohl et al 1997).

In the rat hippocampus, strongly positive signal for mRNA encoding the a2,a4,pl,p3 

and y2 subunits was detected in the dentate gyrus granule cell layer (Wisden et al 1992; 

Tsunashima et al 1997). A moderate signal for a l  and p2 mRNA was also observed in 

this layer. In the pyramidal cell layer of CA3 and CAl, mRNA signal for the a l, a5, 

p i, p3 and y2 subunits was strongly positive with a moderate signal detected for a4 

mRNA. Moderate levels of a l  mRNA were also observed in the CAl stratum
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pyramidale. Expression of a3, P2, yl, y3 and 5 mRNA appeared to be relatively weak 

in the hippocampus and a complete absence of a 6  mRNA signal was reported. The a5 

subunit appeared to be predominately expressed in the hippocampus, being virtually 

absent from other brain areas, and the same was true of the pi mRNA. However, 

results of comparative studies of mRNA expression must be interpreted with caution 

when postfixed material is used - see Mathem et al 1997 and section 4.46.

Fritschy and Mohler (1995) and Sperk et al (1997) reported the distribution of 

recognition sites for antibodies raised to the majority of the GABAa receptor subunits in 

rat brain. Compared to other brain regions, the hippocampus was relatively intensely 

stained for the GABAa receptor subunits studied. Prominent staining was reported for 

the a l ,  a2, a4, a5, p i, p3, y2 and ô subunits associated with the granule cells of the 

dentate gyrus and, in particular, their dendrites (stratum moleculare). Staining for the 

a l ,  a2, a5, p3 and y2 subunits predominated within the dendritic layers of the CA.

A moderate staining intensity was observed for the a l  subunit, mainly confined to the 

stratum moleculare of the DG and the dendritic layers of Ammon’s hom (Fritschy & 

Mohler, 1995). Interestingly, the a l  subunit antibody labelled intensely numerous 

intemeurones, particularly in the hilus and within the pyramidal and granule cell layers 

of the CA and DG. This population of intemeurones was also labelled to a lesser extent 

by the p2/3 and y2 antibodies. Sperk et al (1997) also report intemeurone labelling with 

a l ,  p2 and y2 and also 5 subunit antibodies. Staining for the a3 subunit was found to 

be faint to moderate and restricted to the pyramidal cells and stratum moleculare of 

CA3. The ô subunit revealed faint diffiise staining confined to the stratum moleculare 

of the dentate gyms.

At a subcellular level, staining for the a2, a5, p2/3 and y2 subunits was localised to 

both the pyramidal cell layer and dendritic layers of CA and the granule cell layer (a2, 

a5 and y2 ) and stratum moleculare of the DG. This would suggest that GABAa 

receptors are located on both the somata and dendrites of pyramidal and granule cells in 

the hippocampus. Staining for a l  however, appeared mainly dendritic in the DG and
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CA, suggesting a possible heterogeneity of receptor subunit combinations depending 

upon subcellular location.

Co-localisation of subunits, as assessed by double and triple immunofluorescence 

studies, revealed the existence of a2p2/3y2 combinations within the pyramidal cells of 

the CA and granule cells of the DG. Also observed in CA pyramidal cells was the 

a5p2/3y2 combination.

Nusser and colleagues (1995) studied the rat a l  and p2/3 subunits using high resolution 

electron microscopy combined with immunogold methods of immunohistochemistry 

allowing information to be obtained on the precise subcellular location of antibody 

binding sites. These authors report the presence of both a l  and p2/3 subunits in the 

synaptic junctions between basket cell terminals and the somata of granule cells of the 

dentate gyrus and in the synapses of axo-axonic intemeurone terminals and the axon- 

initial segment of the granule cells. Labelling was also evident in the dendritic 

arborizations throughout the stratum moleculare of the DG. Intemeurones were found 

to receive very strong GABAa receptor immunopositive synapses on their dendrites in 

the hilus and the granular and molecular layers of the DG. In addition, mossy cells 

throughout the hilus displayed immunopositive reactions for both subunits.

Use of the same technique (Nusser et al 1996) has revealed a heterogeneity of 

subcellular localisation for the a l  and a 2  subunits in the hippocampus confirming light 

microscope observations made by Fritschy and Mohler (1995). Immunopositive 

synapses for the a l  subunit were evident on somata, proximal dendrites, distal 

dendrites, axon-initial segments and spines of pyramidal cells, in addition to some 

GABAergic intemeurones. In contrast, the highest proportion of a2-immunopositive 

synapses appeared to be located on the axon-initial segment of pyramidal cells, with 

much fewer immunopositive synapses being located on somata and dendrites. 

Immunopositive synapses for the a2 subunit were also detected on the somata and 

dendrites of a subset of GABAergic intemeurones in all hippocampal layers.
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The presence of y2 subunit immunoreactivity was detected, again using immuno- 

electron-microscopy, in basket cell synapses with somata and proximal dendrites of 

pyramidal and granule cells and also in synapses between axo-axonic neurones and the 

axon-initial segments of pyramidal and granule cells in rat hippocampus (Somogyi et al

1996). In addition to a l  and p2/3 subunits, some synapses on the dendrites of 

GABAergic intemeurones were also strongly labelled for y2 subunits.

First reports of the distribution of bd-24 and bd-17 antibodies for the GABAa a l  and 

P2/3 subunits in the human hippocampus by Schoch et al (1985) revealed an almost 

identical distribution pattern for both antibodies in human hippocampal sections. This 

pattern of distribution was considered by the authors to be strikingly similar to patterns 

of ^H-flumazenil and ^H-muscimol binding in the human hippocampus. Similar 

findings were reported by Houser and colleagues (1988), with highest levels of labelling 

described on granule cell dendrites in the smDG and lower levels in sgDG located 

around the perimeter of the granule cell somata. Labelling was weakest in the CA3 

subfield of Ammon’s Hom, slightly greater in CA2 and most intense in CAl. 

Prominent labelling of non-pyramidal cells throughout all hippocampal fields was also 

noted.

Distribution of bd-24 was also described by Wolf et al (1994) in human hippocampal 

sections. Intense staining was reported in the smDG and in the neuropil of the sgDG in 

agreement with Houser et al (1988). In the hilus, only occasional neurones were 

observed with cell membrane staining and diffuse spotty areas of staining were noted in 

the neuropil of the hilus. Again, in agreement with Houser et al (1988) CA3 and CA2 

also displayed only rare GABAa a  1-positive neurones and minimal diffuse neuropil 

staining. Intense diffuse staining of the neuropil was reported for the strata pyramidale, 

oriens and radiatum of CAl, hindering identification of immunopositive somata or 

dendrites.

These results compare favourably with studies of rat brain using a l  and p2/3 antibodies 

as described earlier in this section (Fritschy & Mohler, 1995).
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1.3 Temporal lobe epilepsy

1.31 Seizure classificationj incidence and socio-economic aspects o f  TLE  

The term epilepsy refers to a diverse group of chronic disorders of the CNS which have 

in common the periodic and unpredictable occurrence of seizures (Hopkins et al 1995). 

The clinical phenomenon of a seizure is defined as a transient and self-limiting 

alteration of behaviour due to abnormal disordered, synchronous and rhythmic firing of 

populations of CNS neurones.

Epilepsy has been reported to have an estimated incidence (number of new cases) of 10- 

122 per 100,000 per year and the prevalence of active epilepsy is 5-8 per 1,000. The 

life-time prevalence of epilepsy is approximately 3-5% of the general population 

(Goodridge & Shorvon, 1983; Sander et al 1990). In the UK, it is estimated that there 

are over 300,000 persons with active epilepsy and over 1 million persons with a history 

of seizures.

The socio-economic consequences of epilepsy are significant. Quality of life for 

patients with epilepsy has been assessed using a variety of qualitative research 

techniques and epileptic individuals are reported to suffer significantly from cognition 

problems, dysphoria, temper and worry compared to normal controls. Epilepsy sufferers 

also perceived themselves to be less mature, adaptable, dependable, stable, well- 

adjusted, successful and happy (Collings 1990). Other epilepsy-associated problems 

include psychiatric morbidity, sexual dysfunction, aggression, learning difficulties and 

ineligibility for a driving licence. The cost to the UK of newly diagnosed epilepsy in the 

first year of diagnosis was estimated at £18million and the total annual cost of 

established epilepsy at £l,930million (Cockerell et al 1994). These estimates included 

the direct costs of provision of medical care, such as the costs of physician visits, 

diagnostic investigations, hospital fees, medication and ambulance expenses and the 

indirect costs related to the consequences of the illness, such as loss of earnings due to 

reduced productivity, sick leave and underemployment and payment of disability 

benefits.
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Temporal lobe epilepsy is the most common form of adult epilepsy and is typically 

characterised by complex partial seizures (CPS), often with progression to secondary 

generalised convulsions (Hopkins et al 1995). Seizures are described as complex if 

impairment of consciousness, amnesia or confusion, during or after a seizure, are 

reported. In contrast, simple seizures are associated with maintained ability to interact 

appropriately with the environment. The classification of seizures as partial is 

determined from clinical evidence of a focal onset as opposed to generalised seizures 

which entail widespread involvement of the cerebral cortex of both hemispheres from 

the onset. Complex partial seizures constitute almost 55% of seizures in adults and 

approximately 80% of these seizures are of temporal lobe origin. Of the population of 

epileptic patients with partial seizures, approximately 45% are refractory to medical 

intervention (Hopkins et al 1995).

Complex partial seizures consist of attacks of confused behaviour, occasionally 

preceded by simple partial seizures with psychic symptoms referred to as auras, and 

often associated with stereotyped motor behaviour (automatisms). Automatic behaviour 

is variable and may consist of activities such as focal grimacing, gestures, chewing, lip 

smacking, finger snapping and repeated phrases. Seizures usually last from 30 seconds 

to several minutes and most patients experience some degree of postictal impairment 

such as tiredness or confusion. During CPS patients are not responsive to commands or 

respond in an abnormally slow manner.

Localisation of the seizure focus involves the use of both invasive and non-invasive 

clinical studies including: electroencephalogram (EEC), X-ray computed tomography 

(CT), magnetic resonance imaging (MRI), video telemetry, positron emission 

tomography (PET) and, more recently, functional neuroimaging techniques. Partial 

resection of the temporal lobe including temporal neocortex and the mesial structures - 

hippocampus and amygdala, was found to eliminate seizures in a majority of sufferers 

thus implicating this brain region in the aetiology of complex partial seizures (Zentner et 

al 1995; Dam 1996; Sperling et al 1996).
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1.32 Pathology - hippocampal sclerosis and synaptic reorganisation 

The most common histopathologic finding in surgical specimens and autopsy studies of 

individuals with chronic temporal lobe epilepsy is an atrophy of the hippocampus 

accompanied by a characteristic pattern of neuronal loss and glial cell proliferation, 

variously termed hippocampal sclerosis (HS), Ammon’s Hom Sclerosis or Mesial 

Temporal Sclerosis.

In a study of hippocampi surgically resected from 142 consecutive temporal lobe 

epilepsy cases, Kim et al (1990) reported histopathological confirmation of HS in 97 of 

the 142 cases (6 8 %). HS in this study, was defined as hippocampal cell counts lower 

than two standard deviations from the mean of counts from 2 2  age and gender-matched 

post-mortem controls. Neuronal density values were lowest in the epilepsy group in the 

CAl subfield (44% of control), followed by the hilus/CA4 (48% of control), CA3 (50% 

of control) and DG (58% of control) with relative sparing of the CA2 subfield (61% of 

control) characteristic of classical hippocampal sclerosis (Hopkins et al 1995).

The majority of cases identified as HS demonstrated no obvious extrahippocampal 

pathology and were termed cryptogenic TLE specimens. Individuals with 

extrahippocampal pathology such as neoplasms, cavernous angiomas or focal cortical 

dysplasias tended not to exhibit severe neuronal loss but a significant difference in 

neuronal density was reported between these cases and neurologically normal controls,

A published study of hippocampal glial density by the same authors included 97 

epileptic individuals and 12 post-mortem control cases. Statistically significant 

epilepsy-associated increases in glial cell density were reported for hippocampal 

subfields CAl (317% of control), CA3 (186%), hilus (172%) and CA2 (153%). 

Increased glial cell density was considered to reflect astroglia proliferation rather than 

oligodendroglial cells and was thought to represent a reactive process following 

neuronal loss rather than preceding this phenomenon in TLE (Hopkins et al 1995).

Investigation of putative synaptic reorganisation of the axons of dentate granule cells, 

the so-called mossy fibres, suggested by histopathological findings in several animal 

models of epilepsy, led to the discovery of mossy fibre sprouting in tissue resected from
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human patients with TLE (Sutula et al 1989). Utilising the Timm method of 

histochemical staining, neural elements containing heavy metals are visualised and, as a 

consequence of the unusually high Z n^ content of mossy fibres relative to the 

surrounding neuropil, the trajectory of mossy fibre axons and the location of their 

synaptic terminals can be easily identified at the light microscope level. In contrast with 

non-epileptic rhesus monkeys, all ten TLE patients included in this study demonstrated 

Timm granules aberrantly located in the supragranular region of the inner molecular 

layer of the DG. Electron micrographs confirmed that the supragranular Timm granules 

corresponded to mossy fibre synaptic terminal providing evidence for granule cell 

mossy fibre collateral projections to the inner molecular layer of the DG in TLE 

specimens, in addition to their major projection pathway to the CA3 and hilar neurones.

In addition to the loss of granule cells, hilar neurones and pyramidal neurones observed 

in HS, a loss of both somatostatin-immunoreactive neurones and neuropeptide Y- 

immunoreactive neurones selectively in the hilus, associated with cryptogenic TLE, was 

reported by de Lanerolle et al (1989), despite an apparently normal distribution in other 

regions in HS, including CAl. The axons and dendrites of these intemeurones form a 

network in the hilus but also extend into the smDG in the normal hippocampus. In 

contrast to somatostatin-positive neurones however, the neuropeptide Y-positive 

neurones demonstrated epilepsy-associated axonal sprouting in the molecular layer of 

the DG.

Investigation of GABA-like immunoreactivity in the above study revealed a selective 

preservation of GABAergic neurones in the CAl despite almost total loss of pyramidal 

cells. Babb et al (1989) used an anti-GAD antibody to visualise GABAergic neurones 

in the anterior/middle hippocampus from 33 patients with HS and compared their 

distribution with normal monkey hippocampus and non-epileptic posterior 

hippocampus. The authors concluded that there is no selective or significant loss of 

GABAergic neurones in human hippocampal epilepsy in any hippocampal region 

despite significant principal cell loss in the DG and CA. However, recent reports on the 

expression of mRNA for GAD in both excitatory and inhibitory neurones, including 

CAl pyramidal neurones (Cao et al 1996), and transiently elevated levels of GAD 

mRNA and immunoreactivity following kainic acid-induced seizures in rats, may call
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into question reports of apparent survival of GABAergic neurones in HS. Houser 

(1991) suggested that a loss of somatostatin immunopositive neurones may indicate a 

functionally significant paucity of axoaxonic GABA connections but no significant 

overall changes in GAD-immunostaining.

1.33 Animal models o f  temporal lobe epilepsy

Experimental animal models of focal epilepsy may involve the administration of 

convulsive pharmacological substances, topical application of CNS irritants, freeze/cold 

lesions or electrical stimulation (for review see McCandless & FineSmith, 1992).

Topical administration of convulsant drugs such as penicillin, strychnine, or CNS 

irritants such as alumina, cobalt, tungstic acid or iron tends to result in simple partial 

seizures, depending upon the dose used. Tetanus toxin is one exception, causing 

complex partial seizures upon topical administration. In contrast, systemic convulsants 

such as bicuculline, picrotoxin, pentylenetetrazole and isoniazid typically cause 

generalised tonic-clonic seizures with the exception of kainic acid which activates 

complex partial seizures upon systemic administration.

Several of the pharmacological convulsants interfere with GABAergic inhibition which 

is presumed to be the principal mechanism through which they exert their convulsive 

action. Bicuculline and picrotoxin act at the GABAa receptor to inhibit the effects of 

GABA and similarly, pentylenetetrazole is also thought to reduce the inhibitory effects 

of GABA at the GABAa receptor. Penicillin is a GABAa chloride channel blocker and 

strychnine is a competitive antagonist at the GABAa receptor (strychnine also 

antagonises the inhibitory neurotransmitter, glycine) and isoniazid probably acts by 

inhibiting GAD, the GABA synthesising enzyme.

Electrical stimulation paradigms used to induce seizures include focal stimulation of 

discrete brain areas, electroconvulsions involving full-blown generalised tonic-clonic 

seizures and kindling.

Kindling was first defined by Goddard (1967) and described the phenomenon of 

progressive development of behavioural and EEG epileptiform manifestations following
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repeated application of short tetanic stimulations to certain brain areas. The permanence 

of the process was demonstrated when kindled rats left unstimulated for as long as 12 

weeks continued to demonstrate a lowered seizure threshold. The most common loci 

for electrode placement are the amygdala, hippocampus and entorhinal cortex. Kindling 

may also be achieved using daily administration o f subconvulsive doses of lidocaine, 

cocaine, bicuculline, L-aspartate and L-glutamate.

Of the wide variety of methods used to produce seizures that involve predominantly or 

initially the limbic system structures, hippocampus and amygdala, the electrical 

kindling, perforant path stimulation, kainic acid and pilocarpine models are the most 

well described.

Even when administered intraperitoneally, kainic acid has a primary mode of action on 

the hippocampus and produces neuronal damage similar to Ammon's Horn Sclerosis. 

Pilocarpine induces status epilepticus when administered systemically in high doses and 

animals which survive the initial treatment gradually develop spontaneous limbic 

seizures and exhibit neuropathological changes in several brain regions. Acute 

administration of soman, an acetylcholinesterase inhibitor, also produces rapid onset, 

prolonged limbic seizures, accompanied by hippocampal damage. Stimulation of the 

perforant path evokes epileptiform discharges in the dentate granule cells coinciding 

with loss of hilar mossy cells and somatostatin-containing neurones. In contrast, 

electrical kindling has been found to produce little or no recognisable neuronal damage.

Finally, genetic models of complex partial seizures include the EL mouse and the 

genetically epilepsy-prone rats (GEPRs).

1.34 Pathophysiology o f  TLE and the GABA hypothesis

The significance of neuronal loss associated with HS in the aetiology of seizures 

remains equivocal. Whether hippocampal sclerosis precedes seizures and subsequently 

causes them or represents a consequence of chronic seizure activity is a subject of 

continuing debate (see Swanson, 1995 for review). Data fi'om animal models and tissue 

resected fi'om human patients would suggest that a loss of some critical neurones results 

in a lowering of the seizure threshold in an otherwise normal individual or possibly an 
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individual genetically predisposed to seizures. The cause of the initial neurone loss is 

unclear although several investigators have speculated that prolonged complex febrile 

seizures in infancy, status epilepticus, head trauma, encephalitis or genetic factors may 

be the precipitating phenomena. Continued seizures may in turn aggravate the 

sclerosing process in an already epileptic brain and patterns of hippocampal cell loss 

particular to epilepsy may cause abnormal excitable circuitry leading to recurrent 

seizures.

The preservation of GABAergic intemeurones in the epileptic hippocampus, combined 

with a diminution of GABA-mediated inhibition in several animal models of TLE, led 

to the hypothesis that GABAergic neurones are deprived of their normal excitatory input 

neurones in TLE, rendering them dormant. Loss of mossy cells in the hilus and CA3 

pyramidal cells is proposed to leave GABAergic basket intemeurones in the hilus or 

dentate gyrus molecular layer and CAl respectively disconnected from their excitatory 

inputs and this has been termed the dormant basket cell hypothesis (Bekenstein & 

Lothman, 1993; Sloviter, 1991). Evidence to support this theory included the 

observation that in rats stimulated via the perforant path and demonstrating hilar 

neurone loss, there was concurrent loss of paired-pulse inhibition in dentate gyrus 

granule cells and CAl pyramidal neurones, normally present in control animals, and 

stimulation of contralateral CA3 pyramidal neurones restored strong inhibition in the 

disinhibited ipsilateral CAl pyramidal cells.

Sloviter (1987) proposed that decreased inhibition of glutamate-releasing dentate 

granule cells following initial loss of hilar mossy cells may lead to glutamate-mediated 

excitotoxicity in postsynaptic CA3 neurones and subsequently CAl pyramidal neurones 

thus propagating neuronal damage and hippocampal sclerosis. Lowenstein et al. (1992) 

demonstrated that a percussive blow to the dura, which did not produce clinical seizures, 

resulted in selective hilar cell loss and granule cell disinhibition and hyperexcitability, 

supporting the idea that dentate hilar cells may be inherently vulnerable to a variety of 

insults.

As referred to in section 1.23, the trisynaptic circuits of the hippocampus are thought to 

be organised in thin parallel sections or lamellae and GABAergic inhibition is thought
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to keep these transverse lamellae functionally separated (Sloviter, 1994). Sloviter 

presents an eloquent hypothesis integrating the lamellar organisation of the 

hippocampus, hippocampal sclerosis and the dormant basket cell hypothesis in TLE. 

Evidence suggesting longitudinal hippocampal projections of hilar mossy cells to the 

molecular layer of the DG and projections of CA3 pyramidal neurones to other CA3 

cells and the CA1 of distant lamellae would appear to contradict the proposed functional 

lamellar organisation of the hippocampus. However, Sloviter (1994) proposes that these 

longitudinal projections synapse with inhibitory intemeurones, thus isolating the 

stimulated lamella or lamellae from adjacent lamellae. In HS, the loss of these hilar 

mossy cells and CA3 neurones with longitudinal projections may result in a loss of 

lateral inhibition, thus allowing propagation of seizure activity between adjacent 

lamellae along the longitudinal axis of the hippocampus.

The electrophysiologcial consequences of mossy fibre sprouting are as yet unclear. 

Masukawa et al (1992) applied antidromic stimuli to mossy fibre axons and collaterals 

in the hilus of hippocampal slices from 12 TLE patients and made field recordings in the 

granule cell layer of the dentate. A significant correlation was observed between the 

abnormality of antidromic responses, as reflected by multiple secondary population 

spikes, and the density of Timm staining of the supragranular layer of the DG. These 

results suggest an increase in feedback excitation in human TLE specimens which may 

be a functional consequence of mossy fibre reorganisation. The authors also reported a 

significant negative correlation between hilar polymorphic neurone density and Timm 

staining of the supragranular layer of the DG, implying that the loss of hilar neurones 

acts as a trigger for mossy fibre sprouting. An interesting observation however, is that 

many of the patients included in this study exhibited only minimal or moderate evidence 

of mossy fibre reorganisation, indicating that mossy fibre reorganisation may not be a 

prerequisite of TLE.

Preliminary data published by Pokomy et a l{ \9 9 \)  also suggested a positive correlation 

between dentate gyrus excitability and recurrent mossy fibre sprouting in the epileptic 

human hippocampus. Significantly, intracellular recordings from dentate granule cells 

bathed in normal physiologic medium displayed no abnormalities, but inclusion of 

bicuculline resulted in all cells firing multiple action potentials and some demonstrated
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prolonged paroxysmal bursts not seen in normal rat hippocampus treated with 

bicuculline. The most dramatic hyperexcitability however, was reported for tissue with 

an abundant mossy fibre recurrent collateral network.

There has been a substantial accumulation of evidence fi'om electrophysiological studies 

of tissue slices, taken fiom hippocampus resected fiom patients with medically 

refiactory TLE, indicating a functional impairment of GABAergic neurotransmission 

associated with increased seizure susceptibility.

Knowles and colleagues (1992) compared the in vitro electrophysiology of hippocampal 

neurones fiom 14 patients with HS and hippocampal neurones fiom 7 epileptic patients 

with structural lesions near the hippocampus. No significant changes were detected in 

stimulus-evoked EPSPs or stimulus evoked action potential bursts between the two 

groups but significantly fewer pyramidal neurones fiom the sclerotic group were found 

to show the occurrence of stimulus-evoked IPSPs. Neurones fiom the HS group were 

also more likely to fire spontaneously in bursts of action potentials than hippocampal 

neurones from patients with structural lesions.

Masukawa et al. (1989) recorded fiom diseased hippocampal tissue, surgically removed 

fiom epileptic patients with evidence of neuronal loss and gliosis. Extracellular field 

potentials were recorded fiom the granule cell layer of the dentate gyrus, evoked by 

stimulation of perforant path fibres, and compared with recordings fiom normal rat 

hippocampal slices. Application of a train of 15 stimuli at a fiequency of IHz resulted 

in a dramatic increase in the number of population spikes by as much as 8 -fold thus 

resembling epileptiform discharges. In contrast to human epileptic hippocampal tissue, 

rat brain slices stimulated using an identical paradigm produced either no change or a 

slight decrease in the population spike evoked. Exposure of the rat brain slices to a 

relatively low concentration of bicuculline however, resulted in a field potential 

response to the train of fifteen IHz stimulations similar to that seen in the epileptic 

human hippocampi. The authors estimated that this concentration of bicuculline 

resulted in a blockade of only 1 0 -2 0 % of GABAa receptors in the rat dentate gyrus but 

nevertheless, a significant effect was seen on evoked neuronal discharges. These results 

suggested that a small decrease in GABAa receptor number or function, or a slight
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reduction in GABAergic neurones not readily detected using morphological techniques, 

may result in epilepsy in vivo.

Inhibitory postsynaptic potentials (IPSPs) were recorded from morphologically 

identified dentate granule cells in hippocampal slices, again prepared from epileptic 

patients by Isokawa et al {\99\). In the presence of these IPSPs, multiple burst firings 

representative of epileptic hyperexcitability were rarely produced by dentate granule 

cells. The authors proposed that synaptic inhibition is intact and functional in 

chronically seizure-prone hippocampus during interictal periods but that mechanisms of 

amplifying an imbalance between excitatory and inhibitory transmission may be 

necessary for the generation of epileptic activities.

Isokawa (1996) also studied inhibitory postsynaptic currents (IPSCs) in hippocampal 

dentate granule cells in human TLE and the pilocarpine model of epilepsy using whole 

cell patch-clamp recording in slice preparations. IPSCs were identified as GABAa 

mediated. High frequency (30Hz) stimulation of the perforant path for 10 seconds 

resulted in a significant reduction (48%, p<0.01) of IPSC amplitude in human sclerotic 

hippocampus, an effect which was mimicked in pilocarpine-treated rats but not seen in 

control animals. APV, an NMD A receptor antagonist was found to effectively block the 

significant reduction of GABAa IPSCs in pilocarpine-treated rats and sclerotic human 

hippocampus, confirming an involvement of NMD A receptors in this phenomenon. The 

author speculated that increased intracellular calcium, following activation of NMDA 

receptors, may result in compromised GABAa receptor chaimel function via 

phosphorylation-déphosphorylation mechanisms in chronic seizures.

In addition, prolonged NMDA receptor-mediated excitatory postsynaptic potentials have 

been reported previously in dentate granule cells from hippocampal slices obtained from 

excised human epileptic hippocampus, providing evidence to support this hypothesis 

(Isokawa & Levesque, 1991).

In contrast to the above evidence supporting the hypothesis that functional impairment 

of GABAergic neurotransmission may lead to increased seizure susceptibility, reports of

54



Chapter 1: Introduction

GABA producing paradoxical excitatory postsynaptic responses in hippocampal 

neurones have also been published.

Alger and Nicoll (1982) demonstrated that GABA, applied to the soma of hippocampal 

pyramidal cells causes hyperpolarisation of the cell membrane, while focal application 

of GABA to the dendrites of these neurones causes a depolarisation. This possibly 

reflects a difference in the intracellular-extracellular chloride gradient between the 

pyramidal cell dendrites and somata or an increase in permeability of the GABAa 

receptor channel to HCO3 , an anion with an equilibrium potential more positive than 

chloride.

A role for GABA in generating synchronised activity within the hippocampus was 

proposed by Michelson and Wong (1991). An excitatory synaptic response in 

hippocampal intemeurones, mediated by GABAa receptors and independent of 

glutamatergic transmission, was demonstrated in normal rats. It was suggested that the 

synaptic excitation sustained by GABAa receptors was responsible for rhythmic, 

synchronised activity of inhibitory intemeurones, which in tum elicited large amplitude 

synchronised IPSPs in pyramidal and granule cells.

Bicuculline-sensitive spontaneous rhythmic synchronous events (SRSEs) were 

subsequently demonstrated in epileptic human and normal monkey temporal lobe 

(Schwartzkroin & Haglund, 1986). The observation of SRSEs in normal hippocampus 

suggested that this phenomenon is not a direct reflection of tissue epileptogenicity. A 

large component of the SRSE appeared to be an IPSP with a reversal potential 

consistent with a chloride-mediated IPSP, indicating involvement of the GABAa 

receptor channel. SRSEs seemed to reflect the involvement of inhibitory intemeurones 

in mediating normal synchrony and rhythmicity of this tissue but the authors speculate 

that they may also underly the propensity of hippocampal tissue to discharge in a 

rhythmic and synchronous fashion in epilepsy.

Avoli and colleagues (1996a; 1996b) have demonstrated that GABA-mediated 

synchronous potentials may initiate seizures in adult rat entorhinal cortex and in the
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hippocampus of young rats thus adding a further degree of complexity 

interpretation of changes in inhibitory neurotransmission associated with TLE.

to the

1.35 Anti-epileptic drugs - GABAergic mechanisms o f  action

Three primary neurotransmitter receptors or ion channels are targeted by established and

some of the newly developed anti-epileptic drugs: GABAa receptor channels, voltage-

dependent sodium channels and voltage-dependent, low-threshold, T-type calcium

channels.

Benzodiazepines and barbiturates are thought to act primarily by enhancing GABA

ergic inhibition through actions at the GABAa receptor however, at high concentrations 

used in the treatment of status epilepticus, both classes of drug have also been found to 

inhibit high frequency repetitive firing of action-potentials, possibly by interacting with 

voltage-gated sodium channnels (McLean & MacDonald, 1988). Benzodiazepines and 

barbiturates enhance GABAergic inhibition by different mechanisms. Benzodiazepines 

increase the frequency of bursts of openings of the GABAa receptor-associated chloride 

channel characteristic of GABA when bound to the receptor (Twyman et al 1988). 

Barbiturates on the other hand prolong the opening times within each opening burst 

without increasing the frequency of bursting (Twyman et al 1988).

Carbamazepine, phenytoin and sodium valproate have been demonstrated to interact 

with voltage-dependent sodium channels at concentrations found free in plasma in 

patients being treated for epilepsy (for review see MacDonald, 1989). Recently 

however, carbamazepine and phenytoin have been shown to potentiate the chloride 

current induced by GABA in cultured rat cortical neurones at nanomolar potencies with 

maximal potentiations of 46% and 90% respectively (Granger et al 1995). Systemically 

administered valproate was found to potentiate the inhibitory actions of 

iontophoretically-applied GABA and muscimol on the firing of single central neurones 

(Gent & Phillips, 1980), suggesting a possible action at the postsynaptic GABAa 

receptor. In addition, valproate administration has been shown to induce an elevation of 

cerebral GABA levels, possibly through a mechanism involving inhibition of succinic 

semialdehyde dehydrogenase (for review see Chapman et al 1982).
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The anti-epileptic activity of lamotrigine is thought to be mediated primarily via 

voltage-dependent sodium channels and this drug is not currently thought to have a 

significant action on GABAergic neurotransmission.

Topiramate has been shown to inhibit sustained repetitive firing induced by a current 

pulse (Coulter et al 1993) suggesting a prolonged inactivation of sodium channels. 

Topiramate has also been shown to potentiate the effects of GABA on chloride currents 

in mouse cortical neurones by increasing the number of channel openings induced by 

GABA, possibly via a novel site on the GABAa receptor complex (Brown et al 1993).

Vigabatrin (y-vinyl-GABA) inhibits brain GABA metabolism by acting as a suicide 

substrate for GABA-transaminase in vivo following peripheral administration to mice 

(Jung et al 1977) and, in humans it increases free and total GABA levels measured in 

cerebrospinal fluid taken from epileptic patients by suboccipital puncture (Schechter et 

al 1984).

Gabapentin, l-(aminomethyl) cyclohexane-acetic acid, was designed as a GABA agonist 

and mimics the steric conformation of GABA but with increased lipid solubility to 

enable penetration of the blood brain barrier. Binding experiments in rat brain however, 

failed to demonstrate any affinity of gabapentin for GABAa or GABAg receptors as 

determined by ^H-muscimol and ^H-baclofen displacement studies and recent work has 

shown that gabapentin binds to a novel high affinity site in the CNS (Suman-Chauhan et 

al 1993). However, gabapentin has been demonstrated to increase rates of GABA 

synthesis in several regions of rat brain at therapeutically relevant concentrations but not 

in the hippocampus (Loscher et al 1991).

Drugs which target T-type calcium channels include ethosuximide, used to treat 

epileptic seizures described as petit mal or absence epilepsy.
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1.4 The role of GABAa/BZ receptors in human temporal 

lobe epilepsy

1.41 GABAa/B Z  receptor binding in human patients with temporal lobe epilepsy - 

in vivo and ex vivo studies 

In vivo positron emission tomography (PET) studies utilising ^^C-flumazenil in human 

patients with TLE have demonstrated reductions in cBZR (central benzodiazepine 

receptor) binding sites in the epileptic focus (Savic et al 1988; Koepp et al 1996) and 

the ipsilateral anterior mesial temporal regions (Henry et al 1993; Savic et al 1993). No 

loss was observed in patients suffering primary generalised seizures (Savic et al 1990).

Savic et al (1988) examined ten patients with idiopathic partial seizures compared with 

5 healthy volunteers. Of the ten epileptic individuals, six had complex partial seizures 

and four had simple partial seizures. Bmax values for ^^C-flumazenil in the epileptic 

focus, identified by clinical and EEG findings, were 29% lower on average, than a 

homotopic reference region in the same epileptic individual. A statistical comparison of 

Bmax values firom epileptics and controls confirmed a lower Bmax in the epileptic seizure 

focus.

Koepp et al (1996) selected 12 epileptic patients with TLE and complex partial seizures, 

enrolled in a surgical programme at the National Hospital for Neurology and 

Neurosurgery in London, and compared them with 17 healthy controls. All of the 

patients in the study were investigated using high resolution ^^C-flumazenil PET and 

high resolution MRI and, following resection, HS was confirmed by histopathological 

examination. Binding was significantly reduced in the hippocampus of patients with 

unilateral HS compared with controls and no significant abnormalities in binding were 

detected outside the hippocampus in any individual.

Ex vivo autoradiographic studies of the GABAa/BZ receptor in hippocampal tissue 

resected fiom patients with medically refiactory TLE have revealed generally similar 

results (Yonezawa et al 1996; Olsen et al 1992; Burdette et al 1995; McDonald et al 

1991; Johnson et al 1992).
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McDonald et al (1991) compared ^H-muscimol and ^H-flunitrazepam (clonazepam- 

displaced) binding in hippocampus isolated from eight epileptic patients and eight post

mortem controls. Significant decreases in binding sites were reported for TLE 

specimens in CAl and hilus ranging from 20 to 60% with no significant difference 

detected in the DG.

Johnson et al (1992) used ^^ Î-Ro 16-0154, a ligand selective for the central 

benzodiazepine receptor and compared binding (clonazepam-displaced) in hippocampus 

from 14 patients and five autopsy controls. A significant loss of cBZR binding sites was 

observed in all areas of the hippocampus examined, except the subiculum, ranging from 

approximately 50% loss of binding in the DG to 88% loss of binding in CAl.

Burdette and colleagues studied ^H-flumazenil binding (clonazepam-displaced) in 

hippocampus from 11 individuals with unilateral mesial TLE and six neurologically 

normal controls and reported significant epilepsy-associated loss of binding in the hilus, 

CA3 and CAl but not in DG, CA2 or subiculum.

The above-mentioned autoradiograpy studies utilised a single ligand concentration, thus 

precluding accurate assessment of putative changes in receptor affinity in TLE. Johnson 

et al (1992) and Burdette et al (1995) report an apparent correlation between neuronal 

loss in different subfields of the hippocampus and changes in cBZR binding but did not 

attempt to normalise binding data for neuronal density in order to ascertain whether 

surviving neurones demonstrated significant changes in cBZRs per neurone in TLE. 

Yonezawa et al (1996), using the same ligand as Johnson and colleagues, also reported a 

positive correlation between cBZR densities and neuronal densities albeit using semi- 

quantitative assessment.

Olsen et al (1992) and Houser et al (1988) performed saturation autoradiography with 

^H-flumazenil in hippocampus from eight patients with focal epilepsy and reported a 

decrease in GABAa receptors in several subfields in comparison with a previous study 

of normal human hippocampus but quantitative neuropathology was not reported in 

these studies.
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1.42 GABAa/B Z  receptor binding in animal models o f  epilepsy 

Central benzodiazepine receptor densities, distribution and ligand binding kinetics have 

been studied in the hippocampus in several animal models of epilepsy including 

chemical and electrical kindling and also genetic models. This data is summarised in 

Table 1.1. Binding to the GABA receptor, the benzodiazepine receptor and the GABAa 

receptor-associated chloride channel was generally assessed using ^H-muscimol, ^H- 

flunitrazepam and ^^S-TBPS (^-butylbicyclophosphorothionate) respectively. Acute 

changes were evident within 24 hours of application of epileptogenic stimuli and 

chronic changes at 1-4 months post seizures. Reported increases in binding, when 

statistically significant, ranged from 16-55% of controls for the various models and 

decreases ranged from 10-50% of controls. None of the studies included in Table 1.1 

attempted to adjust observed changes in binding density for neuronal density in the 

animals and neuronal loss, if present, may explain the observations of decreased binding 

density in some studies and would increase the significance of findings of increased 

binding density in others.

The majority of binding studies in animal models used single concentrations of 

radioligand, thus precluding analysis of receptor affmity. Limited studies of binding 

affinity by Titulaer and colleagues (1995) in rats kindled via the Schaffer collaterals 

indicated an increase in affinity for ^H-flunitrazepam at the BZ receptor at 28 days post

kindling.

Alterations in binding site density observed in the animal models studied to date, appear 

largely confined to the acute phase, either during seizures or within hours following the 

last documented seizure. Chronic binding changes which may be construed to underlie 

the epileptogenic state were observed less frequently and were generally of lesser 

magnitude than acute changes.
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Model Ref. GABAR 

acute chronic

BZR 

acute chronic

Cl channel 

acute chronic

Soman 1,2 <-> <-> T <->

ERC kindling 3,4 tD G Td g <->

Schaffer kindling 5,6 Td g f^DG Td g Td g

iC A l ^LCAl iC A l <^CA1

Amygdala kindling 7 tD G Td g Td g

<->CAl o C A l o C A l

Pilocarpine 8 iFB

Kainate - ventricles 9 Tc a i f^CA l

Kainate - amydala 10 T T
FG7142 11

EL Mouse 12 T • o

GEPRs 13 tCTX Tc t x

Table 1.1 Data from receptor binding studies in animal models of epilepsy.

Key: T = increased binding; i  = decreased binding; <-> = no change. 
Unless otherwise stated, all data indicate overall binding density in the 
hippocampus. Abbreviations: DG - dentate gyrus; FB - forebrain; CTX 
- cortex. References: 1 (Churchill et al 1990); 2 (Lallement et al 1993); 
3 (Nobrega et al 1989); 4 (Nobrega et al 1990); 5 (Titulaer et al 1995); 6 
(Titulaer et al 1994); 7 (Clark et al 1994); 8 (Kapur et al 1994); 9 
(Franck et al 1988); 10 (Yoshida et al 1996); 11 (Lewin et al 1989); 12 
(Nakamoto et al 1996); 13 (Booker et al 1986).
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1.43 GABAa/B Z  receptor subunit immunohistochemistry in human TLE

Wolf and colleagues (1994) have examined the distribution of the a l  subunit using 

immunohistochemistry with the bd-24 antibody (see section 3.6) in 78 resected 

hippocampi from patients with medically refractory focal epilepsies and 28 normal post 

mortem control specimens. Intensity of staining for the reaction product was graded 

semi-quantitatively and loss of immunoreactive cells was evident in a significant 

proportion of patients in the CAl (92% of patients), CA4 (78% of patients), sgDG (71% 

of patients) and smDG (65% of patients). Areas CA2 and CA3 were not assessed but in 

no case was an increase in immunoreactive cells observed. No attempts were made to 

quantify staining intensity in surviving neurones compared with controls but 

interestingly the authors report that even in cases with severe Ammon’s Horn Sclerosis 

and almost complete loss of pyramidal cells, preserved neurones often revealed intense 

immunoreactivity for the GABAa receptor. The authors report a close relationship 

between AHS and loss of immunoreactivity in CAl and CA4.

In contrast to these observations, in 14 cases, a partial loss of immunoreactivity was 

evident in CAl which was not associated with rieuronal loss. All of these cases had 

reactive gliosis indicating the presence of an early or subtle form of hippocampal 

damage. This would suggest that a downregulation of the GABAaR a l  subunit may 

precede neuronal loss in TLE. However, a few cases with clear AHS demonstrated no 

loss or only slight loss of immunoreactivity suggesting an increase in a l  subunit 

protein in surviving neurones. The authors conclude that loss of a l  subunit 

immunoreactivity is more likely to be a secondary phenomenon related to neuronal loss.

Preliminary immunohistochemical studies of the GABAaR subunits in resected human 

hippocampus by Loup et al (1997) indicate an increase of immunoreactivity for the a l ,  

a2, a3, and y2 subunits in surviving neurones of the DG from epileptic patients 

compared to neurologically normal post-mortem controls. Increased immunoreactivity 

was also observed in preserved hilar neurones for the a l  and y2 subunits and in the 

surviving intemeurones of the Cornu Ammonis for a l  and y2 subunits.
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1.44 GABAa/B Z  receptor subunit mRNA and immunohistochemistry in animal 

models o f  epilepsy

Data from studies of GABAa receptor subunit mRNA distribution and levels of 

expression in several animal models of epilepsy is summarised in Table 1.2. The 

majority of these studies utilised the in situ hybridisation technique although use of 

Northern hybridisation and PCR techniques have also been reported (Pratt et al 1993). 

Changes in mRNA expression associated with increased seizure activity at the acute 

stage was most commonly reported, with fewer studies addressing the question of 

whether long-term changes in subunit mRNA expression are associated with increased 

seizure susceptibility. Notable changes in subunit mRNA at the chronic stage included 

an increase in a3 mRNA levels in the dentate gyrus and a decrease in y2l mRNA 

throughout the hippocampus (21-27%) (possibly coinciding with an increase in y2g 

mRNA) in rats kindled via the Schaffer collaterals (Kamphuis et al 1995). In addition, 

increased seizure susceptibility in the pilocarpine model of epilepsy was associated with 

increased a5 mRNA in the dentate gyrus and reduced levels of a2 and a5 mRNA in the 

CA in chronic studies (Rice et al 1996).

Interpretation of observed changes in GABAa subunit mRNA expression at the various 

temporal stages chosen is speculative at this time but it has been proposed that changes 

at intermediate time stages represents a reaction to the occurrence of seizure activity, 

possibly compensatory (Kamphuis et al 1995). Changes at the acute stages, on the other 

hand, may be more relevant for the pathogenesis of seizures and altered mRNA levels at 

the chronic time points could reflect pathologic or adaptive changes in the hippocampus 

underlying, or in response to, increased seizure susceptibility.

Parallel changes in receptor binding and mRNA expression have led some others to 

propose that no epilepsy-associated alteration occurs in the pharmacological profile of 

the GABAa receptor (Clark et al 1994; Kamphuis et al 1995).

A number of the studies included in Table 1.2 evaluated subunit mRNA expression at 

the cellular level (Kokaia et al 1994; Friedman et al 1994; Rice et al 1996) and 

confirmed changes in expression per surviving neurone, however, other studies
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Model / Ref Region Acute Intermediate Chronic

subunits studied <12 hours 12-48 hours >48 hours

Amygdala kindling 1 DG Ta4pip3 NA NA

a l ,  a2, a4, p i, p3. CA3

y2 CAl Ta2

Schaffer kindling 2 DG T a la2 a4 p i Tp2p3y2y2L iy lL  Ta3y2

a l ,  a2, a3, a4. CA3 Ta2 Ty2y2L ij2L
P1,P2, p3,yl,y2 CAl Ta4 Taly2y2L •IjI l

Hippocampal 3 DG J<aip3y2 Taly2

kindling a l ,  P3, y2 CAl >Ly2 T al

Electroconvulsive 4 CBM Talp2

Shock HIP

a l ,  P2 CTX

Kainate (i.p.) 5 DG NA tGluR2/3 NA

a l ,  GluR2, GluR3 CA3/4 i a l ,  GluR2/3

Pilocarpine (i.p.) 6 DG NA NA Ta5

a l ,  a2, a5, p2, y2 CA \La2a5

Hippocampal Slice 7 HIP NA NA

(+ bicuculline)

a2, a5, y2

Hippocampal Slice 8 DG ]<al NA NA

(Mg^-free) CA3 l 'a i

a l ,  a l CAl l 'a i

Hippocampal 9 HIP NA i a l NA

Culture (low Mg"^

a l ,  a l

Table 1.2 Data from studies of GABAa receptor subunit mRNA in animal 
models of epilepsy.

Key: T = increased expression; 'I = decreased expression; o  = no 
change. Unless otherwise indicated, mRNA expression may be assumed 
to be unchanged for all subunits examined. Abbreviations: DG - dentate 
gyrus; CA - Ammon's Horn; CBM - cerebellum; HEP - hippocampus; 
CTX - cortex; NA - not assessed at this stage. References: 1 (Clark et al
1994); 2 (Kamphuis et al 1995); 3 (Kokaia et al 1994); 4 (Pratt et al 
1993); 5 (Friedman et al 1994); 6 (Rice et al 1996); 7 (Gerfinmoser et al
1995); 8 (Vick et al 1996); 9 (Blair et al 1995).
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reporting decreased mRNA expression without correction for neuronal density must be 

interpreted with caution.

Studies incorporating targeted disruption of selected subunits of the GABAa receptor 

have revealed interesting results, possibly of some relevance for TLE. These studies 

have included treatment of adult animals with antisense oligonucleotides to a portion of 

the mRNA encoding the subunit of interest and gene knockout strategies inhibiting 

expression of a particular subunit from early development.

Jakoi et al (1995) examined seizure activity in cultured hippocampal neurones 

administered an antisense oligonucleotide to the a2 subunit of the GABAaR. 

Synchronous epileptiform bursting was observed in antisense-treated cultures exposed 

to a low magnesium medium. Seizure activity was not observed in control cultures 

treated with a missense oligonucleotide however, administration of bicuculline was 

found to mimic the effects of the a2 antisense treatment.

Karle et al (1995) reported a 43% loss in ^H-flunitrazepam binding to hippocampal 

membrane preparations following a 5 day continuous infusion of an antisense 

oligonucleotide into the rat hippocampus, targeting the y2 subunit of the GABAa 

receptor compared to untreated controls. Scatchard analysis revealed a 27% decrease in 

Bmax and a 15% increase in Kj (decrease in affmity) in treated animals. Interestingly, a 

significant reduction in total binding sites was also detected in rats infused with a 

mismatch oligonucleotide as a control, in comparison with untreated animals thus 

prompting caution in the interpretation of these results. Binding changes for ^^S-TBPS 

and ^H-muscimol mimicked the findings for flumazenil possibly suggesting a complete 

loss of all GABAa receptors containing the y2 subunit. Also reported in the antisense- 

treated animals was a marked loss of neurones upon histological examination and the 

authors propose that neuronal death may be due to diminished GABAergic inhibition 

induced by a decrease in functional GABAa receptors.

Romanics et al (1997) reported the results of a study of mice devoid of the p3 subunit 

following gene targeting of this subunit. GABAa receptor density was found to be
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halved in p3-deficient mice as assessed by ^H-muscimol and ^H-Ro 15-4513 binding. 

The majority of the animals died as neonates, many with cleft palate. Surviving mice 

demonstrated grossly abnormal brain morphology, hypersensitivity and neurological 

impairment as well as Sequent myoclonus and occasional epileptic seizures. 

Electrophysiological studies of dorsal root ganglion cells in the spinal cord of the 

knockout animals, revealed approximately 80% decrease in GABAa chloride current 

maximal amplitude in comparison with control mice.

Blair and colleagues (1995) reported the results of slot blot hybridisation studies of 

hippocampal neonatal cultures exposed to three hours of magnesium-free or control 

media. The development of long lasting recurrent seizures in the cultures maintained in 

magnesium-free medium was associated with a 39% decrease in GABAa a2 mRNA and 

no change in a l  mRNA in comparison with control cultures.

1,5 Rationale for current study
Impaired GABAa inhibition described in electrophysiological studies of resected 

hippocampus from patients with HS may be explained in several ways including: loss of 

GABAergic neurones, decreased GABA synthesis or release, increased GABA reuptake 

or degradation and decreased density or function of post-synaptic GABAa receptors. 

Available evidence indicating the possibility of GABAa receptor plasticity in both 

animal models of epilepsy and studies of brain tissue from patients with TLE and the 

possible functional consequences of such plasticity in vivo warranted further 

investigation of this receptor in human hippocampus. It was hypothesised that putative 

changes in subunit composition of native GABAa receptors, suggested in animal 

models, may provide some explanation for observed epilepsy-associated changes in 

radioligand binding at the GABAa/BZ receptor in human hippocampus. A further 

hypothesis was proposed, namely that putative receptor subtype plasticity may represent 

a mechanism of pathogenesis of TLE whereby the effectiveness of GABAa receptors in 

maintaining inhibitory control of the hippocampus is compromised in epileptic brain. 

An alternative hypothesis presented is that putative reorganisation of GABAa receptors 

indicates an adaptive response in the hippocampus to the hyperexcitability of
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hippocampal neuronal circuits, resulting in more efficient inhibitory neurotransmission 

in an attempt to restore electrical homeostasis to tiie structure.

Given the weight of evidence for GABAergic mechanisms of action among clinically 

effective anti-epileptic drugs, further investigation of the GABAa receptor and in 

particular its subunit composition in human brain is also essential in order to allow 

development of rationally designed, more selective and effective anti-epileptic drugs. 

The discovery of GABAergic mechanisms of action for many of the anti-epileptic drugs 

being taken by patients included in the studies undertaken for this thesis also have 

implications for interpretation of findings resulting from these studies and will be 

discussed further.

A saturation autoradiographic analysis of the GABAa/BZ receptor in human 

hippocampus from epileptic and control individuals, correlated with quantitative 

neuropathology, was proposed in order to fully characterise the absolute numbers of 

receptors and their affmity state.

The technique of in situ hybridisation was selected as a means of studying GABAa 

receptor subunits for several reasons. In situ hybridisation is a well characterised 

technique capable of providing quantitative data on levels of mRNA expression without 

loss of anatomical resolution, an important consideration for a region as anatomically 

diverse as the hippocampus. Immunohistochemistry, while superior in providing 

information on receptor subunit distribution at the light and electron microscope levels 

of resolution, remains a semi-quantitative technique thus precluding reliable assessment 

of putative epilepsy-associated changes in subunit expression. In addition, because of 

the ready accessibility of mRNA sequence details for the majority of human GABAa 

receptor subunits on the GenEMBL gene database, the choice of subunits for inclusion 

in the study was not restricted whereas a limited number of subunit selective antibodies 

are available suitable for immunohistochemistry in human brain tissue sections.

The choice of receptor subunits included in this study was determined by numerous 

factors indicated throughout the introduction. Distribution studies indicating the 

predominance of a l ,  a2 and a5 subunits in the hippocampus, with a l  present on
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GABAergic intemeurones and a2/a5 subunits on pyramidal and granule cells of the 

hippocampus indicated their importance in this brain region. The relatively low affmity 

for GABA of a3 subunit-containing receptors as determined by studies of recombinant 

receptors warranted closer examination of this subunit. The unique benzodiazepine 

receptor pharmacology of GABAa receptor subtypes containing the a4 and a6 subunits 

indicating a possible involvement in altered benzodiazepine binding in TLE prompted 

their inclusion. The y2 subunit, also critical in benzodiazepine receptor pharmacology 

and inhibition of the native GABAa receptor and implicated in epilepsy pathology 

by antisense oligonucleotide animal models was also chosen. Finally, the reported 

epileptic phenotype described for p3 subunit knockout mice necessitated assessment of 

this subunit.

The ongoing debate over whether results of receptor subunit mRNA expression studies 

correlate with receptor protein synthesis and function prompted additional preliminary 

investigation of GABAa receptor subunit immunohistochemistry in TLE using 

antibodies to the a l  and p2/3 subunits kindly donated by Dr. J. M. Fritschy.
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With the exception of the removal and freezing of squirrel monkey brain tissue, cutting 

of microtome sections of paraffin-embedded tissue, synthesis and preliminary 

purification of oligonucleotides and the quantitative neuropathology (section 2.2), all of 

the work described in this chapter was carried out solely by the author of this thesis.

2.1 Tissue Preparation

2.11 Squirrel monkey specimens

Squirrel monkey tissue was provided by Merck Sharp & Dohme, Harlow, England, 

where brains were removed from squirrel monkeys from within one hour of death from 

natural causes due to non-neurological cause. Brains were frozen whole in isopentane 

cooled to -45 °C on dry ice. Once frozen, the tissue was wrapped in parafilm to prevent 

freeze-drying and stored at -80°C until cryostat sectioning.

2.12 Human h ippocampal sclerosis specimens

Human brain tissue was obtained from several patients with medically refractory, 

unilateral, mesial temporal lobe epilepsy who were undergoing surgical resection of the 

hippocampus at the National Hospital for Neurology & Neurosurgery, Queen Square, 

London. All patients were enrolled in an extensive pre-surgical evaluation programme 

which included [^^C]flumazenil positron emission tomography (PET), magnetic 

resonance imaging (MRI) and electro-encephalography (EEG). Patients had not 

received any benzodiazepine-type medication in the two months preceding surgery. 

Following resection, the hippocampectomy specimens were oriented by a 

neuropathologist and a coronal slice (approximately 5mm in thickness) was cut at the 

medial level of the hippocampus. Specimens were immediately frozen on aluminium 

foil on dry ice (within 10-15 minutes of resection) and stored at -80°C until further 

sectioning. The remaining hippocampal tissue was fixed in 10% formalin and 

subsequently wax-embedded for microtome sectioning.

2.13 Human post-mortem control specimens

Control hippocampi were obtained at autopsy, within 33 hours post-mortem, from 

individuals with no previous medical history of neurological or psychiatric disease and
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normal neurological structure was confirmed by histological examination. Control 

brains were divided mid-sagitally and the half intended for freezing was sliced into 1cm 

coronal slices (cerebral hemisphere) and dissected into blocks. Slices were rapidly 

frozen from the fresh state by being apposed to polished brass plates pre-cooled to - 

70°C (Kingsbury et al 1996); tissue blocks were then covered with aluminium foil and 

a thin layer of granular dry ice, reapposed to the brass plates and returned to the freezer 

at - 70°C for up to 30 min to ensure complete freezing. Once frozen, tissue blocks were 

removed from the brass plates into self-sealing plastic bags and were stored at -70°C 

before sectioning. The remaining hemisphere was sliced and fixed in 10% formalin and 

subsequently wax-embedded as described for the hippocampal sclerosis specimens.

2.14 Preparation o f  tissue sections

Frozen human brain tissue, stored at -70 to -80°C was placed into the cooled chamber 

of a cryostat (Leica CM1900) at -18 to -20°C for at least one hour to allow the block to 

equilibrate to cutting temperature. Tissue blocks were surrounded with embedding 

medium (Lipshaw) and allowed to freeze. 10pm sections were cut and thaw mounted 

onto ribonuclease-free charged microscope slides (BDH Superfrost Plus). Immediately 

following cryostat sectioning, tissue sections were allowed to air-dry for up to 30 

minutes in order to ensure adhesion to charged microscope slides and labelled with 

patient details. Sections were either stored with dessicant in plastic slide boxes at -80°C 

for receptor autoradiography or fixed in paraformaldehyde for in situ hybridisation 

studies.

Tissue sections for quantitative neuropathology and immunohistochemistry were cut at 

the Institute of Neurology (epilepsy specimens) and the Parkinson's Disease Society 

Brain Bank (controls), from paraffin-embedded blocks of formalin-fixed tissue, using a 

microtome, at 25 pm and 10pm respectively. Sections were mounted onto charged 

microscope slides as for frozen sections and stored at room temperature until required.

2.15 Fixation and storage o f  brain tissue sections fo r  in situ hybridisation

Following cryostat sectioning, tissue sections for in situ hybridisation were fixed for 5 

minutes at 4°C in a 4% paraformaldehyde solution in phosphate-buffered saline (1 x
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PBS: 130mM NaCl, 7mM Na2HP0 4  and 3mM NaH2 ? 0 4  in water treated with diethyl 

pyrocarbonate 0.1%), pH 7.2. Sections were rinsed twice for one minute in fresh PBS at 

room temperature and dehydrated through 70% and 95% ethanol in DEPC-water (five 

minutes). Sections were then stored under 95% ethanol in RNase-free plastic boxes at 

4°C until hybridisation.

The aims of tissue fixation are primarily to maintain morphological integrity by 

preserving all components of a tissue sample in their true situation without diffusion and 

to protect the tissue from osmotic damage. For in situ hybridisation the target nucleic 

acid must be retained insoluble and intact but also accessible to probes. A cross-linking 

fixative such as paraformaldehyde serves this purpose adequately. Cross-linking 

fixatives form hydroxy-methylene bridges between reactive end-groups of adjacent 

protein chains as opposed to precipitant fixatives, such as alcohol or acetone, which 

denature proteins by destroying the hydrophobic bonds which hold together the tertiary 

conformation of the protein molecule.

2.2 Quantitative Neuropathology

Assessment of neuronal numbers in hippocampal subfields of control and sclerotic 

hippocampi used for this project were made by two independent investigators, Virginia 

Baird and Wim Van Paesschen, based on three-dimensional counting methods published 

by Williams & Rakic (Williams & Rakic, 1988). Inclusion of these data is essential for 

interpretation of receptor autoradiography and in situ hybridisation results and both 

investigators have kindly agreed to allow me to present their results.

2.21 Three-dimensional neurone counting

A Zeiss microscope was fitted with a Zeiss drawing tube, and a digital length gauge 

(Heidenhain MX 12) with a sensitivity of 0.5pm, which was firmly attached to the 

microscope stage. An electronic display unit (Heidenhain) was used to record the 

movement of the stage through the Z-axis.
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A 90mm x 90mm grid, divided into 10mm x 10mm squares, was projected through the 

drawing tube of the microscope into the ocular lens. Using a graticule under the lOOx 

oil immersion objective, the microscope was calibrated to allow the divisions of the 

counting grid to correspond to the 10 pm divisions of the graticule, producing a 

counting box with dimensions of 90pm x 90pm.

Paraffin embedded sections for three-dimensional counting (3DC) were cut at 20-25 pm, 

stained with cresyl violet, counterstained with luxol fast blue and coverslips were 

applied. This depth of section allowed for a counting box 10pm high and upper and 

lower guard zones of at least 2.5pm. All sections were examined under a lOOx oil 

immersion objective.

In areas CAl, CA2, CA3 and hilus, counts were made of the number of pyramidal cell 

nuclei within a 90 x 90 x lOpm^ counting box. In the stratum granulosum, counts were 

made of the number of granule cell nuclei within a 20 x 20 x lOpm^ counting box.

The counting box defined the volume in the tissue section in which cells were counted 

according to the defined counting rules recommended by Williams and Rakic (Williams 

& Rakic, 1988). Two dimensions of the counting box were defined by the counting 

grid. The third dimension was provided by a change in focal plane which could be 

accurately measured with the digital length gauge and electronic display unit. Cell nuclei 

completely inside the box were counted and those outside the box were excluded. Also 

excluded were cells that crossed any of the three planes of the bottom, front, or left side 

of the counting box (the forbidden planes), whilst cells intersected by the top, back or 

right side planes were included.

As the microscope scanned systematically from the top to the bottom of the counting 

box the cells were counted. The counting box was moved systematically around the 

subregion under examination in a random fashion such that approximately 50 counting 

boxes were counted. A shallow depth of field was required, thus the use of an oil 

immersion objective lens with a numeric aperture of 1.3, which has a depth of field of
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0.22|im. This allowed a more accurate decision as to whether a particular cell was in or 

out of focus at the upper and lower planes of the counting box.

Neurone densities were calculated by dividing the total number of neurones counted in 

each subregion of the hippocampus by the total volume of tissue counted. The results 

were expressed as neurones per cubic millimetre.

2.3 Receptor Autoradiography Protocols

The following protocols are based upon the methods published by Houser and 

colleagues (1988) for [^H]flumazenil receptor autoradiography using human brain tissue 

sections and original methodology published by Hoffmann-La Roche and Co. Ltd. 

(Mohler et al 1981).

2.31 Association and dissociation kinetics o f  fH fflum azenil binding

On the day of the assay, sections were removed from the -80°C freezer and allowed to 

stand at room temperature for one hour. To reduce endogenous GABA levels in the 

tissue, sections were preincubated in assay buffer, consisting of 170mM Tris-HCl (pH 

7.4) at 4°C, for 2 x 30 minutes, briefly dipped into distilled water to remove buffer salts 

and dried under a stream of cool air. Association binding kinetics were determined by 

incubating sections with 3nM [^H]flumazenil in fresh assay buffer for various time 

intervals ranging from 5 minutes to 120 minutes at 4°C, 23°C, and 37°C. Noh-specific 

binding was determined in the presence of a one hundred-fold excess of clonazepam for 

each time point. Following incubation, slides were vacuum-aspirated, rinsed twice for 1 

minute in fresh ice-cold buffer, briefly dipped into distilled water and dried under a 

stream of cool air. Slides were subsequently apposed to ^H-sensitive Hyperfilm 

(Amersham, UK), in X-ray cassettes, co-exposed with ^H-impregnated plastic standards 

calibrated for the auto-absorptive features of intact grey matter (fmol/mg tissue wet 

weight; Amersham, UK), for 21 days at room temperature. This protocol was then 

repeated using 0.5nM [^H]flumazenil at 4°C in order to test for ligand depletion effects, 

caused when a low concentration of a high affinity ligand binds to a preparation with 

high receptor density, which may result in an overestimation of free radioligand.
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Optimal washing conditions were determined by incubating sections with 3nM 

[^HJflumazenil in fresh assay buffer for 60 minutes at 4°C followed by various wash 

times ranging from 2 x 1 5  seconds to 2 x 30 minutes in fresh buffer at 4°C or 23°C. 

Non-specific binding was determined as described previously for each time point. 

Following each wash step, slides were briefly dipped into distilled water, aspirated, 

dried and apposed to Hyperfilm as before.

Dissociation kinetics were determined by incubating a series of replicate sections with 

3nM [^HJflumazenil in fresh buffer for 60 minutes at 4°C. Thereafter, sections were 

aspirated and washed for various time intervals, ranging from 5 minutes to 120 minutes 

in fresh buffer at 4°C or 23°C, dipped into distilled water, dried and exposed to 

Hyperfilm as before. Autoradiographic films were developed in Kodak D-19 developer 

(1 min) and fixed in Kodak Unifix (3 min).

2.32 Saturation radioligand binding

Sections were allowed to thaw and preincubated as described previously. The sections 

were then incubated for 60 minutes at 4°C in fresh assay buffer containing one of six 

concentrations of [^HJflumazenil ranging from 0.25nM to 20nM. Non-specific binding 

was determined in the presence of 2pM clonazepam. Following incubation, slides were 

vacuum-aspirated, rinsed twice for 1 minute in fresh ice-cold buffer, briefly dipped into 

distilled water and dried under a stream of cool air. Slides were subsequently apposed 

to Hyperfilm, as described in the previous section, for 21 days at room temperature.

2.33 Data analysis

Quantitation of receptor autoradiography was achieved by film densitometry, with 

reference to [^H]-impregnated plastic standards, using an image analysis system (MCID 

- Microcomputer Imaging Device, Imaging Research Inc., Canada). Hippocampal 

subfields were defined by referring to adjacent sections stained with cresyl violet and 

counterstained with luxol fast blue. Measurements were made by outlining the entire 

subfield and obtaining a mean optical density value for the subfield. Total binding was 

assessed in two to four sections per concentration and non-specific binding in one or
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two sections per concentration, depending on tissue availability, and mean values were 

used for subsequent analysis.

Kinetic radioligand binding data were analysed by computer-assisted iterative curve 

fitting (GraphPad Software, San Diego) using the following equations: one phase 

exponential association, B = Beq(l- where Kobs = (k-i + k+i) [L], B = bound

radioligand, Beq = bound radioligand at equilibrium, Kobs = observed apparant 

association rate constant, L = free radioligand concentration, t = time, k_i is the 

dissociation rate constant, k+i is the association rate constant and; one phase exponential 

decay (dissociation), B = Bo.e' '̂  ̂\  where. Bo = bound radioligand at time zero and k_i= 

ln2/t^ (t^ = half life of decay). Ligand association obeys pseudo first order kinetics 

with the velocity of the reaction being dependent only on [L] but ligand dissociation 

occurring simultaneously also affects the observed rate of association represented by 

Kobs and thus the association rate constant (k+i) is represented by: k+i = (Kobs - k_i)/[L].

Saturation radioligand binding was determined using a one site binding hyperbola 

(Langmuir equation) assuming a Hill co-efficient of one: B = ( B m a x  [L])/(Kd + [L]) 

where Bmax is maximum bound radioligand (at a concentration of free radioligand which 

ensures saturation of available receptors) at equilibrium and Kj = k-i/k+i where Kj is the 

equilibrium dissociation constant (numerically equal to the concentration of free 

radioligand required to occupy 50% of the available receptors at equilibrium). Kj is 

inversely proportional to the affinity of the radioligand for its receptor.

2.4 In Situ Hybridisation Protocol

The following protocols are adapted from methods published by Sambrook et al (1989), 

Sirinathsinghji & Dunnett (1993) and Wisden & Morris (1994).

2.41 The laboratory environment

In order to create and maintain a ribonuclease (RNase)-free environment, the following 

procedures were followed. All glassware was routinely washed thoroughly , rinsed in
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deionised water, wrapped in aluminium foil and baked at 180°C for 8 hours prior to use. 

All solutions were treated with 0.1% diethylpyrocarbonate (DEPC), an alkylating agent 

which inactivates proteins, overnight and autoclaved (151b/sq.in, 60min). Sterile, 

disposable plasticware was used wherever possible, without pre-treatment. Non

disposable plasticware was treated with 0.1% DEPC and rinsed with DEPC-treated, 

autoclaved water (DEPC-water) or thoroughly rinsed with O.IN NaOH and ImM EDTA 

followed by DEPC-water. Microcentrifuge tubes and micropipette tips were autoclaved 

before use and gloves were worn at all times in order to avoid RNase contamination 

from the hands.

2.42 Desigttf synthesis and purification o f  oligodeoxyribonucleotide probes 

Antisense oligodeoxyribonucleotide probes (oligonucleotides), complementary to 

sequences from mRNA encoding various subunits of the GABAa receptor, were 

designed with the aid of the EMBL/Genbank computer gene database. The full mRNA 

sequence encoding the required subunit protein was retrieved from the primate database 

and an homology scan was carried out to identify other mRNA sequences in the primate 

database of high homology to the mRNA in question. Highly homologous mRNA 

sequences were typically for other GABAa receptor subunit proteins. Using the results 

of this homology scan as a guide, several candidate sequences for oligonucleotides were 

chosen from areas of low homology with other GABAa receptor subunit proteins. 

Oligonucleotide sequences identified were between 42 and 48 bases in length and had a 

ratio of guanosinexytosine pairs to adenosineithymidine pairs (G-C ratio) of between 

50-60%.

The stability of any given oligonucleotide :RNA hybrid is a function of several variables 

including probe length and G-C ratio (Lewis et al 1985). Longer oligonucleotides form 

more stable hybrids of high specificity however, issues such as tissue penetration 

efficiency, wash stringency and cost of synthesis limited probe length to between 24-48 

bases. Hybrid strength is increased with increasing percentage G-C pairing between 

probe and target mRNA due to increased hydrogen bonding (G-C pairs have 3 hydrogen 

bonds versus 2 for A-T pairs). A G-C content of between 50-60% was routinely chosen 

in order to facilitate maximum thermal destabilisation of suspected mismatches whilst 

avoiding extreme hybridisation conditions which would result in tissue damage.
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Deoxyribonucleotides were chosen rather than ribonucleotides due to the superior 

stability of DNAiRNA hybrids compared to RNA:RNA hybrids.

Candidate oligonucleotide sequences fulfilling these criteria were then submitted to an 

homology scan against the primate gene database in order to detect sequence homology 

with other, non-GABAA, mRNA species in the brain. . Exclusion criteria based upon 

hybridisation conditions precluded candidate oligonucleotide sequences with 

homologies of greater than 70% for non-target mRNAs.

Antisense oligonucleotide probes were synthesised at Merck, Sharp & Dohme, Harlow, 

England, on an Applied Biosystems DNA synthesiser (Model 394) and purified on 8% 

polyacrylamide/SM urea preparative sequencing gel. Probes were diluted in DEPC- 

water to give a stock solution of 50-100 pmol/pl (-Ipg/pl) and the concentration 

confirmed by UV spectroscopy at 260nM in a 10mm path length quartz cuvette, using a 

formula derived from the length of the oligonucleotide and the extraction coefficients of 

the composing bases. Stock solutions of oligonucleotides were stored at -20°C for up to 

six months. Working solutions for hybridisation were prepared at a concentration of 

0.3pmol/pl (~5ng/pl) in DEPC-water.

2.43 Labelling and purification o f  oligonucleotide probes

Oligonucleotides were labelled with [a-^^S]dATP using terminal deoxynucleotidyl 

transferase (TdT) which is a DNA polymerase that catalyses the synthesis of 

polydeoxyribonucleotides from deoxyribonucleotide triphosphates with the release of 

inorganic pyrophosphate. The end result is a polydeoxyadenylic tail added to the 3’ end 

of the oligonucleotide. The number of [^^S]dA residues added is dependent upon the 

molar ratio of [a-^^S]dATP to oligonucleotide. A molar ratio of 50:1 [a-^^S]dATP to 

oligonucleotide was used in the reaction mixture and found to achieve a satisfactory 

compromise between exposure times and non-specific signals. This resulted in the 

addition of 6-18 AMP residues to the 3’ end of the probe (efficiency 12-36%).

The labelling reaction mixture consisted of the following: Ipl oligonucleotide 

(0.3pmol/jLil); 2pi reaction buffer 5x (final concentration: Ix reaction buffer = potassium
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cacodylate IM, Tris/HCl 125mM, bovine serum albumin 1.25mg/ml, pH 6.6); 0.6pl 

cobalt chloride (25mM); 1.5pl [a-^^S]dATP (1250 Ci/mmol, DuPont NEN); 3.9pl 

DEPC-water and; Ipl of TdT (25U/|u.l). Reaction buffer, cobalt chloride and TdT were 

from a labelling kit supplied by Boehringer-Mannheim. Each component of the mixture 

was pipetted into an RNase-free microcentrifuge tube, mixed gently and incubated for 

15 minutes at 37°C. The reaction was stopped by adding 40pl of DEPC-water. 

Unincorporated nucleotides were subsequently removed using a Sephadex G-50 spin 

column.

Preswollen sephadex was prepared as follows. 5g Sephadex G50 medium were added 

to a baked glass bottle. Approximately 120ml of TENS buffer (20mM Tris HCl pH7.5, 

5mM EDTA pH7.0, 140mM NaCl, & 0.1% sodium dodecylsulphate) were added and 

allowed to stand for 2 hours. The suspension was washed several times with fresh 

TENS buffer to remove soluble dextran and then autoclaved at lOlb/sq.in. for 20 

minutes. The resulting preswollen sephadex was stored at 4°C for up to 2 months.

Glass wool was coated in silicon by placing into a large dessicator and evaporating 1ml 

of dichlorodimethylsilane under vacuum for 2 hours. A 1ml plastic syringe was plugged 

with a small amount of siliconised glass wool. Using a 1ml plastic pipette, preswollen 

sephadex was carefully poured into the syringe until the entire syringe was filled. The 

syringe was placed into a 15ml plastic tube and centrifuged at 1600 x g for 2 minutes at 

room temperature. The resulting TENS eluate was discarded and a microcentrifuge tube 

placed into the 15ml tube under the column to act as a collecting vessel.

The reaction mixture, once quenched with 40pl DEPC-water, was pipetted onto the 

packed sephadex in the spin column. The 15ml tube was again centrifuged at 1600 x g 

for 2 minutes at room temperature and the resulting eluate (50-60pi) collected in the 

microcentrifuge tube. Ipl of IM dithiothreitol (DTT) was added to the eluate to 

stabilise the labelled probes. 4pi were analysed by liquid scintillation spectroscopy. 

Counts were routinely in the range 100,000 to 300,000 dpm/pl.
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2.44 Preparation o f  hybridisation buffer and dilution o f  labelled oligonucleotides 

To a sterile 50ml screw-capped polypropylene tube were added the following: 25ml of 

100% formamide; 10ml of 20 x SSC (Ix standard saline citrate: 3MNaCl, 0.3M sodium 

citrate, pH7.0 with HCl, DEPC-treated and autoclaved); 2.5ml of 0.5M sodium 

phosphate pH7.0 (prepared by mixing 0.5M Na2HP0 4  and 0.5M NaH2 ? 0 4  until the pH 

reached 7.0, filtered, DEPC-treated and autoclaved); 5ml of O.IM sodium 

pyrophosphate; 5ml of 50 x Denhardt’s solution (50x Denhardfs solution = l%w/v 

Ficoll 400, l%w/v polyvinylpyrrolidone, l%w/v bovine serum albumin, fraction V); 

2.5ml of 4mg/ml fish sperm DNA (denatured by boiling for 5 minutes in boiling water 

and chilled rapidly on ice); 1ml of 5mg/ml polyadenylic acid and; 5g of dextran 

sulphate. The resulting mixture was allowed to dissolve overnight with gentle agitation 

and finally made up to volume (50ml) with DEPC-water. Hybridisation buffer was 

stored at 4°C, protected from light, for up to 3 months.

The composition of the hybridisation buffer was based upon the buffer used by 

Sirinathsinghji & Dunnett (1993). The addition of formamide allows hybridisation to 

occur at a lower temperature (-0.5°C for each 1% formamide) and thus, for a given 

temperature, increasing formamide concentration destabilises conditions for 

hybridisation (Sambrook et al 1989). Electrostatic repulsion between negatively 

charged phosphate groups on opposing strands of the probe-RNA duplex can be reduced 

in the presence of increasing concentrations of sodium ions. Hybridisation stringency is 

therefore inversely proportional to sodium ion concentration in the form of SSC. 

Dextran sulphate acts to increase the rate of hybridisation, effectively increasing local 

probe concentration by reducing the availability of hydrating water to the nucleic acid. 

Sodium phosphate acts as a buffer to ensure optimal pH for hybridisation. The other 

components of the hybridisation buffer are thought to reduce non-specific hybridisation 

of the probe to other RNAs or protein/lipid components present within the tissue 

section. Polyadenylic acid competes with the [^^SJpolyadenylic tail of the probe for 

thymidine sites. Hydrolysed fish sperm DNA and Denhardt’s solution are used to block 

general non-specific binding between nucleic acids. Pyrophosphate is thought to 

compete with any remaining free nucleotides which pass through the spin column.

80



Chapter 2: Materials & Methods

Oligonucleotide probes were labelled and purified fireshly on the day of hybridisation. 

A typical labelling of 150,000dpm/pl (fi-om 50pl spin column eluate) was diluted 1:50 

to 3,000dpm/pl in hybridisation buffer with O.IM DTT resulting in a final probe 

concentration of 120pmoles/L, assuming 100% probe recovery, which was considered to 

be a saturating concentration for the target mRNA content of the tissue sections. If a 

higher specific activity was achieved during the labelling reaction, a 1:50 dilution in 

hybridisation buffer was maintained, resulting in similar probe concentration but 

requiring shorter autoradiography film exposures (see below). A standard labelling 

reaction provided enough labelled probe to hybridise 25 tissue sections at 1 OOpl buffer 

per section. Non-specific hybridisation was assessed in the presence of an excess of 

unlabelled oligonucleotide by diluting 0.5pl of stock oligonucleotide (~60pmoles/jLil) in 

1ml of hybridisation buffer containing labelled probe (-250 x excess).

Because of the variability in specific activity achieved during the labelling reaction, 

studies to assess putative changes in expression of a particular mRNA between 

pathology groups were carried out in one experiment using a single labelling reaction, in 

order to avoid comparisons between results obtained using oligonucleotides of different 

specific activities.

2.45 Hybridisation and washing

Tissue sections required for hybridisation were removed firom 95% ethanol and allowed 

to air-dry for 30 minutes. Slides were labelled along the firosted edge in pencil with 

experiment identification number, probe details and experimental conditions, if 

appropriate. The probe/hybridisation buffer mixture was vortexed thoroughly to ensure 

adequate mixing of probe in the viscous buffer. Pieces of parafilm were cut to an 

appropriate size to act as coverslips on the microscope slides. Slides were placed in 

transparent plastic petri dishes, adequately spaced, and lOOpl of probe/hybridisation 

buffer was applied to each slide. A parafilm coverslip was gently lowered over the drop 

of hybridisation buffer allowing the liquid to spread smoothly over the surface of the 

section and excluding any air bubbles. Care was taken to avoid touching the surface of 

the parafilm coverslip which would come into contact with the section. To maintain 

humidity, a piece of tissue was soaked with 50%formamide/4 x SSC and placed inside
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the petri dish avoiding contact with the microscope slides. Once hybridisation buffer 

had been applied to all of the sections, the petri dishes were wrapped in groups of four 

with clingfilm to seal them and placed inside an incubator at 37°C, 42°C or 52°C 

depending on preliminary studies and choice of probe (see below). Sections were 

hybridised overnight for at least 16 hours.

Parafilm coverslips were gently removed from the sections, using a blunt ended forceps, 

under 1 x SSC in a large plastic box. Slides were agitated in 1 x SSC for one minute to 

remove excess hybridisation buffer and transferred to a slide rack in a separate plastic 

box under 1 x SSC. Once all of the remaining slides were washed, the racks were 

transferred to boxes containing prewarmed 1 x SSC in a water bath at 55°C. Washing 

continued for one hour at this temperature with a prewarmed buffer change at 30 

minutes. Slides were then transferred to 1 x SSC at room temperature for one minute, 

followed by 0.1 x SSC for ten seconds and distilled water for ten seconds to remove 

buffer salts. All solutions of SSC for washing also contained 0.2% sodium thiosulphate 

to prevent oxidation of thiol groups and thus decrease background labelling. Sections 

were then dehydrated in a series of increasing concentrations of ethanol in distilled 

water (several seconds in each), and allowed to air-dry at room temperature for one 

hour.

Slides were subsequently apposed to ^H-sensitive Hyperfilm (Amersham, UK), which is 

also suitable for the relatively soft p-emissions of ^^S, in X-ray casettes, co-exposed 

with brain paste standards, for 12-24 days at room temperature. Films were developed as 

for receptor autoradiography. Following film autoradiography, slides were dipped into 

photographic emulsion, as described below, for improved resolution of in situ 

hybridisation signal.

2.46 Establishing optimal hybridisation & washing conditions fo r  a particular 

oligonucleotide

Inherent differences between oligonucleotide probes such as length, G-C content and 

homology with non-target RNA sequences in the tissue, required the determination of 

hybridisation and washing conditions on an individual basis in order to optimise signal-
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to-noise ratio and ensure specificity of hybridisation. A number of conditions could 

have been altered in order to achieve this aim, including hybridisation temperature, 

hybridisation buffer composition, washing temperature and salt concentration of the 

washing buffer.

DNA-RNA hybrids have a characteristic thermal dénaturation temperature, defined as 

Tm or melting temperature, the temperature at which 50% of the hybrids dissociate. 

Melting temperature for an RNA-oligodeoxyribonucleotide hybrid is a function of 

oligonucleotide length, G-C content sodium content of the buffer and any base-pair 

mismatches between the probe and target RNA. For an oligonucleotide with 100% 

homology to the target sequence, the melting temperature may be calculated as follows:

Tm = 81.5 - 16.6(logio[Na^]) + 0.41(%G + C) - (600/N) - 0.63(%formamide)

where %G + C is the number of guanosine and cytosine residues expressed as a 

percentage of the total number of bases comprising the oligonucleotide and where N = 

oligonucleotide chain length.

The optimal temperature for in situ hybridisation with relatively short oligonucleotides 

(14-70 bases) is theoretically considered to be 5-10°C below Tm. At this temperature, 

DNA-RNA hybrids are essentially reversible, and increasing the temperature or 

lowering the SSC concentration has a significant destabilising effect on hybrids formed 

between oligonucleotides and non-target sequences of less than 100% homology.

In practise, optimal hybridisation conditions were established for each probe by 

hybridising to sections from one tissue specimen and varying the hybridisation 

temperature (37°C, 42°C & 52°C), the wash temperature (55°C & 60°C) and the salt 

concentration of the wash buffer (0.5 x SSC, 1.0 x SSC & 2.0 x SSC). The composition 

of the hybridisation buffer remained constant.

2.47 Preparation o f  brain paste standards

A piece of human cortex (~2g) was homogenised using an electric homogeniser in a 

50ml polypropylene tube on ice. 200pl of homogenate were transferred by pipette into
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16 microcentrifuge tubes. A series of aqueous dilutions (20|il) of [a-^^S]dATP were 

prepared ranging from approximately 2,000Bq/pl to lOBq/pl. lOpl of each stock 

dilution were added to a corresponding labelled microcentrifuge tube containing 200pl 

brain paste. Mixing was achieved by repeated gentle vortexing and stirring with a 

pipette tip and short centrifugation bursts. Each paste dilution was drawn into a 

separate, labelled, 1ml plastic syringe, taking care to avoid air bubbles. Syringes were 

frozen overnight in a -80 freezer. The following day, the tips of the syringes were cut 

off using a scalpel and the cylinders of tissue expelled and mounted onto a cryostat 

chuck in turn. 10pm sections were cut from each serial dilution and mounted 

sequentially onto charged microscope slides, labelled with the radionuclide batch 

number. Ten sections from each serial dilution were transferred into scintillation vials 

and counted by liquid scintillation spectroscopy. Once air-dried, the standard slides 

were ready for apposition to Hyperfilm along with tissue sections from in situ 

hybridisation experiments using the same batch of radionuclide.

Following development of the films, measurement of the size of the resultant spots on 

film for each dilution allowed assignment of a value of concentration of radionuclide 

expressed as attomoles of [a-^^S]dATP per mm^ for each spot. Determination of the 

optical density produced by each concentration enabled construction of a standard curve 

used to convert optical density measurements from tissue sections to values of attomoles 

of per mm^.

2.48 Autoradiography o f  sections using photographic emulsion 

12 g of Ilford K5 photographic emulsion were weighed out in a darkroom under 

safelight conditions and mixed with 18ml of fresh 2% glycerol in distilled water in a 

small beaker. The emulsion was heated to 40°C in a waterbath whilst being stirred 

gently with a glass rod. Care was taken not to introduce air bubbles when stirring. 

Once the emulsion had fully melted, it was poured into a prewarmed glass dipping 

chamber and allowed to settle. Slides were dipped individually into the warm 

emulsion, excess emulsion wiped from the back of the slides using tissue paper and then 

placed onto a cool plate at 4°C for ten minutes to allow the emulsion gel to set. Slides 

were then placed standing inside a light-tight box overnight to allow the emulsion to dry
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and subsequently transferred to a standard slide rack box with silica gel. These boxes 

were placed inside black plastic film bags, sealed to exclude light and stored at 4°C until 

developed. Exposure times were calculated as 2.5 x suitable film exposure, determined 

on an arbitrary basis depending on optical density of autoradiography images.

Before developing, slides were allowed to come to room temperature and transferred to 

plastic slide racks under safelight conditions. Slides were developed in Kodak D19 for 

3.5 minutes, rinsed in distilled water with 0.5% acetic acid for 30 seconds and fixed in 

Kodak Unifix for 5 minutes. Following a 30 minute wash in running water, sections 

were stained for 10 seconds in 0.1% methylene blue, differentiated in running water and 

dehydrated through a series of alcohols. After clearing in xylene for 2 x 5 minutes, 

coverslips were applied to the sections using DePeX mounting medium and allowed to 

dry horizontally for 3 days. A faint level of staining was crucial during this stage. If 

staining was too dark, image analysis software was unable to differentiate between 

silver grains in the emulsion layer and cell nuclei, however, if the staining was too light, 

neuronal cell bodies were difficult to visualise under the microscope.

2.49 Data analysis

Quantitation of in situ hybridisation, as for receptor autoradiography, was achieved by 

film densitometry, with reference to brain paste standards, using an image analysis 

system (MCID, Imaging Research Inc., Canada). Hippocampal subfields were again 

defined by referring to adjacent sections stained with cresyl violet and counterstained 

with luxol fast blue. Measurements were made by outlining the stratum pyramidale in 

each of the Ammon’s Horn subfields, the entire hilus subfield and the stratum 

granulosum of the dentate gyrus. Total mRNA signal was assessed in two to four 

sections per concentration and non-specific binding in one or two sections per 

concentration, depending on tissue availability, and mean values were used for 

subsequent analysis.

Analysis of silver grain density on emulsion-dipped slides was also carried out with the 

MCID system using dedicated grain counting software. Microscope lighting conditions 

were standardised on the highest power objective (xl60) and the image analysis system 

was calibrated for distance using a graticule. Target neurones within a selected subfield
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were brought into focus under the microscope and a digitised image captured by the 

MCID system. Silver grains present in the emulsion layer were highlighted by removing 

larger structures from the background using a digital filter and setting a threshold level 

of optical density, above which objects were identified as grains. A value for mean 

grain area was obtained by measuring the area of individual grains following 

identification as single distinct grains using the microscope. This value was manually 

entered into the appropriate software allowing the image analysis system to estimate a 

count of individual grains, if necessary, from groups of grains clumped together. 

Measurements of grains per neurone were made by outlining an area of standard size 

surrounding a neuronal cell body encompassing all grains associated with that particular 

neurone, taking into account the range of scatter of p particles from atoms of and 

counting the numbers of grains within this area automatically within the criteria defined 

above. A measurement of the area of the corresponding cell body was made for each 

grain count to allow correction for cell size. Grain counts were made from fifty 

neurones within each subfield sampled in a random fashion. If fifty neurones could not 

be clearly identified then the total number of neurones identified within a subfield were 

sampled. The mean of the grain counts from individual neurones provided one count as 

a measure of mRNA signal in a particular subfield for a particular individual and this 

figure was carried forward for subsequent statistical analysis.

2.5 Immunohistochemistry

The following protocols are based upon methods published by Polak & Van Noorden 

(1997) and manufacturers’ protocols for use with the Vectastain Elite™ ABC kit 

(Vector Laboratories).

2.51 Antigen retrieval

Formalin-fixed, wax-embedded tissue was chosen for immunohistochemistry, primarily 

for the superior preservation of tissue morphology achieved using this fixation method 

compared with fresh-frozen tissue and, secondly, because of the ready availability of 

samples of control and sclerotic hippocampi, routinely fixed in this manner, in hospital 

neuropathology departments. This method of fixation would not, however, be
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considered optimal for preservation of the antigenicity of target protein sequences and 

antigen retrieval by microwaving was investigated as a means of improving signal. 

Heating rather than the microwaving process is thought to provide energy to disrupt 

hydroxyl bonds formed between the protein antigens and the fixative and the citrate salt 

solution acts to chelate tissue-bound calcium ions, also released by the heating process, 

which contribute to tighter bonds with the fixative. Fixative bonds are thus permanently 

broken theoretically revealing protein antigens for interaction with the primary antibody.

Paraffin wax-embedded sections were dewaxed in xylene ( 2 x 5  min) and rehydrated 

through a series of decreasing ethanol concentrations to distilled water. Slides were 

labelled appropriately and placed in racks immersed in citrate buffer 0.0IM, pH 6.0 (pH 

with NaOH) in 300ml plastic containers. The containers were sealed with perforated 

plastic lids and microwaved individually at full power (750W) for various times, 

ranging from 0 minutes to 15 minutes, in 5 minute bursts. After each five minute burst, 

the level of buffer was checked and, if necessary, topped up with fresh buffer. 

Immediately following microwave treatment, the containers were transferred to a sink 

and cold tap water was run into the container for 5 minutes until the solution was cool 

enough to allow removal of the racks without danger of rapid evaporation, drying of 

sections and precipitation of buffer salts. Optimal antigen retrieval times by microwave 

were determined for each primary antibody over a range of concentrations in 

preliminary studies using replicate tissue sections from a control hippocampus block 

from one individual.

2.52 Tissue pre-treatment and application o f  antibodies

Following antigen retrieval, sections were transferred to PBS (0.0IM phosphate- 

buffered 0.9% NaCl, pH 7.0-7.4). The pH of the buffer was critical as there is a risk of 

antibodies becoming detached from the sections at pH<7.0. Due to the nature of the 

detection system chosen, it was necessary to block any endogenous peroxidase activity 

in the sections and this was achieved by incubation with an excess of the enzyme’s 

substrate, hydrogen peroxide (0.3% in PBS) for 30 minutes. This was followed by a 

rinse in fresh PBS. Sections were then incubated horizontally with normal (non- 

immune) serum from the animal in which the secondary antibody has been raised (1:20 

in PBS for 30 minutes), in order to saturate any non-specific binding sites in the tissue.
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Normal serum contains enough natural antibodies and other proteins to occupy Fc 

receptors on the two identical heavy polypeptide chains comprising the constant 

fragment (Fc) of the species IgG, and hydrophobic and electrostatic binding sites, 

preventing attachment of the specific antibody. These binding reactions are weak, so 

the serum was not washed off the tissue but merely drained off.

It was important when using an indirect method of immunohistochemistry, with a 

secondary antibody, that normal serum from the species used to raise the secondary 

antibody was used to block non-specific binding. If serum from the species producing 

the primary antibody was used, it would saturate non-specific binding sites but would 

provide extra deposits of immunoglobulin antigen recognised by the secondary antibody 

and result in high background staining.

The slides were then placed in petri dishes with a piece of damp tissue paper to maintain 

humidity and the sections were outlined with a wax pen. Primary antibody was applied 

(lOOp.1 per section) and the lids placed on the petri dishes. The sections were allowed to 

incubate with primary antibody overnight at 4°C. An optimal dilution of primary 

antibody was selected on the basis of preliminary studies using replicate tissue sections 

from a control hippocampus block from one individual. A range of concentrations were 

used from 1:1000 to 1:10,000 primary antibody in PBS/normal serum (1:20), with the 

optimum dilution being the highest at which available antigen is saturated leaving some 

free antibody in solution but with minimal non-specific binding. This was determined 

by visual inspection of stained slides by microscope following immunohistochemistry.

Two primary antibodies to the GABAa receptor were used in this study, available 

commercially from Boehringer Mannheim: bd-24 anti-human GABAa a l  subunit and; 

bd-17 anti-human GABAa (32/p3 subunit. Both antibodies are monoclonal antibodies 

raised in mice.

Following incubation with primary antibody, the sections were washed with fresh PBS 

and incubated for one hour at room temperature with lOOpl of biotinylated secondary, 

anti-mouse, antibody diluted 1:200 in PBS/normal serum.
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2.53 Antibody detection and staining

The avidin-biotin complex (ABC) method of detection was chosen to visualise antibody 

labelling. This method of detection works on the basis of the high affinity of avidin, a 

large glycoprotein extracted jfrom egg white, for biotin, a low molecular weight vitamin 

extracted from egg yolk. Each avidin molecule has four binding sites for biotin and 

each biotin molecule has one binding site for avidin. In the ABC detection system, the 

biotin molecules are conjugated with an appropriate marker, in this case peroxidase 

enzyme (hence the need to inactivate endogenous peroxidase activity in the tissue). 

When the avidin and labelled biotin are allowed to react together a large and highly 

labelled complex forms. The proportion of avidin to labelled biotin is calculated such 

that some binding sites on the avidin are free to react with biotin on the secondary 

antibody.

Whilst the secondary was incubating, the avidin-biotin complex (ABC) was mixed and 

allowed to incubate for 30 minutes. The secondary antibody solution was washed off 

the slides in PBS and the ABC reagent applied and allowed to incubate at room 

temperature for one hour.

In the final staining development step, hydrogen peroxide was used as a substrate for the 

peroxidase enzyme and diaminobenzidine (DAB) as a chromogen. Peroxide reacts with 

hydrogen peroxide to form a complex associated with an oxidised haem prosthetic 

group. This complex accepts an electron from DAB which is an electron donor and the 

oxidised DAB subsequently forms a polymerised, insoluble brown precipitate with the 

peroxidase. Following incubation with the ABC complex, the sections were washed in 

PBS and incubated with a freshly prepared DAB/hydrogen peroxide solution. 

Development of staining was allowed to proceed for 2-10 minutes to the desired 

intensity. Sections were subsequently dehydrated, cleared in xylene and coverslipped 

with DePeX.

2.54 Data analysis

With current immunohistochemistry techniques, it remains very difficult to relate 

intensity of immunostaining to absolute quantities of antigen present in a sample. 

However, samples treated in the same way and immunostained simultaneously under the
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same conditions may be compared from the aspect of intensity of immimostain in a

semi-quantitative manner. Immunostaining present in control and sclerotic hippocampi

sections were compared iin a descriptive, qualitative assessment in order to avoid

making unsubstantiated conclusions.

2.6 Materials

2.61 Drugs

Compound Supplier Solvent

Clonazepam Sigma Ethanol

2.62 Radioligands

Compound Supplier Specific Activity

[^HJFlumazenil Du Pont NEN 75.17 Ci/mmol

[^^S]dATP Du Pont NEN 1250 Ci/mmol

2.63 Immunohistochemistry antibodies

Antibody Supplier Antigen

bd-24 Boehringer Mannheim GABAa a l  subunit

bd-17 Boehringer Mannheim GABAa P2/3 subunit

2.64 Chemical reagents

Reagent Supplier Grade

Acetic acid, glacial BDH Analytical

Antifoam A Sigma Analytical

Bovine Serum Albumin Sigma Molecular Biology

Denhardt’s Solution (20X) Sigma Molecular Biology

Dextran Sulphate Pharmacia Molecular Biology

Dichlorodimethylsilane Sigma Standard

Diethyl pyrocarbonate (DEPC) Sigma Standard
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Disodium hydrogen Fisons Analytical

orthophosphate (Na2HP0 4 )

Dithiothreitol (DTT) Sigma Molecular Biology

Embedding medium Lipshaw

Ethanol Analytical

Ethylene diamine tetra-acetic acid Sigma Molecular Biology

(EDTA)

Ficoll 400 Sigma Molecular Biology

Fish Sperm DNA Boehringer Mannheim Molecular Biology

Formamide Fluka Analytical

Heparin Sigma Molecular Biology

Hydrochloric Acid (HCl) BDH Analytical

Paraformaldehyde Sigma Analytical

Polyadenylic Acid Sigma Molecular Biology

Sephadex Pharmacia Molecular Biology

Sodium Chloride (NaCl) Fisons Analytical

Sodium dihydrogen orthophosphate Fisons Analytical

(NaH2P0 4 .2H20)

Sodium dodecyl sulphate Sigma Molecular Biology

Sodium Hydroxide (NaOH) Fisons Analytical

Sodium Thiosulphate Sigma Analytical

Tris Sigma Analytical

TriSodium Citrate Sigma Analytical

Terminal deoxynucleotidyl Boehringer Mannheim Molecular Biology

transferase (TdT)

Vectastain Elite ABC kit Vector Laboratories Standard
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3.1 Clinical Data
The following tables (3.1-3.5) summarise logistic details for studies described 

throughout the results chapter and clinical details, where available, for each individual.

Epileptic patients were recruited from the epilepsy clinic of the National Hospital for 

Neurology and Neurosurgery, London. All patients suffered from drug-resistant mesial 

temporal lobe epilepsy and seizure semiology was compatible with seizures of 

mesiobasal temporal origin. All patients had undergone high resolution magnetic 

resonance imaging (MRI) which had identified unilateral hippocampal sclerosis using 

accepted qualitative and quantitative MRI criteria and which did not indicate any other 

structural abnormality. These findings were subsequently verified by neuropathological 

examination. This study was approved by the hospital ethics committee.

Control hippocampi were obtained at autopsy, within 33 hours post-mortem, from 

individuals with no previous medical history of neurological or psychiatric disease and 

normal neurological structure was confirmed by histological examination. Control 

tissue was provided by the Parkinson's Disease Society Brain Bank, London and the 

Department of Pathology, Queen Elizabeth Hospital, Birmingham.

Table 3.1 summarises details of gender, age, age at onset of seizures, seizure frequency 

anti-epileptic drug history, histopathology and MRI latéralisation for the epileptic 

patients. Fourteen of the 19 patients were female and the mean age of all of the patients 

included in the various studies was 32±2 years (range 22-48) with the mean age of onset 

of epilepsy at 5.9+1.4 (s.e.m.) years. The number of seizures per year experienced by 

the patients ranged from 12 to 480 with a mean of 105±27. Carbamazepine was the 

most commonly prescribed anti-epileptic drug within the patient group selected, being 

used to treat 13 of the 19 patients, and Lamotrigine was the next most commonly 

prescribed (10 of 19). Most of the patients were being treated with dual combination 

therapy while two patients received carbamazepine monotherapy and one received three 

anti-epileptic drugs in combination. Tissue samples from five of the patients indicated 

evidence of the neuronal migration disorder, microdysgenesis, in addition to 

hippocampal sclerosis.
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Table 3.1 Clinical data from epileptic individuals.

Clinical data from epileptic individuals included in [ H]flumazenil 
autoradiography, GABAa subunit in situ  hybridisation and 
immunohistochemistry studies. Key: CBZ = carbamazepine, LTG 
lamolrigine. GBP = gabapentin, PHT = phenytoin, VPA = sodium valproate, 
CLB = clobazam, VGB = vigabatrin, PB = phenobarbitone, TOP = topiramate, 
FC = febrile convulsions (Y-yes, N-none), R/LHS = right/left hippocampal 
sclerosis, MRI = Magnetic Resonance Imaging, MD = microdysgenesis.

Patient Sex Age/Age at 

onset (y)

FC Seizure / y 

Frequency

Anti-epileptic Drugs 

(Dose in mg/day)

Histology MRI

TB F 28/1 Y 144 LTG (400), PHT (300) HS LHS

LC F 22/4 N 24 CBZ (1,000), LTG (400) HS RHS

AD M 22/5 Y 72 CBZ (1,000) LTG (300) HS LHS

PD M 45/2 N 12 CBZ (800), LTG (400) HS/MD RHS

PG M 33/2 N 104 LTG (400), VGB (1,500) HS RHS

JG F 31/7 Y 24 GBP (2,400), PHT (200) HS RHS

NH F 31/7 Y 24 VPA (1,500), LTG (400) HS RHS

CH M 42/5 N 48 CBZ (1,200), LTG (300) HS RHS

TK F 33/21 Y 480 GBP (2,400), PHT (250) HS/MD RHS

SL F 26/2 Y 336 CBZ (1,000), LTG (300) HS/MD RHS

KL F 36/3 N 104 CBZ (1,200), PB (50) HS RHS

JM F 40/2 Y 120 CBZ (400), TOP (150) HS/MD RHS

MMN F 23/2 Y 36 LTG (300), PHT (350) HS RHS

DM M 38/23 N 95 CBZ (800), LTG (100) HS RHS

DR F 27/11 Y 120 CBZ (1,000) HS LHS

LR F 48/2 Y 48 CBZ (1,200), TOP (150) HS LHS

DS F 29/7 N 52 CBZ (600) HS LHS

MT F 38/1 N 72 CBZ (1,400), PHT (350) HS/MD LHS

HW F 25/5 Y 104 CBZ (800), TOP (400), 

CLB (20)

HS RHS
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Finally, six of the patients demonstrated left-sided HS and the remainder were right

sided.

The mean age of the post-mortem controls was significantly older than the epileptic 

patients at 65±6 years (range 26-82) and the mean post-mortem interval was 16+3 hours 

(Table 3.2). Information on cause of death was not available for all of the patients but a 

combination of acute and chronic pre-mortem illnesses were documented. The 

measurements of pH, where available, ranged between 6.38 and 6.79 and did not appear 

to correlate with duration of pre-mortem illness. Studies performed by Kingsbury et al 

(1995) on the relationship between human post-mortem brain tissue pH and preservation 

of mRNA revealed a strong correlation between tissue pH and preservation of four 

mRNA species examined. Low pH, assumed to result from prolonged terminal hypoxia 

was associated with reduced or absent levels of mRNA, whereas tissue specimens with a 

higher pH (above 6.5) were found to contain quantifiable amounts of mRNA.

Table 3.3 summarises the collective data for patients and controls selected from the 

available tissue supplies for each of the neuroanatomy and biochemical studies 

performed. Differences in age and gender-matching between epilepsy and control 

groups were evident for all studies but were largely unavoidable.

Tables 3.4 and 3.5 provide a reference source indicating which individual patients and 

controls respectively, were included in which studies.
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Table 3.2 Clinical data from control individuals.

Clinical data from control individuals included in [^H]flumazenil 
autoradiography, GABAa subunit in situ  hybridisation and 
immunohistochemistry studies. N/A = not available.

Individual Gender Age

(y)

Post-mortem 

Interval (hr)

pH Cause of Death

HUN Male 76 16 6.71 thoracic aneurysm

PEA Female 73 28 6.38 cancer of bronchus

BRA Male 43 15 6.61 cardiac arrest

ALL Male 67 5.5 6.51 left ventricular failure

MET Male 77 27.5 6.49 cancer of pancreas

BAR Female 77 18 6.7 unknown

MAC Male 82 33 6.79 pulmonary embolism

EN17/96 Male 26 4 N/A myocarditis

EN57/96 Female 65 6 N/A colitis

EN03/90 Female 68 7.5 N/A cardiac arrest
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Collective clinical details for patients and controls included in individual 
studies.

Table 3.3

Study

Collective clinical details for patient groups included in neuronal density 
(ND), [^HJflumazenil autoradiography (RA/PET), GABAa subunit in situ 
hybridisation (al-y2) and immunohistochemistry (IH) studies.

Patients with TLE and HS Post-mortem (PM) Controls

Mean Gender Epilepsy Seizure/y Mean Gender PM (h)

age (y) ratio duration(y) frequency age (y) ratio interval

ND 35+2 4M10F 29+3 124+35 74+2 3M 2F 19+4

RA 31±2 1M8F 23+8 142+53 69±5 4M 2F 18±3

PET 34+3 3M 8F 27+3 122+45 69±5 4M 2F 18±3

a l 31+2 2M lOF 27±2 94±24 65±6 6M 4F 16±3

a2 32+3 1M7F 27+3 90+38 69+5 4M 2F 18+3

a3 32+2 2M lOF 29+3 97+24 65+6 6M 4F 16±3

a4 31±2 2M lOF 27+2 95+25 65+6 6M 4F 16±3

a5 30+2 1M9F 24+2 132+49 69+5 4M 2F 18+3

a6 32±2 2M10F 29+3 97+24 65±6 6M 4F 16+3

P3 32+3 2M 9F 29+3 101+26 65+6 6M 4F 16±3

y2 30+2 1M9F 24+2 132+49 69±5 4M 2F 18±3

m 31±3 2M 7F 27+3 106+32 64+11 2M1F 20+4
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Table 3.4 Key to epileptic subjects.

Key to epileptic subjects (ES) included in neuronal density (ND), 
[^HJflumazenil autoradiography (RA), positron emission tomography (PET), 
GABAa subunit in situ hybridisation (al-y2) and immunohistochemistry (IH) 
studies.

ES ND RA PET a l a2 a3 a4 a5 a6 (33 y2 IH

TB / y y y y y y

LC / / y y y y

AD y y y y y y y

PD / y

PG / y y y

JG / / y y y y y y

NH y y y y y y y y y y y

CH / y y y y y y y

TK / y y y

SL / y y y y y y y y y y y

KL / y y y y y y y y

JM / y y y y y y y

MM y y y y y y y y

DM / y y

DR / y y y y

LR / y y y y

DS y y y y

MT / y y y y y y y y y y y

HW y y y y y y
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Table 3.5 Key to control subjects.

Key to control subjects (CS) included in neuronal density (ND), 
[^HJflumazenil autoradiography (RA), [GABAa subunit in situ  hybridisation 
(al-y2) and immunohistochemistry (IH) studies.

CS ND RA a l a2 a3 a4 a5 a6 P3 y2 m

HUN / / / / / / y y y y y

PEA / / / / / / y y y y y

BRA / / / / / y y y y y

ALL / / / / / / y y y y

MET / / / / / / y y y y

BAR / / / / y y y y

MAC / / / y y

17/96 / / / y y

57/96 / / y y y

3/90 / / y y
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3.2 Neuronal Density

As illustrated in Figure 3.1 and Figure 3.2, significant neuronal loss was observed in 

each of five subfields counted, in hippocampi resected from patients with medically 

refractory TLE and HS, when compared with neurologically normal post-mortem 

control hippocampi (p<0.001. Student’s /-test). The CAl subfield was most severely 

affected, with neuronal density at 12±1% of control, and the CA2 subfield was relatively 

preserved in the HS specimens, at 61 ±4% of control. Measurements were made from 

fourteen HS samples and five control samples, however, some subfields were lost 

during the resection procedure, thus accounting for the variability in number of 

individual measurements within each subfield group for the HS samples.
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Figure 3.1 Neuronal density histogram
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Neuronal density measurements, obtained by a three-dimensional counting 
technique, in tissue sections from formalin-fixed, paraffin-embedded samples 
of hippocampi from epileptic patients with HS (shaded bars) and post-mortem 
controls (open bars).Histogram bars represent the mean neuronal density from 
subfields from a number of individuals (indicated within the bars) and error 
bars represent s.e.m. Groups were compared using an unpaired, two tailed, 
Student's r-test (*** = p<0.001).
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Figure 3.2 Illustrations of cresyl violet/luxol fast blue-stained sections of 
hippocampus from control and epileptic individuals with HS.

The upper image represents a control hippocampus and the lower image a 
sclerotic hippocampus. Neuronal cell bodies appear red coloured whilst 
white matter is stained blue/purple.
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3.3 [^H]Flumazenil Receptor Autoradiography

Data from kinetics and washing parameter studies for [^HJflumazenil binding are 

summarised in Figure 3.3. Association and dissociation kinetics were studied using 

sections of cortex from one control individual at 3nM [^HJflumazenil , a concentration 

within the range of previously published Kd values for this ligand at benzodiazepine 

receptors in human hippocampus (Houser et al 1988). Binding data was not adjusted 

for tissue protein concentration but was expressed as finol/mg tissue wet weight with 

reference to plastic radioactive standards incorporating a correction for tissue quench.

3.31 Receptor binding association kinetics

The apparent rate of association increased with increasing temperature of incubation 

with half-times to equilibrium binding plateau of 1.5, 4.1 and 6.2 minutes for the 37°C, 

23°C, and 4°C temperatures respectively. However, actual equilibrium binding plateau 

levels were substantially higher for the lower temperatures. Association binding 

kinetics at 4°C and 23 °C appeared to follow a simple one-phase exponential association 

(solid lines, upper graph. Figure 3.3), whereas at 37°C, equilibrium had evidently been 

reached within the first 5-10 minutes and the data were subsequently a poor fit to the 

one-phase exponential association model (broken line, upper graph. Figure 3.3).

For reasons of reproducibility of conditions and in order to allow comparison with 

previously published studies, an incubation temperature of 4°C was chosen for future 

binding experiments. In order to assess whether ligand depletion occurred at lower 

concentrations of radioligand, thus invalidating the assumptions of pseudo first order 

kinetics and delaying time to equilibrium, the association kinetics of [^Hjflumazenil 

were also studied at a concentration of 0.5nM. Although binding appeared to reach 

equilibrium at approximately 30 minutes at the 3nM concentration, equilibrium binding 

was only achieved after approximately 60 minutes at 0.5nM and this time was chosen as 

a standard incubation time for all subsequent binding experiments.
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[^H]flumazenil binding parameters.

Upper graph - [^Hjflumazenil specific binding to human temporal neocortex slices, assessed over a range 
of incubation times, at several incubation temperatures and two ligand concentrations. Centre graph - 
Dissociation of [^HJflumazenil specific binding assessed over a range of washing times and wash buffer 
temperatures. Lower graph - Percent contribution of non-specific binding (assessed in the presence of 
2f,iM clonazepam) to total binding following various washing times and wash buffer temperatures.
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3.32 Receptor binding dissociation kinetics

Rate of dissociation of [^HJflumazenil from binding sites in vitro was significantly 

greater in buffer at 23°C when compared with buffer at 4°C (dissociation half-life: 3.5 

minutes and 27.6 minutes respectively) as illustrated by the centre graph in Figure 3.3. 

Studies of the fraction of non-specific binding, assessed in the presence of 2pM 

clonazepam, at each wash time demonstrated little change at 4°C across the range of 

washing times, whereas the rapid and complete displacement of ligand at 23 °C resulted 

in an increasing proportion of non-specific compared to specific binding at longer wash 

times. A wash schedule of two minutes at 4°C in fresh buffer was chosen as optimal 

conditions for future binding experiments to allow maximum preservation of total 

binding with minimum contribution of non-specific binding and to again remain 

consistent with previously published studies.

3.33 Receptor binding saturation kinetics

Saturation kinetics for [^HJflumazenil binding were studied at three incubation 

temperatures in control human temporal neocortex from one individual and the binding 

curves are illustrated in the upper graph of Figure 3.4.

Estimates of Bmax and Kd were: 37°C, 658finol/mg and 4.6nM; 23°C, 673finol/mg and 

4.2nM compared to; 4°C, 589finol/mg and 1.8nM respectively (n=l). In order to 

conserve radioligand and taking association kinetics data into consideration, an 

incubation temperature of 4°C was selected for subsequent [^HJflumazenil receptor 

autoradiography studies. At 4°C and 3nM the dissociation rate constant (k_i) was found 

to be 4.186 %10^ s '\  The apparent association rate constant (Kobs) at under the same 

conditions was calculated to be 1.863 xlO’̂  s'̂  and this predicted a true association rate 

constant (k+i) of 4.8146 % 10  ̂ s'\, Estimation of Kd from the association and

dissociation constants suggested an affinity constant of approximately 0.9nM at 4°C. 

The lower graph of Figure 3.4 represents a saturation study of [^HJflumazenil binding in 

area CA3 of a control human hippocampus and illustrates the contribution of non

specific binding to total measured binding. This contribution of non-specific binding 

was estimated by area-under-the-curve measurements to be less than 5% of total 

binding.
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Figure 3.4 [^Hjflumazenil saturation binding curves.

Upper graph - Saturation binding curves for [^HJflumazenil binding in 
human temporal neocortex slices at several incubation temperatures. Lower 
graph - Total, specific and non-specific [^HJflumazenil binding in the CA3 
subfield from human hippocampus slices at 4°C.

106



Chapter 3: Results

3.34 Distribution o f  f  HJflumazenil binding in human hippocampus

Figure 3.5 is a pseudo-colour image illustrating equilibrium total binding of 

[^HJflumazenil at a concentration of 3nM to hippocampi sections from a control 

individual and an epileptic patient with HS (Figure 3.5a and 3.5b respectively). Figure 

3.5c represents non-specific binding in the presence of IpM clonazepam. Colours were 

added artificially (pseudo-colour) according to film image density and areas containing a 

relatively high density of binding sites are represented by the white and yellow colours 

while areas of low binding density are represented by purple and blue colours.

In the control hippocampi, GABAa/cBZR binding density was found to be highest in the 

molecular layer of the dentate gyrus (455+34 finol/mg), the strata oriens, pyramidale, 

and lacunosum/moleculare of the CAl region of Ammon’s Horn (411±32 finol/mg) and 

the subiculum (358±28 finol/mg). CA3, CA2 and the hilus showed moderate binding 

density (170+21 finol/mg, 198±10 finol/mg and 184±22 finol/mg respectively).

3.35 [^HJflumazenil saturation autoradiography: Bmax - epilepsy vs. control 

Comparing the images of [^HJflumazenil binding in control and sclerotic hippocampus 

revealed an apparent loss of G ABAa/cBZR binding sites in all subfields of the sclerotic 

specimen. The most striking loss was evident in the CAl subfield of Ammon’s Horn 

and the hilus, whereas the subiculum and CA2 appeared to have been relatively spared, 

in parallel with observed changes in neuronal density. These findings are supported by 

quantitative image analysis of [^HJflumazenil binding in nine hippocampi from patients 

with TLE and HS compared with six hippocampi from neurologically normal post

mortem control individuals (Figure 3.6a). Bmax values were reduced on average to 

6+0.5% of control for the CAl subfield in HS and to 36±5% of control in the hilus. 

Loss of G ABA a/cBZR binding sites in the subiculum, DG and CA2 subfields was less 

severe at 76±7%, 57+4% and 55±6% of control respectively.

Figure 3.6b summarises the mean neuronal density and Bmax data from the HS 

specimens as a percentage of control data. There appeared to be a close relationship 

between the percentage loss of neurones associated with HS and the loss of 

GABAa/cBZR binding sites as detected by [^HJflumazenil autoradiography.

107



(a) BZ ctl

fmol/ng

Figure 3.5 Benzodiazepine receptor autoradiography images.

Pseudo-colour images illustrating film optical density coiTesponding to total 
binding-site distribution following receptor autoradiography using 
tlumazenil (5nM concentration) in sections of hippocampus from control (a) 
and epileptic individuals with HS (b).
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Figure 3.5c | H|-flumazenil non-specific binding image.

Pseudo-colour image illustrating film optical density corresponding to non
specific binding-site distribution following receptor autoradiography using 
[^HJ-fliunazenil (5nM concentration), in the presence of IpM clonazepam, in 
sections of hippocampus from a control individual.
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Figure 3.6a Benzodiazepine receptor binding density histogram.
Histogram illustrating receptor binding density measurements, obtained by saturation 
autoradiography, in tissue sections from fresh frozen samples of hippocampi from 
epileptic patients with HS (shaded bars) and post-mortem controls (open bars). 
Histogram bars represent the mean Bmax fronr subfields from a number of individuals 
(indicated within the bars) and error bars represent s.e.m. Groups were compared 
using an unpaired, two tailed. Student’s Mest (*** = p<0.001, **=p<0.01, *=p<0.05).

Figure 3.6b Neuronal density and Bmax - Percentage change in HS.
Histogram representing neuronal density (shaded bars) and Bmax (open bars) 
measurements in hippocampi sections from patients with HS expressed as a 
percentage of control (mean, s.e.m.).
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However, an anomaly was evident in the CAl subfield, where loss of receptor binding 

sites was more severe than the decrease in neuronal density in HS. In order to further 

investigate the nature of the relationship between neuronal density and [^HJflumazenil 

Bmax, an analysis of correlation was carried out on Bmax data from each subfield for each 

individual epileptic and control, paired with neuronal density data from the same 

subfield and individual. The results are summarised in Figure 3.7. A significant 

correlation between neuronal density and [^HJflumazenil Bmax was detected in the 

dentate gyrus, CA2 and CAl, however this could not be established for the hilar or CA3 

subfields.

3.36 fHJflumazenil binding corrected fo r  neuronal density

An alternative method of weighting the Bmax data for the influence of changes in 

neuronal density was to express the data as a ratio of GABAa/cBZR binding sites per 

neurone by dividing the Bmax values relating to each subfield for each individual by the 

corresponding neuronal density for that subfield. The results obtained are illustrated in 

Figure 3.8a. As predicted by the similarity in percentage change in neuronal density and 

binding found in HS, there was no significant change in the ratio of Bmax to neuronal 

density in four of the five subregions examined. However, in the CAl the ratio of Bmax 

to neuronal density in HS was reduced to 55+4% of control and this apparent loss of 

binding sites on surviving neurones is statistically significant (p<0.05. Student’s Mest).

It should be noted that the reduced number of individual measurements available for 

comparison was due to unavailable neuronal density data for two of the epileptic 

patients and one of the controls and loss of binding data for the CA3 and CA2 for 

several of the epileptic patients due to damage to these areas occurring during resection.
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Figure 3.7 Correlation of neuronal density with B̂ ax-

Scatter diagrams illustrating results of correlation studies of neuronal density 
with [^HJflumazenil Bmax in tissue sections from hippocampi from epileptic 
and control individuals. Pearson’s test was used and the co-efficient of 
correlation r" is indicated in the results table for each subfield along with p- 
values and a summary of significance. HS = hippocampal sclerosis, CTL = 
control.
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Figure 3.8a Benzodiazepine receptor binding corrected for neuronal density.
Histogram representing ratio of B̂ ax to neuronal density in tissue sections from control 
(open bars) and epileptic (shaded bars) individuals. Histogram bars represent the mean 
ratio from subfields from a number of individuals (indicated within the bars) and error 
bars represent s.e.m. Groups were compared using an unpaired, two tailed. Student’s t-  

test(*** =p<0.001, **=p<0.01, *=p<0.05).

Figure 3.8b [^H]flumazenil affinity at the benzodiazepine receptor in HS.
Histogram summarising binding affinity for [^HJflumazenil expressed as IQ from 
receptor autoradiography studies of tissue sections from control (open bars) and 
epileptic (shaded bars) individuals.
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3.37 Binding affinity: Kd - epilepsy vs. Control

Figure 3.8b summarises data obtained from saturation receptor autoradiography studies 

of hippocampi slices from epileptic patients and controls describing the affinity of 

[^HJflumazenil for its binding site on the G A BA a/cBZR  complex. In the control group, 

the CA2 subfield neurones appeared to have the strongest affinity for [^HJflumazenil at 

the G A BA a/cB Z R  complex and the hilar neurones demonstrated weakest affinity (Kd 

1.7±0.07 nM and 3.2+0.17 nM respectively). Binding affinity for [^HJflumazenil was 

relatively similar for the dentate gyrus, CA3, CAl and subiculum subfields (Kd 

2.0+0.06 nM, 2.1+0.08 nM, 2.3+0.11 nM and 2.6+0.14 nM respectively). Binding 

affinity was found to be significantly increased in HS in the dentate gyrus, hilus and 

subiculum subfields with corresponding reductions in Kd in these areas to 71+11%, 

62±8% and 66±7% of control affinities respectively. This equates to increases in 

affinity in these subfields in HS of 41%, 61% and 52% respectively.

3.38 In vitro autoradiography correlation with in vivo PET

Table 3.6 details the results from PET and autoradiography studies of ten patients (7

female, 3 male) with TLE and HS and the percentage changes in these quantitative

measures of G A B A a/cB Z R  binding sites compared with normal control individuals (15 

PET, 6 autoradiography). Volume of distribution (Yd) for [^^CJflumazenil was reduced 

in the body of the sclerotic hippocampus of the patients compared to controls by a mean 

of 42.1% (s.d. 18%, p<0.0001). Bmax for [^HJflumazenil for the mid hippocampal body 

was obtained by outlining the entire body of the hippocampus in tissue sections and 

obtaining a mean binding density measurement for all subfields. Mean Bmax for 

[^HJflumazenil in the patients was reduced by 42.7% compared with six controls 

(p<0.0001). Individual absolute [^^CJflumazenil Yd for the body of the hippocampus 

measured in vivo for patients was highly correlated with Bmax for [^HJflumazenil from in 

vitro tissue section receptor autoradiography (Pearson r^=0.496, p<0.05). Fig. 3.9.
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Table 3.6 Comparison of receptor autoradiography and PET data.

Summary of data from ["CJflumazenil positron emission tomography (PET) 
studies and [^HJflumazenil receptor autoradiography studies o f ten patients 
with TLE and HS. Percentage changes in GABAa/cBZR binding were 
derived from data for 15 normal control individuals for PET and 6 normal 
post-mortem controls for autoradiography.

Patient EEG [^^CJflumazenil Vd 

Left/Right (PET)

%Control

Reduction

[^HJflumazenil 

Bmax (fmol/mg)

%Control

Reduction

TK Right 5.15/2.33 44.9 158.4 46.8

JVIT Left 2.36/4.13 44.2 169.8 43.1

AD Left 3.11/4.13 26.5 201.8 32.2

NH Right 4.72/3.94 6.9 204.5 31.3

CH Right 3.43/1.23 70.9 102.8 65.5

LC Right 3.04/2.58 39.1 139.4 53.1

SL Right 3.83/2.72 35.7 181.2 39.1

JG Right 4.80/2.64 37.6 191.2 35.7

LR Left 1.86/3.89 56 175.8 40.9

JJVl Right 2.92/1.74 59.9 181.2 39.1
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Figure 3.9 Receptor autoradiography-PET correlation.
Scatter diagram illustrating results of correlation studies of in vivo PET Vj 
with in vitro [^HJflumazenil Bmax in individuals with TLE and HS.
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3.4 GABAa Receptor Subunit In Situ Hybridisation

3.41 Oligonucleotide probes details

Tables 3.7 lists details of nucleotide base sequences for the antisense oligonucleotide 

probes used for in situ hybridisation studies of the subunits of the GABAa receptor in 

brain tissue from epileptic patients and post-mortem controls.

mTable 3.7 Nucleotide base sequence of antisense oligonucleotide probes used for

situ hybridisation studies of the GABAa receptor subunits in human 

brain tissue.

GABAa

Subunit

Antisense oligonucleotide probe sequence

a l

a l

a3

a4

a5

a6

(33

y2

5' GAT- -TCC- -AAA- -TAG- -CAG- -CGG-GAA- -GGC- -TAT- -TCT- 

-TGA- -CAG- -TCG- -GTC 3'

5' TTC- -AGC- -TGG- -CTT- -GTT- -TTC- -TGG- -CTT- -CTT- -GTT- - 

GCG- -TTC- -TGG- -CGT- -GGT- -TGC3'

5' GGA- -GGC- -ACT- -GGG- -AGC- -AGC- -GCC- -CTT- -GGA- - 

GAT- -GGT- -GGA- -AAA- -TTC- -AGT- -GTC 3'

5' TTC- -AGG- -ATG- -CTT- -CTC- -TCT- -CTG- -CAC- -TGG- -AGC- - 

AGC- -GGG- -AAC- -TTC- -CTG- -A 3 '

5' TGG- -GGT- -CTG- -TTC- -CTT- -CGG- -AAT- -GTT- -TGG- -GGG- 

-GTG- -AGA- -CAT- -CTT- -CCC- -AGT 3'

5' TGG- -GGG- -TGT- -CAC- -AGG- -TGT- -TGA- -TTG- -TAA- -GAT- 

-GGG- -CGC- -TCT- -CGT- -GAG- -CAC 3'

5' GGA- -TAT- -TGC- -TGA- -ATT- -CCT- -GGT- -ATC- -GCC- -AAT- 

-GCC- -GCC- -TGA- -GAC- -CTC 3'

5' TGA- -ATG- -GTT- -GCT- -GAT- -CTT- -GGG- -CGG- -ATA- -TCA- 

-ATG- -GTA- -GGG- -GCA- -GGG 3 '
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3.42 Homology screening and determination o f  optimal hybridisation conditions 

fo r  oligonucleotide probes 

The results of homology-match scans against the GenEMBL gene database for each of 

the chosen oligonucleotide sequences are summarised in table 3.8. Probe length varied 

from 42 to 48 bases and was largely determined by attempts to restrain the percentage of 

guanosine and cytosine residues in the oligonucleotide to between 50-55% to control the 

degree of non-specific hybridisation. With the exception of the a3 subunit probe, all of 

the chosen oligonucleotides were found to have less than 70% homology with the next 

closest homology match in the primate gene database after the target mRNA sequence - 

the identity of the next closest homology match is provided for information purposes. 

Details of percentage homology with the corresponding rat mRNA encoding each 

GABAa subunit are also provided to enable comparison of in situ hybridisation signal 

between human hippocampus and rat whole-brain sections.

Table 3.9 summarises individual DNA-RNA hybrid melting temperatures for each 

G A BA a subunit oligonucleotide as determined theoretically using the formula 

introduced in the Materials and Methods chapter, section 2.46. Sodium and formamide 

content of the hybridisation buffer were constant for each oligonucleotide thus 

hybridisation stringency was determined by probe length, percentage of guanosine and 

cytosine residues and degree of homology with target mRNA. However, the kifietics of 

oligonucleotide hybridisation and the melting temperature formula used in table 3.9 

were established from the study of oligonucleotide hybridisation in solution to 

nitrocellulose-membrane-bound nucleic acids and in situ hybridisation kinetics may 

vary from membranes thus reducing the predictive value of this formula. In practise, at 

the hybridisation conditions chosen for these experiments, an homology mismatch of as 

little as ten percent is enough to achieve a distinction between target mRNAs and this 

was illustrated by the failure of the p3 and a6 subunit oligonucleotides to detect a 

specific hybridisation signal in rat whole-brain sections in preliminary studies, whilst 

the a l  subunit oligonucleotide was successful.
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Table 3.8 Oligonucleotide technical details and homology.

Technical details and homology information for antisense oligonucleotide 
probes used for in situ  hybridisation studies of the GABAa receptor subunits 
in human brain tissue.

Oligo Length

(bases)

%GC Source

bases

Closest homology match from GenEMBL 

primate database scan and ra t homology

a l 42mer 50% 1472- 69.0% - Human GABAa a l  mRNA

1513 97.6% - Rat GABAa a l  mRNA

a l 48mer 52% 1384- 66.6% - Human Angiotensin Converting Enzyme

1431 89.6% - Rat GABAa a l  mRNA

a3 48mer 57% 1313- 70.8% - Human Angiotensin Converting Enzyme

1360 89% - Rat GABAa a3 mRNA

a4 46mer 54% 1091- 69.5% - Human NuMA protein mRNA

1136 72.7% - Rat GABAa a4 mRNA

a5 48mer 54% 1440- 68.7% - Human transcription factor SLl mRNA

1487 77.1% - Rat GABAa a5 mRNA

a6 48mer 56% 1194- 68.8% - Human procarboxypeptidase Al mRNA

1241 83.3% - Rat GABAa a6 mRNA

p3 45mer 53% 1191- 64.4% - Human NMDA receptor subunit NRl

1235 86.7% - Rat GABAa p3 mRNA

y2 45mer 53% 1351- 69.0% - Polycystic kidney disease protein 1 gene

1395 89.0% - Rat GABAa y2 mRNA
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This degree of probe hybridisation specificity obviates to an extent the need for 

stringent washing conditions with the result that varying washing temperature and salt 

concentration had essentially no effect on the qualitative autoradiographic pattern of 

hybridisation except that sections washed at higher stringency produced weaker overall 

signals. However, as good practice, hybridisation temperatures and washing 

temperatures were chosen at stringencies just below those which result in substantial 

loss of signal strength and these are detailed in table 3.9.

Table 3.9 Melting temperature for GABAa subunit oligonucleotide probes.

Melting temperature for GABAa subunit oligonucleotide probes calculated 
using the formula: T^ = 81.5 - 16.6(logio[Na'^]) + 0.41(%G + C) - (600/N) - 
0.63(%formamide), where N is the base length, and hybridisation and washing 
conditions determined empirically from preliminary hybridisation 
experiments.

Oligo Melting Temp. Hybridisation Temp. Washing Conditions

a l 58.8°C 42°C 60°C 1 xSSC

a l 61.4°C 37°C 55°C 1 xSSC

a3 63.5°C 42°C 55°C 1 xSSC

a4 61.7°C 42°C 55°C 1 xSSC

a5 63.r c 37°C 55°C 1 xSSC

a6 63.1°C 42°C 55°C 1 xSSC

p3 61.0°C 42°C 55°C 1 xSSC

y2 61.0°C 37°C 55°C 1 xSSC
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3.43 In situ hybridisation - Brain paste standards

Figure 3.10a illustrates a typical standard curve describing the relationship between film 

optical density and concentration of radionuclide expressed as attomoles of [a- 

^^SJdATP per nun^. At lower optical densities characteristic of in situ hybridisation 

autoradiograms a linear relationship between optical density and radioactivity 

concentration is evident as demonstrated in figure 3.10b. At higher optical densities 

resulting fiom brain paste standard exposure, an element of film silver grain saturation 

causes a deviation from the linear relationship seen with lower levels of radioactivity.

3.44 GABAa receptor subunit mRNA distribution in squirrel monkey brain 

Preliminary in situ hybridisation studies of GABAa subunit mRNA expression were 

carried out using antisense oligonucleotide probes designed to be complementary to 

human GABAa receptor subunit mRNA (detailed in paragraph 3.41) on sections of 

fresh-frozen brains from squirrel monkeys. As the DNA encoding the GABAa subunits 

in squirrel monkey brain has not been cloned, these experiments were carried out on the 

assumption that the homology between the monkey and human RNA would be very 

high if not identical. These initial mapping studies included probes to the a l-a 6  

subunits. Sections were available from four animals for studies of the cerebellum, 

however, sections from the appropriate planes were only available from three of the 

monkeys for detailed examination of the hippocampus and from two monkeys for the 

full coronal cross-section incorporating the thalamus. Measurements for each animal 

were the mean of readings from four sections within the same region. Brain regions and 

nuclei were identified in sections stained with cresyl violet and luxol fast blue following 

in situ hybridisation with reference to an atlas of the squirrel monkey brain (Emmers & 

Akert, 1963). A standard in situ hybridisation protocol was used with fixed conditions 

of 37°C incubation with 55°C wash in IxSSC and film exposures of 18 days.
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Figure 3.10 Graphs illustrating the relationship between film optical density and 
radionuclide concentration.

Graphs illustrating the relationship between film optical density and radionuclide 
concentration determined fiiom e?qx)sure of sections of human cortex paste mixed with a 
series known concentrations of f  ̂ S]-ATP. The iqpper graph incorporates all data points 
measured and non-linear regression was performed using an iterative curve-fitting 
software package. The lower graph includes only optical density values below 1.0 and 
regression analysis revealed a significant linear relationship between the data points.
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Figures 3.11 and 3.12 illustrate the results obtained for the a l  and a5 probes in various 

regions of the squirrel monkey brain. The lower image in Figure 3.12 is a typical 

example of non-specific hybridisation obtained in the presence of an excess of 

unlabelled oligonucleotide. Unfortunately, no signal could be detected following in situ 

hybridisation with the a l  and a4 probes. A weak signal was detectable using the a3, 

and a6 probes, however, this was too faint to be quantified even for a6 in the 

cerebellum where a relatively intense signal was expected based on rat studies. The a5 

signal was quantified in the hippocampus area but not in the remainder of the coronal 

section where it was considered too weak with non-specific signal being 

indistinguishable from specific signal.

Graphs a and b in Figure 3.13 reveal a somewhat similar pattern of expression for the 

a l  and a5 mRNA in the hippocampus subfields of the squirrel monkey although 

absolute levels of expression appear significantly higher for a l  mRNA. Levels of 

expression in the subiculum were relatively similar for both mRNAs however, in the 

dentate gyrus a l  signal was four times more intense than a5 and, in Ammon’s Horn, a2 

signal was twice as intense as a5, taking into account a 30% lower specific activity of 

the a5 probe compared to the a l  following labelling.

Graphs c and d in Figure 3.13 illustrate the relative levels of expression of a l  mRNA 

throughout various regions of the forebrain and the cerebellum (see also Figure 3.12) of 

the squirrel monkey. The mRNA encoding the GABAa a2 subunit would appear to be 

concentrated in the hippocampus and to a lesser extent in the cortex compared to other 

regions examined. Expression of a l  mRNÀ in the cerebellum was found to be 

substantially greater in the molecular and Purkinje cell layers compared to the granular 

cell layer.
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Figure 3.11 GABA.v oc2 and a5 subunit niRNA distribution in squirrel monkey brain.

Pseudo-coloLu- images illustrating film optical density corresponding to 
subunit mRN.A. distribution following in  s i t u  hybridisation using ^^S-labelled 
oligonucleotides to the GABAa ot2 (upper image) and a5 (lower image) 
subimits in sections of squirrel monkey brain.
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Figure 3.12 GABA v a l  subunit mRNA distribution in squirrel monkey cerebellum 
and non-specific hybridisation.

Pseudo-colour images illustrating film optical density corresponding to 
subunit mRNA distribution following in  s i t u  hybridisation using ^^S-labelled 
oligonucleotides to the GABAa a l  subunit in squirrel monkey cerebellum 
(upper image) and non-specific probe hybridisation in the presence of an 
excess of unlabelled oligonucleotide in a whole brain section from squirrel 
monkey (lower image).
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Figure 3.13 Histograms illustrating levels of GABAa a2 and a5  subunit mRNA 
expression in squirrel monkey brain.

Histograms illustrating comparative levels of expression of mRNA encoding 
GABAa receptor subunits a2 (a,c,d) and a5 (b) in various regions of the 
squirrel monkey brain as determined by i n  s i t u  hybridisation. Figures within 
the histogram bars represent the number of animals assessed for each region. 
Abbreviations: DG - dentate gyrus; Sub - Subiculum; TCtx - Temporal Cortex; 
PCtx - Pyriform Cortex; CA - Cornu Ammonis; Cdt - Caudate; Thpf - 
Thalamus Pars Fasicularis; Thrt - Thalamus Retilularis; SNpd - Substantia 
Nigra Pars Diffusa; CC - Corpus Callosum; Gml - Granular layer; Mclr - 
Molecular layer; Prkj - Purkinje layer. Measurements for graphs a, b & c were 
made from sections cut coronally at 5.5mm anterior to bregma.
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3.45 GABAa receptor subunit mRNA distribution in human hippocampus 

Pseudo-colour images of GABAa receptor subunit mRNA distribution and quantitative 

densitometry histograms of levels of mRNA expression in post-mortem control 

hippocampus are illustrated in Figures 3.14a, 3.16a, 3.18a, 3.20a, 3.22a, 3.24a and 

Figures 3.15, 3.17, 3.19, 3.21, 3.23 and 3.25 respectively. Image 3.14c represents an 

example of non-specific labelling for the a l  oligonucleotide in the presence of excess 

unlabelled a l  oligonucleotide.

Of the receptor subunits studied, mRNAs encoding the a2, a5 and p3 subunits were 

particularly abundant in the hippocampus, bearing in mind different oligonucleotide 

specific activities and putative variations in affinity for their target RNA. Hybridisation 

signal for mRNA encoding the a3 and a6 subunits was beyond the limits of detection, if 

present at all in the human hippocampus.

A comparatively similar pattern of distribution was evident for mRNA encoding the a l ,  

a2, a5 and y2 subunits. This was characterised by a relatively dense signal in the 

granule cell layer of the hippocampus, low levels of expression in the hilus and the 

pyramidal cell layer of CA3, intense labelling of spCA2 and subiculum and moderate 

levels of expression in the pyramidal cell layer of CAl. Distribution of mRNA 

throughout Ammon’s Horn was confined primarily to the stratum pyramidale with 

relatively low levels of a l ,  a2 and a5 mRNA in the stratum radiatum/lacunosum and 

stratum moleculare.

In contrast, expression of mRNA for the a4 subunit appeared to be largely confined to 

the dentate gyrus granule cell layer with no signal detected in Ammon’s Horn. The p3 

subunit mRNA was again concentrated in the dentate gyrus granule cell layer but, unlike 

other subunits examined, a moderate level of expression was evident for p3 mRNA in 

the hilus and CA3 comparable to the levels in CA2. A moderate signal was also evident 

in the lateral portion of spCAl adjacent to the CA2, with low levels apparent throughout 

the remainder of CAl and moderate levels in the subiculum.
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3.46 Quantitative comparison o f  GABAa mRNAs in post-mortem control and 

biopsy sclerotic hippocampus 

In situ hybridisation studies were carried out, using antisense oligonucleotide probes, 

complementary to mRNA encoding the GABAa receptor subunits a l-a6 , (33 and y2, on 

tissue sections of samples of hippocampus from patients with TLE and HS and 

compared with neurologically normal post-mortem controls (Figures 3.14b, 3.16b, 

3.18b, 3.20b, 3.22b, 3.24b and Figures 3.15, 3.17, 3.19, 3.21, 3.23 and 3.25) 

Hybridisation signal for the a3 and a6 probes was considered too weak to quantify by 

image analysis, despite adequate probe specific activity and film exposure times of 35 

days and 21 days respectively.

Levels of expression of GABAa subunit mRNA detected in the hippocampus were 

greatly affected by the density of neuronal cell bodies producing the target mRNA 

within the subfield of interest and, in order to weight the absolute amounts of RNA 

measured for changes in neuronal density, mRNA levels measured within each subfield 

for each individual were divided by the corresponding neuronal density for that subfield. 

The results of this normalisation are expressed as a ratio of mRNA per neurone.

Overall expression of GABAa a l  mRNA was found to be significantly increased in the 

stratum granulosum of the dentate gyrus (sgDG) and the subiculum in the HS group 

(215±13% p<0.01 and 267+29% of control p<0.001, respectively. Figure 3.15a). No 

change was observed in overall expression levels of a l  in any of the other subfields 

examined. When adjusted for neuronal density, there appeared to be an increase in 

expression of a l  mRNA, in surviving neurones in the HS group, in sgDG (538±130% 

of control, p<0.05), hilus (2715±901% of control, p<0.05) and stratum pyramidale of 

the CA2 (624±209% of control, p<0.05), with no significant change detected in the 

other subfields (Figure 3.15b).

A significant increase in overall expression of GABAa a2 mRNA was evident in the 

subiculum in the HS group (282±42% of control, p<0.01), however, no significant 

change in a2 mRNA expression could be detected in any other hippocampus subfield 

despite severe neuronal loss in HS (Figure 3.17a). When weighted for changes in
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neuronal density, an increase in a2 mRNA expression per neurone was apparent in 

several subfields of the hippocampus in the HS group: sgDG 366+71% of control, 

p<0.05; hilus 692±119% of control, p<0.01 and; stratum pyramidale (sp) of CAl 

677±146% of control, p<0.05 (Figure 3.17b).

No change in overall expression of GABAa a4 mRNA was seen in the hippocampi 

from patients with TLE and HS compared to post-mortem control (Figure 3.19a). 

However, when examined as a ratio of mRNA to neuronal density, a significant increase 

in a4 expression was detected in the sgDG (356±93% of control, p<0.05) in the HS 

group. Apparent increases in the mean expression levels of a4 mRNA per neurone were 

also measured in the hilus (p:^0.3), spCA3 (p^O.2) and spCAl (p^0.09) of the HS group 

relative to controls (Figure 3.19b).

A similar pattern was observed for GABAa a5 mRNA expression (Figure 3.21a), with 

only the subiculum demonstrating an increase in overall expression in the HS group 

(199±24% of control, p<0.05). Again, only the sgDG subfield displayed an increase in 

mRNA per neurone for the a5 subunit (253±49% of control, p<0.05), as illustrated in 

Figure 3.21b.

A slightly different pattern emerged upon analysis of (33 mRNA signal (Figure 3.23). 

No significant change in the overall levels of mRNA was observed in the sgDG, hilus 

and spCA2 and the levels in the subiculum were again upregulated in HS relative to 

control (178+22% of control, p<0.05), however, in spCA3 and spCAl a significant 

decrease in (33 mRNA expression was evident in the HS group (21 ±5% of control, 

p<0.01 and 8±5% of control, p<0.01 respectively). Examination of the (33 mRNA levels 

expressed as a ratio per neurone revealed whether the decrease of overall mRNA seen in 

CA3 and CAl in HS is due solely to neuronal loss. Unlike any of the other subunits 

considered thus far, no significant increase in expression of mRNA for the GABAa (33 

subunit per neurone was observed in the HS group. In the CA3, the observed decrease 

in overall mRNA expression appeared to be due to neuronal loss. The surviving 

neurones of the CAl subfield however, appeared to have decreased expression of p3 

mRNA in HS relative to control (24±16% of control, p<0.07).
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Figure 3.25a illustrates overall expression of GABAa y2 mRNA which was also found 

to be increased in the subiculum in HS (320±43% of control, p<0.01). A significant 

decrease in y2 mRNA overall expression was detected in spCA2 (8+4% of control, 

p<0.05). When adjusted for neuronal density changes (Figure 3.15b), y2 mRNA per 

neurone in sgDG was increased in HS (292±61% of control, p<0.05). There appeared to 

be a loss of y2 mRNA per surviving neurone in spCA2 (13±10% of control) as indicated 

by the significant decrease in overall mRNA expression despite relative preservation of 

neuronal population, however, this was not found to be statistically significant 

(p=0.097).
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Figure 3.14 GABAa a l  niRNA distribution in human hippocampus.

Pseudo-colour images illustrating film optical density con*esponding to
subunit mRNA distribution following in  s i t u  hybridisation using ^^S-labelled 
oligonucleotides to the GABAa a l  subunit mRNA in hippocampus from 
control (a) and epileptic individuals with HS (b).
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Figure 3.14c GABA,v a l  oligonucleotide - non-specific hybridisation.

Pseudo-colour image illustrating non-specific a l  probe hybridisation in the 
presence of an excess of unlabelled oligonucleotide in a hippocampal section 
from a post-mortem control.
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Figure 3.15 GABAa a l  mRNA - Overall levels and expression per neurone.

Histograms illustrating overall expression of mRNA encoding GABAa 
receptor subunit a l  (a) and ratio of mRNA to neuronal density (b), as 
determined by in  s i t u  hybridisation and 3-D neuronal counting, in sections of 
hippocampus from patients with HS and post-mortem controls (CTL). 
Abbreviations: sgDG - stratum granulosum of the dentate gyrus; sp - stratum 
pyramidale; Sub - subiculum. Statistical analysis: Student’s Mest,
***=p<0.001, **=p<0.01, *=p<0.05.
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Figure 3.16 GABAa ol2 mRNA distribution in human hippocampus.

Pseudo-colour images illustrating film optical densit>' corresponding to 
subunit mRNA distribution following in  s i t u  hybridisation using ^^S-labelled 
oligonucleotides to the GABAa a2 subunit mRNA in hippocampus from, 
control (a) and epileptic individuals with HS (b).
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Figure 3.17 GABAa ol2 mRNA - Overall levels and expression per neurone.

Histograms illustrating overall expression of mRNA encoding GABAa 
receptor subunit a2 (a) and ratio of mRNA to neuronal density (b), as 
determined by in  s i t u  hybridisation and 3-D neuronal counting, in sections of 
hippocampus from patients with HS and post-mortem controls (CTL). Figures 
within the histogram bars represent number of individuals assessed for each 
subfield. Abbreviations: sgDG - stratmn granulosum of the dentate gyrus; sp - 
stratum pyramidale; Sub - subiculum. Statistical analysis: Student’s /-test, 
***=p<0.001, **=p<0.01, *=p<0.05.
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Figure 3.18 GABA.v a4 mRNA distribution in human hippocampus.

Pseudo-colour images illustrating film optical density corresponding to 
subimit mRNA distribution following in  s i t u  hybridisation using ^^S-labelled 
oligonucleotides to the GABAa a4 subimit mRNA in hippocampus from 
control (a) and epileptic individuals with HS (b).
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Figure 3.19 GABAa a4 mRNA - Overall levels and expression per neurone.

Histograms illustrating overall expression of mRNA encoding GABAa 
receptor subunit a4  (a) and ratio of mRNA to neuronal density (b), as 
determined by in  s i t u  hybridisation and 3-D neuronal counting, in sections of 
hippocampus from patients with HS and post-mortem controls (CTL). 
Abbreviations: sgDG - stratum granulosum of the dentate gyrus; sp - stratum 
pyramidale; Sub - subiculum. Statistical analysis: Student’s Mest, 
***=p<0.001, **=p<0.01, *=p<0.05.
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Figure 3.20 GABAa a5 raRNA distribution in human hippocampus.

Pseudo-colour images illustrating film optical density corresponding to
subunit mRNA distribution following in  s i t u  hybridisation using ^^S-labelled 
oligonucleotides to the GABAa a5  subimit mRNA in hippocampus from 
control (a) and epileptic individuals with HS (b).
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Figure 3.21 GABAa a5 mRNA - Overall levels and expression per neurone.

Histograms illustrating overall expression of mRNA encoding GABAa receptor subunit 
a5 (a) and ratio of mRNA to neuronal density (b), as detennined by in  s i tu  hybridisation 
and 3-D neuronal counting, in sections of hippocampus from patients with HS and post
mortem controls (CTL). Figures within the histogram bars represent number of individuals 
assessed for each subfield. Abbreviations: sgDG - stratum granulosum of the dentate 
gyrus; sp - stratum pyramidale; Sub - subiculum. Statistical analysis: Student’s MesL 
**=p<0.01, *=p<0.05.
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Figure 3.22 GABAa P3 mRNA distribution in human hippocampus.

Pseudo-colour images illustrating film optical density corresponding to 
subunit mRNA distribution following in  s i t u  hybridisation using ^^S-labelled 
oligonucleotides to the GABAa P3 subunit mRNA in hippocampus from 
control (a) and epileptic individuals with HS (b).
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Figure 3.23 GABAa (33 mRNA - Overall levels and expression per neurone.

Histograms illustrating overall expression of mRNA encoding GABAa receptor subunit 
P3 (a) and ratio of mRNA to neuronal density (b), as determined by in  s i t u  hybridisation 
and 3-D neuronal counting, in sections of hippocampus from patients with HS and post
mortem controls (CTL). Figures within the histogram bars represent number of 
individuals assessed for each subfield. Abbreviations: sgDG - stratum granulosum of 
the dentate gyrus; sp - stratum pyramidale; Sub - subiculum. Statistical analysis: 
Student's /-test, **=p<0.01, *=p<0.05, #=p<0.07.
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Figure 3.24 GABAa y2 mRNA distribution in human hippocampus.

Pseudo-colour images illustrating film optical density corresponding to 
subunit mRNA distribution following in  s i t u  hybridisation using ^^S-labelled 
oligonucleotides to the GABAa y2 subunit mRNA in hippocampus from 
control (a) and epileptic individuals with HS (b).
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Figure 3.25 GABAa y2 mRNA - Overall levels and expression per neurone.

Histograms illustrating overall expression of mRNA encoding GABAa receptor subunit 
y2 (a) and ratio of mRNA to neuronal density (b), as determined by in  s i t u  hybridisation 
and 3-D neuronal counting, in sections of hippocampus from patients with HS and post
mortem controls (CTL). Figures within the histogram bars represent number of 
individuals assessed for each subfield. Abbreviations: sgDG - stratum granulosum of 
the dentate gyrus; sp - stratum pyramidale; Sub - subiculum. Statistical analysis: 
Student's Mest, **=p<0.01, *=p<0.05, f=p<0.1.
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Data from all the in situ hybridisation studies of GABAa receptor subunit mRNA 

expression in HS are summarised in Figure 3.26. A number of important issues are 

raised in the interpretation of these data, such as whether differences are apparent within 

any one hippocampal subfield compared to the others, in changes in mRNA expression 

per neurone for one particular subunit or for total mRNA expression for all subunits.

Considering separate subfields of the hippocampus independently (Figure3.26a), there 

appeared to be a selective upregulation of the a l  subunit mRNA in the hilus compared 

to the other subfields (ANOVA, p<0.05) and this was also true for the (33 subunit 

mRNA (p<0.01). Signal for the a2 mRNA was selectively upregulated in the hilus and 

the CAl subfields relative to the rest of the hippocampus (p<0.05). The percentage 

changes in mRNA expression per neurone were pooled for all subunits within individual 

regions, however no statistically significant difference could be detected between the 

subfields (Figure 3.26b).

Conversely, whether there are selective changes in the expression of mRNA encoding 

any particular subunit, compared to the others, within individual subfields or throughout 

the hippocampus as a whole must also be addressed. Considering the hippocampus as a 

whole (Figure3.26a), it appeared that the a l  subunit is selectively upregulated to a 

greater extent, compared to the other subunits, however, statistical confirmation could 

not be achieved unless the percentage changes in mRNA expression within individual 

subfields could be weighted for the size of that subfield relative to the hippocampus as a 

whole and these data were not available. Figure 3.26b also allows comparison of 

changes in expression of subunit mRNAs within subfields and one-way ANOVA 

revealed that, within the hilus, expression of mRNA for the a l  subunit was increased 

to a significantly greater extent relative to the other subunits (p<0.01). Within the CA2 

and CAl subfields the a l  subunit again appeared to be selectively upregulated 

(p<0.05), possibly at the expense of a2 and y2 expression in the CA2 and (33 expression 

in the CAl.
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Figure 3.26 Summary of percentage changes in ratio of GABAa subunit mRNA 
expression to neuronal density in HS.

Histograms summarising percentage changes in the ratio of GABAa receptor 
subunit mRNA expression to neuronal density, as determined by in  s i t u  

hybridisation and 3-D neuronal counting, in sections of hippocampus from 
patients with HS, relative to post-mortem controls. Graphs a and b represent 
the same data arranged in different ways to highlight overall changes between 
subunits and subfields.
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3.47 Correlation studies o f mRNA expression and neuronal density 

An analysis of correlation was performed in order to determine the influence of changes 

in neuronal density in HS upon apparent upregulation of GABAa subunit mRNA 

expression in surviving neurones. Percentage changes in the ratio of mRNA expression 

to neuronal density in HS compared to control, for each subunit examined, were pooled 

for individual hippocampal subfields to assess the overall changes in mRNA expression 

per neurone in each subfield. These data were correlated with the mean percentage 

change in neuronal density for each subfield in HS and the results are illustrated in 

Figure 3.27. Including data from all subfields examined (a), there appeared to be no 

correlation between neuronal density and mRNA per surviving neurone in HS. 

However, if the hilus is excluded (b), there was a significant correlation (Pearson r̂  

0.956, p<0.05).
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Figure 3.27 GABAa subunit mRNA per neurone: Neuronal density correlation.

Scatter diagrams illustrating analysis of correlation between pooled GABAa 
subunit mRNA per neurone (al-a6, pS & y2) in HS, as a percentage of control, 
with neuronal density (N/D) in HS as a percentage of control, for each 
hippocampal subfield. The upper graph (a) includes all five subfields examined 
whilst the lower graph (b) excludes the hilus.
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3.48 Grain counting o f  emulsion-dipped in situ hybridisation sections 

Comparison between results obtained by counting silver grains above neurones, in 

emulsion-dipped sections from an in situ hybridisation experiment, and results obtained 

by film densitometry followed by subsequent correction for neuronal density, was used 

as a means of testing the validity of the latter analysis technique. Analysis of in situ 

hybridisation of the GABAa ccl subunit mRNA was carried out by grain counting for 

six control individuals and six individuals from the hippocampal sclerosis group 

selected on the basis of tissue section quality and cellular morphology visible under the 

microscope in the emulsion dipped sections.

Figure 3.28a illustrates the results obtained when measurements of grains per neurone 

were made by outlining an area of standard size surrounding a neuronal cell body 

encompassing all grains associated with that particular neurone, as discussed in the 

Methods chapter. Changes in detected levels of expression of a l  mRNA were evident 

in the HS group, as determined by Student's r-test relative to controls, and are 

concordant with data obtained by film densitometry with correction for neuronal 

density, although film densitometry appeared to overestimate effect of pathology. A 

significant increase in a l  mRNA expression was observed in HS in neurones of the 

dentate gyrus (187±22% of control, p<0.01), hilus (160±15% of control, p<0.01) and 

CA2 (246±37% of control, p<0.05) in agreement with film densitometry data. Alpha 1 

signal was also significantly increased in the CA3 subfield (176±18% of control, 

p<0.01), a result which was also suggested by film densitometry but was not found to be 

statistically significant.

In order to establish whether the changes observed in mRNA expression in the HS 

group were related to changes in the size of neuronal cell bodies in Sclerotic 

hippocampi, measurement of cross-sectional area of neurones in control and HS sections 

was also carried out (Figure 3.19b). Only the CA2 subfield appeared to contain 

neurones of a different size in the HS group (130±10% of control, p<0.05). Grain count 

data were corrected for neurone area by dividing the mean number of grains associated 

with neurones by the mean neuronal cell body area and the results are illustrated in
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Figure 3.28 GABAa a l  subunit mRNA expression in HS, as determined by grain 
counting per neurone and neurone cross-sectional area.

Histograms illustrating expression of mRNA encoding GABAa receptor 
subunit a  1 as detennined by grain counting of emulsion-dipped tissue sections 
following in  s i t u  hybridisation (a) and neurone cross-sectional area (b), in 
sections of hippocampus from patients with HS and post-mortem controls 
(CTL). Abbreviations: DG - dentate gyrus; Sub - subiculum. Statistical 
analysis: Student’s /-test, ***=p<0.001, **=p<0.01, *=p<0.05.
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Figure 3.29a. Grain density was increased in the dentate gyrus, hilus, CA3 and CA2 

subfields in HS compared to control in agreement with grain count data.

Figure 3.29b represents an analysis of correlation performed as a validation of the 

neurone density-corrected film densitometry data. Neuronal density data were available 

from four of the epileptic patients used for the grain counting study and five of the 

controls and mean values of grain counts for each subfield were plotted against mean 

values of mRNA signal from autoradiography for each subfield. Levels of mRNA per 

neurone, determined by film densitometry, were found to be significantly correlated 

with grain counts per neurone among the individuals included in this exercise (Pearson 

r̂  0.50, p<0.05). This provides evidence therefore, supporting the validity of 

normalising mRNA levels determined from film optical density by dividing by neuronal 

density to provide an estimate of mRNA per neurone.
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Figure 3.29a GABA^ subunit a l  mRNA expressed as silver grains per of cell body.
Histogram illustrating expression of mRNA encoding GABAa receptor subunit a l  
expressed as silver grains per unit area of cell body from emulsion-dipped slides after 
in  s i t u  hybridisation in sections of hippocampus from patients with HS and post
mortem controls (CTL). Abbreviations: DG - dentate gyrus; Sub - subiculum. 
Statistical analysis: Student’s /-test, **=p<0.01, *=p<0.05.

Figure 3.29b Grain-counting: Receptor autoradiography correlation.
Scatter diagram illustrating analysis of correlation between levels of a l  mRNA per 
neurone detemiined by film densitometry followed by correction for neuronal density 
(Y-axis) and silver grain counts in emulsion-dipped sections (X-axis) following in  s i tu  

hybridisation.
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3.5 Immunohistochemistry

3.51 Determination o f  optimal antigen retrieval and antibody dilution conditions 

Examination of counterstained sections by light microscopy following 

immunohistochemistry allowed arbitrary assessment of microwave times and antibody 

dilutions necessary to achieve optimal antigen retrieval and high ratio of specific 

antibody labelling to background signal.

Conditions selected for the a l  antibody were 15 minutes microwave time and a dilution 

of 1:10,000. For the (32/3 antibody conditions used were 15 minutes microwave time 

and a dilution of 1:5,000.

A clear improvement in signal was achieved with the microwave antigen retrieval 

technique whilst preserving tissue morphology. Antibody dilutions were selected on the 

basis of the concentration to provide the first clear evidence of specific labelling without 

a significant level of background staining of the neuropil or white matter.

3.52 Distribution o f  GABAa ccl and p2/3 subunit immunoreactivity in human 

hippocampus

The distribution of staining indicating the GABAa a l  subunit, as recognised by the bd- 

24 antibody, was remarkably similar to the distribution pattern of ̂ H-flumazenil binding 

in control human hippocampus (Figure 3.30, upper image). The highest levels of 

labelling were evident in the stratum moleculare of the dentate gyrus and appeared to be 

located on the dendrites of the dentate granule cells. A lower level of staining was 

evident in the granule cell layer, mainly in the neuropil surrounding the granule cell 

somata. Low levels of diffuse staining for the a l  subunit were detected in the hilus. Of 

the Ammon’s Horn subfields, labelling was lowest in CA3 and CA2. Relatively intense 

staining was evident in the CAl subfield, particularly in the pyramidal cell layer, 

stratum radiatum and stratum moleculare. Marked staining of the apical dendrites of the 

pyramidal neurones in CAl was more intense than in CA3 or CA2. A diffuse labelling 

of the neuropil and dendritic arborizations was evident in the subiculum.
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Figure 3.30 GABA.v a l  subunit immunohistochemistry in HS - hippocampus.

Photographs taken under 25x magnification illustrating pattern of DAB- 
staining (rust-colour) following immunohistochemistr>' with the bd-24 
monoclonal antibody, corresponding to the distribution of the GABAa 
receptor a l  subunit, in hippocampus from control (upper image) and epileptic 
individuals with HS (lower image). Neuronal and glial nuclei are 
counterstained blue/purple with haematoxylin.
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Figure 3.31 GABAa PZ/3 subunit immunohistochemistry in HS - hippocampus.

Photographs taken under 25x magnification illustrating pattern of DAB- 
staining (rust-colour) following immunohistochemistry with the bd-17 
monoclonal antibody, corresponding to the distribution of the GABAa 
receptor P2/3 subunits, in hippocampus from control (upper image) and 
epileptic individuals with HS (lower image). Neuronal and glial nuclei are 
counterstained blue/purple with haematoxylin.
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Substantial labelling of non-principal cells throughout all hippocampal subfields was 

also noted, particularly in the CA3.

Labelling pattern for the p2/3 subunit antibody bd-17 was, on the whole, very similar to 

the a l  subunit (Figure 3.31, upper image) with highest intensities in the smDG and CAl 

pyramidal cell layer/stratum radiatum, albeit with lower overall intensity of staining.

3.53 Semi-quantitative comparison o f  staining intensity and distribution o f  GABAa

a l and p2/3 subunit protein in control and sclerotic hippocampus

Findings of immunohistochemistry studies of the a l  and p2/3 subunits in TLE are 

summarised in Table 3.10. Initial visual examination on a macroscopic level revealed 

an overall decrease in staining intensity for both antibodies in the HS specimens in 

comparison with controls, particularly in the CAl subfield (see also Figures 3.30, 3.31, 

lower images). A relative preservation of staining intensity was evident in CA2 

however, and a substantial increase in intensity was observed in the epileptic subiculum.

Microscopic examination of the distribution of the a l  antibody revealed an apparent 

loss of immunoreactivity on the dendrites of the dentate granule cells in HS but the 

majority of surviving granule cells in the sclerotic hippocampi exhibited an intense 

staining of the soma which was not evident in control specimens.

In the hilus, scattered strongly immunopositive neuronal somata were visible in the 

epileptic specimens which were not evident in control hippocampi but identification of 

these neurones as hilar mossy cells or intemeurones was equivocal (Figure 3.32). No 

difference in staining intensity was detectable between groups for the CA3 subfield but 

the CA2 in HS displayed an increase in staining of the pyramidal cell somata in 

comparison with controls and the appearance of increased numbers of intensely stained 

intemeurones throughout the stratum pyramidale. In the CAl subfield, a striking 

epilepsy-associated loss of immunoreactivity was evident, as expected due to severe loss 

of neurones in this region. However, strongly immunopositive surviving neurones were 

visible dispersed throughout the CAl in the sclerotic hippocampi.
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DG Hilus CA3 CA2 CAl Sub

localisation ctl hs ctl hs ctl hs ctl hs ctl hs ctl hs

s.p./s.g. - a l + -H- + - + + - + - + - +++

(somata) p2/3 + ++ + ++ + +++

s.r. - a l + - + + +++ + ++ +++

(dendrites) p2/3 - + + +++ + + ++

s.m. a l +++ ++ + - + + ++ +

P2/3 + ++ - - + + + +

inter- a l + ++ ++ + + +++ - 4—t-

neurones P2/3 - + - ++ - -H- - +

Table 3.10 Summary of GABAa a l  and p2/3 subunit immunohistochemistry in HS.

Summary of results of immunohistochemistry studies describing distribution 
of the a l  and P2/3 subunits of the GABAa receptor in hippocampus from 
patients with hippocampal sclerosis (hs) and post-mortem controls (ctl). Key: 
DG - dentate gyrus; Sub - suciculum; s.p. - stratum pyramidale; s.g. - stratum 
granulosum; s.r. - stratum radiatum; s.m. - stratum moleculare. Staining 
intensity: +++ high; ++ moderate; + low; - not detectable.
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Figure 3.32 GABA^ a l  subunit immunohistochemistry in HS - hilus.

Photographs taken under lOOx magnification illustrating pattern of DAB- 
staining (rust-colour) following immunohistochemistry with the bd-24 
monoclonal antibody, corresponding to the distribution of the GABAa 
receptor a l  subunit, in hilus from control (upper image) and epileptic 
individuals with IIS (lower image). Neuronal and glial nuclei are 
counterstained blue/purple with haematoxylin.
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Figure 3.33 GABAa otl subunit immunohistochemistry in HS - subiculum.

Photographs taken under lOOx magnification illustrating pattern of DAB- 
staining (rust-colour) following immunohistochemistry with the bd-24 
monoclonal antibody, corresponding to the distribution of the GABAa 
receptor a l  subunit, in subiculum from control (upper image) and epileptic 
individuals with HS (lower image). Neuronal and glial nuclei are 
counterstained blue/purple with haematoxylin.
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Microscopic examination of the subiculum confirmed a significant epilepsy-associated 

upregulation of immunoreactivity for the a l  subunit, primarily affecting the soma of the 

principal neurones (Figure 3.33).

Distribution and staining intensity of the p2/3 antibody in the dentate gyrus revealed 

little if any discernible difference in labelling of the granule cells and their dendrites 

between the epileptic and control groups. The level of immunoreactivity of the p2/3 

subunit protein in the hilus was also comparable between controls and surviving 

neurones in the HS specimens. CA3 pyramidal cell somata however, appeared more 

densely stained in HS compared to controls. A slight increase in staining of the neuropil 

and neuronal cell bodies of the stratum pyramidale of CA2 was also evident in epilepsy 

specimens. In the CAl a dramatic loss of immunopositive neurones and their associated 

processes was apparent in HS. Sparse immunopositive cells were visible in the epileptic 

CAl but a comparison between these cells and pyramidal cells in control hippocampi 

was difficult due to the intense labelling of dendrites and neuropil in this region in 

controls (Figure 3.34).

Again, subicular neurones displayed a marked increase in immunoreactivity in epileptics 

in comparison with controls (Figure 3.35).
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Figure 3.34 GABA\ P2/3 subunit immunohistochemistry in HS - CAl.

Photographs taken under lOOx magnification illustrating pattern of DAB- 
staining (rust-colour) following immunohistochemistry with the bd-17 
monoclonal antibody, corresponding to the distribution of the GABAa 
receptor P2/3 subunits, in the CAl sub held from control (upper image) and 
epileptic individuals with HS (lower image). Neuronal and glial nuclei are 
counterstained blue/purple with haematoxylin.
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Figure 3.35 GABA^ P2/3 subunit immunohistochemistry in HS - subiculum.

Photographs taken under lOOx magnillcation illustrating pattern of DAB- 
staining (rust-colour) following inununohistochemistry with the bd-17 
monoclonal antibody, corresponding to the distribution of the GABAa 
receptor (32/3 subunits, in subiculum from control (upper image) and epileptic 
individuals with HS (lower image). Neuronal and glial nuclei are 
counterstained blue/purple with haematoxylin.
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4.1 Selection of patient groups and clinical details
The rej&actory nature of the seizures and seizure severity or frequency characteristic of 

the patients from whom tissue was obtained for this study preclude direct extrapolation 

to the population of individuals with temporal lobe epilepsy as a whole. Only the most 

severely affected patients were selected for surgery and consideration of this 

unavoidable sample bias is necessary in the interpretation of putative pathological 

findings reported in these studies.

The mean age of onset of epilepsy in the group of patients studied was 5.9 years, which 

was comparable with surgical reports of patients with hippocampal sclerosis (Jensen, 

1976; Zentner et al 1995; Sperling et al 1996). Age at surgery (32.5 years) was 

somewhat greater than some previously published neuropathological studies of this type 

(Yonezawa et al 1996; Johnson et al 1992), and therefore duration of seizures was also 

longer in this group. Overall, tissue from five male patients and 14 female patients was 

included in this study and this imbalance in gender ratio may have a significant effect 

upon parameters measured and will be discussed further. The incidence of refractory 

epilepsy is usually higher in men, however the difference is not considered significant 

(Bruton, 1988).

Furthermore, patients with a history of febrile convulsions, birth trauma or head injury 

are also likely to demonstrate more severe neuronal loss which would influence the 

mean neuronal densities in hippocampal sclerosis (Mathem et al 1995b), making 

extrapolation to the general population of TLE sufferers more difficult.

4.2 Neuronal density and hippocampal sclerosis

Neuronal cell density data available from the majority of patients and controls used in 

this study were obtained by means of three-dimensional counting. This technique, first 

described by Williams & Rakic in 1988, eliminates the need for correction factors, 

previously required for the extrapolation of cell density data obtained in a two- 

dimensional plane to a three-dimensional tissue volume. As such, three-dimensional
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counting represents an attempt to improve the accuracy and reliability of quantitative 

neuropathological data thus allowing comparisons to be made between multiple 

published studies. For the purposes of this thesis, however, the absolute values of cell 

density obtained per se are not critical. More important is the reproducibility and 

reliability of the technique in estimating the density of neurones in both control and 

diseased hippocampi, thus obtaining an accurate estimate of the relative changes in 

neurone densities observed in hippocampal sclerosis. Subsequent analysis of receptor 

density and mRNA expression in a two-dimensional manner using film densitometry, 

rely on consistent measurement of neurone densities between control and disease groups 

to allow a valid comparison of the ratio of receptor binding sites and mRNA, per 

neurone, and an accurate measure of the percentage change, if any, associated with 

hippocampal sclerosis.

Because of the diversity of neurone counting techniques and stereological formulae for 

correction of numbers obtained during counting procedures in histological sections, it is 

difficult to compare the results obtained in this study with previously published neurone 

densities. Another confounding factor is the sampling of epileptic patients for inclusion 

in neurone density studies, as many reports of autopsies of epileptic patients or biopsies 

of temporal lobectomies, include findings from patients with complex partial seizures 

with those of epileptic patients having a high frequency of severe generalised tonic- 

clonic seizures or status epilepticus (Dam, 1980). Severity of neuronal damage is likely 

to vary depending on seizure presentation, with generalised seizures or status epilepticus 

resulting in increased neuronal damage compared with complex partial seizures alone.

Nonetheless, in studies comparing tissue from controls and patients with TLE and 

complex partial seizures, a similar proportion of neuronal loss, despite the choice of 

counting technique would be expected. Neuronal densities obtained in the epilepsy 

group in this study, when expressed as a percentage of post-mortem controls, were 

comparable with previously published studies (Delanerolle et al 1995; Kim et al 1990; 

Mathem et al 1995a; Johnson et al 1992; Mathem et al 1997).

Both investigators (Virginia Baird and Wim Van Paesschen) performing hippocampal 

neuronal density estimates for the control and epileptic individuals for this study,
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validated their counting techniques against one another in order to ensure consistency. 

However, because of the marked changes in cell density and anatomy, evident in the 

hippocampal sclerosis group, blinding of the investigators was not possible and a degree 

of investigator bias cannot be excluded. Investigators performing neuronal density 

estimations were nonetheless blinded to other collected data. Another factor which may 

have influenced results and which must be taken into account is the occurrence of 

longitudinal variation in hippocampal cell density observed in tissue resected from TLE 

patients (Masukawa et al 1995). Differing fixation requirements for the techniques used 

to investigate receptor binding and mRNA expression in the tissue necessitated the 

separation of tissue to be used for neuronal density estimation from tissue for 

autoradiography and in situ hybridisation. Although every effort was made to ensure 

juxtaposition of tissue used for neuronal counting and receptor studies, the possibility 

remains that the neuronal densities measured are not an entirely accurate reflection of 

neuronal densities within the tissue sections used for receptor studies.

4.3 Central benzodiazepine receptor autoradiography in 

TLE

4.31 Flumazenil (Rol5-l 788) - a benzodiazepine receptor antagonist 

The discovery of the benzodiazepine receptor antagonist, flumazenil, at Hoffinan-La 

Roche in Switzerland, was reported by Hunkier et al in Nature (1981). Whilst working 

on a series of imidazodiazepines, compounds were found which inhibited specific 

binding of ^H-diazepam to brain synaptosomal fractions but which failed to mimic the 

behavioural and neurological effects associated with benzodiazepines. Pharmacological 

characterisation revealed that flumazenil selectively, potently, and dose dependently 

inhibits the central effects of classic benzodiazepines by acting as an antagonist at 

benzodiazepine receptors.

Flumazenil itself was found to have no intrinsic pharmacological activity in humans and 

in electrophysiological and biochemical studies in animals but dose-dependently 

antagonised the effects of benzodiazepine compounds administered in the same studies.
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Binding studies of ̂ H-flumazenil (Mohler et al 1981) revealed an apparent equilibrium 

dissociation constant (Kd) at binding sites in tissue fractions of rat cerebral cortex of 

1.0±0.1nM. Binding was found to be saturable and Scatchard analysis of the data was 

reported as consistent with the presence of a single population of binding sites. The 

maximal number of binding sites at equilibrium (Bmax) was found to be identical to that 

for ^H-clonazepam in the same tissue preparation. Specific binding was found to 

account for 98% of total binding at a ligand concentration of 0.5nM. The rank order of 

in vitro potency of several benzodiazepine compounds in displacing flumazenil from its 

binding site was found to correspond to that previously in displacing ^H-diazepam. 

Autoradiographic studies of ^H-flumazenil binding in rat cerebellum demonstrated a 

high affinity binding site with distribution indistinguishable from ^H-flunitrazepam 

binding with a higher intensity of labelling in the molecular layer compared to the 

granular layer and only background levels of radioactivity in myelin.

The ability of flumazenil to competitively inhibit ^H-diazepam binding, the 

identification of a high affinity binding site in vitro for ^H-flumazenil, the apparent 

similarity of ligand specificity between the ^H-flumazenil and ^H-diazepam binding 

sites and the identical distribution and density of ^H-fiumazenil and ^H-fiunitrazepam 

binding sites have led the authors to conclude that the antagonistic effect of flumazenil 

on benzodiazepine actions is mediated via an interaction with benzodiazepines at the 

benzodiazepine receptor.

Mohler et al (1981) also reported that flumazenil is a selective antagonist for 

benzodiazepine effects mediated by the central-type benzodiazepine receptor as distinct 

from effects produced through the peripheral-type receptors. Flumazenil binding could 

not be demonstrated at peripheral benzodiazepine binding sites in the kidney where only 

background amounts of radioactivity could be measured in tissue homogenates 

incubated with ^H-flumazenil and washed. Furthermore, unlabelled flumazenil was 

found to be ineffective at displacing ^H-flunitrazepam from its binding sites at the 

peripheral benzodiazepine receptor, again in kidney homogenates. Flumazenil was 

subsequently found to be unable to displace ^H-Ro5-4864, a ligand selective for 

peripheral-type benzodiazepine receptors in the brain and periphery (Marangos et al
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1982; Schoemaker et al 1981), from cerebral cortex synaptic fractions (Mohler & 

Richards, 1981).

The lack of affinity of ^H-flumazenil for peripheral-type benzodiazepine receptors was 

an important factor in the choice of this ligand for autoradiographic studies of the 

human hippocampus in HS. Although, in normal human post-mortem brain tissues, the 

pBZR has been shown not to present significant densities (Pazos et al 1986), an increase 

in binding to the peripheral-type benzodiazepine receptors has been associated with 

proliferating glial cells in the CNS and imaging these receptors in the brain has been 

proposed as a means of diagnosis of glial tumours and/or areas of gliosis (Starosta- 

Rubinstein et al 1987; Pazos et al 1986). Furthermore, Johnson et al demonstrated 

significant, regionally selective, increased binding density for PKl 1195 in hippocampus 

from patients with TLE (Johnson et al 1992). Analysis of benzodiazepine receptors on 

hippocampal neurones in HS, therefore, should preferably be carried out using a 

radioligand selective for the central-type benzodiazepine receptor and, in particular, 

neuronal central benzodiazepine receptors in order to avoid interference from 

proliferating glial cells in the sclerotic hippocampus. Alternatively, use of an unlabelled 

displacing ligand selective for central-type benzodiazepine receptors such as 

clonazepam (Gallager et al 1981), is necessary to define specific binding.

Clonazepam has been demonstrated to have a relatively low affinity for peripheral 

benzodiazepine receptors with IC50 values of 9.2±5.4 pM and 28±4 pM quoted for 

displacement of Ro5-4864 in membrane binding experiments using rat forebrain 

homogenates (Marangos et al 1982; Schoemaker et al 1981). For this reason, 

clonazepam was chosen as a displacing ligand for the present studies. In early 

autoradiographic studies using ^H-flunitrazepam with clonazepam as a displacing 

ligand, a “striking absence” of benzodiazepine receptors in human subcortical white 

matter was described and the authors interpret this finding as consistent with the notion 

that benzodiazepine receptors are localised to neurones (Young m  & Kuhar, 1979). 

However, when ^H-diazepam binding was assessed in isolated fractions of bovine 

frontal cortex enriched in astroglial cells, clonazepam, at an equimolar concentration, 

was found to inhibit binding of ^H-diazepam by 71+7%, suggesting that central-type 

benzodiazepine receptors are present on glial cell membranes (Henn & Henke, 1978).
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In addition, ^H-flunitrazepam has been reported to bind with high affinity (7nM) to 

intact mouse astrocytes in primary culture and lOOnM clonazepam was found to 

displace the radioligand from 15% of it's binding sites (Bender & Hertz, 1984). In 

contrast, Starosta-Rubinstein et al (1987) assessed binding of ̂ H-flunitrazepam to areas 

affected by glioma in rat brain and found little, if  any, binding to the glioma area when 

PKl 1195 was added to block peripheral benzodiazepine receptor sites. The importance 

of the contribution of glial cell central benzodiazepine receptors to the study of the 

human hippocampus in HS is unknown at present.

Cultures of mammalian cells (HEK 293) transiently expressing the a l ,  pi and either the 

yl or y2 subunits of GABAa receptors demonstrated BZ binding sites of varying affinity 

for clonazepam, fiunitrazepam and flumazenil (Ymer et al 1990). All of the ligands 

demonstrated at least a ten-fold loss of affinity for receptors on cells expressing yl 

variant, with flumazenil displaying a highly significant loss of affinity of the order of 

10'^-fold difference. The affinities for clonazepam at receptors on cells expressing the 

a ip iy l  and a ip iy 2  subunits were 320±60nM and 1.0±0.2nM respectively. Pritchett et 

al inferred a glial cell localisation of the yl subunit of the GABAa receptor and, should 

this be at the expense of the y2 subunit, this may explain the neuronally specific effects 

of flumazenil and the ability of clonazepam to displace diazepam binding on glial cell 

membranes (Pritchett et al 1989b).

Neither the Kd nor Bmax for ^H-fiumazenil were found to be affected by the presence of 

GABA, pentobarbitone or neuroactive steroids, in contrast to ligands such as ^H- 

flunitrazepam and ^H-diazepam whose affinity for the benzodiazepine receptor was 

increased by these agents (Bertz et al 1995; Mohler & Richards, 1981). Unnerstall et al 

(1981) reported that pre-incubation of mounted tissue sections of rat brain in 170mM 

Tris HCl, pH 7.4, for 10 minutes at room temperature was found to uniformly reduce the 

density of ^H-flunitrazepam binding sites in all brain regions examined (including DG) 

by 20%. No further decrease in binding was seen at longer pre-incubation times. This 

effect was found to be mimicked by adding IxlO^^M bicuculline to non-pre-incubated 

slices, suggesting that endogenous GABA or an endogenous ligand acting at the GABA 

binding site is mediating an increase in affinity for ^H-flunitrazepam. Even in pre-
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incubated sections, bicuculline was still found to have a significant effect on binding 

levels in certain regions, indicating the difficulty in removing all endogenous GABA 

from tissue, despite thorough pre-washing. A potentiation of ^H-flunitrazepam binding 

in human brain tissue by exogenously applied GABA has also been demonstrated in 

homogenate binding studies (Reisine et al 1980) and in sections (Zezula et al 1988).

The lack of susceptibility of flumazenil binding to allosteric modulation of the receptor 

is important in maintaining reproducibility of binding characteristics in the tissue 

sections used for the autoradiographic studies described in this thesis. The presence of 

varying amounts of endogenous GABA and/or antiepileptic medication, despite 

thorough pre-washing of sections, may influence binding parameters of ligands such as 

fiunitrazepam used in previous studies of benzodiazepine receptors in HS.

This evidence emphasises the importance of choice of ligand in studies such as those 

described in this thesis in the interpretation of receptor subtypes being identified and 

underlines the usefulness of ^H-flumazenil as a neuronally selective cBZR ligand, free 

from modulatory effects of endogenous GABA or allosteric modulators of the GABAa 

receptor/Cr channel complex. However, flumazenil may theoretically be susceptible to 

competition with so-called endozepines, endogenous ligands which may act at the same 

antagonist binding site and also to changes in affinity due to plasticity of the GABAa 

receptor subunit composition in vivo.

4.32 ^H-flumazenil binding site distribution in human hippocampus 

The regional distributions of cBZR binding sites demonstrated in this study are 

concordant with previously published mapping studies (Faull & Villiger, 1988; Zezula 

et al 1988; Manchon et al 1985; Schoch et al 1985), the highest density of receptor 

binding sites being observed in the stratum granulosum/moleculare of the DG and the 

stratum pyramidale of the CAl subfield of Ammon's Horn. A slightly lower 

concentration of receptors was evident in the strata lacunosum and oriens of the CAl 

and a moderate concentration in the CA2 stratum pyramidale and subiculum. Relatively 

low binding density was observed in the hilus and CA3 and the polymorphic layer of the 

dentate gyrus. In these mapping studies, ^H-flunitrazepam was used as radioligand, with 

clonazepam as displacing ligand and therefore, specific binding levels represent
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primarily the cBZR. GABAa receptor distribution, as determined by ^H-muscimol 

binding (Burdette et al 1995), was consistent with patterns of cBZR binding. The 

localisation of BZ receptor sites in the hippocampus of the human brain also compares 

well with studies in rats using ^H-flunitrazepam (Schoch et al 1985).

4.33 Central B Z  receptors in human TLE

The present study has demonstrated a loss of cBZR binding associated with HS in all 

hippocampal subfields examined. This decrease of receptor binding may be primarily 

attributable to changes in neuronal density, however, in the CAl region, a significant 

reduction of almost 50% of cBZR receptors on surviving neurones was demonstrated. 

An increase in affinity of the cBZR in HS for [^H]-fiumazenil, ranging fi-om 59-65%, 

was observed in the DG, CA4 and subiculum.

Absolute values for specific ^H-fiumazenil Bmax were in close agreement with data 

published by Olsen and colleagues (Houser et al 1988; Olsen et al 1992) for both 

control and epileptic hippocampi and changes in binding in epileptic tissue relative to 

control are consistent with previous reports (Burdette et al 1995; Johnson et al 1992).

Johnson et al (1992), using ^^ Î-Ro 16-0154, a ligand selective for cBZRs, found a 

significant loss of cBZR binding in all subfields of the hippocampus of patients with 

TLE and HS in comparison to normal autopsy and glioma controls. With the exception 

of the CAl, a consistently greater degree of binding loss was observed in all subfields 

compared to the present study, despite finding almost identical changes in neuronal 

density. This could possibly be explained by a decrease in affinity for ^^^I-Rol6-0154 

due to an altered subunit composition in HS. Neuronal densities in the CAl field of the 

epilepsy group were reported at approximately 30% of control by Johnson et al (1992) 

compared to 11% of control in the present study and this may partly explain the twofold 

discrepancy in binding in this subfield in HS at approximately 12% and 6% of control 

respectively.

Burdette et al (1995) examined ^H-fiumazenil binding at a concentration of 5nM in the 

hippocampus of 11 patients with TLE and HS, compared to 6 post-mortem controls. 

Overall levels of ^H-flumazenil binding were reported as fiuol/mg protein, thus
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preventing direct comparison with data reported in this thesis (finoi/mg tissue). An 

anatomical definition of the CAl was divided into lateral and inferior sections by this 

group. For the purposes of comparison, the inferior CAl, as defined by Burdette et al 

(1995), corresponds to measurements of the subiculum by Johnson et al (1992) and in 

the current study. Burdette et al (1995) again report a loss of cBZR (^H-flumazenil) 

binding in all hippocampal subfields associated with TLE, however, these findings were 

not considered statistically significant in the DG, CA2 and subiculum.

Both Johnson et al (1992) and Burdette et al (1995) attribute changes in cBZR binding 

density in HS to parallel changes in neuronal density revealed by histopathology. 

However, Johnson et al (1992) observed that the magnitude of receptor density changes 

were consistently greater than those of cell density and this was shown to be statistically 

significant in CA3 and particularly in CAl. The authors propose, therefore, that a 

reduced concentration of cBZR receptors per surviving neurone in HS, may indicate a 

possible pathogenic mechanism resulting in reduced hippocampal inhibitory tone in 

TLE.

Burdette et al (1995) attempted to further investigate the relationship between cBZR 

density and neuronal density in control and epileptic individuals by performing analysis 

of correlation between these parameters. ^H-flumazenil binding was found to be 

significantly correlated with neuronal density in all subfields, despite significant losses 

of neurones in the DG and CA2 subfields without corresponding decreases in cBZR 

binding density. Analysis of correlation applied in the studies undertaken for this thesis 

revealed a significant correlation between cBZR binding site density and neuronal 

density in some hippocampal subfields but not others.

Analysis of correlation applied to a study such as this, however, may not be sensitive 

enough to detect significant changes in cBZR density per surviving neurone in HS. 

Neuronal density remains the most influential factor dictating levels of cBZR binding 

being detected, particularly in regions such as the CAl where neuronal loss is most 

severe, and significant changes in receptor concentration on surviving neuronal cell 

membranes may not be sufficient to negate this correlation between neuronal density
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and binding. Burdette and colleagues (1995) note that an epilepsy-associated decrease 

in cBZR binding per neurone cannot be excluded by these analyses.

Binding data reported in this thesis were not adjusted for possible epilepsy-associated 

changes in tissue protein concentration, due to uncertainty regarding the source of such 

changes, if found, considering that both neuronal loss and gliosis were often present 

simultaneously in the diseased hippocampi. The approach adopted in the current study 

was to correct measurements of binding density for each individual independently by 

expressing neuronal cBZR binding as a ratio per neurone for each separate subfield and 

this method of analysis has subsequently been published in a study of vasoactive 

intestinal peptide binding in HS (Delanerolle et al 1995). This analysis allowed 

comparison of receptor concentration per surviving neurone in HS, in each subfield, 

with control. Not surprisingly, most subfields demonstrated no significant change in 

cBZR density per neurone between control and HS groups, confirming results 

suggested by analysis of correlation. Neurones of the CAl subfield however, were 

found to contain significantly fewer cBZR receptor sites in HS compared to control, 

confirming observations made by Johnson et al (1992). In comparison with other 

studies of neuronal density in HS, this study reported a greater epilepsy-associated loss 

of neurones in CAl. If the degree of neuronal loss in CAl has been overestimated in 

the current study this would serve to reinforce the above finding.

Both the Johnson and Burdette studies involved estimation of cBZR binding at a single 

concentration of radioligand, thus excluding analysis of potential epilepsy-associated 

changes in receptor affinity. Burdette et al (1995) attempt to address this issue by 

comparing the relative changes in ^H-flumazenil and ^H-flunitrazepam binding density 

in HS compared to control. The rationale suggested, is that the lack of sensitivity of 

antagonist binding to affinity state should act as a control for changes in affinity 

affecting the agonist and therefore, that parallel changes in antagonist and agonist 

binding would exclude the influence of a change in affinity at the receptor. However, 

although this principle may hold true for a G-protein-coupled receptor, the GABAa 

receptor may represent a more complicated situation. Studies of various GABAa 

subunit combinations, expressed in transfected cells, have revealed the susceptibility of 

antagonists like flumazenil to changes in affinity at its binding site, depending on the
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choice of subunits expressed. It is not inconceivable, therefore, that an alteration in 

subunit configuration of the GABAa receptor in HS may equally affect the affinity of 

flumazenil and fiunitrazepam at their respective binding sites thus invalidating the 

above hypothesis.

Burdette et al (1995) found a significant correlation between the magnitude of epilepsy- 

associated changes in ^H-flumazenil and ^H-flunitrazepam binding in all hippocampal 

subfields and conclude that epilepsy-associated changes in binding density are unlikely 

to be associated with changes in affinity. The use of correlation analysis is again open 

to criticism in that one could argue that the main reason why ^H-flumazenil and ^H- 

flunitrazepam binding are correlated is due to the significant and overriding external 

influence of neurone density, applied equally to binding of both ligands, which would 

result in an apparent correlation of changes in binding site densities unless a dramatic 

change in affinity occurred for one ligand and not the other.

Autoradiographic studies of ^H-flumazenil binding applied in this thesis involved 

saturation binding experiments allowing an estimation of binding site affinity to be 

determined for each subfield in HS and compared with the corresponding subfield in 

control. Observed epilepsy-associated increases in affinity for ^H-flumazenil at cBZRs 

reported in this study in DG and subiculum may explain why a significant loss of 

binding was not detected by Burdette et al (1995) in these subfields in HS at a single 

concentration of radioligand.

Burdette and colleagues (1995) acknowledge the possibility that an altered GABAa 

subunit configuration would potentially affect the affinity of the cBZR binding site for 

various ligands. An a l  subunit has been shown to confer affinity for Type 1 cBZR- 

preferring ligands and a2, a3, or a5 subunits confer affinity for Type 2 cBZR-preferring 

ligands (Pritchett et al 1989a). Burdette et al propose that proportional changes in Type 

1 and Type 2 cBZR binding density associated with epilepsy would discount the notion 

of subunit-selective changes influencing receptor affinity. A significant correlation was 

reported between Type 1 and Type 2 cBZR binding in all subfields except CA2, leading 

the authors to conclude that preferential changes in GABAa receptor subunits are 

unlikely in HS. The similar distributions and densities of Type 1 and Type 2 cBZR
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receptors throughout the hippocampus (Manchon et al 1985) and the significant 

influence of neuronal densities upon both binding sites may again lead to an apparent 

correlation between Type 1 and Type 2 cBZR binding, thus invalidating the argument. 

A slight but significant shift in the expression of a particular subunit would be unlikely 

to interfere with the correlation between Type 1 and Type 2 binding and may have 

substantial physiological sequelae.

The above discussion would suggest that, in the absence of microscope-based analysis 

of cBZR binding density per neurone, by silver grain densitometry of emulsion coated 

slide coverslips, use of neuronal density as a correction factor for autoradiographic 

measurements of binding density may represent the most valid method of evaluation of 

receptor binding density on surviving neurones in HS. However, normalisation of 

receptor binding density data for neuronal density relies on the assumption that the 

majority of receptor binding within any particular subfield arises solely ftom neurones 

and associated processes contained entirely within that subfield. An anomaly inherent in 

this method of analysis is the failure to consider the influence of presynaptic GABAa 

receptors and possible pathological changes in the density of GABAergic terminals in 

the hippocampal subregions examined. Decreased GABAergic nerve endings have been 

observed at the epileptic focus in the alumina cream model, using GAD 

immunohistochemical methods in monkey sensorimotor cortex (Ribak et al 1979) and 

further studies of presynaptic GABA markers are necessary in order to clarify this issue. 

The contribution of BZ receptors on presynaptic terminals of neurones projecting from 

other subfields or out with the ipsilateral hippocampus is not known and, if significant, 

would invalidate the use of neuronal density for estimation of receptors per neurone.

Also potentially confounding, is the exclusion of smaller intemeurones ftom neuronal 

density estimations in this study which may account for a substantial proportion of BZ 

receptors in the hippocampus. Conclusions drawn ftom data presented here assume 

proportional changes in density of pyramidal cells and smaller intemeurones in HS.

Previous studies of the GABAA/benzodiazepine receptor complex in human patients 

with reftactory TLE have been inconclusive. McDonald et al (1991) studied ^H- 

flunitrazepam binding in 8 patients and 8 post-mortem controls. Decreased
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benzodiazepine binding was demonstrated in the dentate gyrus, hilus and CAl (91% of 

control, 71% of control and 55% of control, respectively). However, several of the 

patients were suffering from temporal lobe glioma and the severe cell loss typical of HS 

was not evident in any of the patients thus hindering interpretation of the findings in the 

context of observations made in this thesis. Furthermore, a single ligand concentration 

was used, thus excluding kinetic analysis of ligand binding characteristics as discussed 

previously. Analysis of ^H-flunitrazepam binding to human cortical membranes 

revealed no significant evidence of regional variability in BZ receptor distribution or 

affinity between spiking and non-spiking cortex (identified with surface electrodes) 

from the first or second temporal gyri of epileptic patients (Sherwin et al 1986).

4.34 Central Benzodiazepine receptors in animal models o f  epilepsy

Consideration of studies of GABAa/BZ receptors in animal models of epilepsy and 

interpretation within the context of results obtained in resected hippocampus from 

human patients with TLE, is a challenging task. One of the more consistent findings is 

a long-lasting increase in binding to the GABAa/BZ receptors in the dentate gyrus in 

several of the electrical kindling models studied, although this is not concordant with 

human studies reported here. Decreased binding of ̂ H-flunitrazepam and ^H-muscimol 

in the CAl subfield of Schaffer collateral-kindled rats however, is in agreement with 

epilepsy-associated reduced receptor concentration per surviving neurone in this 

subfield in human hippocampus reported in this thesis (Titulaer et al 1994; 1995). This 

may represent a pathogenic mechanism underlying reduced GABAergic inhibition in the 

hippocampus in TLE.

Subtle differences in the mechanisms of epileptogenesis and/or excitotoxicity and 

synaptic reorganisation between the various animal models and human TLE may 

explain the lack of correlation between findings reported in this thesis and published 

data from animal models.

4.35 Limitations o f  receptor autoradiography studies o f  human tissue 

A number of limitations in the use of human tissue must be considered in the 

interpretation of these results, particularly as far as adequate control tissue is concerned.
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Because of the relatively small number of specimens per group, the effects of possible 

confounding variables such as age, gender, medication history, seizure severity/duration, 

post-mortem delay, pH and agonal state upon the parameters measured were not 

assessed.

A synaptic membrane binding study of genetically dystonie hamsters using [^H]- 

flumazenil reported altered binding parameters with age in certain brain regions in 

control animals (Pratt et al 1995). Binding affinity was found to be significantly lower 

(increased Kd) in three out of six brain regions examined, frontal cortex, thalamus and 

cerebellum, in 70 day old, compared to 35 days old control hamsters. This is interpreted 

by the authors, however, as likely to be due to incomplete post-natal maturation of BZ 

receptors at 35 days. Affinity constants for the hippocampus were not determined in the 

above study but if cBZR affinity was found to decrease with age, this may explain 

findings reported in the current study of significantly increased affinity in younger TLE 

patients compared to post-mortem controls.

Whitehouse et al (1984) examined ^H-flunitrazepam binding (clonazepam-displaced) in 

homogenates from rat brains cooled using a temperature-controlled environment to 

follow cooling curves obtained in post-mortem human brain and stored for various 

times at -80°C. An apparent increase in binding at a single ligand concentration was 

observed with increasing post-mortem delay of up to 150% in tissue cooled to 22°C for 

48 hours, compared with fresh tissue. No change in Bmax was observed however and the 

authors acknowledge that, despite processing of the tissue to minimise the effects of 

endogenous GABA, the decreased Kd is consistent with an effect of excess GABA 

present at longer post-mortem intervals. This would not be expected to influence ^H- 

flumazenil binding studied in this thesis.

The observation that [^H]-GABA membrane binding was independent of gender, age, 

post-mortem interval or storage time in human brain tissue was made by Lloyd and 

Dreksler (1979), although Burdette and colleagues (1995) detected a trend towards 

increased muscimol binding with post-mortem delay which is suggested to be due to 

post-mortem increases in ambient GABA concentration but was not associated with 

increased BZ binding. Zezula and colleagues (1988) reported no influence of post
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mortem delay, age, gender or pre-mortem BZ treatment on [^H]-flunitrazepam binding 

in human brain. The influence of these variables in both studies was only assessed in a 

limited number of brain regions and did not include hippocampus. We cannot therefore 

conclude that the significant difference between the median age of the control and HS 

groups, gender mismatch, or post-mortem interval for control tissue did not influence 

the findings in the present study but, given the weight of evidence to the contrary, it 

would seem unlikely.

4.36 Central B Z  receptor binding and chronic medication

The influence of chronic medication on receptor binding and affinity must also be 

considered when interpreting data obtained from human studies. Although the patients 

selected for this study were receiving chronic anti-epileptic medication not currently 

thought to act primarily at the GABAa /BZ complex, it is possible that cBZR density 

and/or affinity may be affected indirectly by the anti-epileptic actions of these drugs. It 

is not feasible to carry out studies on patients with epilepsy not receiving medication 

and therefore difficult to assess the influence medication may have on our results. 

Flumazenil Bmax and Kd are, however, reported to be unaffected by the presence of 

allosteric modulators at the GABAa receptor and GABA agonists in the acute instance 

(Mohler & Richards, 1981).

Koepp et al reported no effects upon cBZR binding in vivo of treatment with 

carbamazepine, phenytoin, lamotrigine, felbamate or gabapentin, as determined by PET 

studies using ^^C-flumazenil, in cerebral neocortex, thalamus or cerebellum in epileptic 

individuals compared with normal controls.

Chronic exposure of the GABAa receptor to diazepam would not appear to alter the 

receptor number or affinity (assessed in cerebral cortex homogenate binding 

experiments with ^H-flunitrazepam) despite reduced sensitivity of the receptor to 

applied GABA and a reduced magnitude of the normal GABA-enhancement of ^H- 

flunitrazepam binding (Gallager et al 1984). Other studies have been reported which 

suggest that chronic treatment with compounds acting at the GABAa receptor results in 

an alteration of the functional coupling between the various allosteric modulators at the
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receptor complex rather than changes in Bmax or affinity per se, for example see Klein et 

al 1995.

Schmid et al (1996) performed PET studies in baboons using ^^C-flumazenil and 

examined the anticonvulsant activity and potency of diazepam in animals treated with 

vigabatrin versus vehicle-treated controls. The potency of diazepam in displacing ^̂ C- 

flumazenil was found to be enhanced in vigabatrin-treated animals. Vigabatrin acts as 

an irreversible inhibitor of the GABA-aminotransferase resulting in increased GABA 

concentration in vivo and it is these enhanced GABA concentrations which may increase 

the affinity of diazepam at the BZ receptor. Vigabatrin was being administered to one 

of the patients in the current study (PG) but increased GABA levels would not be 

expected to influence ^H-flumazenil binding affinity or Bmax and in the latter study, 

vigabatrin was found to have no effect upon cerebral uptake of ^H-flumazenil, 

supporting this conclusion.

In summary, an effect of anti-epileptic medication upon GABAa/BZ receptor binding in 

epileptic individuals would seem unlikely to underlie the observed epilepsy-associated 

changes reported here but the influence of drug history cannot be discounted when 

interpreting these results.

4.4 GABAa receptor subunit mRNA in situ hybridisation

4.41 Antisense oligonucleotide specificity

In situ hybridisation studies of mRNA expression and distribution are susceptible to 

gross misinterpretation in the event of oligonucleotide cross-homology between two or 

more mRNA species. The issue of probe specificity' therefore, was an important aspect 

in the design of these studies. The most common ways of testing probe specificity are: 

synthesis of several probes to the same mRNA molecule and comparison of the 

distribution of hybridisation in a tissue section; extraction of total RNA from the tissue 

of interest, followed by separation of RNA species according to molecular weight using 

an electrophoresis gel, then transfer of the mRNA lanes from the gel onto a nylon
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hybridisation membrane, separation of the lanes and hybridisation of the membrane 

overnight using the oligonucleotides of interest (Northern Hybridisation) and estimation 

of the length of the RNA species to which each oligonucleotide hybridises by 

comparison with molecular weight standards, or; performing an homology matching 

scan of the GenEMBL gene database, which contains all published, cloned genes, to 

determine cross-homology with non-target mRNA.

Each of these specificity controls is open to criticism in its interpretation. Synthesis of 

several oligonucleotides to the same mRNA species and comparing distribution would 

not be appropriate for the current study. The most likely sequences of cross-homology 

for any of the oligonucleotides to a GABAa subunit mRNA would be other GABAa 

subunit mRNAs and, because of the similarity in distribution observed for many 

GABAa subunits in the rat hippocampus (Wisden et al 1992) and probable co

localisation of different subunits within the same cells, distinguishing whether an 

oligonucleotide or several oligonucleotides are labelling one specific RNA is unfeasible. 

Because of the relative similarity in molecular weights of many of the GABAa subunit 

mRNAs, use of Northern Hybridisation to determine probe specificity is dependent 

upon being able to obtain adequate separation of mRNAs within the range of molecular 

weights of the GABAa subunit mRNAs and identification of a discrete oligonucleotide 

hybridisation band for accurate determination of molecular weight of the target mRNA 

and specificity. Northern hybridisation was chosen in the current study as a technique 

for specificity testing, however, extraction of sufficient total RNA from human brain 

tissue proved unsuccessful and problems of non-specific hybridisation of 

oligonucleotides to the nylon hybridisation membrane could not be overcome.

All oligonucleotides, however, were screened against the GenEMBL database for 

homology with published human gene sequences and, with the exception of the a3 

oligonucleotide, which had an homology of 71% with the next closest match, all 

oligonucleotides had less than 70% homology for the next closest RNA or DNA match. 

Because the hybridisation conditions used can distinguish between oligonucleotides 

with as little as three bases or 10% homology mismatch, it would appear unlikely that 

any cross homology could have occurred. However, as the human gene database is as
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yet incomplete, the possibility of cross-homology of one or more of the oligonucleotides 

cannot be completely excluded.

4.42 GABAa receptor subunit mRNA distribution in human hippocampus

No studies have so far been published on the distribution of GABAa receptor subunit 

mRNA in human hippocampus from normal or epileptic individuals. Several studies of 

subunit mRNA distribution in rat brain have, however, been published over the last few 

years. Distribution patterns in the present human study appeared to be largely consistent 

with rat hippocampus GABAa receptor subunit mRNA distribution as described by 

Wisden and colleagues (1992) and Tsunashima et al (1997). Notable exceptions were 

the relatively high levels of a5 mRNA evident in the granule cell layer of the human 

dentate gyrus, the relatively weak y2 signal in human CA3 and weak P3 signal in human 

CAl. In addition, overall levels of expression of a4 mRNA appeared to be relatively 

low in human hippocampus as compared to the rat. The latter finding may however 

have been due to poor hybridisation of the particular oligonucleotide chosen for the 

human a4 mRNA.

The primary purpose of the current study was to determine relative changes of 

expression levels in epileptic individuals in comparison with controls. In order to obtain 

autoradiograms with sufficient densities to permit accurate quantification, the film 

exposure duration was prolonged for less abundant subunits, as determined by 

preliminary experiments. Furthermore, comparison of mRNA expression between 

control and epileptic individuals was carried out for each subunit independently in 

separate experiments, resulting in variability of specific activity of the ^^S-ATP-labelled 

oligonucleotides. Consequently, the densitometric values obtained do not provide 

accurate information on the relative abundance of the different GABAa receptor subunit 

mRNAs.

4.43 GABAa receptor subunit mRNA in human TLE

Quantitative in situ hybridisation studies reported in this thesis revealed that expression 

of a l ,  a2, a4, a5, and y2 GABAa receptor subunit mRNA appeared to be upregulated 

in surviving neurones of the granule cell layer of the dentate gyrus in HS. With the
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exception of a4 and a5 mRNA, (33 mRNA and all of the above subunit mRNAs were 

also increased in the subiculum. In addition, epilepsy-associated increases in the 

expression of mRNA encoding the a l  subunit was observed in the hilus and CA2 and 

a2 mRNA in the hilus and CAl. In contrast, an apparent decrease in expression of (33 

mRNA per neurone was detected in CAl in HS (p<0,07) and of y2 in the CA2 in HS

(p<0.10).

In comparison with the other subunits examined, expression of the a l  subunit mRNA 

was upregulated to a greater extent in the hilus the CA2 and CAl. This may reflect the 

exchange of a l  subunits for other subunits in existing or newly formed GABAa 

receptors in these subfields in HS. In the hilus, for example, a l  subunits may substitute 

for a4 subunits in newly formed receptors and similarly, in the CAl, a l  subunits may 

replace p3 subunits. In the CA2, a l  subunits may replace a l  and/or y2 subunits in 

existing receptors.

Increased mRNA encoding the a l ,  a2 and y2 subunits in the DO and a2 & y2 in the 

hilus in HS is in agreement with immunohistochemical findings in human TLE by Loup 

et a / (1997).

Findings from this study suggesting an inverse correlation between neuronal loss and 

collective changes in GABAa receptor subunit mRNA per neurone in hippocampal 

subfields (excluding hilus) in HS would imply a non-specific upregulation of mRNA in 

surviving cells in response to hippocampal pathology. However, evidence for selective 

changes in individual mRNA species involving both increased and decreased expression 

per neurone in HS would argue against a general epilepsy-associated increase in mRNA 

turnover.

From a methodological point of view, the use of neuronal density data for normalisation 

of mRNA density measurements obtained by film autoradiography serves a similar 

purpose to that described previously for ^H-flumazenil binding studies, allowing 

estimation of putative changes in mRNA expression in surviving neurones in HS. 

Validation of this analysis method was attempted by applying the technique of grain

180



Chapter 4: Discussion

counting to emulsion-dipped sections of control and HS specimens following a l  subunit 

mRNA in situ hybridisation. Confirmation of changes in mRNA expression determined 

by film densitometry, and subsequent correction for neuronal density, was achieved 

using the grain counting technique and a significant correlation between levels of 

mRNA per neurone determined by film densitometry and grain counting was also 

observed. However, results from grain counting indicated that neuronal density- 

corrected film densitometry overestimated the observed epilepsy-associated changes in 

mRNA expression. This may reflect a potential for error when analysing 

autoradiograms following in situ hybridisation, due to the relatively low signal densities 

being measured in comparison with receptor autoradiography, amplified following 

correction for neuronal density, and would suggest that grain counting provides a more 

accurate and reliable means of assessing changes in mRNA expression at the cellular 

level. However, due to time restrictions, it was not possible to perform grain counting 

analysis of emulsion-dipped sections hybridised in the presence of an excess of 

unlabelled oligonucleotide, in order to ascertain levels of non-specific hybridisation. 

Subtraction of this background signal may have resulted in magnification of the changes 

observed in surviving neurones in HS and thus closer correlation with neurone density- 

corrected film densitometry.

4.44 GABAa receptor subunit mRNA expression in animal models o f  epilepsy 

In situ hybridisation, northern blotting and PCR studies of GABAa receptor subunit 

mRNA in epilepsy models have revealed disparate findings depending upon the model 

chosen and temporal aspects of the stimulation and sampling protocols used. In general, 

findings from electrical kindling models suggested increased expression of hippocampal 

mRNA encoding several GABAa subunits associated with seizures (Clark et al 1994; 

Kamphuis et al 1995; Kokaia et al 1994; Pratt et al 1993), in agreement with data 

reported in this thesis for HS specimens. Notable exceptions include a transient 

decrease in y2 mRNA in the CAl of rapidly kindled rats (Kokaia et al 1994) and 

persistent decreases in y2l mRNA in Schaffer collateral-kindled rats in all hippocampal 

subfields (Kamphuis et al 1995), in contrast to an apparent increase in expression of 

this subunit in human TLE in these subfields.
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Models of chemical kindling, on the other hand, demonstrated primarily reductions or 

no change in expression of subunit mRNAs examined (Friedman et al 1994; Rice et al

1996). In vitro models also tended to demonstrate reduced or no change in expression 

of GABAa subunit mRNA (Gerfinmoser et al 1995; Vick et al 1996; Blair et al 1995). 

As discussed for receptor autoradiography studies of animal models of epilepsy, the 

failure to detect a discernible common trend in patterns of expression of GABAa 

subunit mRNA may reflect the diverse physiological nature of the various models under 

scrutiny and their respective mechanisms of epileptogenesis.

Tsunashima et al (1997) and Schwarzer et al (1997) recently reported results from 

detailed studies of GABAa subunit mRNA expression and immunohistochemistry in 

brain tissue sections from rats treated with kainic acid (i.p.) and sacrificed at several 

time intervals up to 30 days, in comparison with saline-injected controls. Examining 

data from the 30 day time interval, which was considered to reflect the chronic epileptic 

state with recurrent seizures manifest, and data reported in this thesis from human 

patients with refractory TLE, reveals some interesting comparisons. In the stratum 

granulosum of the dentate gyrus, increased a l  mRNA was reported in kainic acid- 

treated rats, in agreement with human data, whilst expression of a2, a4, p3 and y2 

mRNA recovered to control values following initial decreases of a2, P3 and y2 mRNA 

and initial increases in a4 mRNA (Tsunashima et al 1997). In marked contrast to data 

from human studies, long term decreases in a5 mRNA in the granule cell layer of the 

DG were reported in kainic acid-treated rats. Increases in immunoreactivity for the a l ,  

a2, a4, a5, P3, and y2 subunits in the stratum moleculare of the dentate gyrus, at 30 

days post kainic acid treatment in rats (Schwarzer et al 1997), correlate with findings of 

increased mRNA expression for these subunits in the dentate granule cell layer in 

human TLE reported here.

The pyramidal cell layer of the CA3 and CAl in kainate-treated rats demonstrated 

chronic decreases in mRNA encoding the a2, a4 and a5 subunits (Tsunashima et al

1997), in contrast to the present study, where no overall changes were detected prior to 

adjusting for cell loss. However, overall losses of p3 and y2 mRNA in the CA3 and 

CAl associated with neuronal loss are consistent with data reported in this thesis for
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patients with TLE. Evidence for a l  mRNA levels in CA3 and CAl from kainate- 

treated rats comparable with controls at 30 days, despite evidence of substantial 

neuronal loss, suggested an upregulation of a l  subunit protein on surviving neurones of 

these subfields and this is also comparable with human findings. 

Immunohistochemistry revealed apparent increases in expression of the a2, a5, p3 and 

y2 subunits in the hippocampus proper at 30 days in kainate-treated rats, notably in 

CA3, despite little evidence for increases and some decreases in mRNA encoding these 

subunits in the CA3 from TLE patients (Schwarzer et al 1997). Intense staining of 

surviving intemeurones for a l  and p2 subunits in hippocampus from kainate-treated 

rats matches findings from TLE patients revealed by immunohistochemistry in this 

study. Also notable was evidence from kainate-treated rats for increases in a4, y3 and ô 

immunoreactivity in astrocytes at 48 hours post-kindling, drawing attention to the 

potential impact of glial proliferation upon expression of mRNA encoding some 

GABAa receptor subunits in epilepsy-damaged tissue.

Cumulative evidence from various animal models indicating few long-term changes in 

subunit expression would suggest that changes seen are a consequence of ongoing 

epileptiform activity, rather than a pathogenic mechanism underlying increased seizure 

susceptibility, and this is supported by the findings of Vick et al (1996) demonstrating 

TTX block of subunit plasticity in hippocampal slices maintained in low M g^. This 

serves to illustrate the difficulty in elucidating changes in mRNA expression reported in 

current studies of human hippocampus in patients with ongoing seizure activity in an 

attempt to attribute significance to these findings in terms of pathogenesis or pathology.

4.45 Glutamate receptor subunits in human TLE

Bayer and colleagues (1995) reported data from an in situ hybridisation study of 

mRNA encoding the NRl subunit of the NMD A subtype of the glutamate receptor in 

hippocampus resected from 21 patients with medically refractory TLE compared with 5 

autopsy controls. A marked loss of NRl-positive cells in the hippocampus of epileptic 

patients relative to controls appeared to be closely related to hippocampal sclerosis in 

each specimen. No epilepsy-associated increases in signal or redistribution of signal 

pattern was observed. The decrease in NRl mRNA was reported to precisely parallel
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the neuronal loss, suggesting that the observed loss of mRNA signal is a secondary 

phenomenon related to cell death.

No attempt was made to correct observed in situ hybridisation signal intensity for 

changes in neuronal density in this study and concordant findings were reported by 

Geddes et al (1990) who reported decreased ^H-glutamate binding to the NMDA 

recognition site, without correction for neurone loss, in the CAl subfield of the 

hippocampus of five patients with probable hippocampal sclerosis, compared with six 

autopsies. Interestingly, no changes in binding were observed in the CA3 and DG in 

this study, despite probable neuronal loss. Hosford and colleagues (1991) also studied 

^H-glutamate binding to the NMDA site in eight sclerotic hippocampi compared to 

autopsies however, autoradiography data were corrected for changes in neuronal density 

in contrast to previous studies. No changes in ^H-glutamate binding per neurone were 

observed in CA3 and CAl but an apparent increase in binding was reported in the DG.

Lynd-Balta and colleagues (1996) reported findings from an immunohistochemistry 

study of the AMPA subtype of the glutamate receptor in hippocampal sclerosis. 

Immunoreactivity for antibodies recognising the GluRl and GluR2/3 subunits was 

examined in hippocampi from 14 patients with classical HS versus tumour controls. A 

dramatic decrease in the number of GluRl andGluR2/3 reactive neurones was observed 

in all CA subfields in HS and this finding was reported to be related to the degree of 

overall cell loss in individual specimens. In contrast, a dramatic increase in 

immunoreactivity for both subunits was observed in the DG of HS specimens which 

was not seen in tumour specimens. This concurs with results from 

immunohistochemistry studies published by Blumcke et al (1996) demonstrating a five

fold upregulation of the AMPA receptor subunit GluR2 per neurone in the molecular 

layer of the DG from epileptic patients compared with controls. In addition, individual 

surviving hilar neurones in HS were reported to have densely stained cell bodies with 

large GluR2/3 -immunoreactive particulate matter present in the surrounding neuropil 

suggesting an upregulation of the subunit in remaining hilar neurones. Novel 

expression of GluRl-positive cell bodies was apparent in the CAl, CA3 and hilus in HS 

despite an overall loss of staining due to neuronal loss.
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Interpretation of these findings by the authors is summarised as follows: Increased 

numbers of AMPA receptors in the DG receiving perforant path stimulation and thus 

rendering the hippocampus hyperexcitable may represent a pathogenic mechanism in 

TLE or; the dentate gyrus may become less excitable as rapidly glutamate-desensitised 

AMPA receptors replace NMDA receptors and increased expression of the GluR2 

subunit in particular limits the calcium ion permeability of the native AMPA receptors 

thus representing a compensatory mechanism in TLE.

Mathem and colleagues (1997) recently reported results from an in situ hybridisation 

study of glutamate receptor subunit mRNA expression in TLE. Hippocampal biopsy 

specimens from 28 patients with HS were compared with specimens from 12 patients 

with seizures associated with mass lesions and 4 autopsy controls. Expression of 

mRNA encoding the following subunits was reported: GluRl, GluR2, GluR3, 

NMDARl and NMDAR2. Intensity of mRNA expression, as assessed by film 

densitometry following autoradiography, was adjusted for neuronal density using the 

same procedures adopted in this thesis, that is, by dividing measured levels of 

expression for a hippocampal subfield by the neuronal density for that subfield and 

normalisation relative to autopsy controls.

Compared with autopsy hippocampus, levels of expression of mRNA in the dentate 

gyrus for all of the subunits examined were increased or similar in TLE (mass lesion or 

HS). The greatest increases per neurone were evident for GluRl and NMDAR2 and 

there were no appreciable differences between mass lesion and HS cases. Levels of 

mRNA per neurone for the other subfields of Ammon’s Horn were combined and were 

found to be increased or similar to autopsies but the percentage increases were not as 

great as for DG and possibly only significant for GluRl and NMDAR2. Again there 

were generally no differences between mass lesion cases and HS. Individual subfields 

of Ammon’s Horn were reported to show a similar pattern to the combined data.

The authors discuss conflicting results for previously reported studies of AMPA and 

NMDA receptor binding and mRNA expression in human hippocampus from patients 

with TLE and attribute reported ambiguities to the common practice of combining 

patients with different seizure-related pathologies and different degrees of neuronal loss
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in the same studies. Patients selected for the studies reported in this thesis had well 

defined seizure pathology and were all confirmed to have had hippocampal sclerosis by 

histopathology.

Interpretation of the findings reported by Mathem et al (1997) included some discussion 

of the difficulty in determining whether observed changes in mRNA expression in TLE 

were caused by seizures, neurone loss, anti-epileptic dmg treatment or stmctural 

reorganisation of the hippocampus (axon sprouting or synaptogenesis). It is interesting 

to note the similarity in findings for mass lesion patients and HS patients considering the 

fact that both groups were on similar anti-epileptic medication although, the fact that 

both groups were experiencing regular seizure activity, may represent the most likely 

explanation for the comparable findings.

Increased expression of the GluR2 would have the effect of reducing calcium 

permeability of the glutamate receptor and may suppress excitability and excitotoxicity. 

However, a greater increase in GluRl was observed compared to GluR2 mRNA (150% 

versus 40%) in DG neurones possibly resulting in increased expression of GluRl 

homomeric receptors and hyperexcitability of the granule cell population.

Collectively, these studies of subunits of glutamate receptor subtypes provide evidence 

supporting the hypothesis of selective epilepsy-associated changes in neurotransmitter 

receptor subunit expression. Whether these changes represent mechanisms of 

pathogenesis or compensatory reactions in surviving neurones is as yet unclear. These 

studies also h igh li^ t the importance of interpretation of autoradiography or 

immunohistochemistry data within the context of changes in neuronal density associated 

with TLE in order to ascertain functional consequences of altered receptor subunit 

expression in surviving hippocampal neurones.

4.46 Limitations o fm  situ hybridisation studies o f  human tissue 

The effects of ageing upon GABAa subunit mRNA expression are relevant in the 

present study due to the mismatch in age between epileptic patients and post-mortem 

controls. Gutierrez et al (1996) studied expression of the mRNAs encoding the a l ,  p2, 

P3, and y2 subunits of the GABAaR in hippocampus from young and old Fischer 344
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and Sprague Dawley rats, using quantitative in situ hybridisation and 

immunohistochemistry. A significant increase in signal was detected for the a l  mRNA 

in aged rats in the DG (+76% compared to young controls) and the CAl subfield 

(+30%). No significant ageing-related changes were observed for the (32, p3 or y2 

subunit mRNAs with the exception of P2 which was slightly increased (+12%) in DG 

and CA3 compared with young controls. The increase in a l  mRNA was found to be 

matched by an increase in a l  subunit protein, as detected by quantitative 

immunohistochemistry, again in the DG (+19%) and CAl (+14%). The use of splice- 

variant-selective antibodies to the y2 subunit revealed a small age-related increase (+7 to 

10%) of y2L subunit protein in the Cornu Ammonis but not DG.

Should the above findings of an age-related increase in a l  mRNA expression hold for 

humans, this would reinforce significance of the findings reported in this thesis of an 

epilepsy-associated increase in expression of a l  mRNA in the hippocampus of the 

younger epileptic group. However, age-related changes in expression of other GABAa 

mRNAs have been described in other rat brain regions, including increased a2 and yl 

mRNA in the inferior colliculus (Milbrandt et al 1997) and decreases in a l ,  P2, p3, y2 

and 5 mRNA in the cerebellum and cerebral cortex. Therefore, age-related changes in 

GABAa subunit mRNA expression in the older control group used in the studies 

reported in this thesis cannot be excluded.

It is interesting to note that the total number of GABAa/BZ receptors was found to be 

unaltered with age in previous studies by Gutierrez et al (1996) and the authors suggest 

that this indicates increasing proportions of the a l  subunit-containing GABAa receptors 

at the expense of GABAa receptors with other subunit combinations. This provides 

evidence for at least one possible explanation for the discrepancy between 

autoradiography and in situ hybridisation data reported in this thesis.

Also notable is the discrepancy between previous binding studies and the current in situ 

hybridisation studies by Gutierrez and colleagues (1996) in terms of anatomical 

correlation of changes in GABAa receptor subunits. Age-related increases in binding of 

^H-zolpidem, a ligand selective for Type I GABAa receptors, were found in CA2 and

187



Chapter 4: Discussion

CA3 primarily and to a lesser extent in the DG and CAl compared to increases in a l  

mRNA which were confined to the DG and CAl (Ruano et al 1995). As discussed by 

the authors, this illustrates the tendency of in situ hybridisation to detect mRNA located 

primarily in the neuronal cell body compared with immunohistochemistry, which 

detects both assembled and non-assembled receptor subunits, present on distant synaptic 

sites or within the cytoplasm respectively, and receptor autoradiography, which detects 

fully assembled and membrane-associated receptors present at synaptic sites which may 

be distant from the cell body.

Given the often rapid decay of RNA in vivo (for review see Hargrove & Schmidt 1989) 

it is reasonable to assume that post-mortem interval may have a significant effect upon 

mRNA detected by in situ hybridisation in autopsy control tissue used in the current 

study when compared with fresh-j&ozen biopsy tissue.

Barton and colleagues (1993) published a review of studies of post-mortem RNA levels 

in brain including quantity of extractable total and poly(A)^ mRNA and individual 

mRNA species as assessed by in situ hybridisation or Northern blot. The majority of 

studies of extractable total or poly(A)^ mRNA indicate no effect of post-mortem interval 

between 2 and 36 hours and comparison with biopsy tissue indicated no difference in 

RNA quantities from tissue not subject to post-mortem interval compared with tissue 

subject to extended post-mortem intervals. Studies of individual mRNA species, 

including some mRNAs encoding neurotransmitter receptor proteins, also indicated no 

effect of post-mortem interval in the majority of instances and Northern blot analysis 

excluded breakdown of the RNA strand which may go undetected when using short 

oligonucleotides for in situ hybridisation. Despite the weight of evidence against an 

effect of post-mortem interval upon mRNA levels, differential effects of post-mortem 

interval upon individual RNAs due to selective susceptibilities to degradation cannot be 

excluded and Barton and colleagues advise documentation and matching of post

mortem intervals between groups in studies of mRNA in human brain tissue.

If degradation of GABAa receptor subunit mRNA occurred with post-mortem interval, 

this could partially explain the findings reported in the current study as autopsy controls 

were compared with biopsy specimens, not subject to post-mortem delay, from the
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epileptic patients. However, differential changes in RNA expression observed in TLE 

would argue against an overall effect of post-mortem delay on levels of GABAa 

receptor subunits.

It is interesting to note the results of a preliminary study by Mathem et al (1997) to 

assess the effects of post mortem delay upon glutamate receptor subunit mRNA levels in 

rat brain tissue. When compared with perfusion-fixed rat brain, immersion-fixed tissue 

showed significant loss of mRNA signal ranging from 34% of control to 82% of control 

for the various subunits examined. However, when immediate immersion fixation was 

compared with delays at room temperature of 8 or 24 hours, no significant changes in 

mRNA signal were observed for any subunit and longer post mortem delay did not 

correlate with changes in AMPA or NMDA mRNA hybridisation signal. These data 

would suggest that comparison of biopsy tissue from surgical resections, fixed 

immediately by freezing, with autopsy specimens, fixed at various post mortem intervals 

up to 24 hours, is a valid approach to studies of this type. However, the variation in loss 

of signal between perfusion-fixed and immersion-fixed specimens for different subunit 

mRNAs emphasises the difficulty in comparing hybridisation levels of different mRNA 

species despite normalisation for other variables such as probe specific activity and film 

exposure times. Mathem and colleagues (1997) also report in their study that AMPA 

and NMDA mRNA hybridisation densities did not correlate with age at surgery or 

autopsy or duration of cold storage prior to hybridisation.

Barton et al attribute greater importance to the effects of agonal state upon detectable 

levels of RNA in post-mortem or biopsy specimens of human brain (Barton et al 1993). 

Factors such as hypoxia, pyrexia, dmg administration, endocrine function, stress and 

neuronal activity (e.g. seizures) may all influence expression of specific mRNA species.

Although it may be reasonable to assume a relatively consistent agonal state amongst 

the epileptic patients undergoing hippocampal resective surgery, no information was 

available on conditions preceding death for the controls used in the current study. It 

would appear from the published literature that mRNAs vary in their susceptibility to 

agonal state (Barton et al 1993) but it is impossible to predict the extent of the effect of 

agonal state upon the expression of mRNA for GABAa subunits reported for the control
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individuals. However, for the majority of experiments described in this thesis, pH, 

which has been used as an indicator of agonal state (Kingsbury et al 1995), was 

measured for the autopsy specimens and only controls with a pH greater than 6.3, 

indicating favorable agonal state, were selected for further study.

4.47 GABAa/B Z  receptor mRNA expression and chronic medication 

The influence of chronic medication upon GABAa subunit mRNA levels in the 

hippocampus may represent the most significant external factor which tnust be 

considered in the interpretation of findings reported here, particularly for the TLE group. 

Although the majority of patients included in this study were receiving anti-epileptic 

drugs not thought to act primarily at the GABAa receptor, any medication which affects 

neurotransmission in the hippocampus, excitatory or inhibitory, could conceivably result 

in altered subunit mRNA expression.

Studies of primary cultured mammalian cerebral cortical neurones revealed a decrease 

in levels of mRNA encoding the a2 and a3 subunits of the GABAa receptor and their 

corresponding polypeptides following chronic treatment with GABA as determined by 

Northern blotting and immunoblotting techniques (Mhatre & Ticku, 1994). A reduction 

in a2 mRNA due to AED treatment would reinforce the findings of increased 

expression of a2 mRNA associated with HS, described herein.

Fenelon & Herbison (1996) examined expression of several GABAa subunit mRNAs by 

in situ hybridisation in rats treated for 3 days with vigabatrin (y-vinyl-GABA), an 

inhibitor of GABA transaminase, resulting in approximately two-fold increases in brain 

GABA content. Compared with vehicle-treated controls, selective changes in subunit 

mRNA levels ranging from -49% to +30% were observed for specific subunits in 

defined brain areas. The hippocampus was not studied.

Kim et al (1993) studied the effects of GABA and the GABA agonist THTP on levels of 

mRNAs encoding al,a5,pi,p2,p3,y2 and 5 subunits of the GABAa receptor in cultured 

primary granule cells from neonatal rats using polymerase chain reaction. Levels of a l  

and p2 mRNA in the cultured cells were found to be significantly increased when cells
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were treated with either 50|iM GABA or 150jj,M THDDP for 6 hours. This was 

accompanied by a two-fold increase in the number of muscimol binding sites (although 

affinity state was not characterised). This induction of mRNA expression by GABA and 

TRIP was abolished by bicuculline suggesting that activation of the GABAa receptor 

itself is necessary for the changes in mRNA expression observed.

Together, data from the previous two studies provide evidence to support the hypothesis 

that chronic treatment with AEDs affecting GABA levels may result in altered 

expression of GABAa subunits compared with naive control individuals. One of the 

patients included in the current study (PG) was receiving treatment with vigabatrin 

which would be expected to increase cerebral GABA levels however, neuronal density- 

corrected mRNA levels for this patient were not significantly different from other 

patients not receiving this drug.

The effects of chronic diazepam administration on expression of a l  and pi GABAa 

mRNA in several regions of rat brain were examined using poly(A)^ mRNA extraction 

followed by Northern blot hybridisation (Heninger et al 1990). Chronic administration 

of diazepam was found to induce a decrease in levels of a l  mRNA in the cortex but not 

the hippocampus, relative to vehicle-treated controls. No change in p i mRNA was 

observed with chronic treatment. Acute treatment with diazepam was not found to 

influence a l  or pi mRNA expression.

In contrast to these findings, Wu et al (1994) reported a significant decrease (-40%) in 

a l  mRNA expression in the hippocampus of rats treated with continuous diazepam for 

3 weeks. A significant reduction in a5 mRNA (-15%) associated with chronic 

diazepam was also observed within the hippocampus. Zhao et al (1994) working in the 

same laboratories, studied the effects of chronic flurazepam on GABAa mRNA 

expression and reported significant reductions of P2 and p3 mRNA in the hippocampus 

of flurazepam-treated rats relative to vehicle-treated controls. p3 mRNA levels were 

found to be significantly reduced in hippocampus following only 4 hours of treatment. 

These studies would suggest that chronic treatment effects upon GABAa mRNA 

expression are dependent upon the choice of benzodiazepine.
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Interestingly, the changes observed in the latter two studies had reversed 48 hours after 

discontinuation of treatment, thus endorsing our protocol of a 2 week benzodiazepine 

washout for patients included in the current study.

The majority of the patients included in the current study were receiving long-term 

treatment with carbamazepine. Clark et al (1994) examined expression of GABAa 

subunit mRNAs (a l, a l,  a4, p i, p3 & y2) in hippocampus from rats treated with 

carbamazepine or vehicle and compared electrically kindled rats with sham-operated 

controls. No differences between carbamazepine or vehicle-treated sham groups were 

observed for any of the subunit mRNAs examined. Kindling was found to induce 

expression of a4 mRNA and this increase was attenuated in rats treated with 

carbamazepine prior to kindling stimulations and considered tolerant to carbamazepine. 

The authors speculate that carbamazepine may act to modulate the central 

benzodiazepine receptor indirectly through steroidogenesis following actions of the drug 

at the mitochondrial peripheral benzodiazepine receptor. The consequences of these 

findings for the current study are unclear at present but no clear trend was evident for 

patients treated with carbamazepine to display lower levels of a4 mRNA.

The barbiturate phenobarbitone was being administered to one of the patients included 

in experiments for this thesis and Tseng and colleagues (1994) reported reduced levels 

of GABAa a l  mRNA in the hippocampus of rats rendered tolerant to pentobarbital 

compared with rats withdrawn from continuous pentobarbital but not compared with 

vehicle-treated controls. No changes were evident for GABAa P3 or y2 mRNA in 

pentobarbital-tolerant rats however (Tseng et al 1993). In the light of this evidence, 

albeit from a limited number of subunits, it would seem unlikely that prior 

administration of phenobarbitone to one individual included in the current study would 

influence reported findings for GABAa mRNA expression in TLE.

Information on the effects of chronic administration of the other anti-epileptic drugs 

being taken by the patients included in this thesis upon GABAa subunit mRNA 

expression is not available at present on an individual drug basis and the potential
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influence of medication history upon findings reported in the current study must, 

therefore be home in mind when interpreting the data.

Aside jfrom prescribed medication, the use of “recreational drugs” by the patients or 

controls involved in the current study cannot be excluded. Charlton et al (1997) have 

examined the influence of ethanol administration upon expression of GABAa receptor 

subunit mRNA in several regions of rat brain using Western blots with a l  and a5 

selective antibodies and ribonuclease protection assay with a l  and a5 specific 

riboprobes. After 12 weeks of chronic treatment, a significant reduction of the a l  

subunit protein and mRNA was observed in the hippocampus (-32% and -47% 

respectively). An apparent increase in a5 protein at 12 weeks in the ethanol-treated rats 

was not considered significant but a significant corresponding increase in a5 mRNA 

was also detected (164% of controls). The significance of these findings when 

translated to occasional alcohol intake in humans is difficult to ascertain.

4.5 Immunohistochemistry of GABAa receptor suhunits in 

TLE

4.51 Antibody specificity

Antibody specificity has been described for monoclonal antibody bd-17 by Schoch et al 

(1985) and Haring et al (1985) which has been shown to react with both P2 and p3 

subunits. Specificity of the bd-24 antibody for the a l  subunit was reported by Ewert et 

al (1990). Both antibodies have been well characterised and are now available 

commercially from Boehringer Mannheim Ltd.

4.52 GABAa receptor subunit immunohistochemistry in human hippocampus 

Patterns of distribution for the bd-24 and bd-17 monoclonal antibodies, labelling 

GABAa receptor a l  and P2/3 subunits respectively, correlate well with previous reports 

using these antibodies in normal human hippocampus (Schoch et al 1985; Houser et al 

1988). The intensity of dendritic staining in the CAl prevented assessment of neuronal 

cell body labelling however, and staining of the neuropil in the granule cell layer also
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hindered localisation of the immunohistochemical reaction product in this region. In 

addition, staining of hippocampal intemeurones for p2/3 subunit, reported previously, 

was not evident in the current study, possibly due to inadequate development of the 

DAB reaction product resulting in lower levels of staining intensity overall. However, 

as tissue jfrom control specimens and HS specimens was handled and processed in an 

identical manner for immunohistochemistry, a semi-quantitative assessment of epilepsy- 

associated changes in labelling intensity is supported.

Use of microwave pretreatment of the formalin-fixed, paraffin-embedded tissue sections 

resulted in considerable improvement in ratios of specific staining to background signal 

without loss of tissue morphology and may represent the optimal pretreatment of human 

brain autopsy specimens for immunohistochemical studies, the majority of which are 

fixed in this manner.

4.53 GABAa receptor subunit immunohistochemistry in TLE  

In the present study, increased staining intensity for the a l  subunit was evident in the 

granule cell layer of the dentate gyrus, surviving pyramidal neurones in the CA2 and 

CAl and intemeurones of the hilus, CA2 and CAl in HS. A striking epilepsy- 

associated increase in a  1 -immunopositive staining was observed in the subiculum. A 

loss of staining intensity for a l  was apparent in the hilus, pyramidal cell dendrites in the 

CA3 and CAl and intemeurones in the CA3 subfield.

Distribution and staining intensity of the p2/3 antibody in the dentate gyms and hilus 

revealed little if any discemible difference in labelling between the epileptic and control 

groups. CA3 pyramidal cell somata however, appeared more densely stained in HS 

compared to controls. A slight increase in staining of the neuropil and neuronal cell 

bodies of the stratum pyramidale of CA2 was also evident in epilepsy specimens. In the 

CAl a dramatic loss of immunopositive neurones and their associated processes was 

apparent in HS, however, sparse immunopositive cells were visible in this subfield in 

the epilepsy specimens. Again a striking epilepsy-associated increase in p2/3- 

immunopositive staining was observed in the subiculum and a slight increase in staining 

of intemeurones was apparent in the hilus and Ammon’s Hom.

194



Chapter 4: Discussion

Observations by Wolf et al (1994) of intense immunoreactivity for the GABAa receptor 

a l  subunit in preserved neurones in HS, support in situ hybridisation findings reported 

in the present study of increased expression of mRNA per neurone in hippocampus 

resected from patients with TLE in comparison with controls. The authors reported 

several cases of clear HS which demonstrated no loss or only slight loss of a l  

immunoreactivity suggesting an upregulation of the a l  subunit in surviving neurones.

Results from the current in situ hybridisation and immunohistochemistry studies are 

also supported by preliminarly reports from Loup et al (1997) of an increase of 

immunoreactivity for the a l ,  a2, a3, and y2 subunits of the GABAa receptor, in 

surviving neurones of the DG from epileptic patients compared to neurologically normal 

post-mortem controls.

4.54 Limitations o f  immunohistochemistry studies o f  human tissue 

Immunohistochemistry studies of neurotransmitter receptor proteins in tissue resected 

from patients with refractory epilepsy and compared with post-mortem controls are 

subject to the same caveats as discussed previously for the receptor autoradiography and 

in situ hybridisation techniques.

Interestingly, studies of GABAa a l  subunit mRNA in resected human hippocampi 

(Wolf et al 1994), revealed no correlation between changes in immunoreactivity and 

patient’s age at surgery, duration of epilepsy or age of onset of the seizure disorder.

4.6 Interpretation of collective findings from GABAa/BZ 

receptor autoradiography, in situ hybridisation and 

immunohistochemistry.

Several important questions must be addressed in the interpretation of data accumulated 

on the human GABAa/BZ receptor in TLE as reported in this thesis. Firstly, do the 

separate techniques complement and support findings from each of the other techniques.
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thus validating the reported findings. For example, can altered subunit composition of 

the GABAa receptor in TLE, suggested by in situ hybridisation and 

immunohistochemistry, explain the observed epilepsy-associated changes in 

GABAa/BZ receptor Bmax and Kd reported earlier? Secondly, what, if any, are the 

functional consequences of the observed changes in GABAa receptor number, affinity 

and subunit composition and could they contribute to a reduced seizure threshold in 

TLE?

4.61 Correlation o f  receptor autoradiography y in situ hybridisation and 

immunohistochemistry data.

Opposite changes or no changes in binding, compared to altered mRNA expression and 

subunit protein levels observed in the studies performed for this thesis are difficult to 

interpret. However, Kamphuis et a l{ \9 9 \)  describe increased expression of a2, a4 and 

y2 subunit mRNA in the CAl of kindled rats despite reports of loss of ̂ H-muscimol and 

^H-flunitrazepam binding. The authors speculate that this may reflect aberrant 

translation or post-translational processing of the GABAa receptor subunits. Also 

conceivable are persistently modified receptor phosphorylation resulting in a 

dysfunctional receptor with loss of binding and/or increased receptor protein turnover 

resulting in efforts by the postsynaptic neurone to produce more receptor by increasing 

mRNA expression or the presynaptic neurone to increase GABA release. Increased 

expression of the y2g subunit for example, may mean loss of PKC/calmodulin- 

dependent kinase II phosphorylation sites on the y2L subunit (Moss et al 1992a).

In the current study, maintained levels of ^H-flumazenil binding in all subfields except 

the CAl despite increases in mRNA and protein for several of the receptor subunits 

examined may be explained by the concurrent findings from in situ hybridisation 

studies of the y2 subunit which suggest no change in y2 mRNA in any hippocampal 

subfield apart from the dentate gyrus and subiculum. As mentioned in the introduction, 

the benzodiazepine binding site is thought to be made up of determinants from both 

alpha and gamma subunits and flumazenil is known to have negligible affinity for the yl 

subunit. This does not explain why ^H-flumazenil Bmax is not upregulated in surviving 

cells of the dentate gyrus or subiculum in parallel with increased y2 mRNA, nor the
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decreased Bmax in the CAl in HS despite no change in y2 mRNA. Expression studies of 

recombinant GABAa receptors containing the a4, P2, & y2 subunits have indicated a 

high affinity for GABA and muscimol but negligible affinity for flumazenil. An 

apparent increase in a4 mRNA expression in the CAl in HS may explain why a loss of 

^H-flumazenil binding sites was detected on surviving neurones, despite increased 

expression of several GABAa receptor subunit mRNAs (Wisden et al 1991). Similarly, 

if a4 subunits are upregulated in other subfields of the hippocampus, this would 

possibly explain the failure to observe upregulation in ^H-flumazenil binding on 

surviving hippocampal neurones in HS despite increased GABAa receptor subunit 

mRNA.

An alternative explanation for the discrepancy in binding and in situ hybridisation data 

may be a failure of some sort in the translation of GABAa subunit mRNAs due to a 

failure of the translation mechanisms in the hippocampus or, more likely, due to defects 

in the actual mRNAs themselves preventing translation from occurring. Additionally, 

the malfunction of receptor subunit assembly and co-localisation or transport to the cell 

membranes may be involved. Finally, one might speculate that altered phosphorylation 

of the receptors in HS due to subunit plasticity or an alternative mechanism may also 

result in a loss of BZ site binding without a corresponding loss of subunit mRNA.

Increased affinity for ^H-flumazenil in the dentate gyrus, hilus and subiculum in TLE 

observed in the present study could be explained by a number of alterations in receptor 

subunit composition (Sieghart, 1995) such as preferential expression of y2 rather than y3 

subunits in combination with a l  and p2, expression of p i rather than p2 or p3 subunits 

in combination with a l  and y2, expression of a5 rather than a l  or a2 subunits in 

combination with p2 and y2 or alternatively, expression of a l  rather than the a4 

subunit, which appears to be the case in the current study in the dentate gyrus and hilus 

at least. A more comprehensive study of all subunit mRNAs is necessary to fully 

elucidate the mechanism of changes in ^H-flumazenil affinity in HS.

Zheng et al (1996) reported increased levels of GABAa ocl and a6 subunit mRNAs in 

cultured cerebellar granule cells exposed chronically to lOpM flumazenil. The authors
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speculate that the effects of flumazenil upon GABAa subunit mRNA expression are 

possibly mediated by blocking the modulation of the GABAa receptor by endogenous 

substances. This may be relevant for the changes in ^H-flumazenil binding affinity 

observed in the current study.

Evidence from in situ hybridisation studies of the GABAa receptor a l  subunit mRNA 

correlate well with findings from immunohistochemistry studies using the bd-24 

monoclonal antibody in the present study. Epilepsy-associated increases in a l  mRNA 

per neurone in the DG were confirmed by increased immunoreactivity for the a l  protein 

in the granule cell layer of the dentate gyrus and increased a l  mRNA in the hilus and 

CA2 were reflected by an increased staining of intemeurones in these subfields for the 

bd-24 antibody.

The lack of evidence for any obvious changes in p3 mRNA per neurone in most 

subfields of the hippocampus in HS, despite semi-quantitative immunohistochemical 

data supporting epilepsy-associated increases in p2/3 subunit protein may be due to an 

upregulation of the p2 subunit protein in HS which would not be discemible from the 

P3 subunit using the bd-17 monoclonal antibody employed for studies reported in this 

thesis. The apparent loss of p3 mRNA signal in surviving neurones in the CAl in HS 

may be related to a loss of immunoreactivity associated with the dendrites of these 

neurones as reported in section 3.63.

4.62 Functional consequences o f  epilepsy-associated changes in the GABAa 

receptor

The implications of a decrease in benzodiazepine receptor binding in surviving neurones 

of the CAl in the TLE specimens depend upon the cellular localisation of the receptor. 

A loss of inhibitory receptors on pyramidal cell somata would be expected to result in 

hyperexcitability of this neuronal population, disconnecting the pyramidal neurones 

from inhibitory influences of CA3 Schaffer collaterals (via local inhibitory 

intemeurones), and possibly dismpting the inhibitory segregation of hippocampal 

functional lamellae as proposed by Sloviter (Sloviter, 1994). A loss of inhibitory 

receptors on surviving GABAergic intemeurone cell bodies would suggest a
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compensatory response to a hyperexcitable environment, removing disinhibitory 

pathways in the CAl subfield. The efficacy of GABA-enhancing pharmacological 

agents in preventing seizures would indicate that the former mechanism is more likely.

The physiological effects of an increase in affinity for ^H-fiumazenil in the dentate 

gyrus, hilus and subiculum in HS are difficult to predict. If affinity for flumazenil 

correlates with affinity for endogenous agonists or inverse agonists at the 

benzodiazepine receptor then the functional consequences would be enhanced inhibitory 

neurotransmission or compromised inhibitory neurotransmission respectively. Again 

the overall effects would depend upon the neuronal type displaying the postsynaptic 

GABAa receptor in question. Affinity for both GABA and flumazenil would be 

expected to increase with preferential expression of the a l  subunit, as reported in the 

DG and hilus in the present study.

There are a number of possible mechanisms through which an altered subunit 

composition of the GABAa receptor in the hippocampus may lead to compromised 

GABAergic inhibition in TLE. These include: a lower affinity for GABA; lower 

efficacy of GABA at the receptor; altered affinity for putative endogenous ligands 

(including neuroactive steroids) at the GABAa/BZ receptor; altered allosteric coupling 

between GABA and endogenous ligands; altered phosphorylation and/or glycosylation 

of the receptor; permeability of the GABAa receptor chloride channel for bicarbonate 

ions; increased susceptibility to excitotoxicity and; increased susceptibility to zinc- 

inhibition.

Increased expression of the a5 and a l  subunits in exchange for other alpha subunits 

would be expected to increase the sensitivity of the resultant channels to GABA 

(Levitan et al 1988; Sigel et al 1990) and results fi'om the current study indicate a 

selective greater upregulation of a l  mRNA in HS in several hippocampal subfields 

examined indicating a possible compensatory response to increased neuronal excitability 

in HS. A seven-fold reduction in affinity for GABA at GABAa receptors containing a 

gamma subunit has been demonstrated (Sigel et al 1990) and this may have implications 

in the hilus where mRNA for the y2 subunit appears to be selectively upregulated in HS, 

possibly resulting in reduced GABAergic inhibition in this subfield, in contrast to the
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CA2, where reduced y2 expression may represent an attempt to increase efficacy of 

GABAergic inhibition. The choice of p subunit appeared to have little effect upon 

affinity for ^H-GABA at the G ABA a receptor when co-expressed with the a l  subunit 

in Xenopus oocytes (Ebert et al 1994). However, when co-expressed with the a5 

subunit, an increase in affinity was observed, depending on choice of p subunit, in the 

order p3>p2>pl. This may indicate a decrease in affinity for GABA at G ABAa 

receptors in surviving neurones of the CAl in HS as a consequence of a decrease in p3 

subunit expression indicated by studies performed for this thesis.

Endogenous substances present in the CNS have been reported to allosterically 

modulate GABA-induced chloride conductance via the benzodiazepine site of the 

GABAa receptor chloride channel complex in both a positive and negative manner 

(Rothstein et al 1992; Bormann et al 1985). Membrane binding studies of several 

identified so-called endozepines indicated a heterogeneity in their abilities to displace 

^H-zolpidem or ^H-flunitrazepam binding. Zolpidem has a higher affinity for the a l  

subunit-containing Type I BZR compared to flunitrazepam which does not distinguish 

between Type I and Type II sites. This evidence would suggest, therefore, that a 

potential for subunit selectivity exists amongst the endozepines which may be important 

in pathophysiological states involving plasticity of GABAa receptor subunit expression 

such as HS.

Other endogenous substances capable of allosterically modulating the G ABA a receptor 

in the brain include the neuroactive steroids. The gonadal and adrenal steroids 

progesterone and deoxycorticosterone respectively, and their reduced metabolites have 

been shown to enhance G ABA a receptor-mediated chloride ion conductance (Callachan 

et al 1987; Peters et al 1988). Neurosteroids which have been found to be produced in 

the brain itself such as pregnenolone, dehydroepiandrosterone and their sulphated 

metabolites, have an allosteric suppressive effect upon the GABA response (Majewska 

& Schwartz, 1987). Studies of G ABAa receptor subunit mRNAs expressed in Xenopus 

oocytes have concluded that, when co-expressed with p 1 and y2 subunits, the choice of 

a  subunit had a significant effect upon the ability of pregnenolone sulphate (PS) to 

reduce chloride channel opening frequency in response to GABA (Zaman et al 1992).
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PS was four and tenfold more potent at receptors containing the a2 and a3 subunits 

respectively, compared to a l .  This would suggest a compensatory response to increased 

hippocampal excitability in HS if the predominant upregulation of a l  mRNA leads to 

the expression of GABAa receptors less susceptible to inhibition by endogenous 

neurosteroids. Evidence supporting this hypothesis has been reported by Shingai et al 

(1991), who demonstrated greater potentiation of the positive modulatory effects of the 

progesterone metabolite 3a-hydroxy-5a-pregnan-20-one on GABA currents in Xenopus 

oocytes expressing the a l  or a3 subunits in combination with p i, compared to a2/pl 

combinations (Shingai et al 1991). Both of the previous reports also observed a 

significant effect of the y2 subunit upon steroid modulation of the GABAa receptor, 

enhancing responses to neurosteroids at certain subunit combinations. Interpretation of 

this finding is dependent upon physiological concentrations of both positive and 

negative modulatory neurosteroids in the hippocampus.

Consensus sites for phosphorylation by protein kinase C (PKC), are present on the large 

cytoplasmic loop of all human G ABA a receptor subunits. PKC activators such as 

phorbol esters were found to decrease GABA-activated current amplitudes by 

phosphorylation of certain residues when several subunit combinations were expressed 

in Xenopus oocytes (Krishek et al 1994). The longer splice variant of the y2 subunit 

contains a phosphorylation site within the 8 extra amino acids insertion and this 

phosphorylation site was found to provide the largest inhibition of GABA-activated 

current amplitude. The antisense oligonucleotide to the y2 subunit mRNA employed in 

the current study did not differentiate between splice variants of the y2 subunit but long 

term decreases in y2L mRNA expression reported in the electrical kindling model of 

epilepsy (Kamphuis et al 1995) may represent an adaptive response among hippocampal 

neurones to a potential increase in phosphorylation of the G ABA a receptor in epilepsy. 

Conversely, if the increased expression of y2 mRNA reported in this thesis in HS 

represent y2L then this could underlie an increase in sensitivity to phosphorylation- 

induced decrement of GABA-mediated inhibition in TLB.

In contrast to PKC phosphorylation, not all GABAa subunits contain phosphorylation 

sites for protein kinase A (PKA) and notable exceptions include the a l ,  a2 and a5
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subunits predominant in the hippocampus. PKA-mediated phosphorylation at the pi 

subunit has been associated with a decrease in GABA-mediated chloride current (Moss 

et al 1992b) and the predominant epilepsy-associated increase in a l  mRNA expression 

reported in the present study may indicate a reduced sensitivity of surviving 

hippocampal neurones to PKA-mediated disinhibition.

Findings from animal models of epilepsy may also provide clues as to the functional 

consequences of altered GABAa receptor subunit composition. Observations by Jakoi 

et al (1995) of synchronous epileptiform bursts in neuronal cultures treated with a2 

antisense oligonucleotide may be relevant for the apparent relative loss of a2 mRNA 

reported herein for the pyramidal layer of CA2 in HS specimens. With respect to 

susceptibility to excitotoxicity, as mentioned in the Introduction, infusion of an 

antisense oligonucleotide to the y2 subunit was found to result in hippocampal neuronal 

loss in rats (Karle et al 1995). However, in the current study an apparent loss of y2 

mRNA was only evident in the CA2 subfield, where neurones are relatively spared in 

HS. The epilepsy-prone phenotype resulting from selective knockout of the p3 subunit 

in mice may emphasise the significance of proposed epilepsy-associated decreased p3 

mRNA expression in the CAl of the epileptic patients described in the current study.

Involvement of zinc in mechanisms of increased seizure susceptibility in epilepsy was 

suggested by Buhl et al (1996) following the observation of an epilepsy-associated 

increase in the sensitivity of GABAergic inhibitory neurotransmission in the dentate 

gyrus of electrically kindled rats to zinc perfusion. This phenomenon was attributed to 

direct antagonism of the G ABA a receptor by zinc, was not evident in control animals, 

and was postulated to be due to altered G ABA a receptor subunit composition in the 

kindled animals. Susceptibility to zinc-inhibition is primarily dependent upon the 

absence of a gamma subunit in the G ABA a receptor. Recently however, susceptibility 

to zinc-inhibition of GABA-mediated chloride current has been demonstrated in gamma 

subunit-containing G ABA a receptors expressed in Xenopus oocytes (White & Gurley, 

1995). Maximal inhibition of GABAergic inhibition was greater in a2 or a3 subunit- 

containing receptors compared to a l .  The preferential upregulation of a l  mRNA 

demonstrated in the current study may suggest an attempt in the epileptic hippocampus
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of surviving neurones to reduce the sensitivity of their GABA receptors to zinc released 

jfrom mossy fibres. In addition, the relative loss of the y2 subunit apparent in CA2 in 

HS, may indicate an attempt to restore normal inhibitory transmission in this subfield by 

reducing the susceptibility of surviving pyramidal cells to zinc-induced disinhibition and 

increasing their affinity for GABA. Zinc has also been shown to significantly inhibit the 

actions of GABA at receptors containing the a l ,  (31 & 5 subunits, despite the absence of 

a y subunit (Saxena & MacDonald, 1994). The implications of this finding for human 

epilepsy have not been evaluated in this thesis.

Morphologic and neuronal connectivity criteria must also be considered in the 

interpretation of epilepsy-associated changes in G ABA a subunit mRNA expression. 

GABAergic intemeurones in the DG receive innervation from the granule cells of the 

hilus but also j&om GABAergic neurones from the medial septum and other GABAergic 

local circuit intemeurones. Input from either of the latter two sources may mediate 

disinhibition of the granule cells and this may be suggested by upregulation of G ABA a 

subunits in intemeurones in TLE. Basket cells are also particularly effective in 

synchronising the sub and suprathreshold activity of large populations of pyramidal cells 

(Cobb et al 1995). The involvement of G ABA a receptors in neuronal synchrony in the 

hippocampus and the potential for GABA-induced depolarisation of hippocampal 

principal neurones may play an important role in seizure susceptibility and 

epileptogenesis and may be subunit dependent. Van den Pol and colleagues (1996) have 

demonstrated depolarising effects of GABA on cultured hypothalamic neurones exposed 

to physical trauma, associated with increases in intracellular calcium. The implications 

of the findings reported in this thesis for paradoxical GABAergic excitatory activity is 

not known.

The widely accepted dormant basket cell hypothesis proposed by Sloviter (1991) would 

suggest that hilar neuronal loss following an initial insult, and subsequent deprivation of 

excitatory input to local inhibitory intemeurones of the dentate gyms, results in 

hyperexcitability and disinhibition of the dentate gyms granule cells and the 

development of further neuronal loss and eventually TLE. This hypothesis would 

exclude any influence of receptor subunit plasticity demonstrated in this thesis. 

However, studies of the kindling model by Buhl and colleagues have demonstrated
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evidence suggesting an enhanced excitatory drive onto the inhibitory intemeurones 

which control granule cell firing (Buhl et al 1996) and augmented inhibition which was 

sensitive to zinc as discussed earlier. Furthermore, the dormant basket cell hypothesis 

does not attempt to provide an explanation for the mechanisms underlying initial hilar 

neurone loss which may involve altered GABAa receptor subunit composition and 

ensuing compromised inhibitory neurotransmission .
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Chapter 5
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5.1 Conclusions

This study has demonstrated a significant decrease in central benzodiazepine binding 

sites in all subfields of the human hippocampus in HS. This loss of cBZR binding sites 

would appear to be primarily due to changes in neuronal density characteristic of this 

pathology, however, in the CAl subfield, a reduced BZ receptor concentration was 

evident on surviving neurones in the HS group. This finding may indicate an epilepsy- 

associated loss of functional GABAergic inhibition in this area resulting in increased 

seizure susceptibility. Significant increases in binding affinity were also demonstrated in 

several hippocampal subfields in HS. Putative mechanisms underlying this change in 

receptor affinity include: epilepsy-associated changes in subunit composition of the 

GABAa receptor or; variations in concentration or affinity of endogenous ligands 

competing for the ^H-flumazenil binding site.

It has been shown, using positron emission tomography that cBZR binding is reduced in 

vivo in patients with HS-associated TLE (Koepp et al 1996). A loss of receptor density 

on surviving CAl neurones, in addition to loss of cBZRs due to overall neuronal loss, 

clarifies the basis for these PET findings. A significant correlation was demonstrated 

between autoradiography and PET data from the same individuals prior to 

hippocampectomy. These results are consistent with recent data from our group 

demonstrating that loss of [^^C]-flumazenil PET binding is more significant than 

changes in hippocampal volume measures on magnetic resonance imaging (MRI), in HS 

(Koepp et al 1995). This suggests therefore, that [*^C]-flumazenil PET may be sensitive 

enough to detect abnormalities in vivo when structural imaging using MRI is normal.

Investigation of GABAa subunit mRNA expression in human TLE with HS has 

revealed evidence of epilepsy-associated receptor plasticity and these findings were 

supported by data from immunohistochemistry studies. The predominant finding was a 

general increase in GABAa subunit mRNA expression in surviving neurones of the 

dentate gyrus in HS. However, opposite changes in levels of expression of certain 

subunits, depending upon hippocampal region, would argue against a non-specific effect 

of seizures or external factors such as age, medication or post-mortem interval upon
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mRNA expression. The functional consequences of observed changes in GABAa 

subunit mRNA expression may include: changes in affinity and/or efficacy for GABA 

or endogenous ligands at the GABAa receptor including the neuroactive steroids; 

modification of receptor phosphorylation sites and; altered sensitivity to zinc-inhibition. 

Whether plasticity in GABAa subunit gene expression reflects pathogenesis or 

pathology in TLE is unclear but evidence from animal models would suggest that 

changes in subunit mRNA levels are secondary to the occurrence of ongoing seizure 

activity and may represent adaptive responses reinforcing intact inhibitory transmission. 

The apparent discrepancy between increased mRNA expression per neurone in HS and 

unchanged or reduced BZ binding site concentration may indicate defective translation 

or post-translational processing of the GABAa receptor subunits.

From a methodological perspective, normalisation of receptor autoradiography and in 

situ hybridisation data for neuronal density is essential in the interpretation of findings 

from studies of this type. Changes in neuronal density in pathological states such as 

hippocampal sclerosis, Parkinson's disease or Alzheimer's disease can clearly lead to 

erroneous conclusions unless taken into consideration when assessing the impact of 

changes in receptor density or mRNA expression upon functional neurotransmission and 

putative pathophysiology.

The demonstration of subunit-selective changes in GABAa receptor mRNA expression 

in human TLE may indicate the potential therapeutic value of subunit-selective anti

epileptic drugs. Alternatively, the development of sophisticated drug-delivery systems 

may permit the use of antisense oligonucleotides in efforts to develop more selective 

and effective pharmacotherapy for individuals with currently intractable TLE. The issue 

of prophylactic therapy for epilepsy is currently under debate but it may eventually be 

possible to prevent the plastic changes in GABAa receptor subunit expression in HS 

with appropriate pharmacological intervention, should these changes prove to be 

important in the pathogenesis of TLE.
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5.2 Future work

Further characterisation of GABAa receptor subunit expression in human TLE using 

both in situ hybridisation, immunohistochemistry with subunit-selective antibodies and 

receptor autoradiography using subunit-selective radioligands is required in order to 

complete the picture of epilepsy-associated receptor plasticity in the hippocampus. The 

more recently discovered Ô and s subunits may prove to be particularly important in the 

function of the receptor complex. Inclusion of increased numbers of patients and 

controls would further elucidate apparent changes in subunit mRNA expression 

observed in this study which were not found to be statistically significant.

The combination of in situ hybridisation with immunohistochemistry in double

labelling experiments would provide identification of the types of neurones exhibiting 

altered GABAa mRNA expression in HS and therefore permit more accurate assessment 

of the functional consequences of observed changes in levels of expression.

In addition, further studies of GABAa receptor subunits co-expressed by transfection in 

neuronal cell lines will allow an evaluation of the functional significance of relative 

changes in expression of particular subunits as determined in the present study. These 

studies should concentrate on the influence of GABAa receptor subunit composition on 

affinity and efficacy of GABA and endogenous modulators of the receptor, such as 

neurosteroids, endozipines, zinc, melatonin and chloride ions and also receptor 

phosphorylation, all of which may be relevant in vivo in epilepsy. Complementary 

studies using antisense oligonucleotides in animal models would provide a paradigm for 

investigation of the functional consequences of altered receptor subunit composition in 

the hippocampus in vivo.
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