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ABSTRACT

Nicotinic acetylcholine receptors (nRAChRs) arve ligand-gated ion channels that have
been implicated in a variety of brain functions as well as pathological states. In the
hippocampus, nAChRs appear to modulate both excitulory and inhibitory circuits.
The numerous subunits that make up nAChRSs result in a great diversity of functional
receplors, equipping them with different pharmacological and biophysical properties.
Tt has recently been found that certain forms of epilepsy may arise [rom mutation in
the genes responsible for encoding of nAChR subunits. Moreover, many reports have
shown thut high doses of nicotine induce seizures in animals, which are blocked by
difterent nAChR antagonists. However, the mechanism underling the role of nAChRs
in patterning epileptiform activity is poorly understood. This projcct aims to cstablish
the role that nAChRs may play in cxperimental models of epilepsy and to assess
whether pharmacological agents acting at these receptors might represent a novel

avenue for developing future anticonvulsants.

‘I'o assess the possible modulatory influence of nAChRs on cpileptiform activity, a
range of nAChR ligands were applied during experimentally mduced epileptiform
activity in hippocampal slices prepared from wistar rats (2-6 weeks). Extracellular
recordings were obtained in the stratum pyramidale of the area CA3 (n=280). Initial
experiments investigated the effects of nAChR ligands on 4-aminopyridine (4AP)-
induced epileptiform aclivity. Balh application of 4AP {10-50 M) resulted in the
development of spontaneous epileptiform bursting activity in area CA3 (=250 of
280) occurring regularly at a frequency of 0.4 £ 0.02Hz. Subscquent co-application of
the selective nAChR agonists dimethylphenylpiperuzinium iodide (DMPP; 0.3-300
pM, n=31 of 37), choline {0.3-10 mM, n=23 of 33) and lobeline (3-30 pM, n=8 of
10) produced sustained and concentration-dependeni increases in burst frequency

with maximal frequency potentiation of 37 x 5%, 27 £ 5% and 24 + 11%,
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respectively. The increase in burst frequency induced by nAChR activation was
accompanied by a decrease in the duration of individual burst events, These effects
were reversed upon subsequent washout of nAChR agenist or upon co-application af
selective nAChR antagonists including dihydro-beta-erythroidine (DHBE, 10-30 nM,
n=6 ot 8), alpha-bungarotoxin (¢~-Bgt, 100 oM, n=8) and mecamylamine (50-200 nM,
n=7 of 9).

To assess whether nAChR activation has a modulatory influence over epileptiform
activities more generally we examined the action of DMPP on two additional
pharmacological paradigms. Following bath application of bicuculline (20 pM) or by
incubaling slices In a low magnesium medium, spontaneous intertnittent events
occwred at a mean frequency of 0.146 £ 0.02Hz and 0.165 + 0.02Hz, respectively.
Subscquent co-application of DMPP (10-30 pM, n=24) produced a significant
increase in both bicuculline and low magpesium-induced burst frequency with a
mcan maximal frequency potentiation of 248 + 76% and 110 * 37%, respectively.
These effects were reverscd upon subsequent washout of DMPP or upon co-
application of DHBE (20-40 uM, n=7 of [0). These results suggest that nAChRs may

have a general rolc in regulating a range of pathological neuronal discharges.

The work presented in the rest of the thesis was focused to establish the mechanisms
by which nAChRs mediate their pro-epileptogenic actions. To identify possible
excitatory circuits involved in nAChRs-induced pro-epileptogenic ecffects, we
investigated the eftect of DMPP on evoked glutamatergic synaptic transmission in
area CA3. Bath application of DMPP (30 pM) resulted in a sustained and reversible
enhancement of glitamate afferent evoked fEPSP amplitude by 15.7 + 5.1% (mean *
SEM; £=0.007, n=8 of 12) suggesting that glutamatergic transmission is enhanced by
nAChR activation in thc CA3 region of the hippocampus. In a further set of
experiments we investigated the action of DMPP on epileptiform activily when
glutamate receptors were blocked to uncover possible contribution ol glutamate

receptors in the pro-epileptogenic action of nAChRs. In these experiments application
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of NMDA receptor blocker CGP40116 (S0uM} resulted in a depression of burst
frequency but did not affeet the ability of subsequent DMPP application to potentiate
epileptiform burst frequency. On the other hand, application of the AMPA/Kainate
receptor antagonist NBQX (2 uM} complctcly abolished epileptiform aclivity
suggesting Lhat these receptors are crucial for supporting such activity. Moreover,
subsequent co-application of DMPT failed to reintroduce extraceliular field activity.
However, slices preincubated with a lower concentration of NBQX (0.2 pM), which
results in a partial blockade of AMPA/Kainate receptor-mediated synaptic
transmission, were still able to exhibit buest frequency potentiation upon DMPP
application. These results suggest that NMDA rcceptor activation is nol necessary in
the DMPP-induced burst frequency potentiation and when these receptors are blocked
DMPP can potentiate epileptiform activity through activation of AMPA/Kainate

receptor-mediated circuitry.

Functional nicotinic receplor-mediated responses are most prominently observed in
hippocampal interneurones and thus it is likely that the pro-cpiloptogenic action of
nAChRs is mediated in part through GABAergic circuits, However, such an action of
nAChRs appears to be independent of fast GABAergic fransmission since it is
resistant to the blockade of GABA, veceptors. To identify possible contribution of
the GABAg receptor in the nAChR-induced effect a set of experiments was carried
out in the presence of GABAy receptor unlagonist CGP55845A. Slices pre-incubated
with 1uM CGP55845A were not able to exhibit burst frequency polentiation of 4AP-
induced epileptiform activity upon DMPP application (-8.3 & 7%, n=11). Similarly,
in the presence of 1uM CGPS5845A, slices cxhibited negligible burst frequency
potentiation of bicuculline-induced (20uM)} epileptiform activity upon DMPP
application (27.6 £ 18%, n=9), in comparison to those observed in the absence of
CGP55845A (248 + 76 %, n—14). These data suggests that nAChRs may regulate the
excitability of hippocampal networks through GABAgp receptor-medialed

mechanisms.
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In conclusion, this study demonstrates that nAChRs regulate epileptiform discharges
generaled by a number of different pharmacological manipulations. The cellular
mechanisms generating each pattern of epileptiform activity are quite distinct
involving complex inleracltions bhetween synaptic and non-synaptic elements of
different neuronal circuits. Since nAChRs produce a similar phenotype of modulation
in each epileptiform model it is possible that nAChRs target a comumon cellular
mechanism that is prevalent in each model and which mediates the incrcasc in burst

frequency in these models.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Epilepsy

Epilepsy is a very common neurological discase which affects more than 0.5% of
the world’s population (Kaneko et al., 2002). Epilepsy has been defined as an
“episodic disorder of thc nervous system arising from the excessively
synchronous and sustained discharge of a group of neurones”(Jacksom, 1890).
During epilepsy, brain function is interrupted by usually transient episodes of
abnormal neuronal activity. The term epilepsy refers to recurrent and numerous
episodes of seizures with a sudden and unpredictable onset. Seizures are
characterised by excessive bursts of activity of CNS neurones and are not
necessarily epileptic. At the level of the single neurone, epileptic discharges arc
associated with very rapid bursts of action potentials, which in turn are associated
with abrupt depolarisations oI the membrane potential (Lockard, 1980).
Epilepsics may be caused by many factors: (rauma, cerebrovascular disease,
tumours, infection, toxic states and genetically inherited factors, ¢.g., Autosomal
Dominant Nocturnal Frontal Lobe Lpilepsy (ADNFLE). In aboul half of the
patients, however no specific causative factors are found (idiopathic epilepsy) and
the underlying cellular mechanisms are not well understood (Sandercock and
Mumford, 1996).

1.1.1 Forms of epilepsy

Epilepsies come in many forms and display a variety of symptoms, which range

from vacant starcs in absence seizures, to loss of consciousness accompanied by
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muscle spasm and thence jerking of the limbs which is characteristics of tonic-
clonic seizures. Seizurcs arc initially chavaclerised into two groups depending on
whether the abnormal discharge remains localised in a brain region, partial

seizures, or whether it spreads rapidly, generalised seizures.

1.1.2 Pathophysiology

Two sets of changes can determine the epileptogenic properties of neuronal
tissues: hyperexcitability and hypersynchrony. Abnormal neuronal excitability is
thought to occur as a result of disruption of the depolarisation and repolarisation
mechanisms of the ccll, which is termed the "excitability of neuromal tissue".
Aberrant neuronal networks that develop abnormal synchreonisation of a group of
neurones can result in the development and propagation of an epileptic seizure

which is termed the "synchronisation of neuronal tissue" (Engel, 1989).
The excitability of individual neurones is affected by:

» Cell membrane properties (selective ion permeability and ionic pumps).

s Intracellular processes (Intracellular Ca®* changes, receplor functions,
transmitter release and ionic channels),

e Structural features of neuronal clements (the cerebral neocortex and the
hippocampus are particularty prone to the generation of epilcpsy).

» Interneuronal connections (release of neurotransmitter into the synaptic cleft
and the postsynaptic membrane, resulling in excitatory or inhibitory

postsynaptic potentials).

A hyperexcitability of ncurones that results in randem firing of cetls, by itself,
may not lead to propagation of an epileptic seizure. Indeed, pattemns ol behaviour
require a certain degree of syuchronisation of firing in a population ol neurcnes
for normat brain function. It is only when this synchronisation becomes excessive

or uncontrolled that cpileptic seizure originaics.
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In general seizures can he generated in response to a loss of balance between

excitatory und inhibitory influences.

1.1.3 Diagnosis

[lectroencephalogram (EEG) recording is commonly used in the investigation
and diagnosis of epilepsies since different forms of epilepsy exhibit distinct EEG
signatures. Bursts of action polentials and synchronisalion are particularly
prominent during seizures, but they can also be seen at other times, as the “inter-
ictal EEG spike” which is often used as a diagnostic for patients likely to suffer

epilepsy (Jefferys, 1993).

Imterictal discharges are electrical events occurring in vive between seizures
(Dichter and Spencer, 1969), which are not cspecially troublesome in patients but
form a uscful diagnostic indicator. Ictai discharges refer to the pattermns of
electrical activity that occur during a seizure. The extent of depolarisation and
speed of activity is prolonged and more diverse when compared to interictal
events thus producing a full blown secizure. Interictal bursts are approximately
100-200ms in duration and are localised to restricted brain regions, whereas ictal

discharges last for seconds {0 minutes and spread to large regions of the brain.

Interictal-like and ictal-like discharges can also occur in vitro in the slice
preparation (Schwartzkroin and Prince, 1978). Interictal spikes in the slice
preparation are similar to (hose occurring in vivo in their spontaneous periodic
occurrence, extracellular field potential, and intracellular bursting, which is

cotrelated with the extracellularly recorded event (Traub and Wong, 1982).

Electrophysiological recordings from hippocampal slices and computer simulation
data have revealed that key cellular and synaptic properties in the generation of
interictal bursts are intrinsic burst firing and aclivation of ioneotrapic glutamate
receptors at recurrent synapses between pyramidal cells (Miles et al., 1984; Traub

and Wong, 1982; Wong et al., 1986). In contrast, the critical factors that
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precipitate seizurcs and that are involved in the maintenance of ictal discharges

reinain to be elucidated (Lec ct al., 2002).

The background of the spontaneous epilcptiform process is a synchronised
activity of all neurones in which a paroxysmal depolarisation shift (PDS) develops
(Prince, 1968). PDS is a period of spontaneous cellular depolarisation on top of
which the cell generally displays spiking activity. PDS represents the cellular
correlate of inteictal spikes seen on the electroencephalogram of epileptic patients
(Matsumoto and Marsan, 1964) and probably represents the huge EPSP resulting

in synchronous activation of recurrent axonal collaterals (Ayala et al,, 1973).

1.1.4 Current therapy

Many classes of pharmacological agents are currently available to control
cpilepsy. For most epilepsy patients, drug intcrvention is successful in preventing
seizures almost continually, Most antiepileptic drugs (AEDs) are thought to
operatc through two main mechanisms (Jefferys, 1994). (1) suppressing
membrane excitability through ion channel blockade, with selectivity either for
sodium (e.g. phenytoin and valproate), or calcium (e.g. ethosuximide), or by (2)
enhancing GABA-mediated synaptic inhibition (c.g. the benzodiazepines and
barbiturates). Also included in this second class of drugs interacting with the
GABAergic system there is a range of newer AEDs including vigabatrin (an
inhibitor of GABA transaminase), gabapentine (a GABA analogue) and tiagabine
(a GABA uptake blocker). Other new drugs such as topiramatc appear to have
multiple mechanisms of action including Na* channel blockade, enhancing GABA
actions, blocking AMPA receptors and inhibiting carbonic anhydrase. Moreover,
there is a new group of potential anticonvulsants that can redunce excitatory
glutamatergic neurotransmission (c.g. MK-801 and phencyclidine) but are not
used clinically pattiaily due to adverse psychological effects associated with their

use. Other compounds have yet unspecified or multiple actions,

Seizures arc well controlled with a single anticonvulsant in most patients with

epilepsy. However, approximately 20% of patients with primary generalised
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epilepsy and 35% of patients with focal epilepsy have medically intractable
seizures (Reutens and Berkovic, 1995; Spencer et al., 1981). Clearly there remajns
the nced to develop new and more effective AEDs. For this, the pharmaceutic
industry and academic labs are trying towards investigating novel targets and
transmitter systems in order to identify new AEDs. The focus ol the current
resecarch was to identify the possible role of acetylcholine receptors in
epileptogenesis. Indeed, there is some evidence that the therapeutic action of some
novel and some classical AEDs, is in part due fo their effects on the cholinergic
system (Loscher et al., 2003). Identifying new therapeutic agents focusing on
these neurotransmitter systems may suggest novel and improved strategics in
controlling cpileptiform activities based wupon pharmacological targeting of
defined microcireuits as opposcd 1o generalised suppression of excitability or

enhanced inhibition.

1.2 Neuronal receptors and neurotransmitter systems

1.2.1 The cholinergic system

1.2.1.1 Acetylcholine

Acetylcholine (ACh) is a major neurotransmitter in the central and peripheral
nervous systems (Reviewed by Caulfield, 1993). Acetylcholine was first
described back in 1906 (Hunt and Taveau, 1906) and was the first substance
shown to be a neurotransmitter (Dale, 1934; Dale, 1938; Dale et al., 1936).
Chemically it is composed of choline and an acetyl group, synthesised in the axon
terminal by the enzyme choline acctyltransferase (ChAT) where it is subsequently
taken up into vesicles for storage and release. It is relcascd from presynaptic
terminals lo act on postsynaptic acetylcholine receptors generating an excitatory

postsynaptic responsc that can be detected as excitatory voltage (EPSP) or current
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(BPSC) deflections. The response is (crininated when acetylcholine is broken

down by the enzyme acelylcholinesterase (AChE) back to choline and acetate.
1.2.1.2 Muscarinic acetylchaline receptors (mAChRs})

mAChRs play key roles in regulating the activity of many important functions of
the central and peripheral nervous system. Ceniral mAChRs are involved in
regulating an ex(raordinarily large number of cognitive, behavioural, sensory,
motor, and autonomic functions (Eglen et al., 1999; Felder et al., 2000). Reduced
or increased signalling through distinct mAChR subtypes has been implicated in
the pathophysiology of several mujor diseases of the CNS, inciuding Alzheimer's
and Parkinson's disease, deprcssion, schizophrenia, and epilepsy (Eglen ct al.,
1999, Felder et al., 2000).

mAChRs are members of the superfamily of G protein-coupled receptors and act
indirectly through guanine nucleotide-binding proteins. Agonist binding triggers a
conformational change, which leads to the activation of specific G-proteins. The
activated G-protein then stimulales or inhibits one of many effector systems. The
ultimate outcome of agonist binding depends on the type of G-protein activated
and the cffcctor system targeted. Due to this additional step of G-protein
activation mAChR mediate slower neurolransmission than the nicotinic ligand-

gated ion channels.

The muscarinic actions of ACh are mediated by five molecularly distinct mAChR
subtypes (M;-M;s) (Caulfield, 1993; Caulfield and Birdsall, 1998), which are
encoded by five distinct mAChR genes (Bonner et al., 1987; Bonner et al., 1988;
Kubo ¢t al., 1986). Bascd on theilr ability o activate different classcs of
heterotrimcric G proteins, the five mAChR subtypes can be subdivided into two
major functional classcs. The Ms; and M. receptors selectively couple to G
proteins of the G; family, which leads to the inhibition of the enzyme Adenylate
Cyclase and a decrcase of the inlracellular messenger cyclic adenosine 5’

monophosphate (cAMP). The M;, Mj, and Ms receptors selectively couple to G
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proteins of the Gq class (Caulfield, 1993; Caulfield and Birdsall, 1998) which
activates the enzyme Phospholipase C (PLC), leads to release the intracellular

messengers inositol triphosphate (1P3) and DAG.

mACHR proteins have differential cellular distributions within individual rcgions
of the brain. In the hippocampus M1 and M3 recepfors are expresscd in pyramidal
neuroncs and M2 and M4 receptors expressed in non-pyramidal neurones (Levey
et al., 1995).

mAChR activation produces a variety of responses in CNS depend on the circuit
involved, the neurotransmilter concentration (Segal, 1991), and the location and
the subtype of receptor, Muscarinic stimulation causes a sustaincd depolarisation
associated with an increased input resistance. These effects are aitribuled to a
cholinergic-induced depression of four potassium conductances, including the M-
current (/) (Halliwell and Adams, 1982; Madison et al., 1987), a fast inactivating
current (7o) (Nakajima et al., 1986), a slow Ca*-activated current (Zapp) (Benardo
and Prince, 1982; Madison et al., 1987), and a background leak current (/) :ax)
(Madison et al., 1987). Voltage-dependent Ca®" channcls are also modulated by

cholinergic stimulation (Misgeld ct al., 1986; Toselli et al., 1989).

1.2.1.3 Nicetinic acetylcholine receptors (nAChRs)

General

Nicotinic acetylcholine rcceptors are cationic channels whose opening is
controlled by acetylcholine and nicotinic receptor agonists. They belong to the
large family of ligand-gated ion channels that also includes the GABA,, glycine,
and 5-HT; type reccptors. Nicotinic receptors are key molecules in cholinergic
transmission at the neuromuscular junction of striated muscles, at the synapse in
the autonomous peripheral ganglia, and in several brain areas (Changeux and

Edelstein, 1998; Clementi et al., 2000; Gotti ct al.,, 1997; Sargent, 1993). Owr
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knowledge of neuronal nicotinic receptors started in 1889 with the publication of
the famous paper by Langley and Dickinson, who first reported that nicotine
could block neuronal transmission in the superior cervical ganglion. The concept
of the prescnce of nicolinic receptors in ceniral nervous system developed in
subsequent papers published by Langley in 1905-1906 (Langley, 1905). Uniil
only a few vears ago, knowledge of neuronal nicotinic rcceptors remained
confined to the gangha and more rceently neuronal nicotinic receptors have been
investigated systematically. Although, much is known about nAChRs in
ganglionic transmission, neuromuscular junction and peripheral autonomic system
their real function in the brain are still unclcar (Reviewed by Clementi et al.,
2000).

Nicotinic acetylcholine receptors are distributed widely in human brain and
ganglia and form a family of receptors with a variety of different subtypes, each of
which has a specific physiology and pharmacology. Recent progress in
neurochemical and pharmacological methods indicales that the major effect of
nAChRs is often slow neromodulation rather than processing of fast synaptic

transmission (Reviewed by Vizi and Lendvai, 1999).

Structure of neuronal nicotinic receptors

The receptor and associated ion channel consists of five subunits (c,,8,y and ),
all of which arrange a large structurc inserted into the membrane and surround a
central aqueous chanuel (Figure 1.1-1.2). nAChRs exist as a varicty of subtypes
due to the diversity of genes encoding acelylcholine nicotinic receptor subunits
(Clementi et al., 2000). Earlier binding sludies have detected only two subtypes in
the brain: (1) a low affinity receptor labelled by a-bungarotoxine, and (2) a high
affinity receptor labclled by nicotine or acctylcholine (Clarke et al., 1985; Marks
et al., 1986). However, sixteen nAChR subunit genes have so far been cloned {1
to 9, B1 to P4, 8,y and &) (L.e Noverc and Changeux, 1995). The subunits have
several common structural features, a large extracellular N-terminal domain, four

putative transmembrane sequences (M1 -- M4), a short C-terminal exiracellular




Figure 1.1. The structure of neuronal nicotinic acetylcholine receptors (nAChRs).
Diagram adapted from Laviolette and Van der kooy 2004. A. Each nAChR is
composed of five subunits arranged in either homomeric or heteromeric complexes of
a or B subunit arrangements. Different subunit combinations confer unique functional
properties to the ubiquitously distributed nAChRs throughout the brain. B. The
schematic shows the transmembrane topology of a single nAChR subunit. The
transmembrane domains are labelled M1-M4. The larger amino-terminal domain
contains the acetylcholine-binding site, whereas the M2 domain determines the ionic
selectivity of the receptor and faces the inside of the channel pore. C. nAChRs are
located on axons, presynaptic terminals and on all postsynaptic sites (dendrites and
soma). This widespread localization confers the receptor with a wide range of
functions, influencing neuronal signalling at the pre- and postsynaptic levels.
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sequence, and an intracellular loop of varying length, depending on the subunit,
jeining the third and fourth transmembrane domain which is very important for
the regulation of receptor function (Reviewed by Clementi et al., 2000; Lavioletic
and van der Kooy, 2004) ( Figurc 1.1 B and 1.2 B).

Nicotinic rcceptors can be subdivided into three sub-families according to the
amino acid sequences of the subunits (Figure 1.2 C): The first subfamily consists
of heteromeric muscle nicotinic acetylcholine receptors which have a pentameric
subunit composition (1), 1y181 in the foetal form and (o1).1£181in the mature
form. The second one consists of heteromeric neuronal acetyicholine nicotinic
receptors, which do not bind o-bungarotoxin. These neuronal nAChRs have a
pentameric structure formed from combination of a2,03,04,c6 with either B2 or
B4 subunits and sometimes also with a5 or 3 subunits. The tast subfamily
consists of neuronal homoligomeric acctylcholine nicotinic receptors that are

formed by the a7 or a8 or «9 subunits and bind a-bungarotoxin.

The o subunits participale i the formation of agonist binding sites and the (8
subunits are considered structural subunits {(Gotti ¢t al., 1997), In the heteromeric
muscle and neuronal nAChRs, the acetylcholine binding site is located in the large
extracellutar N-terminal domain, at the interface between the « and non-u subunit
(Clementi et al., 2000). The homoligomeric .7 or o8 receptors have (ive identical
acetylcholine binding sites per receptor molecule, onc in each subunit (Changeux
and Edelstein, 1998). As indicated earlier, oe7,08 and o9 are the subunits that can
form homomeric receptors, whereas 02,003,004 and a6 always need (0 be co-

expressed with B2 or B4 in order to form functional channels,

Receptor distribution

Nicotinic receptors are distributed widely in human brain and ganglia and are key
molecules in cholinergic fransmission at the neuromuscular junclion of striated

musecles, at the synapse in the autonomous peripheral ganglia and in scvoral brain
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Figure 1.2. Subunit organization and ligand binding loops for nicotinic receptors.
Diagram adapted from clementi et al, 2000, original drawing by Changeux and
Edelestein, 1998. (A) Vertical section of the putative transmembrane organisation
of the muscle nicotinic acetylcholine receptor. The black areas indicate the
acetylcholine binding sites and rings the charged areas that control the channel
permeability. (B) Putative transmembrane organisation of the nicotinic
acetylcholine receptor subunit. (C) Subunit arrangement of muscle-type receptors.
Two agonist binding sites are indicated by the dashed circles. (D) Subunit
arrangement of heteropentameric neuronal receptors with 2 or 3 subunit types.
Two agonist binding sites are indicated by the dashed circles. The a in quotation
marks indicates that, unlike other a subunits, a5 may not directly contribute to
agonist binding. (E) Subunit arrangement of homopentameric receptors. Agonist
binding sites are indicated by the dashed circles; all five are equivalent, but one is
enlarged to show the contributions of loops A-F.
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arcas (Sargent, 1993). In the CNS, they are mainly located in various cortical
areas, the periacqueductal gray matter, the basal ganglia, the thalamus, the
hippocampus, the cerebellum and the retina (Reviewed by Clementi et al., 2000).
Although the hippocampus contains «3, o4, a3, o7, P2, p3 and f4 subunils
(Joncs et al., 1999), three subtypes of nAChRs have been shown to be present on
the most hippocampal neurones: {1) an &7 bearing nAChR that gives rise to fast-
desensitising, o-bungarotoxin—sensilive nicotinic currents (named as type IA
current), (2) an a4f2-containing nAChR that subserves slowly dcsensitising,
DHBE-sensitive nicotinic currents (named as type LI current), and (3) an a3p4-
bearing nAChR that accounts for very slowly desensitising, mecamylamine-
sensitive nicotinic currents (named as type III current) (Albuquerque ct al., 1997;

Albuquerque et al., 1993; Alkondon and Albuquerque, 1993).

ITippocampal nAChRs are cxpressed on GABAergic mhibitory interneurones
(Alkondon ct al., 1997; Frazier et al., 1998a; Frazier ct al., 1998b; Freedman et al.,
1993; Freund and Buzsaki, 1996; Jones and Yakel, 1997, McQuiston aund
Madison, 1999b), on the excitatory glutamatergic pyramidal cells (Albuguerque ef
al., 1997, Alkondon et al., 1997; Ji et al., 2001) and also on the granule neurones,
so both inhibitory and excitatory synapses are directly modulated by nAChR
activity. Nicotinic recepiors do not only exist on neuronal cell bodies aud
dendrites but are also located on axon terminals and involved in modulation of
muliiple transmitier releascs (Wilkie et al., 1996; Wonnacott ct al., 1989).
Receptors in the presynaptic localisation can function as synaptic or non-synaptic
receptors. The term of preterminal receptors has been assigned to nonsynaptic
receptors (Wonnacott, 1997). Postsynaptic recceptors may also be localised in
synaptic and non-synaptic arcas of the neurone. However, the postsynaplic
responses alter activation of these receptors have to be summed at the axon

terminal to prompt action potential.

10




($00T ‘€007 ‘anbianbnqyy pue uopuoy|v)-9 (LL61 ‘N[eSewny pue umolg)-s ‘(€861
‘uapowrS)-4 ‘(1861 ‘MRUSIEIN)-€ “($661 “I¢ 12 0101 [9p zonFurwoq) - (L661 “[¢ 30 WOD)-] 520Uy "Uonezi[ed0] 2dAigns remypaoqns astoald
10§ MO[ 00] [[S ST UONN[0Sa1 [eneds ) JUAWOW Y} JE ISAIMOY ‘SEIIE UTRIq JUSIYJIP Ul SaLTeA uonrsoduiod Jungns YYOVU A0N 4 ‘sndwresoddry
Juapo1 2y ul syungns YYOyu jo senzadord [euonouny pue ASojooewreyd ‘wonnqusip Ie{j3d pue [edNwOjeUE Jy) FulsLEUNUNS d[qe} AL

‘spungns 101d222.4 2u1joy2112o0 21u021u fo sanadoad ppuonounf pup £3oj0ovuivyd ‘uounqrysiq 1°1 dAqe],

4k says ondeuds
(111 2dAy) -1sod pue axd poq e wnpnaiqng ‘134e[ Apoq
JUALIND JIUOITU :
Gt seale [edwesoddiy 1129 eprwelAd jedwesoddiy
Imo[ A p
QuIWR[AWERIIN SNOLIBA JO SUOIZaI snIA3 aeuag pden
SJLIpUIPEIRWOS
sayis andeuds
-1sod pue 21d 1309 &
(11 2d43) ‘seare feduresoddiy wnjnoigng ‘1a4e[ Apoq
JUSLIND SN0 . SNOLIBA JO SUOISa1 1192 eprweiAd jeduresoddiy
Suikesap A|mols adHa S1LIpUapRIRWOS ‘snIAS ajejuag zdyo
(1 2dKy) wn[noaIqgng ‘xaj0d
JUQLIND J1UOdIU sayis ondeuks-uou reuryaojuy ‘snduresoddiy
Surkeoap Ajpidey V1N pue sndeuAs yoq je ‘10Ae[ JR[NURIT
‘Knnqeaunsad winiofes ySiy ‘urxojore3ung-n ‘S9ILIpUAp puR BJRWOS ajejuap [edwresoddry LD
(9329)
sanaadosg (ystuogejue) (% ¥'€T1 1Y) (130%) adiyqng
[euonouUny A3ojorewieyg « UONEIOT J¥[N[RD) uopnquysiq [Ewojeny  10)dadoy




Chapter 1

Receptor functions

Although much is known about the role of nAChRs in ganglionic lransmission
and control the function of the peripheral autonomic system, their true functions
in the brain are still unclear. They are known io be involved in various complex
cognitive functions, such as attention, learning, mcmory, control the locomotor
aclivity, pain perception and body temperature regulation (Reviewed by Golti et
al,, 1997). The majorily of these effects arc due to the presynaptic nicotinic
receptors that modulate the release of a number of neurotransmitters (Wonnacott,
1997). However, postsynaplic nicotinic receptors also play important roles in
controlling of ganglionic transmission and fast ACh-mediated synaptic
transmission as reported in the hippocampus and in sensory cortex (Reviewed by

Clementi et ai., 2000).

Put in the simplest terms, ACh binds nAChRs and ion channel opens for several
milliseconds. Then the reccptor/channel closes again to the initial slale or enters
an inactivated phase that is unresponsive to ACh or other agonists (Dant, 2000).
The speed of activation, the intensity of the depolarisation, the size of the caleium
signal, the rate of desensitisation and recovery and the pharmacology of the ACh
response will all depend on the nAChRs subunit composition as well as other
local factors (Reviewed by Alkondon and Albuquerque, 2004; Dani, 2000).
Different receptor subilypes are involved in diffcrent neurone funclions, For
example, the 32 subtype is important in the control of presynaptic GABA release
(Ta et al., 1998) where as dopamine release from brain dopaminergic neurones is
partially controlled by an cd—containing subiype (Le Novere and Changeux,
1995). It is also reported that the release of glutamate from glutamatergic inputs to
the ventral lateral geniculate nucleus in chick brain slices 1s mainly controlied by
an «7-containing subtype (Guo et al., 1998) while in the hippocampal CAl region
an o3B4 subtype contributed to the modulation of glutamate release onto CAl
stratum radiatum internewrones (Alkondon and Albuquerque, 2004; Alkondon et
al.,, 2003). The presence of the o7 subunit greatly increase Ca2+ permeability

{Seguela et al.,, 1993) and thus may be important to trigger infraceliular second
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messenger systems (Chiodini et al., 1999). Moreover, nicoline and also a novel
nicotinic agonist, 2,4-dimelhoxybenzylidene anabaseine (DMXB), possibly via
the «7 subtype, can induce long-term potentiation in the hippocampus in a
micromolar concentration range, possibly due to the high Ca®' permeability of the

a7 subunit (Hunter et al., 1994; Mann and Greenfield, 2003).

In the cerebral cortex and in the hippocampus, cholinergic afferents project in a
diffuse manner (Mesulam et al., 1983; Schafer et al., 1998; Woolf, 1991).
However, in both regions, unlike the glutamatergic and GABAergic afferents,
cholinergic fibres form direct synaptic contacts with only a minor fraction of the
tetal number of terminals present (Mrzljak et al., 1995; Umbriaco et al., 1993).
These anatomical data are consistent with the physiological observations that a
direct nicotinic synaptic transmission has only been demonstrated in a few brain
regions {Alkondon et al., 1998; Frazier et al., 19984a; Frazier et al., 1998b). In the
hippocampus, fast nicolinic transmission has been found only onto GABAergic
interncurones (Alkondon et al., 1997; Frazier et al.,, 1998a) and not glutamatergic
pyramidal cells (Frazier et al., 1998b; Jones aud Yakel, 1997), but in developing
visual cortex, stimulation has eveked nAChR-mediated synaptic responses in botlt
pyramidal cells and interncurones (Roerig et al., 1997). DBecause nicotinic
synapses are of low density and difficult to detect experimentally, fast nicolinic
transmission may be present at low densities in more neuronal area than the fow
that have been reported (Dani, 2000). Where it has been reported, fast nAChR-
mediated transmission is a minor component of the excitatory input, which 1s
overwhelmingly glutamatergic. Therefore, direct nicotinic excitation of a ncurone
usually dose not predominate, but it could influcnce the excilability of a group of

neurones owing to the broad cholinergic projections into area (Dani, 2000).

nAChHR activation s reported to produce a variety of responses in hippocampal
interneurones which depend on the type and the location of interneurones and also
nAChR subtypes cxpressed (Reviewed by Alkondon and Albugucrque, 2004).
The majority of interneurones show a fast depolarisation mediated by a7 subunit

containing receptors (Frazier et al., 1998a; McQuiston and Madison, 1999b).

12




Chapter 1

However McQuiston and Madison also reported a subset of interneurones that
showed a fast depolarisation in combination with a slower response. Alkondon
(1997) reported similar response in some interncurones but also interneurones
which displayed only a slow response probably duc to the activation of a4p2
nAChR. Three different responses modulated by at least three distinet nAChR
subtypes have also been reported m a single type of interneurone (e.g. CAl
stratum  radiatum  interneurone) (Alkondon and  Albuquerque, 2004).
Interneurones showing no nicotinic vesponse at all have also been observed

{(McQuiston and Madison, 1999D).

It is possible that the difficulty in detecting fast excitatory nicotinic synapses in
the brain reflect the participation of neuronal nAChRs in modulation rather than
the mediation of synaptic transmission per se (Lapchak et al., 1989; Lena et al.,
1993; McGehee et al., 1995; McMahon el al., 1994). nAChRs at presynaptic sites
can modulate synaplic {ransmission by regulating the extent of transmitter release

(see belaw),

nAChRs also have roles during development. The density of nAChRs varies
during the course of development. In addition, short-term and long-term
regulation of nAChR number and function is likely to be important for modulating
synaptic efficacy. These regulatory and developmental factors are particularly
important when considering the development of epilepsy. Alterations in nAChRs
could exert their etfects directly and immediately to alter excitability, or there
could be indirect and /or developmental consequences of mutations in nAChR

genes that subsequently produce the epilepsy (Dani, 2000).

Interaction between nAChHRs and other neuronal transmitters

An tmportant function of neuronal nicotinic acetylcholine receptors in the CNS
appears lo be their involvement in neurotransmitter release (Wornmnacott, 1990).
Strong neurochemical evidence indicates that presynaptic nAChRs are involved in

the enhanced release of a number of transmitters, including norepinephiine,
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dopamine, serotonin, acetylcholine, GABA and glutamate (Gray et al., 1996;
Lapchak et al., 1989; Lena ct al, 1993; McGehee et al, 1995; Vidal and
Changeux, 1993). It is hypothesised that activation of calcium-permeable
presynaptic nicotinic rcceptors enhances transmission directly by elevating
presynaptic calcium levels (Gray et al,, 1996). According to Vizi and Lendvai
(1999), interacellular mechanisims leading to release of transmitters in response 1o
nAChHRs stimulation are initiated by axonal firing, or directly induce Na~ and Ca"
influx followed by a depolarisation sufficient to activate local voltage—sensitive

Ca®" channels, as a result transmitter of vesicular arigin will be released (Figure
1.3).

However, some other studies were unable to evoke an increase in presynaptic
caleium levels with local application of nicotinic receptor agonists suggesting an
indirect synaptic modulation could arisc [rom nicotinic excitation (Vogt and
Regehr, 2001).

Moreover, some of the nAChR agonists such as DMPP and lobeline, besides their
cffects on presynaptic nAChRs, at higher concentrations are able to inhibit the
uptake of NE and 5-HT into nerve terminals, thereby their transmitter releasing
effects are extended in time and space (Vizi and Lendvai, 1999) (see Figure 1.3).
The effect on the uptake process is not being sensitive to nAChR antagonism, but

can be prevented by selective uptake blockers or reduced temperature.

Tetrodotoxin (TTX) is a neurotoxin that blocks voltage dependent Na' channels,
thereby blocking axonal conduction. It has been suggested by different authors
(Clarke and Reuben, 1996, Sacaan et al., 1995), that the sensitivity or resistance to
TTX indicates the pre-, or postsynaptic localisation of pAChRs. The TTX-
insensitive part of transmitler release evoked by nAChR agonists has been taken
as evidence of presynaptic receptor localisation (Wonnacott, 1997). It is likely
that TTX reduces that portion of transmitter release in which Na'-influx has been
involved. TTX-dependence of nAChR-induced neurotransmittcr release can be

very different across brain tegions, for example, nicotine-induced dopamine
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Figure 1.3. Putafive intraceliular mechanisms for nicotinic receptor activation-
induced release.

Diagram adapted from Vizi and iendvai, 1999. (1) Integral ion-channel function - the
calcium entry via presynaptic nAChR channel directly triggers exocytosis, (2)
activation of voltage-dependent ion channels by the local depolarization {(excitatory
postsynaptic potentials) due to nAChR activation, calcium enters via VDCCs and
induces vesicle fusion {calcium channel blocker-sensitive part of nAChR
stimulation-evoked release), (3) reversal of membrane uptake carrier to release NE
from the cytoplasm.
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release has been found TTX-scnsitive in the striatum but not in the cortex using in
vive microdialysis (Marshall et al., 1996; 1997). Moreover the hippocampal
release of NE evoked by nAChR stimulation was completely inhibited by TTX
(Sershen et al., 1997), whercas, in chick sympathetic neurones release of NE and
increasc in [Ca®™]; evoked by nAChR stimulation can be still elicited in the
presence of TTX (Dolezal et al., 1996). These results can easily be explained by
different localisation of presynaptic nAChRs in the very varicose dopaminergic
and noradrenergic fibres with a dominance of receptor far from the actual release

site or closer (Vizi and Lendvai, 1999),

As mentioned earlier, the release of these trunsmitlers can be modulated by
different nAChR subtypes. The release of glutamate is mainly controlled by an w7
or w3f4 - containing subtypes (Alkondon et al., 2003; Guo ct al.,, 1998). However,
a study in mice, indicated that the B2 subtype is important n the control of
presynaplic GABA release (Poth et al.,, 1997). It seems likcly that presynaptic
nAChRs on monoaminergic fibres are composed of o3 or «4 subunits in
combination with the B2 subunit (Vizi and Lendvai, 1999). This is supported by
the observation that nAChR agonists have no presynaptic effect on transmitter

rclease in knockout mice lacking thef2 nAChR subunit gene.

1.2.2 The GADBAergic system

1.2.2.1 Gamma-aminobutyric acid (GABA)

The neutral amino acid y-aminobutyric acid (GABA) is the main inhibitory
neurotransmitter in vertcbrales as roughly 40% of all cerebral synapses arc
GABAergic (Reviewed by Ure and Perassolo, 2000). GABA is synthesised from
glutamate in neurones expressing the enzyme glutamic acid decarboxylase
(GAB). It is releascd from presynaptic terminals to act on postsynaptic GABA
receptors generating an inhibitory postsynaptic response that can be detected as
voltage (IPSP) or current (IPSC) deflections. Termination of action is due to

uptake into ncurones and surrounding glial cells by GABA transporters (GATI-3)
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and the breakdown of GABA by transaminase (Reviewed by Soudijn and van
Wijngaarden, 2000).

Barly work with the neurotransmitter GABA indicated that it produced inhibitory
hyperpolarising postsynaptic responscs in neurones (Krmjevic and Schwartz,
1967), which could be blocked by the alkaloid bicuculline (Curtis et al.,, 1970).
During the 1970s Bowery and colleagues showed that GABA could inhibit
noradrealine release in the heart (Bowery et al., 1981; Bowery and Hudson, 1979).
However this response was not blocked by bicuculline and ultimately Iead to the
classification of two pharmacologically distinct GABA receptors named GABAA
and GABAp (Hill and Bowery, 1981). This novel GABA); recceplor was also
shown 1o be present in the brain (Bowery ct al., 1980b; Bowery et al., 1987) and is
activated by the spceilic agonist baclofen (Bowery et al., 1980b; Iill and Bowery,
1981). More recently the existence of a third type of GABA receptor has been
confirmed (Johnston, 1996). Johnston’s original work on GABA analogues
identified a GABA receptlor inscnsitive to bicuculline {Jolmston et al.,, 1975).
These analogucs were laler shown not to effect binding of the GABAp agonist
baclofen and as such a third subclass of GABA receptor was suggested and named
GABAc (Drew et al,, 1984). Fast inhibitory neurotransmission is mediated by the
GABA, receptor and the GABAc receptor, both of which are ligand-gated CI
channels. Slow inhibitory neurotransmission is mediated by the G protein-coupled

GABAgreceplot.
1.2.2.2 GABA,4 receptors

G_ABAA receptors are ionotropic receptors, which open channels permeable to CI™
and are blocked by picrotoxin and bicuculline. The action of GABA on ionotropic
receptors is both a hyperpolarisation and a reduction of excitation, each of which
can be considered inhibitory. GABA,. receptors mediating most inhibitory
synaptic transmission in the CNS belong to the ligand-gated ion chanucl
superfamily (Schofield et al.,, 1987). As with all others members of this

superfamily they have a pentameric architecture (Nayeem et al.,, 1994) with the
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exact subunit composition conferring discretc funclional characteristics
(Reviewed by Sieghart, 1995; Sieghart et al., 1999). Five subunits are arranged
within the plasma membrane to form a chamnel that is mainly selective for
chloride and bicarbonatc ions (Bormann et al,, 1987). The first two receptors
subunits identified (o and $) were cloned by Schofield in 1987. Currently, 20
GABA receptor subunits have been identificd in mammalian tissue, including six
w, four B, three Y, one 8, one =, one @, one &, and three Psubunits (Reviewed by
Sieghart et al., 1999). At least onc o, [} and y subunit is required to form a fully
functional channcl (Pritchett et al., 1989). The most common formation is two «l
subunits in combination with two B2 subunits and a single y2 subunit which
accounts for approximately 43% of GABA receplors (McKernan and Whiting,
1996). A large diversity of GABA, teceptor sublypes are found within the
hippocampus (Wisden ct al., 1992).

1.2.2.3 GABAR receptors

GABAj receptors are metabolropic receptors and belong (o the G-protein coupled
receplor superfamily (Reviewed by Bowery et al, 2002). The heterodimeric
nature of the GABAR receplor was not initially appreciated when this receptor was
first cloned by Kaupmann ef ¢l in 1997. Subsequent studies (Marshall ct al,,
1999) revealed that functionally cxpressed the GABAy receptor was not a single
profein but instead existed as a heterodimer with the subumnits designated
GABARRT and GABAR2, neither of which was functional on its own (Reviewed
by Bowery et al., 2002). Agomst binding occurs at the GABAgR] subunit,
whereas no ligand binding is detectable on the R2 subunit (KniazelTl et al., 2002),
Conversely, the R1 subunit is not able to activate effector systems, whereas the

R2 subunit is responsible for G protein coupling (Duthey et al., 2002).

GABAy receptors are activated by agonists GABA and (-)baclofen (Bowery et al,,
1981; Bowery et al., 1980Db; Hill and Bowery, 1981) and antagonised by saclofen

as well as a range of more recently developed selective and potent antagonists
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including  CGP55845A  (3-N-[1-(S)-(3,4-dichlorophenylyethyl]  amino-2-
hydroxypropyl-P-benzyl-phosphinic acid) (Davies et al., 1993).

Effector mechanisms associated with neural GABAg receptors are the adenylatc
cyclase system and Ca®" and K' jon channels (Revicwed by Bowery et al., 2002).
When activated, GABAg rccoptors open K' channels on both the pre and
postsynaptic sides of the synapse (Dutar and Nicoll, 1988) and increase K'
conductance. In the postsynaptic cell this leads to a hyperpolarisation of the
membrane potential which has a slower onset and slower decay than the GABA,
response. In the presynaptic terminal, activation of GABAg receptors reduccs
transmitter releasc by an inhibition of Ca*' conductance. It depresses transmitter
release of virtually all iransmitters investigated including ghitamate and GABA.
Therefore, cffects of GABAp receptors can be complex and are not always
inhibitory (Freund and Buzsaki, 1996). Electrophysiological data indicate that
GABAp receptors are present at both pre- and postsynaptic sites within the

hippocampus (Dutar and Nicoll, 1988).

1.2.3 The glutamatcrgic system

1.2.3.1 Glutamate

L-Glutamate is the major excitatory neurctransmitier within the adult central
nervous system and was the first excitatory amino acid to be so recognised (Curtis
et al., 1959). It is one of the quantitatively more important neurotransmilters in
mammalian CNS (Curtis and Johnston, 1974}, Glutamate is synthesised in and
released from the presynaptic torminal by Ca®* dependant exocytosis (Nicholls,
1989) and acted on specific glutamate postsynaptic receptors to elicit excitatory
postsynaptic responses (EPSPs or EPSCs) (Curtis and Watkins, 1960; 1963). The
postsynaptic action of glutamate is terminated by glutamate uptake carriers
present in the plasma membrane of glial cells and neurones (Rothman et al.,
1987).
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Omncce again, the action of glutamate is on two main types of receptors, ionotropic

and metabotropic:

1.2.3.2 Ionotropic glutamate receptors

The ionotropic glutamate receptors consist primarily of three types named after
their selective agomists, hydroxy-5-methyl-4-isoxazole propionic acid (AMPA),
kainate and N-Mecthyl-D-aspartate (NMDA) rcceplors (Reviewed by McLennan,
1983; Westbrook, 1994). AMPA and kainate receptors mediate fast EPSPs
whereas NMDA receptors mediate slower-rising and slower-decaying EPSPs.
AMPA and kainate reccptors are often referred to as non-NMDA receptors but in
fact represent dilfferent classes of receptors with discrete functional,
pharmacological properties and distributions, Under normal conditions
transmission within the hippocampus is carried oul by non-NMDA recepiors
(Collingridge et al., 1982; 1983).

More recent molecular biological studies of glutamate receptors have revealed
that each of these three subgroups is encoded by a number of different genes,
including GluRi-4 for AMPA receptors, GluR5-7, KAl and KA2 for kainate
receptors and NMDARI and NMDAR2A-D (also known as NR1 and NR2A-D) for
NMDA receptors (Reviewed by Barnes and Henley, 1992; Hoilmann and
Heinemann, 1994). Diffcrent subunits generated by these genes are of a widc
varicty and exhibit varying electrophysiological and pharmacological properties,
depending upon the combination of subunits expressed (McCormick, 1998). All
ionotrophic glutamate receptor subunits differ from the nicotinic acelylcholine
receptor subunits in their transmembrane topology by having only three

menibrane spanning domains.

Activation of excitatory amino acid receptors underlies fast glutamatergic
excitatory postsynaptic potentials (EPSPs). The postsynaptic potentials mediated
by AMPA and kainate receptors, like those associated with nicotinic channels, ae

\ - . . . +
caused by an increase in a mixed cation conductance {mainly Na™ and K*, but
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sometimes Ca®' as well) such that the reversal potential is approximately ¢ mV
(Hollmann and Heinemann, 1994). These synaptic potentials have a very shortt
delay from the arrival of the action potentials at the presynaptic terminal, and a
rapid ratc of rise. The falling phase is much slower, being determined in large part

by the membrane properties of the neurone.

In contrast lo the fast PSPs mediated by AMPA/kainate receptors, the action of
glutamate through NMDA receptors is more complicated. Stimulation of NMDA
receptors results in the activation of a voltage-dependent current that is carried not
only by Na™ and K" but also importantly by Ca®". The voltage-dependent nature
of this NMDA-mediated currcnt is due to the differential block of the ionic
channel by magnestum ions (Mg?*) at more hyperpolarised membrane potentials
{(Mayer et al., 1984). High calcium permeability of NMDA receptors is important
in jnitiating intracellular processes including long-term metabolic or structural

changes,
1.2.3.3 Metabotropic glutamate receptors (inGhRs)

mGluRs represent a family of G protein-coupled receptors, which can trigger
long-lasting intracellular processes and ‘metabolic’ changes and mediate synaplic
plasticity (Neugebauer, 2002). Eight mGluR subtypes have been cloned to date
and are classified into groups I (mGluRs 1 and 5), II (mGluRs 2 and 3) and Ii{
(mGluRs 4, 6, 7, and 8) based on their sequence homology, signal transduction
mechanisms, and pharmacological profile (Reviewed by Anwyl, 1999; Gasparim
et al., 2002; Schoepp et al., 1999).

A mujor distinction between group I mGIuRs and groups 1 and II mGluRs is that
group [ couple through Gy proteins to the activation of phospholipase C (PLC),
resulting in phosphoinositide (PI) hydrolysis, release of calcium from intracellular
stores, and protein kinase C (PK(C) activation. In conirast, groups II and III
mGlIuRs are negatively coupled to adenylyl cyclase (AC) through Gi/G, proteins,
thereby inhibiting cyclic AMP (¢cAMP) formation and cAMP-dependent protein
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kinase (PKA) activation (Reviewed by Anwyl, 1999; Gasparim et al.,, 2002,
Schoepp et al., 1999). In general, it appears that the predominant ellect of group I
mGIluR. activation is enhanced neuronal excitability and synaptic transmission
whereas activation of groups II and III typically produces inhibitory effects,

although exceptions exist.

Activation of the mGluR has a very diverse range of electrophysiological elfects.
These include inhibition of potassium and calcium currents, activation of
potassium, calcium and non-spocific cation currents, mediation of slow excitatory
postsynaptic potentials, presynaptic inhibition of transmitter release, potentiation
of AMPA and NMDA receptor synaptic responses and involvement in lhe
geperation of oscillatory and epileptiform activity (Reviewed by Anwyl, 1999).
Members of each mGluR subgroup can presynaptically inhibit excitatory
(glutamatergic) as well as inhibitory (GABAergic) synaplic transmission and
transmifter relcase, which appears to be modulated by groups II and IIT mGluRs.
Group I mGluRs can facilitate excitatory and inhibitory synaptic transmission.
Importanily, inhibition of GABA release by groups Il and TII mGluRs might
actually increase ncuronal excitability through disinhibition whereas facilitation of
GABAergic transmission by group I mGluRs would strengthen the inhibitory tone
(Reviewed by Neugebauer, 2002).

Although group I mGluRs can be found presynaptically, they are localised
primmarily on the postsynaptic membrane. Group III mGluRs represent
predominantly presynaptic receplors, whereas group II mGluRs have been

detected hoth pre- und postsynaptically (Reviewed by Neugebauer, 2002).
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1.3 Neurotransmitters and epilepsy

The normal functioning of the brain rests on maintaining a fine balance between
excitation and inhibilion. Disruption in this balance within interconuected
neuronal networks may lead to a predisposition for the generation of unconirolled

and hypersynchronous discharges as occurs in epilepsies.

1.3.1 GABA

Reduclion of inhibition by GABA antagonists generates epileptiform activity both
in vivo and in vitro models raising the possibility that epilepsy can arise from a
loss of GABA-mediated inhibition (Ameri et al., 1997; Colom and Saggau, 1994;
Gulyas-Kovacs et al., 2002; Herron et al.,, 1985; Knowles et al., 1987; Kohr and
Heinemann, 1990), Decreased concentrations of GABA were found in tissue
removed [rom cpileptic patients when comparcd to normal concentrations
determined from non-cpileptic patients (Van Gelder et al., 1972). The use of in
vivo micro-dialysis found lower GABA levels in the epileptic compared with the
non- epileptic hippocampus (During and Spencer, 1993). Immunohistochemistry
revealed a decreased numbcer of GABA-immunoreactive neuroncs in epileptic
tissue (Ribak et al., 1986). The induction of status epileplicus in animals results in
a loss of GABA hinding sites in the rat forebrain (Kapur et al,, 1994). However, a
clear reduction in either GABA concentration or in the activity of GABAergic
neurones is not the significant underlying cause that it was initially thought to be.
(GABAergic inhibition is not impaired in some ¢pilepsy models such as exposure
o low magnesium (Tancredi et al., 1990), 4-aminopyridine (Rutecki et al., 1987)
and high frequency tetanic stimulation (Higashima, 1988}, In the 4AP model,
epileptiform activity occurs despite the presence of normal or even enhanced
synaptic inhibition (Chesnut and Swann, 1988; Rutecki et al., 1987). A preserved
(GABAergic inhibitory postsynaptic potential in sclerotic, epileptic hippocampi
has also been reported (see Schwartzkroin, 1994 for review). Although some
alteration in inhibitory process may cause or resulf from scizures, the exact nature

and extent of this involvement remains unciear.
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1.3.2 Glutamate

The alternative explanation of increased excitability is enhanced activity through
excitatory circuits, which probably involves glutamate. The role of glutamate as a
convulsant and excitotoxic agent is well documented (Reviewed by Ure and
Perassolo, 2000). Glutamate is also a precursor of the powerful inhibitor GABA
and thus it has been suggested that the glutamate/GABA ratio might exert the
most crucial influence in the generation of paroxysmal neuronal discharges (Urc
and Perassolo, 2000). A major contention in the theory that enhanced glulamate
levels arc responsible for seizwres are the conflicting reports regarding the
concentration of glutamate before and during seizures. In epileptic patients
undergoing surgery, an inercase in glutamate levels was detected in samples of
extraceltular fluid extracted by microdialysis (During and Spencer, 1993; Ronne-
Engstrom et al., 1992) although no change was apparent in seizures induced in
animals by kainate, bicuculline, picrotoxin or electrical stimulation (I.ehmann et
al.,, 1985; Obrenovitch et al,, 1996). A reduced concentration of glutamate in
epileptic foci (Van Gelder et al., 1972) and in CSF from epileptic patients with
normal valucs of other amincacids (Mutani et al., 1974) has also been reported.
Thus it is proposed that seizures and raised glutamale levels are not necessarily

related,

Fnhanced excitability can be attributed to other mechanisms apart from elevated
glutamate levels. An increased density of NMDA and kainate receptors in the
entorhinal cortex and hippocampal CAl region (Geddes ct al., 1990; McDonald et
al., 1991) and an increase in AMPA rcceptor density in the dentate gyrus (Hosford

et al., 1991) has been shown in tissue removed [rom epileptic patients.

Raised NMDA receptor aclivation may contribute to hippocampal
hyperexcitability in some models. Kindling, the repeated stimulation of 4 pathway
at intervals until seizures are initiated, is highly dependenl on NMIDA receptor
activation (Cain ct al., 1988; Mody et al.,, 1988; Robinson, 1991). The main
trigger of long-lasting potentiation 1s the Ca’” influx initiated by glutamate and

mediated by NMDA receptors. It has also been reported an increased binding in
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the hippacanipus (McDonald et al., 1991) and dentate gyrus (Roper et al,, 1992)
of ligands to NMDA reccptors in the cortex removed from patients with lemporal
epilepsy, as well as an increase in NMDA receptor density (Geddes et al., 1990,
McDonald et al., 1991).

Glutamate receptor agonists, NMDA, AMPA and kainate are convulsanis
producing seizures both i vive (Chiamulera et al,, 1992; Koek and Colpaert,
1990) as well as epileptiform activities in vitro (Fisher and Alger, 1984).
Glutamate receptor antagonists are also good at inhibiting seizures in models
where the involvement of either NMDA or non-NMDA receptors is clear. Tor
example, NMDA receptor antagonists totally or partially block epileptiform
activily induced by lowering magnesium levels (Gulyas-Kovacs et al., 2002,
Horne ct al., 1986; Mody et al.,, 1987; Schneiderman and MacDeonald, 1987,
Yancredi et al., 1990), while have no or little effect on the epileptiform discharges
seen with other modcls such as GABA, receptor blockade by bicuculline and
picrotoxin {Gulyas-Kovacs et al., 2002; Neuman et al., 1988; Thomson and West,
1986). AMPA/Kainate receptor antagonist significantly affect cpileptiform
activity in BIC model (Avoli et al., 1993; Gulyas-Kovacs et al., 2002; Perreault
and Avoli, 1991; Traub et al., 1993), while have only a minor influence in the
generation of cpileptiform discharges in low magnesium model (Gulyas-Kovacs
et al., 2002). In fact, there are significant alterations in contribution of NMDA and
AMPA/Kainate glutamate reccptors to the development and maintenance of
epileptiform activity in the different convulsants. It has also been reported that
4AP-induced epileptiform  activity is mediated through the activation of
AMPA/Kainate receptors (Avoli et al, 1993; Perrcault and Avoli, 1991).
Howecver, the finding of Avoli et al.,, (1996) and Gulyas-Kovacs ef al., (2002) are
contrary to this suggesting that in 4AP model, both types of ionotropic excitatory
amino acid receptors are overactivated and contribute to seizure initiation and
propagation. While data related to the relevance of each of these receptors in focal
epileptogenesis are confradictory, there is a noticeable trend towards a strong

activation of both NMDA and AMPA/Kainate reccptors during epileptiform
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activity (Lee and Hablitz, 1991; Siniscalchi et al., 1997; Valenzuela and Benardo,
1995).

Metabotropic glutamate receptors have also been shown to be critically involved
in modulaling ictal activity during seizures in animal models of epilepsy (Dalby
and Thomsen, 1996; Tizzano et al., 1995). mGluR agonists have also been
reported to induce epileptiform discharges in vitro (Cobb ct al., 2000; Merlin et
al., 1995; Merlin and Wong, 1997).

1.3.3 Acetyicholine

Acetylcholine may play u role during epilepsy. An increase in ACh synthesising
and degrading enzymes in the epileptic cortex of paticnts undergoing anterior
temporal Iobectomy has been reported (Kish et al., 1988), but discussion persists

as regards the exact significance of such changes (Ure and Perassolo, 2000).

1.3.3.1 mAChRs and epilepsy

In spile of the conflicling data in the litcrature, there may be only a pro-
epileptogenic action for nACHRs (see below), while muscarine receptors may play
an excitatory or suppresor role, depending both on the circuits involved and on the
neurotransmilier concentration (Segal, 1991). Ilowever, it has been reported that
endogenous ACh may enhance epileplogenesis in immature hippocampus
(Psarropoulou and Dallaire, 1998) and neocortex (Potier and Psarropoulou, 2001;

Potier and Psarropoulow, 2004) via activation of muscarinic receptors.

1.3.3.2 nAChRs and epilepsy

Whilst the exact functional significance of different populations of nAChRs in
modulating hippocampal dependent physiological processes is unclear there is

increasing evidence that nAChRs may aiso be involved in disease states
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(Reviewed by Jones et al.,, 1999). Tt has been claimed that neuronal nicotinic
receplors are involved in a number of brain diseases such as epilepsy,
schizophrenia, dementia and Alzheimer’s disease and are curently (he subject of
intense research interest with respect to their therapeutic potential in these series
of neurological and psychiatric conditions (Decker et al., 1998; Elmslie et al.,
1997; Treedman et al., 1997; Hodgkiss and Kelly, 2001; James and Nordberg,
1995; Lena and Changeux, 1997; Lena and Changeux, 1998; Marubio et al,, 1999;
Phillips et al., 1998; Steinlein st al., 1995). Recent studies have indicated that
specific nAChR subiypes are selectively responsible for certain brain discases
(Reviewed by Clementi ct al.,, 2000). For example, the number of receptors
containing a4 subunit is decreased in Alzheimer's diseuse (Martin-Ruiz et al,
1999). However, the sensory gating defect in schizophrenia seems to be

associated with an abnormal expression of the a7 subunit (Leonard et al., 1996).

The association between a particular form of genelically {ransmissible epilepsy
and mutations In genes coding for nAChR subunits constituted the {first
demonstration of the contribution of a neurotransmitter-activated receptor in
epilepsy and the first identification of the role of neuronal nAChRs in human
brain dysfunction (Reviewed by Raggenbass and Bertrand, 2002). This epilepsy
wﬁs termed Autosomal Dominant Nocturnal Frontal Lobe Epilepsy (ADNFLE),
because of its autosomal dominant mode of transmission, its occurrence during
sleep and its frontal origin. In 1995, Phillips ef «f. found that ADNFLE is a
zenetic disease whose gene is located in chromosome 20q 13.2-q 13.3, the region
that also contains the gene of the a4 nicotinic subunit (Phillips et al.,, 1995). On
the basis of this information Steinlein e al. (1995) studied the sequence of the ot
gene and found a mutation that replaces serine with phenylalanine and inserls a
leucine, this mutation is present in all affected siblings but not in normal subjects
(Steinlein et al,, 1995). The serine-to-phenylanaline substilution mainly speeds
desensitisalion and slows its recovery, and the leucine insertion increases ACh
affinity and alters the signal-channel conductance (Dani, 2060). The possible
mechanism linking this form of epilepsy is due to a decrease in w4 receptor

function that lowers the seizure threshold (Gotti et al, 1997). It is ulso
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hypothesised that decreased nAChR function leads to decrease in GABA release,
with an accompanying increase in excitability (Jones et al., 1999). Several other
mechanisms have also been proposcd to contribute to ADNFLE. For example,
mutani nicotinic receptors may display an increased acetylcholine sensitivity with
respeet to normal receptors (Bertrand et al., 2002; Bertrand et al., 1998). The
increase ACh sensitivity may produce a faster response of the cortical or thalamic
neurones and thereby unbalance this phase sensitive network. The thalamus and
cortex are strongly innervated by cholinergic afferents from the pons and basal
forebrain and ACh exert modulatory actions on thalamic and cortical neurones by
acting via either nicotinic or muscarinic acetylcholine receptors (McCormick,
1992). Ncuronal synchronisation could occur by a small bui significant shift
between cortical and thalamic activity. Other possibility is that ACh indirectly can
act on presynaptic terminals by enhancing other neurofransmitter release and
thereby causing the unbalance between excitation and inhibition (Raggenbass and
Bertrand, 2002). Therefore, single amino acid changes produce effects that are
potent enough presumably to disrupt proper functioning of these receptors and, in
certain cases, provoke the unbalance of cxcitation versus inhibition that is at the

origin of epileptic seizures (Dani, 2000; Raggenbass and Bertrand, 2002).

Other epilepsies due o mulations in the genes encoding the a7 and $3 nAChR
subunits have also been reported (Durner et al, 1999; Elmslie et al, 1997;
Neubauer et al., 1998; Phillips et al., 1998)

In addition to the genetic studies mentioned above reporting an involvement of
nAChRs in epilepsy, some in vivo studies have also demonstrated (hat high does
of nicotine induce clonic-tonic convulsions in animals after systemic and
intracerebral  injections (Dixit et al, 1971; Miner el al, 1985).
Electrophysiological studies have indicated that nicotine-induced seizures
originate in the hippocampus (Floris et al., 1964). Moreover, it has been indicated
that mice with large numbers of brain a-bungarotoxin binding sites are more
prone to develop seizures in response to nicotine (Marks et al., 1989). Thus, «7-

receptor sublype may underlie nicotine-induce seizures becausc the w7 subunit is
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thought to be thc major a-bungaroloxin binding site in the mammalian brain
(McLane et al., 1992). Nevertheless, the pharmacological mechanisms involved in

the convulsive effect of nicotine are poorly understood.

In 1999, Damaj et af, extended the pharmacological characterisation o nicotine-
induced seizures by examining the role of nAChRs subtypes in mediating this
effect after systemic and central administration of several nicotinic agonists in
mice (Damaj et al., 1999). In addition, different nAChR antagonists were used in
combination with nAChR selective agonists. According to this study, nicotine-
induced scizures are centrally mediated and involve the activation of a7 along
with other nAChRs subunits. MLA, a a7- antagonist, blocked the effects of
nicotine and mecamylamine, a non-competitive antagonist, blocked nicotine-
induced bursting morc potently than MLA. Although these results did not
eliminate the involvement of c4f2- receptors, they suggested that this receptor
subtype dose not play a major role in nicotine- induced seizures. This study also
suggests that nicoting enhances the rclease of glutamate either directly or
indirectly. Glutamate release in turn stimulates NMDA rcceptors, thus triggering
the cuscade of events lcading to nitric oxide formation and possibly seizure

production (Damaj et al., 1999).

Despite these links to epilepsy, information regarding the role of nAChRs in
patterning epileptiform activity is extremely sparse. The aim of this thesis,
therefore, was to address this gap in our knowledge by investigating the effects of
nAChR ligands on pharmacologically-induced epileptiform activity in rat

hippocampal slices.

As all studies were carried out in the hippocampal slice, I will provide a brief

account of the hippocampal formation and its importance in epilepsy research.
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1.4 The Hippocampus

1.4.1 General

The hippocampus is a region of the temporal lobe, which has long been known {o
play a crucial role in important brain functions such as learning and memory. In
pioneering studics, memory impainnent was been reported in patient having
undergone a bilaleral temporal lobectomy for the treatment of severe epilepsy
(Scoville and Milner, 1957) whilst more recent studies have shown similar deficits
in patients with hilateral damage restricted to the hippocampus (Zola-Morgan et
al.,, 1980). In the past lwo decades this brain region became a major focus of
neuroscience research. Intercst in this structure stems from ils imporiance in
normal cognitive functions as well as involvement in some major neurofogical
disorders such as Alzheimer’s disease and temporal lobe epilepsy (Robbins and
Kumar, 1987).

1.4.2 Anatomy

The hippocampus is a hilateral and banana-shaped struciure found within the
forebrain located beneath the posterior and temporal neocortex. The hippocarpus
proper is connecled lo cortical regions of the brain through the perforant pathway
and numerous subcorlical regions such as raphe nucleus and medial septum,
through the fornix. It is one of a group of structures within the limbic system
typically called the Aippocampus formation that includes the dentale gyrus, the
hippocampus, the subiculum and the entorhinal cortex. Division of the
hippocampus into the regio superior and regio inferior was based on differenccs
in cell morphology and fibre projections (Cajal, 1911). ITowever, in 1934, Lorente
de N divided the hippocampus into four field described as cornu ammonis (CA)
1-4 (Figure 1.4) based on the size and appearance of the neurones (Johnston and
Amaral, 1998). Ile also noted a varicty of subtle differences in the dendritic
organisation of pyramidal cclls in different parts of CA3 and CA1 and used these

distinctions, in part, to further subdivide these fields into three subareas each
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(CA3ab,c; CAla,b,c). e also used the term CA4, referred to the region occupled
by the polymorphic layer of the dentatc gyrus. The CAl and the CA3 regions
constitute most of the hippocampus. In addition to differences in the size of cclls
in CA3 and CALl, there is a clear-cut connectional difference. The CA3 pyramidal
cells receive a mossy [ibre input from the dentate gyrus and the CAl pyramidal
eclls do not. The CA2 field has been a matier of some controversy. It is a narrow
zone of cells interposed between CA3 and CALl that have large cell bodies like
CA3 but do not receive mossy fibre innervation like CAl. In many respects, CA2
resembles a terminal portion of the CA3 field. Tn other ways, however, CAZ is
quict distinet from either CA3 or CAl (Amaral and Witter, 1995). The CA2 and
CA4 regions are JTess well defined which leads to these regions being generally

ignored.

Both the dentate gyrus and the hippocampus are lhree-layered cortices (Figure
1.4). The three fundamenlal Jayers of the dentate gyrus atc the polymorphic layer
(the hilus) containing the granule cell axons, the granular layer (the straium
granulosunt) containing the granule cell bodies and the molecular layer (stratum
moleculare) containing the granule cell dendrites. The dentate granule cell layer,
with the local circuitry in the hilus, act as a gate controlling the sensory input to

the hippocampus from the entorhinal corlex (Jefferys, 1993).

The hippocampus also consists of a polymorphic layer (the strafum oriens), a
pyramidal layer (the stratum pyramidale) and a molecular layer (the strafum
radiatum and siratfum lacunosum-moleculare). The polymorphic layer contains
the basal dendrites of the pyramidal cells, the pyramidal laver consists mainly of
the pyramidal cell bodies and the molecular layer contains distal apical dendrites.
The white coat of the hippocampus is produced by the axons of the pyramidal
cells, which arc grouped to form the alveus. As described above the pyramidal
cell layer has been divided into four regions designated CA1-CA4 (Lorente de

No, 1934) based on the size and appearance of the neurones,
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Figure 1.4. The hippocampal formation.

Diagram adapted from Brown and Zador, 1990, original drawing by Raymon y Cajal,
1911. Each region of the hippocampal formation is indicated, dentate gyrus, entorhinal
cortex, subiculum with the hippocampus proper separated into CA1-CA4 regions. All
principal cell types are illustrated and the direction of the arrows represents the flow of
information throughout the hippocampal formation. The circled numbers 1-4 indicate
the different strata of the hippocampus; 1-stratum oriens, 2-stratum pyramidale, 3-
stratum radiatum, 4- stratum lacunosum-moleculare. Also shown are fhe certain
excitatory pathways including the Perforant path, the maossy fibers and Schaffer
collaterals.
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1.4.3 Cytology

1.4.3.1 Principal neurones

The pyramidal cells are the principal cells and the most numecrous classes of
nearones of (he hippocampus proper. The cell bodies of the hippocampal
pyramidal ncurones are arranged, 3-6 cells deep, in the pyramidal cell layer. These
ncurones have elaborate dendritic trecs extending perpendicularly to the cell layer
in both direclions and are thus considered to be bipolar neurones. The dendrites of
pyramidal cells are highly spineous and such spines are known to represent
functional microdomains of the cell which receive discrete synaptic inputs. The
morphology of pyramidal cells varies gradually from region CA3 to region CAl,
the cell bodies become smalter and the apical dendrites longer and more slender
(Figure 1.5 B, Brown and Zador, 1990}. The apical dendrites are longer than the
basal and extended from the apex of the pyramidal cell body toward the center of
the hippocasmpus. The basal dendrites extend form the base of the pyramidal cell

body fanning out through stratum oriens.

The principal cclls of the dentate gyrus are the granule cells. They have small,
spherically shaped cell bodics that are arranged 4-6 cells thick in the granule cel!
laycr. They are the most numerous neuronal type in the hippocampal formation
and their soma are densely packed wilhin strafum granulosum. They are

monopolar with dendritcs extending into the molecular layer.

1.4,3.2 Inlerneurones

There are also many different morphological types af inhibitery interneurones in
the hippocampus and dentate gyrus. Although the interneuron/principal cell ratio
m the hippocampus is only 1:10-1:12 (Woodson et al., 198Y), interneurones have
a much higher structural and functional diversity than pyramidal or granule cells
(Freund and Buzsaki, 1996). All hippocampal interneurones are thought to be

GABAergic and inhibitory in simple terms, Their diversity is manifested in their
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Flgure 1.5. Sfructure of the transverse hippocampal slice and the frisynaptic circuit.

A. A slice cut perpendicular to the long axis of the hippocampus shows several regions
of the hippocampal formation and indicating the principal intrinsic connections. B.
Diagram shows typical principal cells within each region of the hippocampus and their
connectivity by outlining the three major synapses in the hippocampus. Fibres of the
perforant path {pp) synapse onto dentate gyrus granule cells. The granule cells send
their major axons to synapse onto the CA3 pyramidal cells via mossy fibres (mf). The
CA3 pyramidal ceils send a major axon collateral, the Schaffer collaterals (Sch), to
synapse onto the CA1 pyramidal cells. To complete the circuit CA1 pyramidal cells
send their axons back to the deep layers of the entorhinal cortex parlially via the
subicular complex. Note that the morphology of pyramidal cells varies gradually from
region CA3 to region CA1, the cell bodies become smaller and the apical dendrites
longer and more slender.
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anatomical, nevrachemical, clectrophysiological and pharmacological properties
(Freund and Buzsaki, 1996).The vast majority of interneurones do indeed have
locally restricted target ryegions, penerally lack spines, and are GABAergic
(Freund and Buzsaki, 1996). The best studied interneuron is the basket cells which
form inhibitory contacts onto CAl pyramidal cells and receive excitatory input
from these same CAl pyramidal cells (Buhl et al., 1995). These interneurones
thus appear to mediate both feedforward and feedback inhibition of pyramidal

neuroncs {Brown and Zador, 1990).

The glutamatergic principal (pyramidal and granule) cells along with the divers
population of GABAergic interneurones as well as a poorly defined population of
mossy cells and cholinergic interneurones (Frotscher et al., 1986; 2000), make up
the hippocampal neuronal neiwork. It is proposed that patterncd signalling of the
principal cells coupled with changes in synaptic strength known as plasticity at the
glutamatergic synapses may underlic hippocampal dependent tasks including
adaptive processes such as learning and memory. However the interneurones of
the hippocampus are extremely important in that they act to govern principat cell
properties such as action potential generation, firing patierms and mcmbranc
potential oscillations, while also regulating other interneurones. Overall, it is
suggested that they set conditions for synaplic plasticity (Paulsen and Moser,
1998) and have role in the synchronisation and patterning of principal cell activity
{Cobb et al., 1995; Freund and Buzsaki, 1996).

1.4.4 Hippocampal connectivity

The major input into the hippacampus is from the entorhinal cortex in the form of
the perforent path. The perforant path originates in the superficial layers of medial
and lateral entorhinal cortex and terminate in either the hippocampus or dentatc
gyrus (Lorente de No, 1934; Raisman et al., 1966). The perforent path input to the
dentatc granule cells is particularly strong. The dentate gyrus in turn sends a
projection, the mossy fibre projection, which selectively innervates CA3

pyramidal cells of proximal dendritic sites. This selective input forms the lamina
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stratum [ucidum. The CA3 pyramidal cells in tun give rise to highly
collateralised axons that distribute fibres both within the hippocampus as well as
sending fibres to contralateral hippocampus and also to subcortical regions such
as the lateral septal nuclcus. The projections within hippocampus from CA3
pyramidal cells to the CAl field are among the most intensively studied pathways
in the brain and arc known as the Schaffer collaterals. Within the CA3 region,
CA3 pyramidal cells give rise to a high degree of recurrent (feedback) collaterals,
which form what is referred to as the associational pathway. Tt is this high degree
of recurrent excitatory connectivity that is suggested to be the basis [or the
hippocampus to be a parlicularly seizure prone brain sfructure (see below). Unlike
the CA3 field, pyranidal cells in CAl do not appear to give rise to a major sct of
collaterals that distribute within CAl (Amaral et al., 1991; Tamamaki et al.,
1987). The CALl field rather gives rise to a projection to the entorhinal cortex, by
way of the adjacent subiculum (Amaral et al.,, 1991). A small number of CAl
neurones may project to the contralateral CAl (van Groen and Wyss, 1990). As
the CA1 axons extend in the alveus or in stratum oriens towards the subiculum,
occasional collaterals arise and terminatc on the dendrites of other CAl cells
(Deuchars and ‘Thomson, 1996), but the massive associational network which is

so apparent in CA3 is largely missing in CA1.

The functional organisation of the hippocampus has traditionally been described
in terms of the trisynaptic circuit (Andersen et al., 1966, Figure 1.5 B). This older
view 1s still uscful for intreducing the hippocampus. The fibres of the perforant
pathway arise from entorhinal corlex form excitatory synapses onto the dendritic
spines of the granule cells. The granulc cells of the dentate gyrus send their mossy
fibre axons to the CA3 region. The pyramidal neurones of the CA3 region send
their Schaffer collateral axons to the CAl region. To complete the circuit CAl
pyramidal cells send their axons back to the entorhinal cortex via the subicuiar
complex. These three synapscs define the trisynaptic circuit, which is a purely
feed forward network (Brown and Zador, 1990). The circuit described includes a
simple sequence of excitatory connections [rom onc region Lo the next, forming a

closed loop that enables unidirectional flow of information. More over, each

33



Chapter 1

region, with the exception of the dentate gyrus, projects not only to the nex(
region in the sequence but also 10 one or two after it (Brown and Zador, 1990).
Thus, multiple closed excitatory loops appear 1o make up the normal hippocampal

circuitry.

1.4.5 Local interactions

In addition to synaptic connections among regions of the hippocampus formation,
there are also relatively complex synaptic interactions within each region, Thesc
local circuits consist of principal neurones and a diversc array of GABAergic

interneurones (Freund and Buzsaki, 1996).

Recwrent axon collaterals of CA3 pyramidal cells make extensive excitatory
synapses on the dendrites of neighhouring pyramidal cells (Li et al., 1994) so that
when one pyramidal cell fires, its neighbours are powerfully excited (MacVicar
and Dudec, 1982; Miles and Wong, 1983). This facilitates the rapid
synchronisation of action-potential firing in CA3 neurones that underlies the
normal electroencephalographic pattern known as hippocampal sharp wave
activity (Buzsaki, 1986) and periodic iz vitro burst discharges (Traub, 1991). This
synchrony is important for activity-dependent modification of synaptic strength
{Buzsaki, 1986), but the positive feedback from recurrent collaterals that underlies
the synchrenisation should produce continuous discharging of all CA3 neurones,
such as may occur during human temporal lobe seizures (Jefferys, 1993). But why
does this not happen under normal conditions and what process terminates burst

activity?

The primary mechanism terminating CA3 bursts are inhibitory conductances. As
imdicated earlier, the pyramidal neurones of the CA3 region also receive powerful
synaptic inhibition. There is both feedback and feedforward synaptic inhibition of

the pyramidal neurones in the CA3 region (Brown and Zador, 19%0).
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Mareover, calcium influx during the burst triggers a potassium current that results
in an afterhyperpolarisation that can terminate bursts of action potentials initiated
by a depolarising current injection (Wong, 1981). Thus the afterhyperpolarisation,
in conjunction with inhibitory posisynaptic conductances, is a logical mechanism
for burst termination (Traub, 1991). Some evidence, however, raise the possibilily
that inhibitory conductances are not the primary mcchanism terminating CA3
bursts. According to Staley et o (1998), population-burst duration is limited by
depletion of the releasable glutamate pool at these recurrent synapses and
postsynaptic inhibitory conductances further limit burst duration but are not
necessary for burst termination. The interval between bursts in vitro depends on
the rate of replenishment of releasable glutamate vesicles and the probabilily of
rclease of those vesicles at recurrent synapscs. Therefore presynaptic factors
controlling glutamate release at recurrent synapscs regulate the probability and

duration of synchronous discharges of the CA3 network (Staley ct al., [998).

1.4.6 Input and output pathways

The major inputs to the hippocampus and dentate gyis arise from the entorhinal
cortex, the contralateral hippocampus, and the septal region, There are also
important bul less numerous projections from several other regions including the

brain stem, hypothalamus, thalamus and amygdala (Brown and Zador, 1990).

‘The entorhinal cortex, a transitional area beiween the cortex and hippocampus,
provides a major sensory input to the hippocampus, dentate gyrus and subiculum
via the fibres of the alvear and perforant pathways. The fibres of the perforant
pathway arise from stellate and pyramidal cells in layers 2 and 3 of the medial
(non-olfactory) and laleral (otfactory) entorhinal cortex (Steward, 1976). They
pass through the subicular complex and form excitatory synapses onto the
dendritic spines of the granule cells, The entorhinal cortex also receives inputs
from many other regions of the brain including the association cortices, several

thalamic nuclei, the claustrum, and the amygdala.
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The medial septum and diagonal band of Broca provide one of the major
subcortical inputs to the hippocampus. Five cell types have been distingnished in
these nuclei (Jakab and Leranth, 1995), however the two major lypes are
cholinergic and GABAcrgic in nature. These neurones have large cell bodies and
project via the (imbria-fornix to terminate in all levels of the hippocampus. This
projection was first suggested in 1910 (Hemick, 1910) and is now firmly

established.

The medial seplum provides a major cholinergic and GABAergic input to the
hippocampus. The cholinergic afferents of the septo-hippocarpal input are thin
beaded fibres (Heimrich and Frotscher, 1993) making up 2/3 of all projections.
These projections contact both interncurones and principal cells (pyraraidal and
dentate granule cells) synapsing on dendritic shalls, spines and cell bodies
(Heimrich and Frotscher, 1993). The GABAergic afferents are thick in diameter
with large varicose swellings and make up only 1/3 of all projections. These

GABAergic afferents contact ouly interneurones (Freund and Antal, 198%).

The cholinergic nature of the septo-hippocampal projection was first
demonstrated in 1967 (Lewis and Shute, 1967) and almost a decade later septal
stimulation was shown to cause a direct increase in acetylcholine released within
the hippocampus (Dudar, 1977; Smith, 1974). The cholinergic componcnt of the
septo-hippocampal input has received considerablc attention due to its prontinent
role in cognitive functions, if the input is destroyed hippocampal dependant
learning is severely impaired (Dutar et al, 1995; Husselmo, 1999). The
cholinergic input is involved in generation and patterning of theta activity (Cobb
et al, 1999) through the action of acetylcholine at principal cells and
interneurones. The septal afferents are not the only source of acetylcholine as

local cholinergic neurones also cxist (Frotscher et al., 1986; 2000).

The hippocampus also has several output pathways and targets. One major output
proceeds via the {imbria, which is a sheet composed of the axons of pyramidal

cells and cells in the subiculum. These axons then gather to form the fornix, which
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crosses the midline of the brain. The other major outpuis are to the subiculum and
to the deep layers of the entorhinal corlex. Thus the hippocampus projects to

many of the same regions that provide its input (Brown and Zador, 1990).

1.4,7 Ncurotransmission in the hippocampus

1.4.7.1 Gamma-amino butyric ucid (GABA)

GABA is considered the main inhibitory transmitter in the hippocampus (Robexts
et al.,, 1970), which can be released by inhibitory intemeurones onto the soma,
dendritic regions and axons of pyramidal and granule neurones (Buhl et al., 1994,
Freund and DBuzsaki, 1996). Although glycine is a prominent inhibitory
neurotransmitter in the spinal cord and in some brain regions, it plays little role as

a classical neurotransmitter in the hippocampus.

It was onec believed that inhibitory synapses were primarily on the cell bodies of
pyramidal neurones (Andersen et al., 1964). There is now much evidence that
GABAergic synapses occur both on the cell bodies as well as throughout the

neurene.

1.4.7.2 Glutamate

Glutamate is the most important excitatory ncurotransmitter in the hippocampus
(Roberts ¢t al., 1981). Various combinations of AMPA, kainate and NMDA
receptors are present at all of the excilatory pathways of hippocampus although
there may be variations at individual synapses (Johnston and Amaral, 1998). For
example there are fewer NMDA receplors at mossy fibre synapses (Monaghan et
al., 1983). Also it has been proposed that some Schaffer collateral synapses
contain only NMDA receptors (Isaac et al., 1995; Liao ct al, 1995). The
metabotropic glutamate receptors are also present at glutamatergic synapses, both

at the pre- and postsynaptic side of synapse. They coexist in different
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combinations with lonotropic receptors postsynaptically and modulate transmitier

release presynaptically (Schoepp and Conn, 1993).

1.4.7.3 Acctylcholine

Acetylcholine (ACh) is widely distributed in the hippocampus, where it exerts a
mumber of neuromedulatory effects. The hippocampus exhibits a particularly high
level of nAChR cxpression on both principal cells and GABAergic inlermneurones
where they are located at presynaptic, postsynaptic and extra-synaptlic sifes
(Fabian-Fine et al., 2001). As such, nAChRs are ideally placed o regulate
neuronal excitability within hippocampal circuits. In this respect, nAChRs
classically mediate fast acetylcholine-mediated neurotransmission in the
hippocampus (Alkondon et al., 1998; Frazier et al,, 1998a; 1998b; Jones and
Yakel, 1997; McQuiston and Madison, 1999b). In addition, there is now mounting
evidence for both excitatory and inhibifory modulatory effects of nAChR
activation. Thus, neurochemical evidence indicates thal activation of presynaptic
nACDhRs enhances the release of neuroiransmitters such as acctylcholine, GABA
and glutamate (Gray et al., 1996; Vogt and Regehr, 2001; Wonnacott et al., 1989).
Therefore, both excitatory and inhibitory synapses can be modulated by nAChR

activation.

In the hippocampus, fasi nAChR-mediated transmission has been identified only
onto GABAergic intermneurancs. nAChR activation produces a variety of
responscs in  interneurones. The majority of interneurones show a fast
depolarisation mediated by a7subunit conlaining receptors (Frazier ct al., 1998a;
1998b; McQuiston and Madison, 1999b). However, McQuiston and Madison
(1999) also reported a subsetl of interneurones that showed a [ast depolarisation in
combination with a slower responsc and Alkondon (1997) reported secing similar
response in some interneurones but also interneurones which displayed only a
slow response probably due to the activation of a4p2 nAChR. Interneurones

showing no nicotinic response at all have also been observed (McQuiston and
Madison, 1999b).
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Functional nAChRs arc also present on pyramidal cells (Albuquerque et al., 1997;
Alkondon et al., 1997; Ji et al., 2001) yet the production of postsynaptic responses
in these cells is the subject of an ongoing dispute. Alkondon (1997) reported that
pyramidal cells responded to application of nicotinic agonist with a slow
depolarisation, however studies by Frazier (1998b) and McQuiston and Madison
(1999b) generally disagree with these findings reporting no response in the
majority of pyramidal cells. In another study, properly timed nicotinic activity at
pyramidal neurones increased the induction of long-term potentiation via
presynaptic and postsynaptic pathways but nAChRs activation evoked currents in

these cells were smaller than in interncurones (Ji et al., 2001).

mAChRs have been described at both pre and post synaptic sites in the
hippocampus (Williams and Johnston, 1993). Their presynaptic effects arc to
decrease glutamate and GABA release and thus could be considered inhibitory or
excitatory. Their postsynaptic eflects are to decrease potassium conductances, the
M current, £y (Halliwell and Adams, 1982} and the calcium activated current, igp
(Storm, 1990) , which in tum produces a depolarisation of the posisynaptic
neurone, making it more likely to fire an action potential (Halliwell and Adams,
1982). This action is decidedly excitatory becanse not only is the neurone
depolarised by the action of ACh on muscarinic receptors but the decrease in the
potassium conductance increase the input resistance, making other concomitant
excitatory inputs more likely to firc the neurone (Johnston and Amaral, 1998). By
Recording directly from interneurones, using the whole cell patch clamp
technique, McQuiston and Madison (1999) have recently shown that mAChR
activation produces a variely of responses in interneurones including
depolarisation, hyperpolarisation, a biphasic response or no response but failed to
find a relationship Dbetween interneurone subtype and the nature of the
pharmacologically induced cholinergic responses (McQuistonr and Madison,
1999a). Moreover, such changes are not reported to be associated by a change in

input resistance in interneurones. Similar findings have recently been reported in
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interneurones in response to physiological stimulation of cholinergic afferents

(Ferrigan et al., 2003).

1.4.8 hippocampal slices

Since it was shown that slices of brain tissue could be maintained in vitro, slices
have been extensively used as in vitro models of CNS activity (Yamamoto and
Mcllwain, 1966). In vitro brain slices also have considerable value in
pharmacological experiments whereby the physiological actions of
neurolransmitters and drugs can be casily invesligated. Several aspects of the slice
preparation facilitate this type of analysis. Many classical pharmacological
techniques (e.g., dose-response curves, tests for competitive and non-competitive
antagonisms) can be used fo examine drug responses because drugs can be applied

and tested in a relatively quantitative manner (Dunwiddie et al., 1983}

Transverse hippocampal slicc has been so useful in evaluating synaptic and cirenit
propertics because trisynaptic cirenitry is organiscd approximately in a plain that
is perpendicular to the long axis of the hippocampus (Andersen, 1971). This is
why organisation of the hippocampus is sometimes termed “Lamellar”, This
parallel lamellar organisation favours the use of the hippocampus as a slice
preparation since each slice conlaining all the functional arcas and can act as a
single unil. However, the actual synaptic organisation is not exclusively lameilar.
There arc, in [act, significant longitudinal commections that are not preserved

within thin fransverse brain slices (Amaral, 1987).

According to Jeffervs (1994), in hippocampal slices seizure-like activity can be
induced with ease by a variety of epileptogenic agents, and stable potentials can
be recorded over several hours, Moreover, drugs can be used without the
restriclion of the Blood Brain Rarrvier and systemic metabolism. However, for
studies of seizure-like activities, which involve larger areas of the brain, absence
of the rest of the brain can be a real problem and influence these studies {Jeflerys,
1994).
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1.4.9 The hippocampus and epilepsy

Despite practically every part of the brain being able to generate an epileptic
seizure, not all parts of brain are equally susceptible to cpileptic activity. In
general it is the cortex which is most directly implicated, either the neocortex, or
older regions such as the hippocampus, entorhinal cortex and piriform cotlex.
Moreover, the interaction of the cerebral cortex and the thalamus, in conjunction
with intrathalamic communication, can generate spike waves similar to those
occurring during human abscnce scizurce discharges. Therefore, the structure
affected determines the kinds of symptoms, the time course and o some extent the

cellular substrate for the cpileptic activity (Jefferys, 1993},

The hippocampus is a major sile of seizure generation (Schwartzkroin, 1994) and
it has the lowest seizure threshold of any brain region (Green 1964). Clinical foel
here often present a major challenge to current drug therapies and can result in
cognitive impairments. Indeed, epilepsies with a hippocampal foci constitute a

significant part of the caseload in surgery for epilepsy (Laidlaw et al., 1993).

In the hippocampus, the CA3 region normally initiates epileptic discharges
resembling brief “interictal” clectroencephalogram spikes (Jefferys, 1993; Traub,
1991). CA3 susceplibilily results from relatively powerful connections between its
pyramidal cells (MacVicar and Dudec, 1982; Miles and Wong, 1983), with
unitary excitatory postsynaptic potentials (EPST) up to approximately imv

/

between 1% and 2% of pairs of neurones (Tefferys, 1994).

The cclls of the CA3 region can produce paroxysms, which transmit to the CAl
region in a number of models in dependent of the dentate gyrus (Schwartzkroin
and Prince, 1978). For this reason, the CA3 region has been named the “epileptic
pacemaker” for the hippocampus (Lothmun and Collins, 1990). Ionic movement
through nmumerous voltage and ligand gated channels can determine the basal level
of cell excitability. Transmission between CA3 neurones can be also amplitfied by
“intrinsic burst” driven by dendritic voltage-dependent calclum currents {Wong

and Prince, 1978). Even under normal conditions CA3 cells can produce
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spontaneously bursting activity which resembles paroxysmal depolarisation shifts
(PDS) (Wong and Prince, 1978). As indicated earlier, connections betwcen CA3
cells are numerous and excitatory, thus cxcitation in one cell can be
communicated to the next and so forth. Normally synaptic inhibition contains the
spread of excitation through the CA3 network, but when this is blocked, or
excitation or excitability is enhanced, activity in onc or more neurones causes a
chain reaction which recruits all the neurones within five to six synaptic relays, or
a few 10s of milliseconds (Jellerys, 1993; Traub, 1991). Recurrent discharges
gencrated by CA3 cells spread to CAl where ictal events can he generated.
Pyramidal CA3 cells may act as interictal spikes pacemakers, because of very
Ligh calcium conductance and a profuse disposition of recurrent axonal
collaterals, predisposing to PDS (Ure and Perassolo, 2000). Converscly, CAl
region is able to maintain scizures by itsell, without previous interictal spikes
{Lothman and Collins, 1990).

When ictal activity encompasses the dentate gyrus, it will increase in CAl,
subiculum and entorhinal cortex, which can initiate the discharges via the
perforant pathways making epilepsy difficult to arrest (Eleincmann et al., 1994).
Moreover, other features of the hippocampus, electronic synapses, feedback loops
and ephaptic coupling arc important in epilepsy and can reinforce the
synchronisation of activity (Reviewed by Jefferys, 1995). The anatomical
arrangement of neurones into regular sheets provides an ideal substrate {or the
action of electric fields on membrane potentials. This complex organisation with
so much potential for aberrant excitation makes the hippocampus so prone to

epileptic tendencies.

1.5 Invitro epileptiform models

1.5.1 General

In vitro models of epileptiform activity have been used extensively over the last

few decades to investigate the genesis of epilepsy-like behaviours within
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hippocampal and neocortical circuits. These models generally involve slices of
brain tissue, for example hippocampus (Moiris et al,, 1996; Voskuyl and Albus,
1985; Watts and Jefferys, 1993), neocortex (Mattia et al., 1993) and amygdala
(Arvanov et al., 1995).These preparations can be manipuiated by either changing
the medium uscd for perfusion or by the direct application of compounds to the
slice, Epileptiform activity is generated by the raising the basal level of excitation
or by altering the ion content of the perfusing medium. Epileptiform activity can
take the form of spontaneous bursts of population spikes or as multiple waveforms
in response to afferent stimulation. As mentioned earlier, epileptiform activity in
vifro consisting ol short periods of defined activity is referred to as inter-ictal due
to the resemblance to this activity in vive. Similarly periods of intense activity
lasting seconds to minutes is denoted ictal-like activity. Although caution must be
exercised when making direct comparisons between situations ix vitro and in vivo,
in vitro models have been bencficial in understanding the fundamental
mechanisms which may underlie the generation of human epilepsy (Jefferys,
1993).

Indeed, in vivo models have been used in screening pofential anticonvulsant
activity of many AEDs. Many commonly used AI!Ds have been shown to be
efficacious I suppressing epileptiform activity in brain slices (Dost and
Rundfeldt, 2000; Kapetanovic et al., 1995; Sagratella, 1998; Schneiderman and
Schwarlzkroin, 1982). Such slice models, whilst reductionism in nature, do
therefore represent a good predictive indicator of whether a particular compound

or receptor type are likely to be of significance in human epilepsy states.

Moreover, with specific regard to the septo-hippocampal cholinergic system, the
morphological and physiological literatures suggest that the human and rodent
tnnervation and cholinergic receplor cxpression are very similar (Reviewed by
Golli et al., 1997). However, the precise nicotinic receptor distribution in hwuman
is still not clear and further studies are needed to complete our understanding of
receptor (and particularly receptor subtype) distribution. Knowledge of receptor

subtype distribution is important in order to allow the correct correlations lo be
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nmade betwcen receptor sublypes and brain functions or pathologics, which would

thus assist in the search for the subtype-specific therapeutic agents.

1.5.2 4-aminopyridine- induced epileptiform activity

As a specific blocker of K’ current (Hermann and Gorman, 1981), 4-
aminopyridine (4AP) has been widely used as a pharmacological agent in diverse
studies of K channels (Klee et al., 1995; Storm, 1988; Ulbricht and Wagner,
1976), mechanisms of epileptogenesis (Chesuut and Swann, 1988; Galvan et al,,
1982; Rutecki ct al., 1987; Voskuyl and Albus, 1985) and synaptic plasticiiy
(Andreasen and Lambert, 1999; Buckle and Haas, 1982; Lee et al., 1986). 4AP
can induce epileptiform activity in vitro (Avoli et al., 1996; Chesnut and Swann,
1988; Galvan et al., 1982; Traub et al., 1995; Watis and Jefferys, 1993) and in
vive (Morales-Villagran et al., 1996; Szente and Baranyl, 1987; Szente and
Pongracz, 1979) as well as producing clinical seizure in man (Spyker ct al., 1980;
Theslcfl, 1980). Relevant biophysical actions of 4AP include the following: (1)
Blockade of transicnt K' currents in postsynaptic soma-dendritic membrane,
including the fast A current and the slower “delay” (D) current. The A current is a
rapidly activating and deactivating current and involved in controlling excitability
via a role in spike repolarisation (Voskuyl and Albus, 1985). Epileplogenic
concentrations of 4AP (<75 uM) probably do not block the A current (Storm,
1988; Traub et al., 1995). The D current has a rapid activation but a slow
inactivation, which int{roduces a long delay in firing induced by just threshold
depolarisations (Storm, 1988). The D current is more sensitive to 4AP with
complete blockage occwrring between 30-40 uM (Storm, 1988). (2) An increase in
the excitability of axons and presynaptic terminals (Buckle and Haas, 1982;
Kocsis et al., 1983), probably also caused by K" current blockade which prolongs
the action potential in the nerve terminals, allowing a greater calcium influx and
lhus a larger transmitter release (Molgo ct al, 1977). (3) A direct effect on
voltage dependent caleium channels could also be an effect of 4AP (Lundh and
Thesteff, 1977, Rogawski and Barker, 1983).
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Three types of spontaneous, synchronous activity were recorded in the presence of
4AP, The most prevalent is the gencration of frequently occurring bursts of short
duration which are reminiscent of inter-ictal activity seen in vivo (Avoll et al,
1993; Malttia et al., 1994; Moiris et al., 1996; Voskuyl and Albus, 1985; Watts
and Jefferys, 1993). Less [requent negative potentials which have been proposed
to be GABAergic have been found in some instances (Voskuyl and Albus, 1985;
Mattia et al,, 1994; Michelson and Wong, 1994; Morris et al., 1996; Perreaull and
Avoli, 1991; 1992; Avoli et al, 1993;). Prolonged scizure-like bursts, ictal
activity, lasting up to tens of scconds can also occur (Avoli et al., 1993; 1996;
Gean, 1990; Mattia et al., 1993; Watts and Jellerys, 1993).

The involvement of glutamatergic transmission in 4AP-induced epileptiform
activity has been investigated using selective NMDA and non-NMDA receptor
antagonists, There are some reports showing that interictal and ictal-like activity
induced by 4AD are suppressed by non—NMDA rccoptor antagonist 6-cyano-7-
nitroquinoxaline-2,3~dione (CNQX) and 6,7-dinifroquinoxatine-2,3(1H,411)-dione
(DNQX) (Avoli et al., 1996; Avoli et al.,, 1993; Gean, 1990; Petreault and Avoli,
1991). NMDA receptor antagonists generally have no or very little effect on 4AD-
induced bursts (Avoli et al., 1993; Gean, 1990; Pcrrcault and Avoli, 1992).
Towever, exceptions have been reported. Avoli ef af (1996) showed that ictal-like
events in the entorhinal cortex were abolished by an NMDA receptor antagonist
3-(-2-carboxypiperazinc-4-yl)-propyl-1-phosphonic acid (CPP) (Avoli et al.,
1996). This data was further supported by Gulyas-Kovacs et af (2002), who
showed that another NMDA receptor antagonist D,L-2-amino-5-phosphonovaleric
acid (APV) significantly decreased frequency of 4AP-induced epileptiform
activity (Gulyas-Kovacs ¢t al., 2002). Inter-species differences, the cortical area
from which the slice originated and dilferent experimental conditions may
account for such differences. For example, 4AP-induced ictal-like bursts in rat
neocortex were inhibited by non-NMIDA receptor antagonist and not affected by a
NMDA receptor antagonist, whereas the opposite {inding was observed with

slices of guinea-pig origin (Mattia ct al., 1993).
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The disappearance of 4AP bursls in low or zero calcium media also suggests a
dependence on synaptic activity for generation {Gean, 1990; Voskuyl and Albus,
1985).

One of the unusual features of 4AP-induced epileptiform activity is that both
excitatory and inhibifory synaptic transmission is enhanced (Perreault and Avoli,
1991; Rutecki et al., 1987; Tapia and Sitges, 1982). Unlike other convulsant drugs
that act primarily by diminishing the efficiency of GABA-mediated inthibition, the
cvidence available indicates that 4AP-induced epileptiform activity occur despite
the presence of normal or even enhanced synaptic inhibition (Chesnuat and Swann,

1988; Rutecki et al., 1987).

1.5.3 Epileptiform activity induced by GABA receptor
antagonists

Tn respect to the action of these compounds epileptiform activity results primarily
from reduced GABA mediated inhibition. Reducing the amplitude of GABA,-
mediated IPSPs by 20% is sufficient for synchronous discharges in neocortex
(Chagnac-Amitai and Connors, 1989). However, the hippocampus is more
resistance, requiring a nearly complete block of evoked inhibitory potentials for
synchronous bursts (Schoeiderman et al., 1992). While much of the early work
siudied the topical application of these compounds to the neocortex, hippocampus
and other structure in vive, most of cwrent understanding of the cellular
mechanisms of their actions derives [rom wotk on brain slices (Jefferys, 1994).
Several in vitro models have produced cpileptiform activity by using various
GABA receptor antagonists, for example picrotoxin (Knowles et al., 1987; Kohr
and Heinemann, 1990) and bicuculline (Colom and Saggau, 1994; Gulyas-Kovacs
et al., 2002; Herron et al., 1985). The activity found with thesc disinhibitory
modcls is reminiscent of the interictal spike of the epileptic EEG (Jefferys, 1994).

The synchronisation of neuronal discharges in disinhibited hippocampal slices

using GABA receptor antagonists has been studied in some detail. These studies
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revealed that hippocampal neurones are required through a network of recurrent
excitatory synaptic connecctions between CA3 pyramidal cells (Miles and Wong,
1987; Traub and Wong, 1982). Recurrent GABA mcdiated inbibition normally
exerts a tight control over the spread of activity via polysynaptic recuirent
excilatory pathways between CA3 cells (Miles and Wong, 1987). Disinhibition of
hippocampal slices by picrotoxin or bicuculline revealed a polysynapiic
connection between cclls, which previously were not connected. Bicuculline
decreases the amplitude of inhibitory postsynaptic potentials and impajrs
inhibition, therefore facililate propagation of excitatory signals through

multisynaptic pathways (Gutnick et al., 1982; Miles and Wong, 1987).

Development of synchronised PDSs contribute to burst geueration in the
spontaneous epileptiform process (Prince, 1968). In bicuculline-conlaining
solutions a regenerative Ca >* spike is suggested to initiate depolarisation and
contribute to the PNS formation (de Curtis ct al., 1999). The cellular mechanisms
involved in the generation of spontaneous epileptiform poteniials in bicuculline
model are investigated in the pirifom cortex of the in vifro isolated guinea-pig
brain (de Curlis et al., 1999). In thus study, a large platean potential similar {o that
observed in neocortical pyramidal neurones bathed in tetrodotoxin and
tetracthylammonium {Friedman and Gutnick, 1989) is activated at high threshold
during the spontancous interictal spike when the sodium conductance is blocked
in the presence of a calcium chelator. Such a plateau potential was reversibly
abolished by a selective blocker of the calcium conductances and by membrane
potential hyperpolarisation. The exact threshold of activation of this calcium

potential could not be determined.

1.5.4 Low magnesium-induced epileptiform activity

Reduced levels of magnesium have been associated with symptoms of clinical
epilepsy (Durlach, 1967). Slice preparations of various central nervous system
tissues gencrate cpileptiform activity when perfused with a medium devoid of

added magncsium: hippocampus (Mody et al, 1987; Schneiderman and
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MacDonald, 1987, Whittington ct al., 1995), entorhinal cortex (Jones, 1989),
neocortex (Ilorne et al., 1986) and amygdala (Gean and Shinnick-Gallagher,
1988).

At normal physiological concentrations magnesium exerts a voltage-dependent
block on NMDA receptors by binding to a sitc which is thought to be located
within the ion channel (Ascher and Nowak, 1988; Mayer et al., 1984; Nowak et
al., 1984). Relief of this block can ensue during periods of depolarisation,
allowing the movement of Na¥, K™ and Ca** through the receptor channel. The
activation of NMDA receptors following removal of magnesium from the bathing
medium is considered to be the principal mechanism involved in the generation of
epileptiform activity in low magnesium model. Evidence comes from the total or
partial reduction of epileptiform activity in the presence of selective NMDA
receptor antagonists (Horne et al., 1986; Mody et al., 1987; Schneiderman and
MacDonald, 1987; Tancred:i et al., 1990).

In general the epileptiform activity instigaticd by low magnesinm medium is inter-
ictal-like and characterised by burst of milliseconds (Mody et al., 1987; Tancredi
et al., 1990; Whittington et al., 1995). Ictal events with corresponding tonic and
clonic periods of aclivity has also been recorded in hippocampal slices using a

low magnesium medium (Anderson ct al., 1986).

GABAcrgic inhibition is still evident during low magnesium epileptiform activity
due to the maintained ability to cvoke inhibitory postsynaptic polentials (IPSPs)
{Tancredi et al., 1990) and thuos may act to limit the extent of firing. In other
studies inhibition has been found to be reduced in comparison to normal

circumstances (el-Beheiry and Puil, 1990, Jefferys, 1994).

1.5.5 Elevated potassium-induced epileptiform activity

The extracellular concentration of potassium rises during seizures induced in vivo

in cats (Fisher et al., 1976; Moody et al., 1974) and in vitro hippocampal slices
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(Yaari et al., 1986). Basal extracellular potassium levels are approximately 3 mM.
Raising the conceniration of potassium in the medium bathing slices to 5-10 mm
results in the generation of epileptiform activity in vitre (McBain, 1994; Traub
and Dingledine, 1990; Traynelis and Dingledine, 1988).

Inter-ictal activity in the CA3 region of hippocampus occur when slices are bathed
in a high potassium medium (Kormn et al., 1987; Rutecki et al., 1985; Traynclis and
Dingledine, 1988). This activity propagates to the CAl where intense ictal like
activity results (Traynelis and Dingledine, 1988), The transition from inter-iclal to
ictal-like activity has been suggested to revolve around an increase in potassium

concentration (Dichter ct al., 1972).

Increased extracellular potassiumn reduces potassium efflux as a resuit of a
modified concentration gradient (Dietzel ¢t al.,, 1980) which increase neuronal
excitability and increcases incidence of spontaneous EPSPs (Jeflerys, 1993).
Increased potassium levels, paralleled with a decreased potassium driving force,
causc a decrease in the amplitude of a potassiwm mediated after hyperpolarising
potential (AHP) and a decrease in the amplitude of GABAergic TPSPs (Korn et
al,, 1987; McBain, 1994). Inhibition is depressed in this model because the
reversal potenlial for Cl™ shifts towards the resting potential but it is not abolished
(Jefterys, 1993).

1.5.6 Low calcium-induced epileptitorm activity

Reducing cxtracettular calcium [Ca’*], is a method of inducing epileptiform
activity in rat hippocampal brain slices that effectively blocks all chemical
synaptic transmission (Haas and Jefferys, 1984, Jeflerys and Ilaas, 1982; Taylor
and Dudek, 1982). This model of synchronisation was rcported by several
laboratorics within a few weeks of each other (Haus and Jefferys, 1984; Jefferys
and Haas, 1982; Taylor and Dudck, 1982). Hippocampal slices bathed tn solutions
contajning level of [Ca”'], low enough (0-0.2 mM) to block synaptic transmission,

after a delay of tens of minutes, startcd to generate synchronous discharges. These
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discharges differcd from those seen with niore commonly used convulsant
treatments in originating mosi casily from the CA1l region. They also diftered in
their appearance which is more prolonged lasting up to tens of seconds (Jefferys,
1983),

Two non-synaptic mechanisms were at work in the low [Ca™ ], field bursts, Fast
synchronisation which 1s mediated by electric field effects and slower
synchronisation is mediated through fluctuations in [K'*] {(Dudek et al., 1986; Haas
and Jefferys, 1984; Konnerth et al., 1984). The electric field effects arc caused by
the extracellular currents generated by the activity of one group of neurones
depolarising the membranes of their ncighbours enough to change their
excitability, This phenomenon has also been termed ephaptic interaction. As with
the low magnesium model a reduction in the concentration of divalent cations
reduces membrane charge screening and produces high extracellular current
densities and thus facilitates membrane depolarisation (Frankenhaeuscr and
Hodgkin, 1957; McLaughlin et al, 1971). The slower form of non-synaptic
synchronisation is due to fluctnations in extracellular ions, specially increased
[K"}, result from neuronal activity, and tend to depolarise neighbouring neurones
and glia (Konnerth et al., 1984). A reduction in calcium dependent potassinm
currents which arc responsible for after-hyperpolarisation also contribute to low

calcium epileptogenesis (Jefferys and Haas, 1982).

The essential condition for this kind of synchronisation is that the neuronecs need
to be close to threshold. Experimentally this is achieved by the low [Ca*'}, low
to normal [Mg*'], and moderately high [K'}e (Jefforys, 1993) These conditions
can arise during seizures (Heinemann et al, 1986), so that non synaptic
synchronmisation may well have a role in devclopment of seizure rather than the
generation of seizure (Jefferys, 1993). One factor in susceptibility of the CAl to
this kind of synchronisation 1is the tight packing of the pyramidal cell bodies in
stratum pyramidale; the restricted extracellular space reinforces both the cleetric

and ionic mechanisms (Jelferys, 1993).
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1.5.7 Other models

Much of the early experimental works used intact Jaboratory animals, either under
anaesthesia or freely moving, for studies of the epilepsy as a disorder of whole
brain. These preparations iz vive have largely replaced by preparation in vitro,
such as the brain slice, for studies at the level of the single cell or of small
population of cclls and local circuits. Tlowever, studies iz vivo still have important
roles for placing more reductionist studies into context. Even the most distinct
focal epileptic discharge tends to propagate to other parts of the brain, and indecd
may have profound effects on the body as a whole through the motor, autonomic
and endocrine systems. [n vivo methods also ure crucial for screening new
anticonvulsants and studying their toxicity and pharmacokinetics. They are afso
essential for studying scizure propagation and generation, the behavioural
correlates of seizures, the long term structural and functional conscquences of

repeated seizures (Jefferys, 1993).

Kindling is a special chronic model of experimental epilepsics which differs from
many of the other chronic models in that it does not necessarily involve
convulsant drugs (Jefferys, 1993). Its essential feature is the repealed presentation
of subconvulsive stimufus that involves activity-dependent changes in neuronal
structure and function (Mody, 1993). The phenomenon of kindling in epilepsy
was [irst discovered by accident by researcher Graham Goddard in 1967. Goddard
was studying the learning process in rats, and part of his studies included
electrical stimulation of the rats' brains at a very low intensity, too low to cause
any Lype of convulsing. What he found was that after a couple of weeks of this
treatment, the rats did cxperience convulsions when the stimulation was applied
{Goddard et al., 1969). Goddard and others later demonstrated that it was possible
to induce kindling using a chemical (Bell et al., 1992; Goddard and Douglas,
1975) such as pentylenetetrazol, either injected through an implanted electrode, or
given systemically. The definitive feature of kindling is thati the electrical and
behavioural response to these stimuli progressively increases, so that a constant

stimulus which initially can be minimal and clearly non-convulsive response
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reduces seizure threshold and eventually triggers generalised motor seizures

(Jefferys, 1993).

Activation of muscarinic cholinergic receptors produces oscillations in the
hippocampal slice that resemble the theta rhythm, but also may produce abnormal
synchronous activity that is more characteristic of epileptiform activity.
Pilocarpine, a muscarinic agonist, can produce status epilepticus in vivo
{Cavalheiroet al., 1991, 1996; Turski cf al., 1983, 1984; Liu et al., 1994) as well
as inducing cpileptiform activity in vitro (Nagao et al., 1996; Rasmussen et al,,
1996; Rutecki and Yang, 1998). When applied to rat hippocampal slices,
pilocarpine (10 puM) produced brief interictal-like activity, as well as more
prolonged ictal-like activity, which was comparable to epileptiform activity
induced by 4AP, However, the interictal activity observed in pilecarpine-treated
slices displayed a lower rate of occurrence and a longer duralion than in 4AP-
bathed slices (Nagao et al.,, 1996). All types of synchronous epileptiform activity
induced by pilocarpine disappear during application of the non-NMDA receptor
antagonist (Nagao et al., [996). However, NMDA receptor antagonists can only
reduce epileptiform discharge duration (Nagao and Avoli, 1994). GABA mediated
inhibition is decreased in pilocarpine model (Jouscr and Escaplez, 1996).
Moreover, a recent study has revealed thal intrinsic bursting in CAl pyramidal

cells is upregulated in the pilocarpine model (Sanabria ct al., 2001).

Numerous other compounds, in addition to the ones already mentioned, have been

used both in vive and ir vitro to generalc cpileptiform activity:

e Kainic acid (Stringer and Sowell, 1994; Westbrook and Lothman, 1983)

s Penicillin (Dichter and Spencer, 1969; Lathers et al., 1993, Wong and Prince,
1979)

» Pentylenetetrazol (Mirski et al., 1994; Stringer, 1994; Stringer and Sowell,
1994)

¢ Tetanus toxin (Whittinglon and Jefferys, 1994)
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o Trains of electrical stimuli (Anderson et al., 1987, Stasheff et al., 1985)

Clearly thcre are multiple experimental approaches that could be used to
investigate the role of nAChRs in epilepsy states including human and whole
animal studies (Damaj et al., 1999; Dixit et al., 1971; Miner et al., 1985) as well
as n vitro imaging (calcium or voliage sensitive dyes) (Gray et al., 1996;
McGehee et al., 1995; Vogt and Rogehr, 2001} and biochemical (iransmitter
release assays) (Gray ct al, 1996; Marshall et al., 1997, Sershen st al., 1997;
Vidal and Changeux, 1993) approaches. However, 1 have chosen to adopt
(induced in vitro slice epileptiform activities monitored by electrophysiological
means) was based upon the ease of pharmacological and elcctropbysiological
intervention and thus the abilily {0 invesligate underlying synaptic and cellular

mechanisms for an electrophysiological perspective.

1.6 Aims

This project aims to cstablish the role that nicotinic acetylcholine receptors may
play in experimental models of epilepsy and to assess whether pharmacological
agents acting at these rceeplors might represent a novel avenue for developing

future anticonvulsants. Specific questions to be addressed include:

L. Investigation into the effects of nAChR activation on various experimental
models of cpilepsies.

2. Identification the subtypes of nAChRs in modulating epileptiforin
activities.

3. Establish through which circuits nAChR-mediated cffects might be

occurring.
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MATERIAL AND METHODS

2.1 Slice Preparation

All experiments carried out during the course of this project were approved by the
Ethical Review Process Applications panel of the University of Glasgow and were

performed in accordance with the UK Animals (Scientific procedures) Act 1986.

Male wistar rats (2-6 wecks) were bred and housed in group cages under
controlled environmental conditions (temperature 19-23°C and 12hr light/dark

cycles).

All efforts were made to minimise the number of animals used and their suffering.
2-3 weeks old wistar rats were cervically dislocated and decapitated in compliance
with Home Office guidelincs on the operation of the Amnimals (Scientific
Procedures) Act 1986. Older rats (4-6 weeks) were terminally anaesthctised with
an intraperitoneal injection of Pentobarhitone Sodium (1000mg/kg) and then

decapitated, following unconsciousness and lack of paw pitch pain reflexes.

An incision was made along the midline of the head using a scalpel and the skin
scparated to reveal the skull, Using sharp dissecting scissors the skull was cut
down the midline from back to front and the bone folded to each side to expose
the brain. The brain, separated from the spinal cord, was carefully removed with a
small spatula and placed in a beaker of chilled (0-3°C), oxygenated (95% oxygen-
5% carbon dioxide) artificial cerebrospinal fluid (ACSF). The standard perfusion
medium (ACSE) comprised (mM): NaCl, 124, KCI, 3; NaHCO3, 26; NaH2PO4,
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1.25; CaCly, 2; MgSO0y4, 1; D-glucose, 10. 5% CO; was included to maintain a
correct PH of 7.4.

Horizontal orientation was chosen for slice preparation (Figure 2.1). The brain
minus the cerebellum was subsequently hemisceted and top surface of brain was
glued to the stage of a vibrating blade microtome (Leica V11000, Milton Keynes,
UXK.). 400 wm thick transverse horizontal slices werc cut using a vibrating
microtome (Lcica VT1000, Milton Keynes, U.K.). Throughout the slicing
procedure the brain and slices were held in a chamber containing chilled (~2-4°C)
ACSF. Using a large bore suction pipette, the slices were then transferred to a
cold petri dish containing chilled ACSF where the hippocampal region of each
slice was dissected free from surrounding brain tissue. Hippocampal slices were
maintained in an interface incubation chamber with an oxygen-enriched
atmosphere at room temperature (controlled at 26 + 2°C). Following an incubalion
period of 1hour the slices were individually transferred to the recording chamber
using a large horc suction pipelte. Spare slices were stored in the interface

incubation chamber where remained viable for up to 12 hours.

For path clamp rccordings hippocampal slices were made from male and female
Wistar rats (P16-28). Animals were terminally anaesthetised with an
intraperitoncal injection of Pentobarbitone Sodium (1000mg/kg). Following
unconscicusness and lack of paw pitch pain rcllexes, the abdomen and 1ib cage
were opened and a transcardial perfusion was performed. A hypodermic needle
(19G 1 ¥) was inserted and fixed into the left ventricle and an incision made in
the right atrium, the heart was then perfused with 20-60ml of chilled high sucrose
ACSF {composition mM: NaCl, 87, KCl, 2.5, NaHCOs, 25, Nal;POq, [.25,
MgSQs, 7, CaCly, 0.5, glucose, 11, sucrose, 75) in accordance with UK. home
office guidelines. Removal o( the brain and preparation of 250pm slices followed
an identical procedure to that stated above but in the presence of a high sucrose
ACSF solution. Slices were transferved to a submerged holding chamber, heated
to 37°C for 1 hour and the high sucrosc ACSF was gradually (10% every 15mins)

changed to normal ACSF over a period of two hours. Slices were stared in the




(3)

Glued surface

Figure 2.1. Process and otientation for stice preparation.

A. Diagram illustrating the direction of slicing. For preparation of slices in a horizontal
orientation the cerebellum was firstly separated and the brain then hemisected along
the midline (1). The top part of brain was separated (2) and the brain was then
inverted and the top surface of brain glued to the stage of a vibrating blade microtome
{3). Slices were subsequently cut from the bottom surface of the brain at a thickness
of 400uM. Dotted fines indicate the incisions made and the exposed surface of the
brain. All procedures were carried out at 2-4°C to reduce metabolic decay and to firm
the brain for care of sectioning. B. Picture of a trimmed hippocampal slice showing
several figlds of the hippocampal formation and the infrinsic connections.
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submerged style holding chamber at room temperature (19-24°C) until needed.
They were then individually transferred to a submerged recording chamber using

a large bore suction pipette as needed.

2.2 Elcctrophysiology

2.2.1 Recording set-up

The recording chamber, microscope (Olympus, IMT-2, Japan) and manipulators
(Narishige, MC35, Japan) were mounted on a pressure sensitive anti-vibration
table (Intracel, UK, Figure 2.2). All other electrical equipment including signal
processor (model 440, Brownlee Precision), analogue-to-digital converter
(Digidata 1320 series, Axon instrumenis), humbug noise sublraction device
{Quest Scientific) and PC were secured in a racks alongside the Axoclamp 2B
current and voltage clamp amplifier (Figure 2.2). A schematic of the cxperimental

apparatus is illustrated in Figure 2.3.

An interface type chamber (Figure 2.4) was choscn for exiracellular and
intraceflular recordings. This consisted of a 35 mm diameter plastic chamber in
which the slices were placed on a small 1 cm square pieces of lens tissue at the

interface of a warmed ACST and an oxygen-cnriched, humidified atmosphere.

The ACSF was heated to approximately 32-34 0C and bubbled with 95% O, 5%
CO; to provide a humid oxygen enriched atmosphere. Oxygenated ACSF was

pumped, by mcans of a peristaltic pump (Gilson, France), through the central

chamber providing a constant flow rate of 1-2 ml.min-1.
Recoridings clectrodes for extracellular and infracellular experiments were pulled

from standard-wall (1.2mm internal-/0.69mm external-diameter) borosilicate glass

capillaries on a Brown and Flaming-type horizontal electrode puller model P-87
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Figure 2.2. Photograph showing the Recording apparatus.

Photographic image illustrating manipulators and microscope secured on
antivibration table, with all other equipment secured in racks alongside.
Recording chamber is mounted under microscope. Micromanipulators are used
to position recording electrodes. PC drives experiments and captures data.
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Figure 2.3. Schematic of the experimental apparatus.

Flow chart illustrates the apparatus used for electrophysiological recordings. Heated
oxygenated ACSF is pumped through the central chamber providing a constant flow
rate. As indicated, the system can be operated in a closed loop so that small
volumes of drug containing medium can be recirculated if necessary. Hippocampal
slices are placed in recording chamber at an ACSF/ humidified oxygen (95% O,, 5%
CO,) interface and extracellular recordings then made from hippocampal slices
using glass microelectrodes. Such field potentials are amplified by an Axoclamp 2B
amplifier and a Brownlee 440 signal processor. Extraneous 50Hz line frequency
noise was subtracted from traces where necessary using a humbug device. Data is
digitised (Digidata 1342) and captured as a continuous data stream on PC for further
off-line analysis.
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Figure 2.4. Interface recording chamber.

Top view of interface recording chamber showing position of hippocampal slices,
recording microelectrodes, silver wire (amplifier ground) and lens tissue. Oxygenated,
heated ACSF is pumped through the chamber. Two hippocampal slices are transferred
to recording chamber and extracellular recordings then obtained from stratum
pyramidale of area CA3 using glass microelectrodes. Experiments can thus be run in
tandem to increase throughout.
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(Sutter Instruments, USA). Electrode resistance und filling solutions varied
according to the type of experiment performed. Recording elecirodes [or
extracellular recordings had blunt tips and were filled with standard ACSF to a
d.c. resistance of around 1-5MQ. Blectrodes for intracellular recordings were
filled with 1.5M potassium methyl sulphate and had a d.c. resistance in the range
of 80-150ME2. |

Filled recording elecirodes were mounted into electrode holders where their filling
solution came into contact with silver chloride coated silver wire. The electrode
holder was then inserted into a unity gain head stage (cwrrent gain 0.1: Axon
instruments) and connected to the axoclamp 2B amplifier. In many experiments,
two headstages were employed so that it was possible fo run experiments on 2
hippocampal slices in parallel (thus increasing the yield of data collection) or to
enable simultaneous intra and cxtracellular recording from an individual slice. A
silver chloride bath reference electrode submerged in the recording chamber was

also connected to the headstage.

Bipolar stimulation elecirodes were consiructed from two lengths of 0.05mm
diameter Nickel 80% /clhromium 20% wire (Advent Research Materials Ltd.,
England) twisted together and cut at the end to produce a focal stimulation.
Stimuli were praduced by constant current isolated stimulator boxes (Digitimer
Ltd., England), which in turn were triggered by a Master 8 pulse generator
(A.M.P.1, Israel).

All stimulating and recording electrodes were mounted on micromanipulators
(Narishige MC35, Japan) to allow course and fine movement in all (x,y and z)

directional planes.
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2.2.2 Recording Technique

2.2.2.1 Extracellular field recordings

These experiments were performed in an interface recording chamber. Standard
ACSF was used as the electrode filling solution io achieve a final d.c. resistance

between 1-5MQ.

Spontancous epileptiform activity recordings:

In order to measure synchronous ncuronal discharges that characterise
epileptiform activitics, the majority of recordings were carried out using the
cxtracellular configuration (Figure 2.5). Following an equilibration period of 1
hour, two slices were {ransferred fo the recording chamber where the slices were
allowed to a further equilibration period of at least 15 minutes before recording
commenced. Simultaneous exiracellular recordings were then madc from area

CA3 of each hippocampal slice.

The recording electrodes were placed on the surface of each hippocampal slice,
close to stratum pyramidale within area CA3 (usually CA3c). A microscope slide
was subsequently placed over the recording chamber to maintain a high humdity.
Synchronous activity within the slice was manifested extracellularly as field
potentials {posilive and negative deflcctions) capable of being detecied by
electrodes in contact with the external space (Figure 2.5). Such field potentials
were first amplified [0 times by an Axoclamp 2B amplifier operatcd in bridge
mode, then a further 200 times by a Brownlcc 440 signal processor. The DC
recordings were then filtered (5 to 1000Hz band pass) and extraneous 50Hz line
frequency noise was subtracted using a Humbug device (Quest Scientific,
Canada). The processed signal was fed through a Digidata 1320A analogue-to-
digital converter operating at 0.5-2 kHz, and theoce to a PC for capture on hard-
disk using pClamp8.0 softwarce (Axon Inst., Union City, CA, USA).
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Figure 2.5. Examples of extracellular field potentials recordings.

PC screen image showing simultaneous recording from two channels, each
representing activity in different hippocampal slice. Note that both traces show
intermittent bursting responses which are recorded in chart recorder mode for
subsequent off-line analysis.
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Three different convulsant models were used in this study: 4-aminopyridine
(4AP), bicuculline and low magnesium ACSF., Spontaneous synchronous
cpileptiform activity was induced via the addition of 4AP (10-50 uM) or
bicuculline (20 pM) to the perfusion medium, and the burst frequency then
allowed (o stabilise (~ 60 minutes). In the bicuculline experuments, the level of
KCl in the standard medium was raised from 3 to 5mM in accordance with
previously described methods (Ives and Jefferys, 1990). In the low Mg™"
experiments, MgSQ4 was simply omiited from the perfusing ACSF medium
(Gulyas-Kovacs et al., 2002),

Evoked responses recordings:

Extracellular recordings were carried out in both the CA3 and CAl region of the
hippocampus. The 1-5MQ recording electrodes were placed on the surface of the
slice in the stratum radiatum of the CA3 and CAl regions. Stimuli were delivered
of 20 second inlervals via the bipolar stimulation electrode positioned within the
hilus or Schaffer collaterals pathways and resulting field EPSPs were recorded.
The stimulus comprised of a square wave pulses of 20us duration and 0-30mA
constant current amplitude. The stimulus intensity was adjusted to evoke a

response of half of maximum response value for each experiment (range 1.2-2.5

mA).

2,2.2.2 Intracellular current clamp recordings

In a minority of slices intracellular recordings were performed simultancously
with extracellular recordings. For intracellular recording, electrodes were filled
with 1.5M potassium methylsulphate (filtered using 0.2um syringe (ilter) to
achieve a fina) d.c. resistance between 50 ~ 180MQ. Electrodes were pulled to
provide a fire tip to permit entry into pyramidal neurones with minimal injury

discharge.
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Intracellular recordings were made [fom cells in stratum pyramidale close to the
extracellular recording electrode. Putative pyramidal cells within area CA3 of the
hippocampus were identified and differentiated from fast spiking interneuroncs
based upon their characteristic properties including a pronounced spike frequency

adaptation and relative lack of very fast afterhyperpolarisations (Buhl et al.,1994).

Impalement of pyramidal ncurones was aclhicved by advancing the recording
electrode through the strafum pyramidale using a Narishige (MC335, Japan) water
hydraulic drive in two axcs. Negative current pulses (0.1nA} were applicd through
the recording electrode so thal any increase in voltage deflection gave an
indication that the electrode tip was approaching a ccll membrane. Subsequent
application of an oscillatory current “buzz” was then used to facilitate penetration
of the electrode tip. Following successful impalement spontancous epileptiform
activity al the single cell level was maonitored under current clamp bridge mode.
Signals for intracellular recordings were typically amplified x 100 and DC
recordings low pass filtered (Brownlee 440, 8-pole besscl) at 2KHz and sampled
at 5-10 KHz for subscquent off-line analysis.

2.2.2.3. Patch clamp whole-cell recordings

Patch clamp experiments were performed with the assistance of Leanne Ferrigan.
Slices were transferred from the Lolding chamber to a submerged recording
chamber mounted on the stage of an Olvimpus BXSOWI upright microscope.
Blectrodes were back filled with a intra-pipette solution, composition (mM):
KmeSQy, 122.5, KC1, 17.5, NaCl, 9, MgCly, 1, EGTA, 0.2, GTP, 0.3, ATP, 3 and
0.5% Neurobiotin or CsCl, 135, MgCl,, 2, HEPES, 10 and 0.5% Neurobiotin,
(Filtered using 0.2pm syringe filter) to achieve a final DC resistance between 6-

10M€2. Whole-cell voltage clamp recordings were obtained from CAl
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interneurones under visval control using infrared differential interference contrast

(DIC) aptics and the blow and seal patch-clamp technique.

Healthy target cells were chosen on a shiny, smooth appearance of the cell
surface. Slight positive pressure was applied to the pipette interior while
advancing through the slicc towards the chosen target cell so that the pipelte
solution streamed oulwards maintaining a clean electrode tip and cleaning the
surface of the target cell. The electrode tip was slowly manoeuvred to the cell
surface while recording cwrent steps applicd through the electrode. Once the
electrode tip touchcs the cell membrane the positive pressurc was immediately
released to form a low resistance seal, chacacterised by a reduced current trace. At
this point slight negative pressure was applied to increase the seal resistance until
a high resistance gigaohm seal was achieved. Subsequent hyperpolarisation of the
electrode to ~70mV and application of short suction pulses ruptured the
membrane patch to achieve the whole cell patch-clamp formation. Voltage clamp
configuration was chosen for the duration of the experiment and spontaneous
inhibitory postsynaptic currents (IPSC} were recorded from CAl interneurones

within stratum radiatum and straium oriens.

2.3 Data Display and Storage

All digitised data captured directly onto DAT tape (DTR-1404; Biologic
Scientific Instruments, Claix, France) and/or onto 4 PC hard disk using pClamp8.0

software {Axon Instruments, CA., U.S.A.) for further analysis.

2.4 Data Analysis

All analysis was carried out off-line using pClamp8 {Axon Instruments), Origin ¢

(Microcal, MA., U.S.A.) and Mini Analysis version 5.6.28 (Synaposcfi Inc. GA,
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USA) software packages. Instantaneous frequency was calculated at a given time
point as the inverse of the preceding inter-cvent interval. The data were then
represented in the scatter plots in which time point of a given experiment was
plotted against the inverse of the preceding inter-event interval (“frequency’). In
order to not bias any change, which occurred within clusters individual events
were considered independently. As the basal frequency of bursting under contro]
conditions varied considerably from slice to slice (Figure 2.5), all data within a
given experiment were normalised to the mean activity recorded in the presence
of each convulsant alone (i.e., mean burst frequency induced by 4AP, BIC or low
magnesium) to enable comparison and pooling of data between individual
experiments (control; 100%). For example when calculating mean values for the
frequency of bursting, the average number of spikes over a 10 minuies period
before (<10 to 0 mins of pre-drug control periad), during (10 to 20 mins post-drug
application) and following wash out of drugs (20-30 mins following
commencement of washout) was measured and normalised to mean control
values. Thus all data were expressed as a percentage change from the pre-drug
control value and presented as means + standard eror of the mean (S.E.M.).
Statistical significance determined using Wilcoxon matched pairs test, paired
Students #-tests, analysis of variauls (ANOVAs) and subsequent post hoc tests
(Student-Newman-keuls and tukeys) were performed using Graph Pad InStat
version 3.05 for windows (GraphPad Software, San Diego California, USA),
Probability values of less than 0.05 being taken as indicating statistical
significance. n values refer to the number of times a particular cxperiment was

repeated.

2.5 Drugs and Chemicals
4-aminopyridine (4AP), choline, dimethylphenyl-piperanzimwn (DMPP), N-

methylcarbamylcholine (MCC), () epibatidine, cytosine, atropine, dihydro-p-
erythroidine (DHPE), o-bungarotoxin {¢-Bgl), methyllycaconitine (MLA) and
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mecamylamine, all purchased from Sigma-Aldrich Company Ltd (Poole,
England); Bicuculline, baclofen and 6-nilro-7sulphamoylbenzo{ f]quinoxaline-
2,3-dione (NBQX) purchased from Research Biochemicals International (Natick,
MA, USA.); and Nicoline purchased from BDH chemicals Ltd (Poole, England.).
Lobeline and (S)-u-methyl-4-carboxyphenyglveine (MCI'G) were purchased from
Tocris Cookson (Bristol, UJ.IX).

D-(E)-2-Amino-4-methyl-5-phosphono-3-pentanoic acid (CGP 40116), [1-(S)-
3,4-dichlorophenyl)ethylJamino-2-(S)-hydroxypropyl-p-benzyl-phosphoic  acid
(CGP 55845A) were gifts from Dr Kumlesh Dev, Novartis Pharmaceuticals,

Rasel, Switzerland.
All drugs were dissolved in deionised water and stored as frozen 1ml aliquots of

stock solutions 100 to 1000 times the final concentration. Drug application (final

dilution) was via perfusion medium for a period not lcss than 15 minutes.
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CHAPTER 3

REGULATION OF 4-AMINOPYRIDINE-
INDUCED EPILEPTIFORM ACTIVITY BY
nAChR ACTIVATION

3.1 Introduction

The 4-Aminopyridine (4AP) mode! of epileptiform activity was initially chosen for
this study since it gives rise to rather stereotyped and reliable responscs that are stable
over prolonged periods, We also become interested in 4AP as our main experimental
model of focal epilepsy for since ifs action as a convulsant is well described. Ifirst,
4AP can induce epileptiform activily in vivo (Morales-Villagran et al., 1996; Szente
and Baranyi, 1987; Szente and Pongracz, 1979) and in vitro (Avoli et al,, 1996;
Chesnut and Swann, 1988; Galvan et al., 1982; Traub ct al., 1995; Watts and Jefferys,
1993) when injected or applied in low concentrations. 4AP is also reported to produce
clinical seizures in man (Spyker ct al., 1980; Thesleft, 1980). Second, unlike other
convulsani drugs that act primarily by diminishing the efficiency of GABA-mediated
inhibition (Avoli et al., 1988), the evidence available indicates that 4AP-induced
epileptiform discharges occur despite the presence of normal and even enhanced
synaptic inhibition (Chesnut and Swann, 1988: Rutecki et al., 1987). 4AP may
therefore provide a suitable modcl to investigate the pathophysiological mechanisms
involved in the generation of epileptiform activity in conditions where synapiic
inhibition is preserved. Third, 4AP is known primarily as a blocker of K" currents, the
fast A current and the slower D current (for review see Rudy 1988), although other
evidence suggests it might affect Ca™ currents as well (Rogawski and Barker, 1983;

Segal and Barker, 1986). In the somato-dendrite rcgion, these effects of 4AP on
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intrinsic conductance depolarise the cell so membrane potential is become closer to
action potential threshold and reduce the latency of action potential generation (Rudy,
1988), whereas at presynaptic tenminals, the result is a facilitation of neurotransmitter
release (Thesleff, 1980) that can cnhance both excitatory and inhibitory synaptic
transmission (Kita et al., 1985; Perreault and Avoli, 1991; Rutecki et al.,, 1987;
Thesletf, 1980)).

Three types of burst characteristics have been documented to resull from the use of
AAP. The most prevalent is the generation of frequently occurring bursts of short
duration, namely interictal activity (Watts and Jefferys, 1993; Mattia et al., 1994,
Avoli et al., 1996; Morris et al., 1996). Less [requent negative potentials, which have
been proposed to be GABAergic have been found in some instances (Michelson and
Wong, 1991; Perreault and Avoli, 1991,1992; Mattia et al., 1994). Prolonged seizure-
Iike bursts, ictal activity, can also oceur (Gean cf al., 1990; Mattia et al., 1993: Waltls
and Jefferys, 1993; Avoli et al., 1996; Mouris et al., 1996).

‘I'he specific aims of this initial result chapter were to:

1. Identify whether nAChR ligands modulate 4AP-induced epileptiform bursting.
2. Identify the subtypes of nAChRs involved in modulating epileptiform activity.
3. Identify the site of generation of epileptiform activity produced by 4AP.

3.2 Characteristics of 4AP-induced epileptiform activity

Extracellular recordings were obtained trom the cell body layer of area CA3 m
hippocampal slices prepared from 2-6 week old Wistar rats (n=280). Recordings
under control (drug free) conditions revealed the absence of any detectable
spontaneous extraceliular field cvents in all slices tested (n=280). Subsequent

application of the potassium channel blocker and convulsant 4-aminopyridine (10-50
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M) rosulted in the gradual appearance of intermittent large amplitude (0.5-4mV
peak-to-peak; mean=1.78 £ 0.2mV) thythmical field potentials (Figure 3.1 A and
Figure 3.2 A} that eventually scttled into a regular frequency of occurrence thal
persisted for long periods in the majority of slices tested (n=250 of 280). This
intermittent bursts aclivity was reminiscent of inter-ictal activity seen in vivo and was

similar to those reported previously (Voskuyl and Albus, 1985).

Individual interictal-like (hereatter referred to as interictal) events comprised of (1) an
initial negative potential followed by (2) a slow positive potential and then (3) a slow
negative potential and lasted in the range of 200-400ms {(mean burst duration=257.2 &
15.2ms; Figure 3.1 Bi). On top of this characteristic triphasic waveform however was
a higher frequency oscillatory component {Figure 3.1 Bii) with voltage fluctuation in
the range of 82 to 175Hz (mean 129 & 9Hz). Simultaneous infracellular recording
from CA3 pyramidal cells close to the cxiracellular recording electrode teveuled the
intracellular correlate of individual spontaneous field events to comprise of a burst of
action potentials on top of a slower depolarising waveform (Figure 3.1 A-B, n=6).
Closer scrutiny of such traces showed an association between the timing of action
potentials within individual bursts and the higher [requency oscillatory activity nested
within each individual field event (see stippled lines in Figure 3.1 Bii). As the 4APD
washed into the bath, the instantaneous burst frequency increased to eventually
become very stable and uniform over long periods (Figure 3.2 A). At a conceniration
of 20uM 4AP, individual epileptiform bursts occurred every 2.6 + 0.1s (n=20, range

= 1.5-3.3s), a mean instantaneous frequcncy ot 0.4 £ 0.02Hz.
Upon washout of 4AP the spontaneous field potentials steadily decreased in

frequency although complete abolition of spontancous events was never achicved

even after prolonged (up to 200 minutcs) washout (n=>3, Figure 3.2 B).
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Figure 3.1. 4-aminopyridine-induced epileptiform bursting activity in area CA3 of
the rat hippocampal slice.

A. Intracellular (IC) recording from a putative CA3 pyramidal cell and
simultaneous extracellular (EC) field potential recording upon bath application of
the convulsant compound 4AP (20uM) as indicated by the solid bar. Note that
under control conditions the CA3 pyramidal cell and extracellular field response
displays little or no spontaneous activity.Following 4AP application both traces
become dominated by an intermittent and coherent bursting response. Bi.
Expanded traces from the same slice showing individual bursting responses both
at the level of the single cell and the population response. For the extracellular
trace, arrows indicate the characteristic (1) fast negative potential followed by a
(2) slow positive potential and (3) slow negative potential. Bii Further expansion of
an individual burst event reveals coherent high frequency oscillatory activity within
each burst as indicated by the stippled lines. Scales vertical IC = 256mV, IC =
1mV; horizontal A, 1min, Bi, 1s, Bii, 20ms.
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Figure 3.2. 4AP-induced epileptiform discharges remain stable over prolonged
periods.

A. Scatter plot showing the burst frequency for the duration of a typical experiment.
Note burst frequency increases as 4AP washes into the bath before settling into a
very regular and stereotyped pattern which persists for hours. B. Another experiment
in which subsequent washout of 4AP results in a significant reduction in burst
frequency but complete abolition is never achieved even after sustained washout.
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Interictal activity described above was observed in the overwhelming majority of
recordings from hippocampal slices. Less frequent prolonged ictal-like (hereafter
veferred to as ictal) discharges lasting up to lens of seconds were also observed in
smiall minority of experiments (n=5 of 250, Figure 3.3). In the age group analysed,
the occwrence of ictal discharges was inverscly related fo the age of animal. For
instance, all ictal activity was recorded using animals as yvoung as 2-3 weeks old,
which was consistent with previously reporicd studies (Avoli et al., 1993; [fueta and
Avoli 1992). In line with this finding, experiments performed under similar
experimental conditions in hippocampal slices from older rats (4-5 weeks old) have
indicated that 4AP is only capable of inducing interictal discharges (Avoli et al.,
1993; Fueta and Avoli 1992).

3.3 Effect of nAChRs agonists on 4AP-induced
epileptiform activity

Application of the nAChR agonists nicotine (30uM), 1,1-dimethyl-4-phenyl-
piperazinium iodide (DMPP, 30uM) and choline (0.3-1mM) to naive slices in the
absence of 4AP did not produce any detectable extracellular ficld uctivity in any
slices tested (n=6; data not shown). As nAChR activation did not induce any
spontanecus network activity, we then went on to assess whether nAChR activation

modulates pre-expressed synchronised bursting activity.

Once stable 4AP-induced epileptiform activity was established a range of nAChR
agonists were co-applied in order to examine the cffcet that nAChR activation had
upon this torm of synchromised bursting. As the basal frequency of 4AP-induced
bursting under conlrol conditions varied considerably from slice to slice, all data
within a given experiment were normalised to the mean activity recorded in the
presence ol 4AP alone to enable comparison and pooling of data between individual

cxperiments {control; 100%).
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Chapter 3

3.3.1 Effect on burst frequency

In a first sct of experiments co-application of the selective nAChR agonist DMPP
(0.3 to 300 uM) produced a sustained and concentration-dependent increase in the
frequency of 4AP- induced epileptifortn bursting activity (Figures 3.4 A; P<0.03).
This robust response was observed in 31 of 37 slices tested and was reversible upon
agonist washout (Figure 3.4 A). The concentration responsc telationship for DMPP
induced enhapcement of burst frequency was unusual in that it was bell shaped
(Stauderman et al., 1998) with a mean maximal frequency potentiation of 37 4 5% at
30 uM and an ECsp calculated from the rising phase of this concentration response
relationship of 3.5 uM (Figure 3.6 A). At concenirations beyond 30 uM DMPP still
potentiated burst frequency but to a level that was significantly reduced to thal
induced by 30 uM DMPP.

In a separate series of experiments application of the weak nAChR agonist cholinc
(0.3-1.0 mM) also produced no effect in naive slices (n=6) but induced a modest
increase in the frequency of 4AP-induced epileptiform bursting (Figures 3.4 B and
3.6 A; BCsp 150 uM). The magnitude of this effect was morc variable than that seen
with DMPP and was observed in 23/33 slices tested. Nevertheless the effect of
choline was similar to that induced by DMPP as it was reversible upon washout of

agonist and produced a maximal [requency enhancement of 27 :* 5%.

In further experiments, application of the selective and potent nAChR agonist
lobeline produced a modest yel significant (P<0.43) increase (24 + 11%) in burst
frequency at 10-30pM in 8 out of 10 slices tesled (Figure 3.5 A). However, further
increasing the concentration of lobeline produced a reduction in burst frequency

bclow levels observed in 4AP alone which presumably reflects the non-selective

68




A 0.8 -

10uM 4-AP

0.6 1 30uM DMPP

Instantaneous frequency (Hz)

0 20 40 60 80 100 120 140

w
»

} 20uM 4-AP

choline 1mM

04 7 | [ 1] | I I | | |
| | l L
0 20 40 60 80 100 120 140
Time (mins)

Instantaneous frequency (Hz)

Figure 3.4. Effect of nAChR agonists on 4AP-induced epileptiform bursting in are CA3
of the hippocampus.

A. Scatter plot showing instantaneous burst frequency in response to continuous
application of 10uM 4AP for the duration of a representative experiment. Co-
application of the selective nAChR agonist DMPP (30uM) as indicated by the
horizontal bar results in an increase in burst frequency. Inserted voltage traces show
rhythmical bursting in the extracellular field potentials before, during and after DMPP
application at times indicated by arrows. B. Similar scatter plot in which the selective
nAChR agonist choline results in a similar dose-dependent and reversible increase in
burst frequency. Scales A, 2mV, 10s; B 1mV, 2s.
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Figure 3.5. Effect of lobeline on 4AP-induced epileptiform bursting in are CA3 of the
hippocampus.

A. Scatter plot showing frequency of 4AP-induced epileptiform discharges in another
hippocampal slice. Sections of voltage trace corresponding to timepoints as indicated
by arrows are shown at bottom of graph. Co-application of 30 uM lobeline ( horizontal
bar) results in a significant increase in burst frequency. Note that the increase in burst
frequency in response to lobeline application is accompanied by the appearance of
burst doublets (indicated by *). Curved arrows indicate expanded sections of trace
illustrating individual field potential events. Subsequent washout of lobeline resulted in
the abolition of doublet events and a reduction in burst frequency to baseline levels. B.
Similar scatter plot showing an increase in 4AP-induced burst frequency following
application of lobeline (10 and 30 pM, horizontal bars). Further increase in lobeline
concentration (>10-4 M) results in a reduction in burst frequency to levels below control
values reflecting a non-selective blockade of calcium channels (Santha, 2000). Note
that the decrease in burst frequency in response to high concentration of lobeline is
reversed upon washout of lobeline. Scale A, 2 mV, 5 s; 2 mV, 0.5 s for expanded inset
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calcium channel blocking activity of this compound (Santha et al., 2000) (Figure 3.5
B and 3.6 A).

In contrast to a constant increase in burst frequency induced by DMPP, choline and
lobeline, application of the agenist nicotine {10-100 (M) produced only a transient
increase in burst frequency in 7/10 slices tested (Figure 3.6 B) and a sustained

increase in the other three slices examined,

Two other nAChRs agonists (#) epibatidine (0.01-10pM, n=10) and cytisine (0.1-
30uM, n=10) were examined bul found to produce no consislent or significant change

in 4AP-induced burst frequency at the range of concentrations tested (Figure 3.7).

Figure 3.8 shows summary of nAChR agonists-induced maximal bursl frequency
potentiation. A comparison of the effects of various nAChR agonists on 4AP-induced
burst frequency exposed that whilst DMPP, choline, lobeline and nicotine could
potentiate 4AP-induced bursting activity significantly, two other sclective nAChR
agonists, epibatidine and cytisine were cither poor or ineffective at increasing

epileptiform burst [requency.

1n addition to fast signalling, acetylcholine is known to mediate a slower modulatory
function through both nicotinic and melabotropic (muscarinic) subtypes of
acetylcholine receptor (Benardo and Prince, 1982; Cole and Nicoll, 1983; Fraser and
Macvicar, 1996, Wonnacott, 1997). In order to rule out any contribution of
muscarinic type acetylcholine receptors in the effects described above, further
experiments were carried out in the presence of mAChR antagonist alropine at a
concentration (10puM) that is known to corupletely suppress synaptically and
pharmacologically evoked mAChR mediated responses in the hippocampal neurones
(Cobb et al, 1999; Morton and Davics, 1997). Under these conditions DMPP

produced a polentiation of cpileptiform burst frequency that was comparable to that
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Figure 3.6. Concontration-response relationship for nAChR  agonisi-induced
potentiation of epiteptiform bursting.

A. Line plot showing the normalised frequency of 4AP-induced bursting events in lhe
presence of DMPP (filled squares), choline (triangles) and lobeline (inverted triangles).
Note that all three agonists produce a dose-dependent increase in burst frequency
followed by a decrease in hurst frequency at higher agonist concentrations (see text). 8.
Scatterplot showing the normalised increase in bursting activity in response to nicotine
application as indicated by the salid bar (average of 7 slices). Note the transient nature
of the frequency potentiation.
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Figure 3.7. Effect of epibatidine and cytisine on 4AP-induced epileptiform bursting in
area CAQ3 of the hippocampus.

Scatter plot showing instantaneous burst frequency in response to continuous
application of 10uM 4AP throughout two representative experiments. Co-application
of the selective nAChR agonists epibatidine (A, 3-100 nM ) and cytisine (B, 300 nM-
10 uM) for the period indicated by the horizontal bar resulted in no significant change
in 4AP-induced burst frequency
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Chapter 3

in the absence of atropine (n=3; Figure 3.9} suggesting a lack of mAChR involvement

in this effect.

In further experiments, application of N-methylcarbamylcholine (MCC), a n-methyl
derivative of carbachol that confers enhanced selectivity for nAChRs over muscaxinic
receptors produced a signilicant enhancement of 4AP-induced burst frequency when
applied at a concentration of 10-30uM (n=3 of 3). However, subsequent experiments
(see section 3.5) showed this effect to be principally duc to its actions at muscarinic

acetylcholine receptors (mAChRs).

DMPP generated the most dramatic alterations in the parameters of the epileptiform
discharges, compared to those induced by the other nAChR agonists. For this reason
we focused our altention to the effect of DMPP with respect to further and more
detailed analysis of the various characteristics of 4AP-induced epileptiform aclivity

(see below).
3.3.2 Effect on burst duration

In addition to its action on burst frequency, DMPP produced a significant reduction in
the duration of individual burst events but without causing any overt change in the
overall waveform (Figure 3.10 A; n=31). The duration of events decreased as
frequency increased and both cifects were reversible upon agonist washout (Figure
3.10 B). Detailed analysis rcvealed a strong correlation between this reduction in
burst duration and the increase in bursl frequency. TFigure 3.10 C shows results from a
representative experiment in which the burst frequency could be plotted against the

burst duration and the dala filted by linear regression (12=0.653, P<0.0007}.
As in the casc of DMPP, choline co-application resulted jn an increased burst

frequency that was accompanied by a reduction in the duration of individual burst

events (data not shown).
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Figure 3.9. Effect of atropine on DMPP-induced burst frequency potentiation.
Scatter plot shows the action of 10 uM atropine preincubation indicated by
horizontal bar on DMPP-induced burst potentiation. Note that the selective
mAChR antagonist does not prevent DMPP-induced potentiation of
epileptiform burst frequency suggesting that the response to DMPP is due to
its action at nAChRs.
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Figure 3.10. nAChR activation potentiates burst frequency and reduces duration of
individual burst events.

A. Extracellular voltage traces showing individual burst events in response to application
of 4AP alone (i, 20uM), co-application of DMPP (ii, 30uM) and following washout of
DMPP (iii). Note the fast oscillatory component during each burst event. B. Scatter plot
showing the action of DMPP on the incidence and duration of individual burst events.
Note that the duration of events decreases as frequency increases and that both effects
are reversible upon agonist washout. C Same data set in which burst frequency is plotted
against duration reveals a relationship in which data could be fitted by linear regression
(r?=0.653, P<0.0001). D. In a minority of slices (see text), burst frequency increases and
displays secondary bursts or afterdischarges. Scatterplot indicates 4AP-induced
epileptiform burst frequency for the duration of an experiment. Sections of voltage trace
corresponding to timepoints as indicated by arrows are shown at bottom of graph. Note
that the increase in burst frequency in response to DMPP application (30uM, horizontal
bar) is accompanied by the appearance of burst doublets (indicated by *). Curved arrow
indicates expanded section of trace illustrating an individual doublet event. Subsequent
co-application of the nAChR antagonist a-bungarotoxin (100nM, horizontal bar) results in
the abolition of doublet events and a reduction in burst frequency to baseline levels.
Scales A, 1mV, 50ms; D 2mV, 5s; 2mV, 0.5s for expanded inset.
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3.3.3 Effect on burst waveform

So far we have shown the action of a rangc of nAChR agenists including DMPP,
choline and lobeline all of which produce a concentration dependent increase in burst
frequency and decrease in burst duration without causing any overt change in the
waveform of individual bursts. In the majority of slices tested, co-application of
DMPP produced a uniform incrcasc in burst frequency (Trigures 3.4 A, 3.10 B).
However, in a minority of sliccs (n=6 of 31) besides a general incroasc in burst
frequency, application of DMPP resuited in the appearance of secondary or tertiary
bursts resulting in doublets and iriplels (Figure 3.10 D, indicated by * in sections of
voltage trace at bottom of graph). This effect was reversible upon washout or upon
application of the nAChR antagonist (Figure 3.10 D). Similarly, in 2 out of 8 slices
tested, lobeline application resulted in doublet and triplets bursts which were
reversible upon washout of lobeline (see Figure 3.5 A). However, the emcrgence of
event clusters was not obscrved following application of choline and nicotine (data

not shown).

3‘.3.4 Effect on burst amplitude

The amplitude of epileptiform bursting is theory provides information regarding the
pumber of neurones tiring together with the precise degree of synchrony. However,
our recordings revealed considerable variation between as well as within individual
experiment. This variation was likely due to factors such as mechanical inslability
and for (his reason further analysis was restricted to burst frequency and pattern rather

than overall amplitude.
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Chapter 3

3.4 Effect of nAChRs antagonists on 4AP-induced
epileptiform activity

In the presence of 4AP alone (i.e., no nAChR agonist present), subsequent application
of mecamylamine (200uM, n=10) produced no significant change in burst frequency
{data not shown) whilst dihydro-B-erythroidine (DHRE, 20uM, Figure 3.11) and o~
bungarotoxin (a-Bgt, 100nM, data not shown) produced a modest decrease in burst
frequency in 1 of 4 slices tested for each antagonist suggesting that there was little or
no basal activation of nAChRs under control conditions in the majority of slices

tested.

3.5 Effect of nAChRs antagonists on nAChR-induced
burst frequency potentiation

The findings desecribed above using a variety of nAChR agonists suggest that nAChR
aclivation is a key driver for [requency potentiation of 4AP-induced epileptiform
activity. To confirm this hypothesis a scrics of subsequent experiments were
performed to establish whether a range of selective nAChR antagonists could reverse
the burst frequency potentiation brought about by DMPP and cheline. A series of
experiments were therefore carried out using a range of selective nAChR antagonists
including DHBE, a-Bgt, mcthyllycaconitine (MLA) as well as the nAChR non-
competitive channel blocker mecamylamine. Low concentrations of DHBE (1puM),
which arc incffcotive in antagonising ¢7 nAChR-mediated cuirents (Mann and
Greenfield, 2003), were found to have no significant cffect on the DMPP-induced
potentiation of epileptiform bursting. Tlowever, the effect of DMPP was completely
blocked by the 10-30 fold higher concentrations of DHBE (10-30 pM; n=6 of §;

Figure 3.12 A). At a concentralion of 20 uM, such co-application of DHBE caused a
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Figure 3.11. Basal activation of nAChRs under control conditions.

Application of 10-30 uM DHBE produced a modest decrease in 4AP-induced burst
frequency in only one slice (A) but in the majority of slices tested produced no
significant change in burst frequency (B) suggesting no or minimal basal activation
of nAChRs under control conditions.
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Figure 3.12. Effect of selective nAChR antagonists on DMPP-induced potentiation of
epileptiform bursting in area CA3 of the hippocampus.

A. Scatter plot showing instantaneous burst frequency in response to continuous
application of 20 uM 4AP (horizontal bar) for the duration of a representative
experiment. Co-application of the nAChR agonist DMPP (30uM) as indicated by the
horizontal bar results in an increase in burst frequency. This is reversed upon
subsequent co-appilcation of the selective nAChR antagonist Dihydro-3-erythroidine
(10-30uM). B. Similar scatter plot in which the potentiating effect of DMPP is
reversed upon co-application of non-competitive antagonist and nAChR channel
blocker mecamylamine (200uM).
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significant reduction in burst frequency by 55 &+ 14.6% (P<0.07). In furthet
experiments, DMPP-induced (30 M) burst frequency potentiation was significantly
reduced upon cao-application of mecamylamine (50-200 uM; n=3 of 4; Figure 3.12
B), a-Bgt (100nM; n=4; Figwe 3.13) and MLA (100 nM, n=5) with the three
antagonists producing a reduction in burst frequency by 47 = 14.8%, 86 * 14% and
47 + 15.7 respectively (all P<0.05).

Likewise, very similar reversals of choline-induced (1 mM) burst potentiation were
achieved using mecamylamine (200 pM, n=5) and oa-Bgt (100 nM, n=4); lhese
antagonists reducing the potentiation of burst frequency by 67 £ 19% and 65.3 £22%
respectively (both P<0.05). Co-application of MLA (SuM; n=5) also caused a
significant reduction in burst frequency by 57.07+9.3%. Figure 3.14 shows frequency
plots from a representative experiment showing that co-application of MLA and

mecamylamine results in a reduction of burst frequency to near pre-choline levels.

The pooled results for all antagonist studies are summarised in histogram format as
shown in figure 3.15 A-D for DMPP-induced burst frequency potentiation and figure

3.15 E-G for choline-induced bwst frequency potentiation.

To expend on these experiments and rule out any contribution of muscarinic
acetylcholine receptor activation contributes to the burst frequency potentiation, we
examined the effect of atropine, a mAChRs antagonist, on DMPP-induced burst
frequency potentiation. In the first set of experiments slices preincubated with |0puM
atropine, werc still able to exhibit burst frequency potentiation upon DMPP
application (n=3; Figure 3.10). In other experiments, alropine (10uM) was co~applied
following DMPP-induced potentiation but did not reverse or otherwise alter DMPP-
induced potentiation (n=3; Figiwe 3.16 A). Together, these cxperimoents suggest that

mAChRs were not involved in the observed burst frequency facilitation.

73




20uM 4AP

4
30uM DMPP
£ 3 - i . .. 100nMa-bungarotoxin
S - " 1
>
(5]
c
g 2
g
2 1
(o]
(]
5 0
s * g -
w
) v E

0 30 60 90 120 150

Time(mins)

Figure 3.13. Effect of a-bungarotoxin on DMPP-induced potentiation of epileptiform
bursting in area CA3 of the hippocampus.

The scatterplot indicates 4AP induced epileptiform burst frequency for the duration of an
experiment. Co-application of the selective nAChR agonist DMPP for the period
indicated by the horizontal bar results in an increase in burst frequency. Sections of
voltage trace corresponding to the timepoints indicated by the arrows are shown at the
bottom of the graph. Note that the increase in burst frequency in response to DMPP
application (30 uM, horizontal bar) is accompanied by the appearance of burst doublets
(indicated by *) in a minority of slices (see text). Curved arrow points to an expanded
section of trace illustrating an individual doublet event. Subsequent co-application of the
nAChR antagonist a-bungarotoxin (100 nM, horizontal bar) resulted in the abolition of
doublet events and a reduction in burst frequency to baseline levels. Scale C, 2 mV, § s;
2 mV, 0.5 s for expanded inset.
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Figure 3.14. Effect of MLA and mecamylamine on choline-induced potentiation of
epileptiform bursting in area CA3 of the hippocampus.

Scatter plot showing instantaneous burst frequency in response to continuous
application of 50 uM 4AP (horizontal bar) for the duration of a representative
experiment. Co-application of the selective nAChR agonist choline for the period
indicated by the horizontal bar results in an increase in burst frequency. Subsequent
co-application of the nAChR antagonist MLA (5 pM, horizontal bar) resulted in a
reduction in burst frequency. Further reduction in burst frequency was achieved
following application of 50 yM mecamylamine.
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Figure 3.15. Summary of nAChR antagonist action on DMPP and choline-induced burst
frequency potentiation.

A-D. Histograms showing burst frequency as percentage of baseline (i.e. 20 uM 4AP alone)
in response to DMPP (30uM) and subsequent co-application of the selective nAChR
antagonists dihydro-p-erythroidine (A; 20uM), mecamylamine (B; 200uM), a-bungarotoxin (C;
100nM) and methyllycaconitine (D; 100nM). Note that all antagonists produce a significant
reduction in DMPP-induced burst potentiation. E-G. Similar histograms quantifying the effects
of the selective nAChR antagonists a-bungarotoxin (E; 100nM), mecamylamine (F; 200uM),
and methyllycaconitine (G; 5uM) on choline-induced (1mM) burst potentiation. Note that all
three antagonists produce a significant reduction in choline-induced burst potentiation.
Horizontal bars indicate P values between respective columns as determined using ANOVA.
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The only exception of this finding was in the case of MCC. As mentioned in page 68,
application of 10-30 uM MCC produced a significant increase on 4AP-induced burst
frequency. Howcver, when 10uM atropine was co-applied following MCC-induced
potentiation, a resultant reduction in bursl frequency to baseline level was observed
(n=3, Figurc 3.16 B). Preincubation with 10uM atropine (n==3; data not shown)} also
prevented the MCC-induccd burst frequency potentiation. Togsther, these data

suggest activation of mAChRs to underlic the observed burst frequency potentiation.

3.6 Assess the site of generation of 4AP-induced
epileptiform activity in the hippocampus

In our studies we predominantly focused our investigations and rccordings within
area CA3 of the hippocampus which is known to be the primary gencrator of
epileptiform responses in the hippocampal slices (Lothman ct al, 1981). Previous
studies have shown that all areas of the hippocampus partake in the synchronous
discharged evoked by 4AP (Colom and Saggau, 1994; Perreault and Avoli, 1992).
However, a question we wished to address was to asscss whether nAChRs can
modulate the spread of activity from one area to another. Simultaneous extracellular
field recordings were therefore carried out from the cell body layer of area CA3 and
at the same time, area CA1 of the hippocampal slice. Concurrent exiracellular
reeording revealed that spontancous epileptiform aclivity induced by 4AP was
synchronous both within the CA3 and CA1 regions (Figure 3.17 A, n=4). Subsequent
bath application of 30 uM DMPD? thus resulted in an identical increase in 4AP-
induced burst frequency in both CA3 and CAl regions (Tigure 3.17 A,11-21). As CA3
and CAl subfields arc mono-synaptically connected via the Schaffer-collateral
pathway the question arises: Can synchronous epileptiform discharges in CAl area be
maintainced in the absence of this conmection? After transection of the Schaffer-
collateral affercunts (Figure 3.17 B), extracellular ficld potential activily was abolished

in the CA1 subfield but preserved in the CA3 in the majority of slices tested (n=12 of

74




Instantaneous frequency (Hz) >

(9 9)

Instantaneous frequency (Hz)

1.2 10 uM 4AP

1 30 UM DMPP
0.8 10 uM atropine
06" i
0.4
0.2

0

0 20 40 60 80

1.4 10 uM 4AP v

1.2 1 ‘—;""F&F'L 10 M MCC

N -!".-", [} 10 uM atropine

1 ‘M‘

0.8

>
-
w5, "
.
(4 N
-
- o
-
-
om S e

0.6 |

0.4 ' N"!’!ﬁ". . V"‘

0.2

. 0 . ‘ ; -
0 10 20 30 40 50 60
Time(mins)

100

70

Figure 3.16. Effect of selective mAChR antagonist atropine on DMPP and MCC-
induced potentiation of epileptiform bursting in area CA3 of the hippocampus.

A. Scatter plot showing instantaneous burst frequency in response to continuous
application of 10 uM 4AP (horizontal bar) for the duration of a representative
experiment. Co-application of 30 M DMPP as indicated by the horizontal bar
results in an increase in burst frequency. Subsequent application of 10 uM
atropine does not affect DMPP-induced burst frequency potentiation suggesting
that this effect is due to activation of NAChRs. B. Similar scatter plot in which the
potentiating effect of MCC, a n-methyl derivative of carbachol is reversed upon
co-application of 10 uM atropine suggesting that mMAChRs were involved in

MCC-induced burst frequency potentiation.
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Figure 3.17. Activation of nAChRs can modulate 4AP-induced epileptiform activity in
both CA3 and CA1 regions.

A. Simultaneous extracellular recording from the CA1 (site 1) and CA3 (site 2) subfields
of a hippocampus slice perfused with 20 uM 4AP showing coherent epileptiform activity
at both recording sites. Scatter plots showing the effect of application of 30 yM DMPP on
4AP induced bursting activity in CA1 (1i) and CA3 (2i). Note the frequency of 4AP-
induced epileptiform activity and also DMPP-induced potentiation are exactly same at
both recording sites. B. Transection of the Schaffer-collaterals connections results in a
non synchronous and independent epileptiform activity in CA1 (1) and CA3 (2) subfields
(in a minority of slices, n= 3 of 15) suggesting that both areas have the capacity to
generate epileptiform activity (see text). Application of 30 uM DMPP results in a
significant increase in burst frequency in both CA1 (1i) and CA3 (2i) yet their activity
remains independent.
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15, data not shown). However, in 3 out of 15 slices, a non synchronous and less
frequent epileptiform activity was also recorded on CAl (Figure 3.17 B, a mean
instantaneous frequency of 0.6 + 0.2Hz in CA1 compared lo 0.86 * 0.3Hz in CA3,
0=3). This result suggests that epileptilorm activity generated in CA3 and propagated
to arca CAl is the predominant from of network activity. On the other hand,
extracellular activily rccorded in CAl region in the absence of a functional Schalfer-
collateral input suggests that the CA1l field can gencrate epileptiform activity in
dependent of the CA3 and under these circumstances, bursting activity recorded in
CA1 and CA3 are independent. Subsequent application of 30 uM DMPP also resulted
in an asynchronous increase in 4AP-induced burst frequency on CA3 and CAJ
regions (Figure 3.17 B,li-2i; n=3) suggesting that nAChR-induced modulation of

epileptiform activity is not unique action with area CA3.

3.7 Discussion
3.7.1 4AP-induced epileptiform activity

The majority of the results described in this chapter were camried out in rat
hippocampal sliccs using the extracellular recording configuration {o monitor network
activity. Extracellular recording from the i vitro hippocampal slice preparation is an
ideal method with which to study epileptiform discharges (Jefferys, 1993) in that it
allows synchronous activity of populations of neurones to be detected. A limited
number of intracellular recordings were also carried out to confirm that the patterns of
activity studied at the extracellular (network) lovel rellected the activity of neurones
at the single cell level. Although such cellular recording studies can reveal important
mechanistic information regarding the excitability and biophysical properties of
individual neurones, they do not truly reflect the pathophysiological aspects of the
disease, with regard to excessively co-ordinated firing of groups of nerve cclls. This,

{iogether with the robust responses and abilily to maintain stable recording over lang
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periods was the justification for utilising the extracellular recording configuration for
the majority of experiments described. Similarly, the 4AP model of epileptiform
activity was initially chosen for its rather slercolyped nature and ability to give
reliable responses that are stable over prolonged periods. The characteristics of 4AP-
induced spontaneous bursting activity have been described both in hippocampus
(Avoli et al., 1993; Buckle and Haas, 1982; Ives and Jefferys, 1990; Perrcaull and
Avoli, 1989; Perreault and Avoli, 1991; Perreault and Avoli, 1992; Rutecki et al.,
1987; Segal, 1987; Traub ct al., 1995; Voskuyl and Albus, 1985) as well as other
cortical areas (Barkai et al., 1995; Hoffinan and Prince, 1995; Mattia et al., 1993).
Three types of burst characteristics have been documented to result from the use of
4AP (see section 3.1). In our cxperiments, negalive potentials were never detected
and long lasting ictal-activity was only recorded in small minority of slices (2%). The
typical activity was a series of interictal epileptiform discharges, which was seen in

04698 of all slices tested.

Experimental conditions, such as the cortical area from which the slice originated,
species and age of animal used for slicec preparations, ionic concentrations,
temperature and the exact recording site within the slicc all considerably alfect the
characteristics of spontaneous activity, I'or example, the neocortex ot guinea-pig has
4 higher propensity to generate 4AP-induced spontaneous epileptiform activity than
that of rat (Mattia et al., 1993). Moreover, slices from the somatosensory cortex of
adult rats proved to be less prone to epileptic scizures than hippocampal or entorhinal
corfex slices or cortical slices prepared from young animals (Courtney and Prince,
1977; Wong and Yamada, 2001). Thercefore, we have (ried to carty out all of
experiments in the same experimental set-up, using same type ol preparation and

under similar experimental conditions.
The spontaneous extracellular field events described here conprised of a brief initial

period of negativity followed by a slower positive and then ncgative potential which

is in agreement with original descriptions (Voskuyl and Albus, 1985). However,
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within individual burst events there existed higher frequency oscillatory components
in the range of 82 to 175k that resembled hippocampal sharp waves described in
vivo {Buzsaki, 1986) and which have also been described iz vifro under conditions of
elevated extracellular potassimm concentrations (Staley et al., 1998). Extracellular
ficld recordings are ideally suited to the study of epileptiform activity and other
network responses that are characterised by synchronous activity within ncuronal
ensembles (Yefferys, 1993). That the fast extracellular potentials were associated with
neuronal discharges at the level of single cells as shown in figure 3.1 A confirms that
the 4AP-induced field events recorded did indeed represent the coherent activity of
populations of neurones within the hippocampus. Furthermore, these data also
highlight the precision of firing within individual burst events whereby coherent
action potential discharge appears to be rcgulated on a miilisecond time scale
(Mainen and Sejnowski, 1995). The precise mechanisms underlying 4AP-induced
bursting is not fully characterised but appears to involve multiple synaptic and non-
synaptic elements that together contribute to the overall activity (Traub et al., 2001;
‘Traub et al., 1995). An important element of this is likely to be the role of direct
electrical coupling through gap junctions. Indeed, recent stndies have shown 4AP-
induced epileptiform activity to be sensitive to both gap junction blockers as well as
connexin 36 gene knockout (Mater et al., 2002; Ross et al., 2000; Traub ct al., 2001).
Whilst activation of nAChRs resulted in an increasc in burst frequency, it is apparent
that the mechanisms responsible for the precise firing of action potentials and fast
activity within individual bursting ovents are not compromised upon nAChR

activation.

The abservation that transection of the Schaffer-collateral connections results in
epileptiform activity being restricted to the CA3 region in the majority of slices tested
confirms the role of the CA3 region as being the primary generator o[ 4AP-induced
epileptiform bursting (Jefferys, 1993) and thus points to CA3 pyramidal cell recurrent
commections as having a crilical roll in generation of this activity as has been

suggested previously (Christian and Dudek, 1988; MacVicar and Dudek, 1980). On
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the other hand, the ability of a minority of isolated CAl ‘mini slices’ to generate
4AP-induced epilepliform bursting reveals the intrinsically ability of CAl circuits in
generating epileptiform activity. It is likely that this ability is normally masked by the
dominant action of the CA3 circuits which are normally propagated via the Schaffer-

collateral pathway.

3.7.2 Regulation of burst frequency by nAChR activation

The main finding of this study so far is the demonstration that activation of nAChRs
using a range of selective nAChR agonists results m a nodest cnhancement of 4AP-
induced bursting aclivity in the hippocampus. The pro-epileptogenic action of
VAChR agonists wuas rather subtle however. Indecd, when applied to mnafve
hippocampal slices on their own, the nAChR ligands tested did not produce any
detectable spontaneous extracellular field activity suggesting that they do not produce
epileptiform activity per se but rather have a modulatory action over pre-expressed

synchronised bursting activity.

Irrespective of their differing pharmacological profiles at recombinant nAChRs, most
agonists tested produced a concentration dependent increase in burst frequency in the
presence of 4AP. Analysis of their potencies for facilitating epilepliform activity
revealed that they were consistent with their potencies in functional studies that
dircetly assess nAChR activity (Alkondon et al., 2000; 1997; Chavez-Noriega et al.,
2000; Guo and Chiappinelli, 2002; Stauderman et al, 1998). The maxinumm
enhancement induced by lobeline, choline, DMPP and nicotine was relatively agonist
independent amounting to a 25-35% potentiation in cach case. Barring nicotine which
sometimes produced a fravsient increase in burst frequency, each agonist induced a
potentation that persisted for the period of agonist application. Interestingly, most
agonists when applied at high concentrations produced lower levels of potentiation,

or even inhibition, thereby generating bell shaped concentration response
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relationships; a finding thut mirrors the profile of activity of these nAChR agonists in
expression systems (Chavez-Noriega et al., 2000; Stauderman el al., 1998). The
explanation for this shared yet unusual profile of activity is unclear. Aside from the
relative affinity of different agonists for the varions nAChR subtypes (Gotti et al.,
1997) which will contribute to the differencos in potency and duration of effcet of
each agonist tested it is likely that (a) the degree ov state of receptor desensitisation
(Fenster et al., 1999), (b) degree of channel block (Marshall et al., 1991; Stauderman
et al., 1998) and (c) non specific aclivily (e.g. in the case of lobeline block of voltage
gated calcium channels (Santha et al., 2000) contribute to shaping Lhe concentration
responsc curve. This latter effect muy explain the finding that lobeline produced a
reduction in burst frequency to levels below control conditions. Another possibility is
that there exists a significant degree of tonic activation of nAChRs in some slices
causing a basal nAChR-mediated elevation in epileptiform bursting. This is perhaps
not surprising given that 4AP is likely to enhance release of neurotransmitters from
all terminals within the hippocampus (Rutecki et al,, 1987) including cholinergic
terminals, ‘The subcortical cholinergic innervation to the hippocampus is very dense
and it is possible that there is a constant release of ACh from the degenerating
cholinergic terminal field. Moreover, there is also reported to be a sparse population
of cholinergic interneurones within the hippocampus (Frotscher et al., 1986;
Frotscher et al., 2000} which may contribute to tonic nAChR activation {Cobb et al.,
1999). nAChRs are known to exhibil significant receptor desensitisation in the
presence of high agonist levels. One explanation therefore is that high concentrations
of nAChR agonists may cause overwhelming desensitisation of the hippocampal
nAChR population and thus reduce the tonic activation of the receptor population
within the slice. We think this is unlikely however, as application of nAChR
antagonists in the absence of nAChR agonist failed to produce any detectable change
in butst frequency in the majority of slices tested. That said, the lack of effect of
nAChR antagonists alone on epileptiform activity in isolated hippocampal slices
suggests little or no tonic activation of nAChRs controlling epileptiform activity.

However, it should be noted that in such an isolated in vitro syslem the major
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cholinergic aflcrents are severed. Pertinent to this poini, additional nAChR-mediated
mechanisms to those present in hippocampal slices must operate in vivo to explain
why nAChR agonists induce cpilepsy in their own right in whole animal experiments

(Damyj et al., 1999; Miner et al., 1985).

Irrespective of which mechanismi(s) is/are operating the finding that choline
potentiates epileptiform activity raises the possibility that this chemical entity may
provide a physiologically relevant confribution to the pattcrning of epileptic activity
in vivo since this natural breakdown product of acetylcholine achieves plasma
concentrations close to the levels that we have used to potentiate epilcptiform activity

in vitro (Klein et al., 1992).

A striking feature of the nAChR-induced enhancement of burst frequency described
here was that the effect was prolonged, generally lasting for the duration of agonist
application. An exception to this finding was the effects produced by nicotine that
commonly resulted in only a transient increase in burst frequency. The reason for
such differences is unclear but may reflect differences in the degree or state of
desensilisation or relative affinity for different nAChR subtypes (Gotti et al., 1997).
Whilst nAChRs are classically considered Lo be for fast signalling and rapidly
desensitise, recent reports in the autonomic nervous system suggest that nAChR
agonists including nicotine can produce calcium spiking in presynaptic nerve
terntinals (Brains et al., 2001) which are sustained over prolonged periods of agonist
application similar to those used in this study, This supports the proposal nAChRs
have a dual role in both mcdiating fast synaptic excitation in certain hippocampal
circuits (Frazier et al., 1998b; Hefft et al, 1999) whilst mediating a slower
neuromodulatory action {McGehee and Role, 1996; Role and Berg, 1996; Wonnacott,
1997}, in particular the modulation of neurotransmitter release (Albuquerque et al.,
1997; Gray et al,, 1996; Ji and Daui, 2000) and synaptic plasticity (Ji et al., 2001).

Furthermore, it is possible that nAChR activation produces a transient activation of
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the receptor, which in turn (iggers a more prolonged action perhaps involving

calcium-mediated signalling pathways.

A consistent finding in thesc cxpetriments was the shortening of burst duration as the
frequency of bursts increased. Such a relationship between burst duration and
frequency has becn studied in detail by Stlaley and colleagues (Bains et al., 1999;
Staley et al.,, 1998) who concluded that both parameters relate to the presynaptic
release of glutamatc from recurrent circuits, The action of nicotinic acetylcholine
receptors with regard to the modulation of glutamatergic recurent collaterals is

addressed specifically in chapter 5,

3.7.3 Pharmacology of nAChR-induced effect

The cholinergic afferents of the septohippocampal pathway is effective in generating
limbic seizures (Fraser and Macvicar, 1996) and, thus, injection of cholinergic agents
is uscd as a model for temporal lobe epilepsy {Lothman et al., 1991). Indeed,
hippocampal sclerosis after infusion of cholinergic agonists accurately mimics
numerous pathological indices of human status epilepticns (Wasterlain et al., 1993).
In the hippocampal slice preparation, these same analogs generate prolonged
depolarisations (Bianchi and Wong, 1994) and result in a cholinergic-dependent sjow
afterdepolarisation and long-lasting plateau potential which has properties
reminiscent of ictal depolarisations observed during cholinergic-induced scizures
{(Fraser and Macvicar, 1996). These aclions have been atiributed to the activation of
muscarinic receptors as thcy are blocked by the selective muscarinic receptor
antagonist atropine (Bianchi and Wong, 1994; Fraser and Macvicar, 1990).
Activation of muscarinic receptors during blockade of GABA(A)-mediated inhibition
also induces synchronous cpileptiform activity in immature ral hippocampus

(Psarropoulou and Dallaire, 1998) and neocortex (Sutor and Hablitz, 1989).
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In addition 1o the role of muscarinic acetylcholine receptor in modulating
epileptiform activity, many reports indicate that nicotinic acetylcholine receptors also
regulate neuronal excitability within the CNS (Jones et al., 1999) and may be relevant
to several forms of idiopathic epilepsy (Stcinlein, 2001). It has recenily been found
that certain forms of epilcpsy may arise from mutalions in the genes responsible [or
encoding of nicotinic acetylcholine receptor subunits (Stcinlein et al., 1997; Steinlein
et al.,, 1995). Many reporis have also shown that high doscs of nicotine induces
seizures in animals, an effect shown to be blocked by a variety of tAChR antagonists
(Damaj et al., 1999). Therefore, it seems that both nicotinic and musecarinic subtypes '
of acetylcholine receptors are likely to modulate cpileptiform activity. However, the
relative contribution of nAChR versus mAChR action in regulating epileptiform
activily remains unclear. In our experiments we used very selective nAChR ligands to
mininiise any probable contribution of mAChRs. Moreover in order to confirm that
the observed burst frequency potentiation is through activation of nAChRs and not
wAChRs, a series of experiments carricd out in the presence of atropine. Such
application of atropine did not affect the ability of DMPP to potentiate epileptiform
burst frequency suggesting that mAChRs were nol involved in the observed burst
frequency facilitation. Conversely, the effect of DMPP was significantly blocked by
co-applicalion of nAChR selective antagonisly confirming the involvement of
nAChRs in DMPP-induced burst frequency facilitation. Only in these experiments
where the burst frequency potentiation was induced by MCC, was the observed burst
frequency potentiation reversed following co-application of airopinc. This resull
indicates that the response to MCC at thc conceniration tested (10-30 pM) was
principally due to its actions at mAChRs. In conclusion these results support a dual

influence of muscarinic and nicotinic acctylcholine recepiors on epileptiform activity.

Whilst the overall picture that activation of nAChRs can potentiate 4AP-induced
epilepliform activity in the hippocapus is cvident, the precise pharmacology of such
cffects were rather complex and difficult to interpret fully. The agonists DMPP,

lobeline, choline and nicotine are recognised to be sclective nAChRs ligands. Our
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results agree with functional studies which show DMPP to have potent agonist
aclions with [ECso values in the micromolar range (Chavez-Noricga et al.,, 2000;
Stauderman et al., 1998). Choline is a weaker agonist yet is nevertheless reporied 1o
be an agonist at o7 subunit containing nAChRs (Albuquerque et al., 1997; Alkendon
et al., 2000). Moreover, a recenl report suggest that choline may also aclivate a novel
form of nAChR that is distinct from. the classical o7 subunit containing nAChR (Guoe
and Chiappinelli, 2002). Again the potency of choline in potentiating 4Al-mduced
cpileptiform responses agrees with published data looking directly at nACLRs
{Alkondon ct al., 1997; 2000; Guo and Chiappinelli, 2002). Indced, the finding that
choline produced a pro-epileptogenic actions may be sigoificant since, as the natural
breakdown product of acetylcholine synthesis, choline may achieve high plasma
concenirations approaching those levels used in this study (Klein ef al., 1992).
Further studies are required however, to establish whether as an endogenous activator

of certain nAChRs, choline may sexrve pathological roles in vivo.

The concept that the effocts of the agonists used in this study arc due to activation of
nAChRs is supported by the observations that agonist induced frequency potentiation
is inhibited by selective nAChR antagonists. In gencral terms, all antagoenists tested
including the non-selective and non-competitive antagonist mecamylamine (Chavez-
Noriega et al.,, 1997) as well as the odf32 subunit preferring antagonist DHBE
{Alkondon and Albugucrque, 1993; Chavez-Noriega ef al., 1997) and the o.7 subunit
preferring nAChR antagonists ¢-Bgt and MLA (Alkondon et al,, 1992) produced a
reversal of the burst frequency polentiation induced by DMPP or choline. DMPP,
which is known to have affinity for a number of subtypes of nAChR, is
predominantly mediating its effects through non-o7 subunit-containing receptors
whilst the choline response is primarily mediated through o7 subunit containing
receptors and displays specificity for this receptor subunit (Albuquerque et al., 1997;
Alkondon et al., 2000). The fact that the effects of both agonist were inhibited by the
o7 nAChR-specific antagonist a-Bgt (100 nM), but not by DhBE (1 pM) at
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concentrations known to be selective for non-«7 nAChRs perhaps points to these
possibility that o7 subunit containing receptors are contributing to the frequency
potentiation induced by both DMPP and choline and that the differenccs may simply
refiect the competitive intcraction between the ligands, However, in this study it was
not possible to define with any certainty the precise subtypes ol nAChRs involved in
frequency potentiation. Firstly, the pharmacopea of very selective subtype specific
nAChRs is as yet rather limited. Few agonists have suflficient nAChR subtype
selectivily [or the exclusive activation of a particular subtype. Thus, with such a
divers range of subunits, which can give rise to a large number of receptor subtypes,
determining which nicotinic receptor type is mediating this effect is difficult.
Secondly, high concentrations of pharmacelogical agents were used in this study to
overcome tissue penelration problems associated with brain slices maintained in the
interface configuration. Most of the drugs lose selectivity or can show some
nonspecific effects at high concentrations: DHE is scleetive for a4P2 receptors al
107 to 10° M. At concentrations as bigh as 10 M, it begins to lose selectivity and
will block a fraction (30-50%) of a7-mediated response at equilibrium (Alkondon
and Albuquerque, 1993; Chavez-Noriega et al., 1997). a-Bgt appears to he specific
for o7 receptors in the hippocampus, while MLA is selective for o7 receptors at low
nM concentrations, but will begin to block a.4B2 receptors at higher concentrations
(Alkondon el al., 1992; Alkondon and Albuquerque, 1993). Finally, there was
considerable inherent variability in the precise features of epileptiform activity
between slices even using thc samc epileptiform model (Jefforys, 1994).
Nevertheless, taken together, the antagonist data suggest that o7 subunit containing
receptors are at least in part involved in the regulation of epileptiform busting.
Clearly further detailed pharmacological studies using submerged slices and more
selective agents are required to determine the imporlani qucstion relating to the
relative contribution of different subtypes of nAChR in regulating cpileptiform
activities. It is interesting to note, however, that recent sludies poiat to specific

nACHR subunits being important in certain forms of epilepsy (Elmslie et al., 1997).
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Thus, autosomal-dominant nocturnal (rontal lebe epilepsy (ADNFLE), which is a
form of idiopathic epilepsy, has linkages to genetic mutations encoding a loss of
function of the a4 nACKR subunit (Steinlein et al., 1997; Steiniein, 2000; Steinlein et
al., 1995) which causes a reduction in scizure threshold (Gotti et al., 1997) and other
epilepsies to mutations in the genes encoding the ¢7 and 33 nAChR subunits (Durner
ct al., 1999; Elmslie et al., 1997; Neubauer et al., 1998; Phillips et al., 1998); thesc
data supporting our own concept that multiple nAChR subunits are involved in the

patterning of epileptiform activity.
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CHAPTER 4

REGULATION OF BICUCULLINE AND LOW
MAGNESIUM-INDUCED EPILEPTIFORM
ACTIVITY BY nAChR ACTIVATION

4.1 Introduction

Epileptiform activity has been reported Lo be induced following incubation by
various GABA recepior antagonists including picrotoxin (Knowles ¢t al., 1987;
Kohr and Heinemann, 1990) and bicuculline (Colom and Saggaun, 1994; Gulyas-
Kovacs el al., 2002; Herron et al., 1985). With respect to the pharmacological
action of these compounds epilepliform activity results primarily from reduced
GABA, receptor mediated inhibition. In addition to rcceptor antagonists, various
brain slice preparations generate epilepliformn activity when perfused with a
medium devoid of added magnesium (Gulyas-Kovacs et al,, 2002; Home et al,,
1986; Jones, 1989; Mody et al., 1987; Whittington et al., 1995). The mechanism
by which this occurs relates to the ability of the decreased [Mg*' ], to remove the
voltage-dependent Mg®* block from the NMDA-activated channels, thus the
excitatory glutamatergic transmission is enormously enhanced (Mody et al., 1987;
Traub et al., 1994).

To assess whether the nAChR induced facilitation of epileptiform bursting was
unique to 4AP-induced activity or whether nAChR activation had a more general
modulatory influence over other forms of epileptiform activity, we examined the
effect of the nAChR agonist DMPP on two additional pharmacological
paradigms, bicuculline (reduced inhibition) and low magnesium (enhanced

excitation) models.
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4.2 Bicuculline (BIC)-induced epileptiform model

4.2.1 Characteristics of BIC-induced epileptiform activity

Extracellular recordings were made from the CA3 pyramidal cell layer of rat
hippocampul slices, which were disinhibited by bath application of the GABA4
receptor antagonist bicuculline (30 pM), This resulted in a constant, gradual
appearance of spontancous field potentials 125 + 40 minutes after bath application
of bicuculline (30 uM, n= 4). BIC-induced epileptiform discharges occurrcd cvery
5 to 20 s with a mean frequency of 0.13 & 0.04Hz and a mean duration of 392 +
39ms. An clevated level of K' ions in the ACSF to SmM was used in subsequent
bicuculline experiments in order to decrease the latency of appearance of
bicuculline~induced epileptiform discharge. Increasing [K'], from 3 to SmM
resulted in an earlier appearance of epileptiform discharges (mean latency=20.8 +
5.5 minutes after application of 20 uM bicuculline) and brought the bursts slightly
closer to the duration and frequency observed in the 4AP induced bursting model
(mean burst duration=366.6 + 64ms, mean burst frequency=0.146 = 0.02Ilz,
n=30)(Tves and fefferys, 1990).

The overall shape of an individual epileptiform discharge inducced by bicuculline
was different from those obscrved in the presence of 4AP. They usually observed
in three types: (1) single, short inter-ictal bursts (Figure 4.1, asterisks in Al); (2)
double bursts (Figure 4.1, doublc asterisks in Ai) and (3) long polyspike bursts
(Figurc 4.1, triple asterisks in Bi). The short inter-ictal like bursts (mean burst
duration=258 + 8ms) comprised of an initial short negative potential (<10ms)
followed by a biphasic potential, similar to those recorded in 4AP model (Figurc
4.1 A, asterisks). A similar high frcquency component was also evident
throughout the event (Figurc 4.1 Aii, arrows). Double bursts consisted of two
single bursts each of which had a triphasic waveform (mean burst duration=360 +
10ms; Figure 4.1 A, double asterisks). The long polyspike bursts consisted of a
primary burst, rcsembling an inter-ictal burst, followed by a train of repetitive

short bursts lasting up to 600 ms (mean burst duration=482.7 & 32ms; Figure 4.1
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Figure 4.1. Bicuculline-induced epifeptiform bursting activity in area CA3 of the rat
hippocampal slice.

Ai. Extracellular field potential recording from the CA3 stratum pyramidale indicate
two types of BiC-induced bursting actlvity: single short bursts (asterisks) and
double ionger bursts (double asterisks). Ajj. Expanded traces showing individual
single {right} and double (left) bursting responses at the level of the population
response. Bi. Third type of BIC-induced epilepliform bursting indicated by triple
aslerisks. Bii. Expanded trace showing individual long polyspike bursts consisting
of a primary burst, followed by a train of short individual discharges. Scales
vertical Ai,Bi: 1mV, horizental Ai,Bi: 10s; Aii,Bii: 200ms.
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B, triple asterisks). However, it is noticeable that the high frequency component is
mainly restricted to the inilial eveat in the train. Single and double bursts were

obscrved in most slices and polyspike bursts were presentin 7 out of 30 slices.

Scatter plot in figure 4.2 shows a represenlative experiment in which the slices
were incubated in a raised [K'l, to SmM mediwn prior to disinhibition by
application of 20 pM bicuculline. This resulied in a rcgular synchromsed

extracellular discharge, which persisted for the duration of experiment (>2Zhours).

4.2.2 Effect of nAChR agonist on BIC-induced epileptiform
activity

Once stable BIC-induced epileptiform discharge was established, the nAChR
selective agonist DMPP was co-applied in order to examine the effect of nicotmic
receptor activation upon this form of synchronised bursting. In 14 of 14 slices
tested, subscquent co-application of DMPP (10-30 puM) produced a significant
increcasc in  burst frequency (Figure 4.3; mean maximal f{requency
potentiation=248 + 76% of pre-DMPP baseline frequency) that was reversible
upon washout of DMPP (n=6, Figure 4.3). In further experiments, co-application
of the nAChR antagonists mecamylamine (50-200 pM, n=3; Figure 4.4 A) and
DHBE (20-40 pM; =4 of 5; Figure 4.4 B) were also found to reverse thec DMPP-

induced burst frequency potentiation.

As in 4AP model, application of DMPP resulted in a significant reduction in the
duration of individual BIC-induced burst events from 366.6 = 64ms (mean of pre-

DMPP baseline duration) to 280 * 25ms after DMPP application.
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Figure 4.2. Bicuculline-induced  epifeptiform discharges remain stable over
profonged recording periods.

Scatter piot showing a representative experiment in which disinhibition of the sfice
following application of the GABA, receptor antagonist bicuculiine {20 pM) at time
point 0 produced a regular synchronised exftracellular discharge. Note that
bicuculline-induced burst frequency remained stable over the extended period of
experiment.
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Figure 4.3. nAChR activation potentiates BIC-induced epileptiform activity in vitro.
Scatter plot showing instantaneous burst frequency in response to continuous
application of 20uM bicuculline for the duration of a representative experiment. Co-
application of the selective nAChR agonist DMPP (30uM) as indicated by the
horizontal bar results in an increase in burst frequency. This was partially reversible
upon subsequent washout of DMPP.
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Figure 4.4. Effect of selective nAChR antagonists on DMPP-induced potentiation of
BIC-induced epileptiform bursting in area CA3 of the hippocampus.

A. Scatter plot showing instantaneous burst frequency in response to continuous
application of 20 uM bicuculline (horizontal bar) for the duration of a representative
experiment. Co-application of the selective nAChR agonist DMPP (10-30 uM) as
indicated by the horizontal bar results in an increase in burst frequency. This is
reversed upon subsequent co-appilcation of non-competitive antagonist and nAChR
channel blocker mecamylamine (200uM). B. Similar scatter plot in which the
potentiating effect of 10 uM DMPP is reversed upon co-application of the selective
nAChR antagonist Dihydro-B-erythroidine (30uM). Insets represent spontaneous
field potentials before, during and after nAChR activation. Scales vertical:l mv,
horizontal: 10 s
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4.3 Low magnesium-induced epileptiform model

4.3.1 Characteristics of low magnesium-induced epileptiform
activity

Extracellular recordings were made from the CA3 pyranudal cell layer of rat
hippocampal slices incubated in ACSF in which Mg"" ions had been omitted
(n=21), Spontancous ficld polentials typically appeared 5-30 minutcs following
switch over to low magnesium ACSF, with an average latency of 19.8 £ 4 min,

similar to that reported previously (Hsu et al., 2000),

Three different types of spontaneous synchronous activity were recorded in the
CA3 stratum pyramidale of slices exposure to low magnesium ACSF. Brief,
single inter-ictal-like discharges {(mean duration=204.6 £ 18.9ims: mean frequency
= 0.2 + 0.03Hz; Figure 4.5 A, asterisks) and double bursts (incan duration=383 +
6ms; mean frequency = 0,16 & 0.03Hz; Figure 5A, double asterisks)} were present
in all slices tested (n=21). In addition, more prolonged ictal-like discharges (mieai
duration=3640 = 900ms; mean frequency=0.04 & 0.01Hz) were scen in 4 out of 21

slices (Figure 4.5 B).

4.3.2 Effect of nAChR agonist on low magnesium-induced
epileptiform activity

To assess the effect of nAChR activation on ongoing low magnesium-induced
epiieptiform discharges, the selective nAChR agonist DMPT was bath applied to
slices displayed stable cpileptiform burst activity. Subsequent co-application of
DMPP (30 pM; n=10 of 10 slices) resulted in a significant (£<{.03) increase in
event frequency (mean maximal frequency potentiation=110 & 37% of pre-DMPP
baseline frequency). DMPP also increased the frequency of pre-cxisting ictal-like
discharges (n=4 of 4 slices). Incrcasc in burst {requency was associated with

decrease in the duration of both inter-ictal-like aund ictal-like discharges. For
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Figure 4.5. Low magnesium-induced epileptiform bursting activity in area CA3 of
the rat hippocampal slice.

Ai. Representative examples of brief spontaneous synchronous events recorded
in the CA3 stratum pyramidal of slices incubated in low magnesium ACSF: Brief,
single discharges (asterisks) and double bursts (double asterisks) . Aii. Expanded
traces showing individual single (right) and double (left) bursting responses at the
level of the population response. Bi. In a minority of slices, low magnesium
medium resulted in the appearance of more prolonged ictal-like epileptiform
discharges. Bii. Expanded trace showing individual long polyspike bursts
consisting of a train of short individual discharges lasting up to several seconds.
Scales vertical Ai,Bi: 1mV; horizontal Ai,Bi: 10s; Aii:200 ms; Bii: 1s.
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example, there was a reduction in the duration of ictal-like bursts from 3640 + 960
ms (mean of pre-DMPP baseline duration) to 1100 = 126.5ms aficr DMPP
application. Furthermore, in 4 of 10 such slices tested, DMPP resulted in the
appearance of many more secondary bursts or afterdischarges which had been

infrequent or absent prior to nAChR agonist application (Figure 4.6 A).

DMPP-induced effects were reversible upon washout of the agonist (Figure 4.6 A;
n=3) or upon co-application of the nAChR antagonists dihydro-B-erythroidine
(20-40 uM; n=3 of 5; Figure 4.6 B) and MLA (5 uM; n=2 of 2; data not shown).

4.4 Comparison of spontaneous epileptiform activity in
three in vitro epilepsy models

Sponlaneous, recurring, inter-ictal-like epileptiform bursting developed in all
three convulsant solutions. However, the exact characteristics of epileptiform
activity were different. Comparing the three models, differences were detected in
the time of appearance of the first spontancous cpileptiform discharge and in the
frequency of epileptiform discharges after a 30-45-min stabilisation peried. The
duration of the individual spontaneous epileptiforma bursling cvents was also
different. The longest duration of discharges was observed in low magnesium,
whilst the highest frequency of spontaneous events was detected in 4AP (Table
4.1). Slices exposed to 20 nM 4AP generaled spontancous epileptiform bursts,
whicl: lasted about 200-400ms and recurred regularly at a ratc which varied
between slices but which were in the range of 18-40 events per minute. Slices
exposed to 20 uM BIC and low magnesium medium generated longer, less
frequent bursts, lasting about 400ms and recurring irregularly at aboul 10 cvents
per minute. The shape of spontaneous epileptiform discharges was rather
complex. The overall waveform of an cpileptiform discharge developed in 4AP
was different from thase observed in the other two convulsants. In 4AP moedel, a
single riphasic waveform was observed in the majority of slices tested, whilst in

BIC and low magnesium models double or polyspike bursts were common.
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Figure 4.6. Effect of selective nAChR-antagonists on DMPP-induced potentiation
of low magnesium-induced epileptiform bursting in area CA3 of the hippocampus.

A. Scatter plot showing frequency of epileptiform events in another hippocampal
slice in which NMDA-mediated excitation was enhanced by removal of Mg** ions
from the perfusing medium. Sections of voltage trace corresponding to the
timepoints indicated by the arrows are shown at the bottom of the graph. Note that
the increase in burst frequency in response to DMPP application (30uM,
horizontal bar) was accompanied by the appearance of burst clusters or
afterdischarges (indicated by *). Curved arrows point to expanded sections of
trace illustrating individual field potential events. Subsequent washout of DMPP
resulted in a reduction in burst frequency to baseline levels. Shaded horizontal
bars indicate the period over which an individual agent was applied to the bath. B.
Similar scatter plot in which the potentiating effect of 30 yM DMPP is reversed
upon co-application of the selective nAChR antagonist Dihydro-p-erythroidine
(30uM). Scales A, 2mV, 10s, 0.5s for expanded inset.
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Indeed ictal-like activity recorded more generally in low magnesium model and

observed in 4 out of 21 slices tested.

Table 4.1 Characteristic parameters of seizure discharges developing in solutions containing

different convulsants.

Latency (min) Frequency (Hz) Duration (ms)

BIC (n=30) 208+55 0.146 £ 0.02 366.6 + 64

A comparison of the effects of DMPP upon the three models of epileptiform
bursting revealed that whilst nAChR activation potentiated burst frequency in
every model, there were quite marked differences in the magnitude of potentiation
induced in each model. Application of DMPP (10-30 uM) resulted in a burst
frequency potentiation in 4AP, BIC and low magnesium-induced activity with a
mean maximal frequency potentiation of 37 £+ 5%, 248 + 76% and 110 * 37% for
three treatments, respectively (P<0.01). Clearly, application of DMPP produced a
significant increase in all three models. However, comparing across models,
qualitative and quantitative differences emerged: potentiation was most
pronounced in the bicuculline model with lesser potentiation in the low
magnesium model and lowest potentiation in the 4AP model. These data are
summarised in histogram format in figure 4.7. The same data normalised to
control (pre-DMPP) frequency show a significant increase in all cases (Figure 4.7
B, P<0.0l) but with a greater frequency facilitation in bicuculline and low

magnesium paradigms.
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Figure 4.7. Summary of DMPP-induced burst frequency potentiation in all three
models of epileptiform activity.

A. Histogram summarising 10-30 puM DMPP-induced burst frequency potentiation
in 4AP, bicuculline and low magnesium models. B. Same data normalised to
control (pre-DMPP) frequency show a significant increase in all cases (Wilcoxon-
matched pair test, P<0.01). Note the relative burst frequency enhancement is
greatest for bicuculline and under low magnesium conditions.
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4.5 Discussion

Characteristics of the spontaneous epileptiform activity developed in different
convulsants depend on the underlying mechunisms of neuronal synchronisation.
4AP, as a blocker of different K~ channels (Stoxm, 1987; Storm, 1988), results in
the direct depolarisation of pyramidal cells whilst also directly facilitating
synaptic plutamate release (Perreautt and Avoli, 1991; Traub et al.,, 1995). BIC, as
a GABA4 receptor antagonist, decreases the amplitude of inhibitory postsynaptic
potentials, therefore facilitates propagation of excitatory signals through
multisynaptic pathways (Gutnick et al, 1982; Miles and Wong, 1987).
Bicuculline will also suppress the basal inhibition due to tonic release of GABA
that is reported to occur in the hippocampal formation (Soltesz and Mody, 1994).
Tn low magnesium, voltage-dependent blockade of N-methyl-D-aspartate
(NMDA) receptors is reduced, thus allowing excitatory glutamatergic

transinission to be enormously cnhanced (Mody et al., 1987; Traub et al., 1994).

Different types of in vitro slicc modcls have been introduced to analyse the
development, maintenance and pharmacology of epileptiform activity evoked by
the application of these different convulsants (Gulyas-Kovacs et al., 2002;
Gulnick et al., 1982; Horne et al., 1986; Jefferys, 1994; Jones, 1989; Mody et al,,
1987; Traub et al., 1994), The charactleristics of resultant epileptiform activity
have varied between studies. This is likely due to differences in the brain region
from which the slice originated, in the method of drg application, or in the
conditions of the recording epileptiform activity. For this reason, we carried out a
series of experiments to compare the characteristics of spontaneous epileptiform
activity induced by three different convulsant solutions and the effect of nAChR
activation on these three convulsant models in the same type of preparation and
under similar experimental conditions. However, characteristic features and
pharmacoclogical seusitivity of the discharges differed among the three models
despite the fact that recordings were always carried out in the same place: in the
cell body layer of area CA3 in hippocampal slices prepared from juvenile Wistar

rats. The shortest latency of the first spontaneous epileptiform discharge and the
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highest frequency were detected with 4AP. The longest duration of epileptiform
discharges and bursts with duration approximating seizures were observed with
low magnesium (Jefferys, 1994; Swartzwelder et al., 1987). In deed these results
agree well with a recent comparative report, studying the characleristic of seizures
developed in somatosensory cortical slices in these three modcls (Gulyas-Kovacs

et al., 2002).

Inter-ictal discharges are characterised by two major abnormal properties: each
involved neurone exhibits a transient large amplitude depolarisation (the
"depolarisation shift") associated with repetitive spike generation, and this
excitation arises with virtual synchrony in the majority of cells in a local
population (Prince, 1968; Prince and Connors, 1986). The duration and amplitude
of the paroxysmal depolarisation shift (PDS) depend on the actual membrane
characteristics and on network properties. These characteristics may vary in
different convulsant solutions. In BIC the synchronisation is mainly due to (he
altered network properties, namely inhibition is reduced in the local circuits. In 4-
AP, and especially in low magnesium, changes in the membrane characteristics of
neurones play a crucial role in lhe increased excitability. Thus, the characteristics
of epileptiform discharges induced by each of these convulsants vary because of
the different basic processes underlying epileptiform activity in each of them.
Synchronised PDS activity of all neurones forming an active network dctermines
the shape, duralion and amplitude of the epileptiform discharges, which are

detected extracellularly as field potentials (Gulyas-Kovacs et al., 2002).

The activation of NMDA receptors is accounted in some studies (Siniscalchi et
al., 1997; Valenzuela and Benardo, 1995) to be the most important factor in the
development of epileptic activity. Moreover, these receptors play a crucial role in
the initiation and maintenance of epileptiform activity (Jefferys, 1994), especially
in low magnesium (Gulyas-Kovacs et al., 2002). In low magnesium the
excitability of these receptors increases extremely, which contributes to the
development of long PDSs generating bursis or series of spikes. Both in BIC- and

in 4AP-containing solutions, PDSs develop, which coniribute to burst generation.
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In BIC, however, a regenerative calcium-mediated spike was suggested to initiaie
the depolarisation (de Curtis et al., 1999). It is also reported that, in disinhibited
hippocampal slices non-NMDA type receptors have the primary role in the
initiation of epileptiform activity (Traub et al,, 1993) and NMDA type receptors
are important in the maintenance of epileptiform activity beyond the first 100-200
ms (Jefferys, 1994). While in 4Al enormous excitatory synaptic potentials
through both types of ionolropic excitatory amino acid receptors were recorded as
contributors to the PDS formation (Perreault and Avoli, 1991). This difference
may be an important factor in the alteration of the shape of inter-iclal discharges

(Gulyas-Kovacs et al., 2002).

The waveform of the discharges also depends on the relative location of the
recording site and the burst initiation sitc. In different convulsants, seizure
initiation may occur in different places. In many cases, including bicuculline and
4AP, the CA3 subfield is the site of initiation of epileptiform discharges (Jefferys,
1993). Where as, the prolonged ictal-like discharges in low magncsium and high
[K']o start in CAl, not CA3, thus leading to the proposal that CAl contains a
separate neuronal aggregate necessary for seizures (Jefferys, 1993; Jetlerys, 1994;

Jensen and Yaari, 1988).

In previous chapter I have shown that nAChRs rcgulate epileptiform bursting
induced by 4AP in rat hippocampal slices. The objective of the experiments
described in this chapter was to assess whether nAChR activation bas a general
excitatory influence over patterned ncuronal activity within corlical circuits, we
examined the effect of the nAChR agonist DMPP on two additional epileptiform
models: BIC and low magnesium moadels. Our results showed that nAChR
activation again potentiates epileptiform activity in both two models. Application
of DMPP resulled in an enhanced burst frequency, which was reversed upon
washout or co-application of the selective nAChR antagonists. Moreover, DM{P
made polyspike bursts or afterdischarges appear when absent in control in all
three mndels or increased the {requency of pre-existing ictal-like discharges in

low magnesium model. In all cases increase in burst frequency was associated
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with decrease in burst duration and in the case of low magnesium decrease in
duration of ictal-like bursting, The finding that nAChR activation also potentiates
epileptiform bursting resulting from inhibition of GABA receptors by application
of BIC and reduction of Mg ions from the perfusion medium and concomitant
clevation in NMDA receptor-mediated excitation (Traub et al., 1994) suggests
that nAChRs affect a cellular mechanism that is common to all three epilepsy
models investigated. Tn this respect, a potentially imporfant locus of action is
likely to be the recurcent glutamatergic synapses in area CA3 since these recurrent
connections are believed to be critical in the generation and regulation of bursting
aclivity within the CA3 network (Bains et al.,, 1999; Staley et al., 1998; Traub,
1991). Supporting this idea are recent studies that have demonstrated
acctylcholine to modulate these synapses directly (Vogt and Regehr, 2001). Thus,
it is plausible that frequency potentiation described here reflects the activation of
presynaptic nAChRs that facilitate glutamate release which, in turn, forces the
network into a higher frequency bursting mode. Consistent with this hypothesis as
the frequency of bursting increased so the duration of bursts decreased; a
relationship that has been studied in detail by Staley and colleagues during other
experimental manipulations that increase burst frequency (Bains et al.,, 1999;
Staley et al, 1998) and who concluded that both parameters relate to the
presynaptic release of glutamate from recurrent circuits. An imporlant observation
in this study was that nAChR activation appeared to produce a greater
enhancement of epileptiform burst frequency in the bicnculline and low
agnesinm cxperiments than in the 4AP studies (Figure 4.7). 4AP is known to
enhance the release of all transmitters in the hippocampus including glutamate
(Rutecki et al., 1987). Should nAChRs be acting through presynaptic facilitation
of glutamatergic recurrent collateral connections then it is likely that in the 4AP
model these synapses would already be potentiated partially by 4AP itself since
this agent greatly promotes glutamate releasc (Rutecki et al., 1987). Such an
explanation would account for the relative greater effectiveness of nAChR
agonists in the bicuculline and low magnesium models, A second potential site for
the involvement of nAChRs is in modulating GABAergic circuits. Indeed

GABAergic hippocampal interneurones are known to express nAChRs (Freedman
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et al., 1993; Freund and Buzsaki, 1996) and pharmacological studies have shown
that either pharmacological or synaptic stimulation of these receptors produce an
posisynaptic depolarisation or inward current (Frazier et al., 1998b; Jones and
Yakel, 1997). Clearly however, further studies are required to establish the precise
mechanisms by which nAChR aclivation promotes epileptiform bursting and

other pathological network states (see next chapters).
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CHAPTER 5

INVESTIGATION OF THE CONTRIBUTION OF
GLUTAMATE CIRCUITS IN nAChR-INDUCED
BURST FREQUENCY POTENTIATION

5.1 Introduction

The numerous subunits that make up nAChRs result in a great diversity of
functional receptors, equipping them with different pharmacological and
biophysical properties, depending on nAChR subtypes and their location. Located
at both pre- post and exira-synaptic sites, nAChRs are ideally placed to regulate
neuronal excitability in the CNS (Jones et al, 1999). In (he hippocampus,
nAChRs, including the calcium permeable a7-type, are present on surface of both
GABAcrgic inhibitory interneurones (Alkondon et al., 1997; Frazier et al., 1998a;
Frazier et al., 1998b; Freedman et al., 1993; Freund and Buzsaki, 1996; Jones and
Yakel, 1997; McQuiston and Madison, 1999b) and the excitatory glutamatergic
pyramidal cells (Albuquerque et al., 1997; Alkondon et al., 1997; Ji et al., 2001),
modulating both inhibitory and cxeitatlory circuits. Thus, it is likely that the pro-
epileptogenic action of nAChR activation described in previous chapters is

mediated through glutamatergic circunits, GABAergic circuits or both,

In 1997 Alkondon reported that pyramidal cells responded to application of
nicotinic agonist with a slow depolarisation. However, McQuiston and Madison
(1999) reported that only 2 out of 15 pyramidal cclls responded to ACh
application with a slow depolarisation and inward currents and that such
responses were very small and only just at the level of detection. A postsynaptic
nicotinic response from pyramidal cells has been the subject of an ongoing dispute

with most previous studies reporting that pharmacological activation of nAChRs
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do not produce any form of membrane potential response in these cells (Frazier et
al., 1998b; Jones and Yakel, 1997). Although pyramidal cells do express nicotinic
receptors their role is thought to be presynaptic, important in the modulation of
neuroiransmitter release (Albuquerque et al., 1997; Gray ct al., 1996; Ji and Dani,
2000). It is hypothesised that activation of presynaptic nicotinic receptors
enhances {ransmission directly by elevating presynaptic calcium levels (Gray et
al., 1996). Howcver, some other studies were unable to evoke an increase in
presynaptic calcium levels with local application of nicotinic receptor agonists
suggesting an indirect synaplic modulation could arise from nicotinic cxcitation
(Vogt and Regeh, 2001).

Many reports have shown that high doses of nicotine acting at the neuronal
nAChRs can induce seizures in animals (Damaj et al., 1999; Miner and Collins,
1989; Miner ct al.,, 1985). This cffect has been studied in detail by Damaj and
collcagues (1999) who concluded that nicotine by acling at the presynaptic
nAChRs, enhance the release of glutamate, which in furn stimulates NMDA
receptors leading to nitric oxide formation and possibly seizure produclion.
However, such sludies were all carried out in vivo in which there is limited scopc

for direct investigation of detailed synaptic and cellular mechanisms.

The work presented in this chapter was undertaken in hippocampal slice
preparations to establish the mechanism by which nAChRs mediate their pro-
cpileptogenic actions and to investigate the prohable contribution of glutamate
circuits In tAChR-induced burst frequency potentiation. The specific aims of this

chapter were:
1. To investigate the aclion of nAChRs on basal glutamatergic transmission

2. To invesligate the effect of nAChR activation on epileptiform bursting activity

in the presence of glutamate receptor antagenists.
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5.2 Investigation of the action of nAChRs on basal
ghutamatergic transmission

5.2.1 Effect of nAChR activation on evoked glhatamatergic
synaptic transmission on area CA3

In this set of experiments, [icld cxcitatory postsynaptic potentials ({EPSPs) were
recorded in the CA3 region of the hippocampal slices, placing rccording electrode
in the stratum radiatum of the CA3 region and stimulatory electrode within the
hilus. Typically, fEPSPs evoked by local electrical siimulation consisted of a
compound glutamatergic EPSP mediating by the activation of AMPA/Kainate and
NMDA receptors. Figure 5.1A shows a representative example of a {EPSP
recorded from the CA3 region on which specific glulamatergic anfagonists were
tested. Bath application of the AMPA/Kainate receptor antagonist, NBQX (2 M)
decreascd the amplitude of the EPSP (Figure 5.1 A2) and the further addition of
the NMDA rcceptor antagonist CGP40116 (5¢ uM) completely abolished the
EPSP (Figure 5.1 A3), demonstrating the mixcd NMDA and AMPA/Kainate-

mediated nature of the evoked synaptic response.

Initial experimenls were to investigate the stability of cvoked fEPSPs in area
CA3. In order to ensurc that the amplitude of the evoked EPSPs on area CA3
remains stable over the period of experiments, control fEPSPs were recorded in
the absence of DMPP, As illustrated in figure 5.1C, electrical stimulation of
afferent fibres within the hilar region resulted in the occurrence of a stable EPSP
in area CA3, which was sustained and stable for the extended duration of the

experiments (up to 60 minutes, n=4, Figure 5.1 C control).

To investigate the effect of DMPP on evoked glutamatergic synaptic (ransmission
in area CA3, 30 M DMPP was applicd following a stable EPSP baseline. The
slices were stimulated once every 20 seconds for a period of 20-30 minutes
before, during and afler superfusion with DMPP. Bath application of DMPP (30

uM) resulted in a sustained and reversible enhancement of glutamate afferent
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Chapter 5

evoked fEPSP amplitude by 15.7 & 5.1% (mean + SEM,; P=0.007, One-way
ANOVA) in the CA3 region of the hippocampus (Figurc 5.1 B-D, n=8 of 12).
These data suggest that glutamatergic transmission is enhanced by nAChR

activation in the CA3 region of the hippocampus.

The Effect of nAChR aclivation ou the amplitude of fEPSPs recorded in area CA3
was assessed at varying stimulus intensitics. The result of DMPP action on such
stimulus-responses is given in figure 5.1 E. Paired # tests were performed on raw
data at each point, revealing that fEPSP amplitudes were significantly increcascd
from baseline following DMPP application across entire range of stimulus

intensities (P<0.05).

5.2.2 Effect of nAChR activation on evoked glutamatergic
synaptic transmission on area CAl

Addition experimenis were carried out in area CAl. Field EPSPs were recorded in
the CAl region of the hippocampus by placing recording electrodes within the
stratum radiatum towards the middle of the CAl rcgion and subsequently
stimulating the Schaffer collaterals with stimulation electrede placed within the
stratum radiatum closc to the CA3/CAT1 border. 30 pM DMPP was applied to the
bath once a stable EPSP baseline amplitude was achieved. In contrast to findings
in area CA3, no significanl change (-5.25 * 8.3%, mean £ SEM,; P=0.4, Onc-way
ANOVA) was observed on field EPSCs recorded in the CAl region (Figure 5.1
C-D, n=4) upon application of DMPP suggesting that application of the nicotinic

agonist does nol alter glutamate transmission at this synaptic conncction,

5.3 Effect of glutamate receptor antagonists on 4A¥P and
bicuculline-induced bursting activity

Results obtained from several models of epileptiform activity, both in vivo and in

vitro, have emphasised the important role played by NMDA receptors in the
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generation of epileptiform discharges. To test the involvement of NMDA
receptors in the 4AP and bicuculline models, we analyscd the effects of a
competitive NMDA receptor antagonist, D-(E)-2-amino-4-methyl-5-phosphoeno-
3-pentenoic acid (CGP40116, 50 pM), on spontaneous epileptiform activity
induced by either 4AP or by bicuculline. The involvement of other fast excitatory
amino acid receptors was also assessed by usc of 2,3-dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo(f)quinoxaline-7-sulfonamide (NBQX, 2 pM) which is an
antagonist of AMPA/kainate (non-NMDA) receptors. In the first set of
experiments, 50 uM CGP40116 and 2 pM NBQX were co-applied to slices
displaying stable epileptiform burst activity to assess the general confribution of
glutamate receptors on ongoing 4AP and BIC-induccd cpileptiform discharges.
This combined application of NMDA and AMPA/Kainate receptors antagonists
resulted in a gradual reduction and eventually complete abolition of 4AP-induced
interictal activity 14.6 £ 6 minules afler bath application of antagonists in all
slices tested (n=4). However, this effect was not reversed after (up to 40 minutes)
washout (n=2, Figure 5.2 A). A combined application of CGP40116 and NBQX

also completely blocked BIC-induced epileptiform activity (n=2, data not shown).

To cxamine whether NMDA and AMPA/Kainate receptors cxcerted deferential
effects on 4AP and BIC-induced cpileptiform. activity, we tested the individual
elfect of either CGP40116 or NBQX on 4AP and BIC-induccd cpileptiform

aclivilies,

For 4Al induced activity, cpileptiform discharges persisted following the
application of NMDA receptor antagonist, CGP40116 (50 pM), but their
frequency significantly decreased from 0.52 £ 0.11 to 0.24 + 0.03Hz (n=4,
P=0.02, paircd Studont’s t-tests performed on raw data, Figure 5.2 B).

In a second sel of experiments, the involvement of AMPA/Kainate receptors alone

on 4AP-induced epileptiform activity was also assessed using the sclective
AMPA/Kainate receptors antagonist, NBQX. When 2 pM NBQX was addcd to
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Chapter 5

the bathing medium, 4AP-induced epileptiform discharges gradually reduced in

frequency and ultimatcly abolished completely (n=6, Figure 5.2 C).

In a manner similar to that for 4AP-induced response, co-application of 50 uM
CGP40116 also produced a significant decrease in the (requency of BIC-induced
cpileptiform activity from 0.14 £ 0.01 to 0.06 = 0.0111z (n=4 of 6, P=0.01, paired-
t-tests performed on raw data, Figurc 5.3 A) but a complete abolishment of
epileptiform activity was also observed in 2 out of 6 experiments. On the contrary,
application of NBQX (2 puM) produced a complete blockage of BIC-induced
epileptiform bursting in all slices tested (n=4, Figure 5.3 B), an effect that was

similar to those observed in 4AP model.

The cffcets of these antagonists on burst frequency are summarised graphically in

figure 5.2 D for 4AP and figure 5.3 C for BIC-induced epileptiform activity.

5.4 Experiments to investigate the contribution of
ionotropic glutamate receptors in nAChR-induced
burst frequency potentiation

5.4.1 Effect of nAChR activation on 4AP and BIC-induced
bursting activity in the presence of NMIDA receptor
antagonist

The previous experiments addressed the action of nAChRs on basal glutamatergic
transmission. We next turned our attcation to the action of nAChR activation on
ongoing epileptiform bursts activity within dynamically active glutamatergic
circuits. In order to investigate any possible contribution of NMDA receptors in
DMPP-induced burst frequency potentiation, a series of experiments were carried
out using the NMDA receplor antagonist CGP40116. Once slable 4AP or BIC-
induced epileptiform activity were established, SO pM CGP40116 was co-applied
in order to inhibit any NMDA receptor mediated component to the bursting

activity as above. As stated, such application of CGP40116 significantly
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Chapter 5

decreascd the frequency of 4AP and BIC-induced bursting activity. After the
stabilisation of the reduced frequency spontaneous epileptiform aclivity in the
presence of CGP40116, 30 uM DMPP was subscquently co-applied to investigate
the effect of nAChR activation on ongoing 4AP and BIC-induced epileptiform
activity. In such experiments, it was found that the presence of CGP40116 did not

compromise the ability of DMPP to potentiate epileptiform burst frequency in the

such conditions, application of 30 uM DMPP produced a reversible increase of
burst frequency by 54.5 = 18.98% and 277 + 34.7% for 4AP and BIC-induced

cpileptiform responses, respectively (Iigure 5.4 C).

5.4.2 Effect of nAChR activation on 4AP and BIC-induced
bursting activity in the presence of AMPA/Kainate receptor
antagonist

In contrast to a partial block of epileptiform activity induced by 50 pM
CGP40116, application of the AMPA/Kainate receplor antagonist NBQX (2 puM)
completely abolished epileptiform activity induced by 4AP and BIC in all slices
tested (n=9). We next investigated whether the pro-epileptogenic actions of
nAChR activation could rcverse the NBQX mediated suppression of 4AP and
BIC-induced epileptiform activity.

In the first set of experiments in which 2 pM NBQX abolished 4AP-induced
cpileptiform responses, subsequent co-application of 30 uM DMPP failed to result
in the rcappearance of interictal discharges or produce any other [orm of
detectable exfracellular field activity, in any slices tested (n=6, Figure 5.5 A).
Similarly, 30 pM DMPP was unable to reverse 2 uM NBQX abolition of BIC-

induced bursts activity (n=3, Figure 5.5 B).
To invesligate further the contribution of AMPA/Kainale receptors during DMPP-

mduced burst frequency facilitation, we performed experiments using a lower

concentration of NBQX (0.2 uM). This conceniration of NBQX produces a partial
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Figure 5.4. Effect of nAChR activation on epileptiform activity in the presence of

NMDA receptor antagonist.

Scatter plot showing the effect of DMPP on 4AP (A) and BIC (B) -induced burst
frequency in the presence of NMDA receptor antagonist, CGP40116. As can be seen,

application of CGP 40116 did not

affect the ability of DMPP to potentiate epileptiform

burst frequency in the both 4AP and BIC models. C. Summary of the effects of
application of DMPP on 4AP (n=4) and BIC (n=4)-induced burst frequency, when
NMDA receptors are blocked. Horizontal bars indicate P values between respective
columns as determined using ANOVA performed on raw data.
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Chapter 5

block of AMPA/Kainate receptor mediated synaptic responses (Randle et al.,
1992), Application of 0.2 uM NBQX resulted in a marked reduction in the
frequency of 4AP-induced epileptiform activity (by 72.5 + 2.5%, n=4, Figure 5.5
C-D) but not a complete abolition of epileptiform activity. Under such conditions,
slices preincubated with 0.2 nM NBQX, displayed a pronounced burst frequency
polentiation upon DMPP (30 uM) application (96.42 + 10.5%, n=4, Figure 5.5 C-
D). These results suggest an involvement of AMPA/Kainatc receptors in DMPP-

induced burst frequency potentiation.

5.5 Experiments to investigate the contribution of
metabotropic glutamate receptors (mGluRs) in
nAChR-induced burst frequency potentiation

Metabotropic glutamate receptors (mGluRs)} have been shown to be critically
involved in modulating ictal activity during seizures in animal models of epilepsy
(Dalby and Thomsen, 1996; Tizzano et al., 1995). Group T mGiuRs sustain or
promote seizures (Camon ct al,, 1998; Chapman et al., 2000; Chapman et al,,
1999), whereas group II, and group III mGluRs are reported to suppress seizurcs
via presynaptic inbibition of glutamate release (Attwell et al.,, 1998). Moreover,
investigation of the concentration-dependence revealed that sustained low
concentration of mGluRs agonist elicited only facilitalory actions, whereas higher
concenirations were suppressive (Burke and Hablitz, 1995). These obscryvations
suggest the activation of different mGluR subtypes, which may be localised
differentially at pre-and postsynaptic sites. Moreover, different neuronal
populations, possible expressing different mGluR  subtypes or coupling
mechanisms, may play intcgral roles in the induction and generation of
cpileptiform activities (Burke and Hablitz, 1995). 'Lhese finding also indicate that
a specific mGluR subtype(s) may modulate both excitatory and inhibitory
synaptic transmission via a presynaptic reduction of transmitter release (Burke
and Hablitz, 1994).
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Chapier 5

5.5.1 Effect of nAChR activation on BIC-induced bursting
activity in the presence of mGluR antagonist

Bascd on data supporting a critical role of group 1 mGIuRs in promoting seizures
(Camoon et al,, 1998, Chapman et al, 2000; Chapman et al.,, 1999) and
epileptiform activities in vitro (Cobb et al., 2000; Merlin et al,, 1995; Burke and
Hablitz, 1995), a series of experiments were carried out in the presence of mGIuR
antagonist to investigate the probable contribution of mGluRs in DMPP-induced

burst frequency potentiation.

Once stable BIC-induced bursting activity was established, a non-selective
group I/IT mGluR antagonist (S)-a-methyl-4-carboxyphenyglycine (MCPG, 500
uM) was applied in order to block any contribution of mGluR mediated
responses. Subsequent co-application of 500 pM MCPG did not produce any
significunt change in BIC-induced epileptiform burst frequency, suggesting that
activation of such receptor was not a cnitical factor in the generation of BIC-
induced bursting activity (n=4, P>0.05, Tigure 5.6). Moreover, pretreatment of
slices with MCPG did not affect DMPP-induced burst frequency polentiation
when DMPP (30 uM) was subsequently applied (n=4, Figure 5.6). This result
suggests that mGluRs are not a critical factor in the modulation of BIC-induced

epileptiform activity by the activation of nAChRs.
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Figure 5.6. Effect of nAChR activation on epileptiform activity in the presence
of metabotropic glutamate receptor antagonist.

A. Scatter plot showing the effect of DMPP on BIC-induced burst frequency in
the presence of the broad spectrum mGLuUR antagonist, MCPG. Co-application
of 500 uM MCPG did not produce any significant change in BIC-induced
epileptiform activity. Subsequent co-application of DMPP produced a significant
increase in BIC-induced burst frequency. B. Summary of the effects of
application of DMPP on BIC-induced burst frequency in the presence of MCPG
(n=4). Horizontal bars indicate P values between respective columns as
determined using ANOVA.
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5.6 Discussion

5.6.1 Effect of DMPP on basal glutamate transmission

The aim of this phase of study was to attempt to assess the precise synaptic
mechanising and identify possible excitatory circuit by which activation of
nAChRs produce their pro-epileptogenic effects. In experiments devised to
investigate the action of nAChRs on basal glutamatergic (ransmission, application
of selective nAChRs agonist DMPP resulted in a sustained and reversible
enhancement of glutamate afferent evoked field EPSP amplitude in the CA3
region of the hippocampus. Previous published results and aspects of the present
data indicate that nAChRs may enhance glutamatc rclcasc irom presynaptic
terminals. In 1995 McGehee ef @f. showed that nicotine enhanced glutamate
transmission in the habenula nucleus of chick (McGcehee et al., 1995). This
finding is further supported by the observation reported by Gray et al. (1996) and
Radcliffe and Dani (1998), who showed that nicotine increased the frequency of
mini EPSPs in the CA3 region of the hippocampus and hippocampal cell cultures,
respectively (Gray et al., 1996; Radcliffe and Dani, 1998). Activation of nAChRs
may increase the probability of glutamate release either through dircct Ca' entry
through the channel itself or indirectly through recruilment of voltage-dependent
caleium channels (VDCC) by the local depolarisation. According to Staley et al.
(1998), increased probability of release results in a decrease in inter burst interval.
‘this increased burst frequency is associated with a reduction in burst length
(Staley et al., 1998). If DMPP acts to open presynaptic nAChR channels, which
arc permeable to Ca®" (Seguela ef al, 1993), resultani changes in calcium
dynamics within the presynaptic terminal may thus result in presynaptic
modulation of action potential-dependent release. lixperiments using the paired-
pulse paradigm, which provide indirect evidence of likely presynaptic actions,
may be useful to address this point. An increase in the paired-pulse facilitation by
DMPP would support a hypothesis that its facilitatory action occurs through

activation of pre synaptic nAChRs.
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A complementary calcium imaging approach has also been adopted to investigate
presynaptic action of nAChRs on calcium transients in glutamatergic terminals.
However, such studies arc contentious with some groups claiming activation of
nAChRs enhances glutamatergic transmission divectly by elevating terminal
calcium levels (Gray et al,, 1996). However, other authors have shown no such
actions and suggest nAChRs 1o cflcet excitability through other cells types and
iransmitters notably GABA (Vogt and Regehr, 2001). As our cvokcd EPSP
experiments were not carried oul in the presence of GABA receplor antagonists, it
is nol possible to conclude whether nAChRs modulation is via a direct action on
glutamatergic transmission or via a more indirect mechanism, possibly through
regulation of GABAergic circuits. However, such an action of nAChRs appears to
be independent of fast GABAergic transmission, as detailed in chapler 4 of this
thesis, at lcast with respect to the pro-epileptogenic action. An important finding
in this respect was that nAChR activation also resultcd in a facilitation of
epileptiform burst discharge in the bicuculline model (see chapter 4) in which
GABA, receptors are blocked by high concentrations of the antagonist. However,
an action on GABAergic circuits utilising GABA recepiors can nat be excluded
since thesc have recently been shown to exhibit pro-epileptogenic actions {Motall:
et al., 1999) (see Chapler 6).

In our experiments increasing the stimulus intensity also increased the amplitude
of the cvoked EPSP. This preswmably reflects the fact that an increase in
stimulation intensity would ultimately recruit more fibres and subsequently
mcreases the amount of synaptically releascd glutamatc, Data showing modest but
significant increase in the amplitude of evoked EPSPs in the presence of DMPP
compared with the control is consistent with a general enhancement of glutamate
release across a population of glutamatergic terminals although it is not possible
to exclude the possibility of other less direct effect through other systems. Such a
finding has been described by Mann and Greenfield (2003) who showed that the
inhibition of NMDA receptors revealed a long-lasling excitatory effect of nicotine
on hippocampal activity which appeared to be mecdiated via GABAergic

interneuroncs (Mann and Greenfield, 2003).
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In results indicated in this chapter no significant enhancement of EPSP amplitude
was scen following DMPP application in the CAl region. Applicalion of DMPP
enhanced glutamate afferent evoked field EPSP umiplitude in the CA3 region of
the hippocampus but no such effect within area CAl. This observation is
consistent with studies reporting that activation of nAChR enhances glutamate
release from CA3 pyramidal cells (Gray et al., 1990) but not from CAl neurones
(Alkondon et al., 1997; Trazicr et al., 1998b; Jones and Yakel, 1997, McQuiston
and Madison, 1999b). Work performed by Alkondon et af (1997) showed that
CNQX, a competitive glutamate rcceptor antagonist that inhibits fast
glutamatergic transmission mediated by AMPA/Kainate receptors, failed in
blocking nAChR-elicited PSCs in CAl pyramidal cells, which indicated that
nAChR activation is not linked to the release of glutamate in CAl neuwrones. This
finding is further supported by Jones er af (1997) and Frazier et «l (1998) who
showed pyramidal cells in the area CAl to bc completely unresponsive to
nicolinic receptor activation. MeQuiston and Madison {1999) also reported that
only 2 out 15 pyramidal cells in area CA1 responded to ACh application and that
such responses were barely detectable and significantly smaller than equivalent

nAChR mediated responses recorded in hippocampal interneurones.

The conclusion drawn from these data suggests that nAChR activation regulates
(potentiatcs) glutamatergic transmission at a subset of synapses. The apparent
selective modulation of glutamatergic transmission by nAChRs mirrors the
finding that mAChRs are reported to differentially suppress different excitatory
pathways within the hippocampus (Hasselmo and Schnell, 1994). Such an action
of nAChRs would be consistent with previous modelling studies which predicted
that the susceptibility of the hippocampus to generate epilepliform activity is
proportional to the strength of glulamatergic connectivity in recurrent collateral
synapses in CA3 region (Bains et al., 1999; Staley et al., 1998) . The terminating
of CA3 bursts depends on depletion of the releasable glutamate pool at these
recurrent synapses, therefore presynaptic factors controlling glutamate release at
recurrent synapses regulate the probability and duration of synchronous

discharges of the CA3 network (Staley et al., 1998). According te Vogt and
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Regehr (2001) acetylcholine directly medulate these synapses (Vogt and Regehr,
2001). Thus, it is possible that frequency potentiation mediated by nAChRs
reflects the activation of presynaptic nAChRs that facilitate glutamate release

which, in turn, forees the network inte a higher frequency bursting models.

5.6.2 Involvement of glutamate receptors in epileptiform activity

Many factors have been identificd as being critical for the generation of
epileptiform activity and one of them is activation of excitalory amino acid
receptors: NMDA and AMPA/Kainate receptors. The relevance of each of these
receptors in focal cpilcptogenesis, however, remains very controversial because
their relative contribution varies greatly depending on the model being studied.
For instance, although NMDA receptors have been shown to be involved in the
production of epileptiform activity in some experimental models of epilepsy
(Meldrum, 1987, Thomson and West, 1986) such as low magnesium model
(Home et al,, 1986; Mody et al., 1987, Schnciderman and MacDonald, 1987,
Tancredi et al, 1990), NMDA antagonists have little or no effect on the
epileptiform discharges seen with other models such as bicuculline and picrotoxin
models (Neuman et al., 1988; Thomson and West, 1986) suggesting that NMDA
receptors are not necessary for generation of epileptiform activity. Similarly, the
importance of AMPA/Kainatc in epiloptogenesis remains unclear. On the one
hand, there are some reports indicating that non-NMDA receptors arc involved in
the generation of the bursts induced by the convulsants 4AP (Avoli et al.,, 1993;
Perreault and Avoli, 1991) and bicuculline (Gulyas-Kovacs et al., 2002; Traub et
al., 1993). On the other hand, it has been shown that AMPA/Kainate receptors
have a minor role in the generation of epileptiform discharges in low magnesium
mode! (Gulyas-Kovacs ct al., 2002), Finally some studies have provided direct
evidence that abnormal excitatory synaptic transmission in (he epilcptogenic
neocortex is primarily mediated by both NMDA and AMPA/Kainate receptors
{Lee and Hablitz, 1991; Siniscalchi et al., 1997; Valenzuela and Benardo, 1995).
According to these studies there are two distinct phases in the development of

epileptic aclivity, namely induction and maintcnance, mediated by either NMDA
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or non-NMDA rcceptors depending on the model being investigated. IFor
example, during exposure to magnesium-free solution, NMDA receptor
antagonists prevent the development of the induced epileptiform activity, while
the non-NMDA receptor antagonist abolished the epileptiform discharge that
persisted after slices were returned to control solution containing magnesium.
This data suggests that in this model the enhancement of NMDA receptor
activation is responsible for the initiation of spontancous discharges and that non-
NMDA receptors perform a more minor role in the initiation, but contribute to the
maintenance of epileptiform discharges (Gulyas-Kovacs et al., 2002; Valenzuela
and Benardo, 1995). Tt has also been shown that, in 4AP model, both types of
ionotropic excitatory amino acid receptors are overactivaled and contribute to
scizurc initiation and propagation (Gulyas-Kovacs et al., 2002; Siniscalchi et al.,
1997). This finding was further supported by studics investigating the role of
excitatory amino acid receptors in generation of picrotoxin-induced cpileptiform
activity in rat neocortex (Lec and Hablitz, 1991) and in recurrent collaterals of
guinea pig hippocampal slice (Miles et al, 1984) that showed a reversible
hlockade of spontancous synchronised bursts by the application ol several

excitatory amino acid antagonists.

The involvement of glulamate receptors in the epileptiform activity was studied in
this chapter by the experiments wvtilising NMDA and AMPA/Kainate receptor
antagonists. As detailed above, the majority of previous electrophysiological
studies have found that both NMDA and AMPA/Kainate receptors arc strongly
activated during epiteptiform activity (Lee and Hablilz, 1991; Siniscalchi et al.,
1997; Valenzuela and Benardo, 1995), According to these studics, we found that
4AP and BIC-induced interictal-like epileptiform activity are completely blocked
by NBQX and their frequency significantly reduced by CGP40116. Our [indings
arc differcnt from the data obtained by Avoli and colleagues, who have showed
that both interictal- and ictal-like epileptiform discharges induced by 4AP are not
affected by NMDA receptor antagonists and who have concluded that 4AP-
induced epileptiform  activity are mediated through the activation of

AMPA/Kainate receptors (Avoli et al, 1993; Pemreault and Avoli, 1991},
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However, our resulls are in agreement with those of Gulyas-IKKovacs and
colleagues (2002), who have shown that NMDA reccptor antagonist significantly
decrease fiequency of 4AP and BIC-induced epileptiform bursting with a similar
degree of frequency deprossion. These authors have also reported that
AMPA/Kainate receptor antagonist completely abolished BIC-induced
spontaneous activity and significantly decreased ihe [tcquency of epileptiform
activity in 4AP modcl. This [inding is again in agreement with our results with the
only difference being that a complete abolition of 4AP-induced epilepliform
activity was observed in our experiments following application of an
AMPA/Kainate receptor antagonist. In fact, these authors concluded that there are
significant alterations in contribution of NMDA and AMPA/Kainate glutamate
receptors to the development and maintenance of epileptiform activity in the
different convulsants. However, our rcsults suggest that the relative contributions
of NMDA and AMPA/kainate receptors are similar for the 4AP and BIC-induced
epileptiform activities described here despite the epileptogenic stimulants acting

through distinetly difterent mechanisms.

Thus, the main conclusion from the work described in this section of the thesis is
that, at Icast in these two models, the epileptic activity requires the activation of
both NMDA and AMPA/Kainale glutamate receptors. However, relative
coniribution of the respective subtypes of glutamatc receptor in mediating aspects

of epileplogenesis is difficult to assess unequivocally.

In vivo data from animal models of epilepsy have shown modulatory roles of
mGluRs on ictal activity during seizures (Dalby and Thomsen, 1996; Tizzano et
al., 1995). Studies on in vitro brain slices have also suggested that activation of
group I mGluRs plays a critical role in the maintenance of the prolonged
synchronised discharges (ITolmes et al., 1996; Lee et al., 2002; Merlin and Wong,
1997) and in the transition of interictal bursting into ictal activity (Merlin and
Wong, 1997). It has been shown in these studies that mGIuR antagonists have
suppressive effects of prolonged epileptiform activity, suggesting activation of

mGluRs during prolonged epileptiform discharges. However, in our experiments
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application of MCPG, a non-selective group I/1l mGluR antagonist, failed to
produce any significant change in BIC-induced epileptiform bursting activity,
which was consistent with previously reported studies (Merlin and Wong, 1997,
Lee et al, 2002). As only short interictal-likc activity was recorded in our
experiments, il 1s likcly that this negative finding is attributable to lack of
prolonged or ictal like activity in our recordings. This result suggests that group I

mGluRs probably does not play a significant role during short interictal activity.

5.6.3 Contribution of glutamaic receptors in DMPP-induced
burst frequency potentiation

The aims of this set of experiments were to investigate the effect of DMPP on
epileptiform activilty when glutamate receptors were blocked to uncover possible

contribution of glutamate receptors in the pro-epileptogenic action of nAChRs.

Tn this set of experiments application of NMDA receptor blocker CGP40116
(resulting in a depression of burst frequency) did not affect the ability of
subsequent DMPP application to potentiate epileptiform burst frequency. On the
other hand, application of the AMPA/Kainate receptor antagonist NBQX (2 pM)
completcly abolished epileptiform activity suggesting that these receptors are
crucial for supporting such activity. Moreover, subscquent co-application of
DMPP failed to make any change in extracellular ficld activity after block with a
high concentration of NBQX. However, slices preincubated with a lowcr
concentration of NBQX (0.2 puM), which resulls in a partial blockade of non-
NMDA receptor-mediated synaptic transmission, were still able to exhibit burst
frequency potentiation upon DMPP application. These results suggest that NMDA
receptors are not necessary in the DMPP-induced burst frequency potentiation and
when these receplors are blocked DMPP can potentiatc epileptiform activity
through activation of AMPA/Kainate receptors. Furthermore, in agreement with
earlier chapters, activation of nAChRs may facilitate ongoing epileptiform activity
but does not result in the gencration of spontaneous activity in otherwise quiescent

circuits.
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In further studies, application of mGluRs antagonist MCPG again did not affect
the ability of DMPP to potentiate epileptiform burst frequency suggesting that the

response to DMPP was not due the recruitment of mGluRs.

The main conclusion of these results is:

nAChR—mediated burst frequency potentiation is observed during condition of
NMDA receplor block suggesting that under this condition the proepileptogenic
action of nAChRs is therefore mediated via enhanced activation of AMPA/kainate
receptors. Thus it seems that NMDA receptors are not essential for the
proepileptogenic action of nAChRs. However, it is possible that under normal
condilion part of nAChRs proepileptogenic action is due to an additional
component in which NIMDA receptor mediated transmission facilitated. Together

these data suggest a presynaptic action of nAChRs and increasc glutamate release,
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CHAPTER 6

INVESTIGATION OF THE CONTRIBUTION OF
GABA CIRCUITS IN nAChR-INDUCED BURST
FREQUENCY POTENTIATION

6.1 Introduction

Much of the action of acetylcholine within the hippocampus is thought to be
mediated through action on the GABAcrgic system (Gulyas et al., 1999). The
main cholincrgic input to the hippocampus is through septohippocampal pathway,
which originates from the medial septal nuclcus and the nucleus of the diagonal
band of Broca (Reviewed by Dutar et al., 1995) and contacts both interneurones
and principal cells of hippocampus (Heimrich and Frotscher, 1993; Leranth and
Frotscher, 1989). ACh may increase or decrease the aclivity of interneurones via
muscarinic receptors and excite interneurones through nicotinic receplors located
in the soma-dendritic membrane. ACh may also modulate GABA release through
presynaptic muscarinic and nicotinic teceptors located on axon terminals.
Muscarinic acetylcholine receptor (mAChR) aclivation increases the frequency of
spontaneous [PSCs converging on to pyramidal cells, which is likely the result of
a direct postsynaplic cxcitation ol certain interneurones (Belrends and ten
Bruggencate, 1993; Pitler and Alger, 1992). On the other hand, mAChR activation
decreases the frequency of miniature IPSCs, which is a result of a presynaptic
reduction of GABA release (Behrends and ten Bruggencate, 1993; Ditler and
Alger, 1992).

The anatomical results, taken togelher with the electrophysiological data have
shown that functional nicotinic receptors are also present on hippocampal
imterncuroncs (Alkondon ¢t al., 1998; Frazier et al., 1998a; [razier et al.,, 1998b;

Jones and Yakel, 1997; McQuiston and Madison, 1999b). It has been reported that

114




Chapter 6

either fast local application of ACh or electrical slimulation of cholinergic
afferents depolariscs interncurones in the CAl subfield and the dentate gyrus and
induces rapid firing (Frazier et al,, 1998a; Frazicr ct al.,, 1998b; Jones and Yakel,
1997). Voltage-clamp rceordings demonstrated that ACh produces a fast, rapidly
desensitising inward current that is blocked by o-bungarotoxin, indicating that the
fast excitation is mediated by a Ca®* permeable varfant of the nAChR containing
the o7 subunit (Frazier et al., 1998a; Frazier et al., 1998b; Jones and Yakel, 1997).
In contrast, pharmacological application of nicotinic agonists have been reported
not to change the firing or the membrane potential of the majority of hippocampal
principal cells (Alkondon et al., 1997; Frazier et al, 1998b; McQuiston and
Madison, 19990b).

Located at both pre, post and extra-synaptic sites of interneurones, nAChRs are
ideally placed to modulate inhibitory circuits in the hippocampus. ACh increases
the activity of interneurones via nicotinic receptors localed in the soma-dendritic
membrane of intcrneurones and increases GABA release through presynaptic
nicotinic receptors located on axon terminals (Alkondon et al.,, 1997). Thus, it is
likcly that the pro-cpileptogenic action of nAChR activation described in previons
chapters is mediated in part through GABAergic circuits. However, such an
action of nAChRs appears to be independent of fast GABAergic transmission
since the pro-epileptogenic actions of nAChR activation is resistant to the
blockade of GABA, receptors, as detailed in chapter 4 of this thesis. Thus,
nAChR modulation of GABAergic events is unlikely to be imporlant 1a the pro-
epileptogenic action of nicotinic receplor activation, although it is possiblc that an

interaction between nAChRs and GABAg receptor activation may play a role.

GABAg receptor-mediated mechanisms are involved in the generation of focal
seizurcs and in epileptogenesis (McLean ¢t al., 1996; Scanziani et al., 1994,
Veliskova et al., 1996). Baclofen is a GABAp receptor agonist which has been
shown te activale both pre- and post-synaptic GABAg receptors (Bowery el al,,

1980a; Newberry and Nicoll, 1985) and to inhibit many forms of synaptic
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transmission (Ault and Nadler, 1982) including glutamatergic (Lanthorn and
Cotman, 1981; Thompson and Gahwiler, 1992), GABAergic (Lambert and
Wilson, 1993; Thompson and Gahwiler, 1992) and cholincrgic transmission
(Morton et al., 2001). However, baclofen may possess 4 surprising proconvulsant
effect as documented in clinical practice (Kofler et al., 1994; Rush and Gibberd,
1990) and in certain models of epileptiform discharge (Motalli et al., 1999; Mot
et al., 1989; Watts and Jefferys, 1993). It has also been propesed that the
proconvulsant effect of baclofen is caused by a presynaptic, GABAg-mediated
inhibition of GABA release from inhibitory interneurones leading to disinhibition
(Mott et al., 1989, Walls and Jefferys, 1993). Such an action has also been
documenled with the epileptiform discharges induced by bath applicalion of 4AP
to hippocampal slices {Motalli et al., 1999; Watts and Jefferys, 1993), leading to
hypothesise that GABA); receptor antagonists could exert anticonvulsant actions
in this i vitro model of epileptiform discharge. Previous studies have indeed
shown that the GABAp receptor antagonist CGP35348 has anticonvulsant actions
in rodent models of absence seizures (Bowery and Enna, 2000; Liu et al., 1992).
However, an opposite finding has been reported by Motalli ef ¢f. 2002, who found
that the effect of CGP35348 on 4AP-induced epileptiform activity to not be
anticonvulsant and to some extent is similar to what was reported in this model
during GABAg receptor activation (Motalli et al., 2002), Given the conflicting
results outlined above, the aim of the experiments described in this chapter was to
recaddress the possible contribution of GABAgp receptors during epileptiform
activily and to investigate the involvement of GABAg receptors in nAChR-
induced burst frequency potentiation. A second aim was to further investigate the
effcet of the nAChR agonist, DMPP on GABA relcase from hippocatpal
neurones with a view to uncover possible mechanisins responsible for the pro-

epileptogenic action of DMPP,
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6.2 Investigation of the role of GABAg receptors in
nAChR-induced burst frequency potentiation

6.2.1 Effect of nAChR activation on 4AP-induced epileptiform
activity in the presence of GABAg receptor antagonist

In order to investigate the possible involvement of GABAg receptors in nAChRs-
induced effect, a scrics of experiments were carried out using the selective
GABAg receptor antagonist CGP55845A. Once stable 10 pM 4AP-induced
bursting was established, 1 uM CGP355845A was co-applied in order to block
pharmacologically any involvement of GABAy rcceptor mediated responses
during ecpileptiform  bursting. Such application of CGP55845A did not
significantly change the frequency of 4AP-induccd bursting activity (mean
frequency = 97.8 & 4% of control 4AP frequency; P>0.05; n=11; Figure 6.1 A-B).
After the stabilisation of the 4AP-induced spontaneous epileptiform aclivity in the
presence of CGP558454A, 30 pM DMPP was co-applied to the convulsant
containing solution to test the effect of nAChR activation on ongoing 4AP-
induced epileptiform activity when GABAp receptors are blocked. Whercas slices
in the absence of CGP55845A would exhibit robust burst frequency potentiation
(sce chapter 3), slices pre-incubated with CGP355845A (1 uM) failed to exhibit
burst frequency poteniiation upon DMPP application in 11 of 11 slices tesled.
Scatter plot in figure 6.1 A shows a representative experiment in which the slices
are pre-incubated with GABAg receptor antagonist CGP55845A prior to
application of DMPP. Such application of CGP55845A was found to prevent the
ability of subsequent DMPP application to poteniiate burst frequency of 4AD-
induced epileptiform activity. In the presence of CGP55845A, application of
DMPP rcsulted in no significant enhancement of burst [requency compared (o
pre-DMPP levels (91.7 £ 7% of pre-DMPP control; £> (0.05; n=11; Figure 6.1 A-
B). Overall, these data suggest that GABAg receptors may play a role in nAChRs-

induced frequency potentiation of 4AP-induced bursting.
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Figure 6.1. Effect of nAChR activation on 4AP-induced epileptiform activity in the
presence of selective GABAg receptor antagonist.

A. Scatter plot showing the effect of DMPP on 4AP-induced burst frequency in the
presence of GABAg receptor antagonist, CGP55845A. Co-application of 1 uM
CGP55845A did not produce any significant change in 4AP-induced epileptiform
burst frequency. Subsequent co-application of 30 yM DMPP again produced no
significant change in 4AP-induced burst frequency in the presence of CGP55845A
(P=0.45, One-Way ANOVA). B. Summary of the effects of application of DMPP on
4AP-induced burst frequency in the presence of CGP55845A (n=11). This GABAg
receptor antagonist prevents the ability of DMPP to potentiate 4AP-induced
epileptiform burst frequency. Horizontal bars indicate P values between respective
columns as determined using ANOVA.
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6.2.2 Effect of nAChR activation on BIC-induced epileptiform
activity in the presence of GABAjR receptor antagonist

To assess the effect of GABAy receptor antagonism on ongoing BIC-induced
epileptiform discharges and their modulation by wAChRs-induced effect, the
selective GABAy rceeptor antagonist CGPS55845A was bath applied to slices
displayed stable bicuculline-induced epileptiform burst activity. Subsequent co-
application of CGP55845A (1 or 3 uM in 6 and 3 experiments, respectively) Lo
hippocampal slices generating interictal discharges under control conditions (BIC-
containing medium) produced no significant change in burst frequency (mean
maximal frequency = 106.8 L 5% of control BIC frequency, P>0.05, Figure 6.2
A-B). The effects induced by these two concentrations of CGP55845A were not

different and therefore the data were pooled together for further analysis.

Once stable epileptiform activity was cstablished, 30 pdM DMPP was co-applied
in order to invesligate (he effect of nAChRs activation on ongoing BIC-induced
epileptiform discharges in the presence of CGP55845A. As detailed in chapter 4
of this thesis, BIC-induced epileptiform activity showed a profound frequency
potentiation by subsequent co-application of the selective nAChR agonist DMPP
(248 £ 76% of baseline; n=14). Tn contrast, slices pre-incubated with the GABAp
receptor antagonist CGP55845A. (1-3 pM) exhibited negligible burst frequency
potentiation upon DMPP application (27.6 £ 17.76% of baseline; P>0.05; n=9;
Figure 6.2 A-C). Although under this condition, there was no change in the
frequency of BIC-induced epileptiform bursting during DMPP application in the
majority of slices tested (n=6 out of 9 experiments, Figure 6.2 A), a small increase
was observed in the other 3 experiments (Figure 6.2 B). However, these changes

did not achieve statistical significance (Onc-way ANOVA, P=0.18, Figure 6.2 C).
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Figure 6.2. Effect of nAChR activation on BIC-induced epileptiform activity in the
presence of GABA receptor antagonist.

A. Scatter plot showing the effect of DMPP on BIC-induced burst frequency in the
presence of GABAg receptor antagonist, CGP55845A. Co-application of 1 uM
CGP55845A did not produce any significant change in BIC-induced epileptiform burst
frequency. In the majority of the slices, subsequent co-application of DMPP again did
not produce any change in BIC-induced epileptiform activity (n=6 of 9). B. In a minority
of slices (n=3 of 9) subsequent co-application of DMPP produced a modest burst
frequency potentiation of BIC-induced epileptiform activity but which overall did not
reach statistical significance (P=0.18, One-Way ANOVA). C. Summary of the effects
of application of DMPP on BIC-induced burst frequency in the presence of
CGP55845A across all slices tested (n=9). Horizontal bars indicate P values between
respective columns as determined using ANOVA.
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6.2.3 LEffect of GABAjy receptor activation on 4AP-induced
epileptiform activity

Application of the GABAg receptor agonist baclofen (0.1-30puM) resulted in a
concentration dependent reduction and eventual complete blockade of 4AP-
induced interictal activity {(n=15, Figures 6.3 and 0.4). The effects induced by
increasing concentration of baclofen were analysed in 8 slices. With 0.1-10uM
baclofen, a decrease in the rate of occurrence of interictal discharges occurred in 5
of 8 slices, whereas abolishment was seen in the remaining 3 experiments. In
slices in which interictal activity was not fully abolished by 10pM baclofen,
further increasing the concentration to 30uM caused a completc abolishment (n=5
of 5). Complete blockade of interictal discharges was also induced by application

of u single concentration of baclofen (30 pM, n—7, Figure 6.4 A).

The suppressant actions of baclofen upon epilepliform bursting were fully
reversible upon washout (=3, Figure 6.3 A) or co-application of GABAg receptor
antagonist CGP55845A (1uM, n=3, Figure 6,3 B). We also analysed the
concentration-response relationship of the changes induced by baclofen with
respect to the frequency of 4AP-induced epileptiform activity (Figure 6.3 C). Data
obtained in 7 slices in which increasing doses of baclofen (0.1-30uM) were
sequentially applied indicated an ICso =4.7uM, comparable with ICso value of
other studies (Avoli ¢t al., 2004; Braun et al., 2004),

Finally, in a minority of slices tested 30 pM baclofen application resulted in
abolishment of interictal activity and the appearance of spontaneous ictal activity

which was absent in control periods (n=2 of 17, Figure 6.5 B).
6.2.4 Effect of nAChR activation on baclofen-induced
suppression of epileptiform activity

In order to assess whether nAChR activation could modulate baclofen-induced
suppression of epileptiform activity, a series of experiments were carried out it

which DMPP was co-applied following a stable period of baclofen application.

19



A 2 50uM4AP .
‘ . .
) 1 uM baclofen }
€T | . : 5 '
:); 1.6 o . )
S : : ' : i3 UM baclofen .
& 12 AR et
o 2 Tl SRR AN A ¢ 3. 10 uM baclofen ~ Wash out baclofen
» ! Al x ¥4 ¢ i
S 0.8 a i : H
é : e M 30 puM baclofen ' 3
2 b 1 .
3 ‘ #\di,““l
E 0.4 ‘? f
s e
g 0= —
0 30 60 90 120
20 UM 4AP ;
0.8 1M baclofen .
ek 3uM. 1 HMIGGP55845A
s il . AWt

. :. ! : ,SOUM

Instantaneous Burst Frequency (Hz) w
(@]
o

0.4 | 5 . b AM.
P A !' |’1.§#
0.2 ’ :
0 + . -
0 30 60 90 120 150
Time (mins)
120+
100+
X
3 80
=3
[0
e
g 607
L
B 401 IC5,=4.7x10° M
2
E 20
o
zZ
O T T 1

T T T
<70 65 60 -55 -50 -45 -4.0

Log [baclofen] M

Figure 6.3. Effect of GABAg receptor agonist baclofen on 4AP-induced epileptiform activity
in area CA3 of the hippocampus.

A. Scatter plot showing effect of baclofen on frequency of interictal-like events induced by
4AP in the rat hippocampal slice. Application of baclofen (1-30 pM) resulted in a
concentration-dependent decrease and eventual complete abolition of the 4AP-induced
interictal-like activity. Shaded horizontal bars indicate the period over which an individual
concentration was applied to the bath. B. Similar scatter plot in which the effect of 30 uM
baclofen is reversed upon co-application of the GABA; receptor antagonist, CGP55845A
(1 uM). C. Concentration-response curve for the decrease in the frequency of 4AP-induced
interictal activity, induced by different concentrations of baclofen in 7 experiments. This
dose-response curve reveals an ICg, of 4.7 uM.
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When the nAChR agonist DMPP (30 pM) was applied to slices treated with 4AP
+ baclofen, interictal activity reappeared upon DMPP application (n=10, Figure
6.4 A-B). Although baclofen-induced suppression ol 4AP-induced epileptiform
activity was reversed upon application of DMPP, the degree of reversal varied
between experiments. In 7 out of 10 experiments, application of 30 uM DMPP
partially recovered the cpileptiform bursting activity but the frequency recovery
did not achieve pre-baclofen levels (39.3 £ 5% of conlrol, Figure 6.4 A-B). In the
remaining 3 slices application of DMPP resulted in a complete reverse of baclofen

effects to pre-baclofen frequency levels (95 + 4.5% of control, Figure 6.5 A).

As it is mentioned above, baclofen application elicited ictal-like discharges
(which were absent in control) in 2 out of 17 cxperiments. In all these cases,
subsequent application of 30 uM DMPP resulted in the subsequent rcappearance
of interictal activity whereas the rale of occurrence of the ictal-like events
decreased (from 0.17 £ 0.02Hz during 30 uM baclofen to 0.08 * 0.02Hz afier
adding DMPP, n=2; Figure 6.5 B). DMPP also rcduced the duration of the ictul-
like discharges that occurred less [requently than with baclofen only (from 634.8 &

26 ms during 25 pM baclofen to 321 + 19ms after adding DMPP, n=2).

6.3 Effect of DMPP on spontaneous IPSCs recorded in
hippocampal interneurones

To further investigate the effect of nAChR activation on GABA transmission in
the hippocampus and the possible involvement of GABA rceeptors in nAChR-
induced burst frequency potentiation, we used whole cell path clamp
configuration to record spontaneous 1°SC events in hippocampal interneurones

and invesligate the action of subsequent nAChR activation.
Intermeurones with ¢cll bodics located within stratum radiatum were recorded m

the whole cell formation under voltage clamp configuration and in the presence ol

the glutamate anlagonists 4 pM NBQX and 50 pM CGP40116. Spontanecous
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Figure 6.4. Reverse of baclofen-induced effects on epileptiform activity by DMPP.

A. Raster plot showing a representative experiment in which interictal bursting activity
induced by 4AP is completely abolished following application of baclofen (30 uM, arrow 1
onwards). Subsequent co-application of DMPP (30 uM, arrow 2) and CGP55845A (1
UM, arrow 3) recovered and then potentiated interictal activity, respectively. B. Scatter
plot presentation of same experiment showing application of a single concentration of
baclofen (30 uM) abolishes 4AP-induced interictal activity which is partially reversible
upon co-application of DMPP (30 uM, n=7). Further reverse of baclofen-induced effects
achieved following co-application of CGP55845A to medium containing 4AP, baclofen
and DMPP.
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Figure 6.5. Effect of DMPP on baclofen-induced effect on epileptiform activity.

A. Scatter plot showing another experiment in which interictal bursting activity induced by
4AP is completely abolished following application of a single concentration of baclofen
(30 pM). Subsequent co-application of DMPP (30 pM) and CGP55845A (1 uM)
recovered and then potentiated interictal activity, respectively. B. In a minority of
experiments baclofen abolished interictal events, while promoting the occurrence of more
prolonged ictal-like afterdischarges (n=2 of 17). In these cases, DMPP application
resulted in the reappearance of interictal activity and a shortening in the duration and the
rate of occurrence of the ictal events. Right column points to expanded sections of each
trace illustrating individual field potential events.
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IPSCs (sIPSC) were recorded as transient inward currents with fast kinctics and a
mean peak amplitude of 20.42 + 2.47pA (0=6). Perfusion of the hippocampal
slices with NBQX and CGP40116 blocked fast AMPA/kainate and NMDA
receptors  respectively and ensured the spontaneous PSCs recorded were
GABAergic in nature (IPSCs). Bath application of 30uM DMPP 1'esu1ted in a
significant increase in frequency of sIPSC from 7.489 + 1.93Hz to 13.5 £ 2.8Hz
(n=6; P=0,0403; Figure 6.6). In contrast, the amplitudc of sIPSPs was unaffected
by DMPP application (from 20.4 2 & 2.47pA to 23.41 £ 3.04pA, n=6, F=0.0830).

As well as the increase in IPSCs frequency, DMPP also elicited a pronounced and
sustained inward current in 3 of 6 interneurones recorded (Figure 6.6 A). This
slow nicolinic current was associated with action potential discharges as indicated

by large and uncontrolled current transients (Figure 6.6 A).

6.4 Discussion

The main finding of this chapter was the demonstration thal preincubation of
slices with a GABApR receptor antagonist can prevent the ability ol the nAChR
agonist DMPP to induce epileptiform burst frequency polentiation. This is
consistent with the proposal that nAChRs might affect epileptiform activity
through modulaling GABAergic circuits. GABAergic interncurones in the
hippocampus are known to exhibit functional nACbR-mediated responses
{Alkondon et al., 1998; Frazier et al., 1998b; Jones and Yakel, 1997; McQuiston
and Madison, 1999b). nAChRs are thus ideally placed to regulate neuronal
cxcitability within hippocampal circuits. Strong neurochemical evidence indicates
that presynaptic nAChRs arc involved in the enhanced release of a number of
fransmitters, including GABA (Alkondon et al,, 1997; McMahon ¢t al.,, 1994;
Womnacott ¢t al., 1989). Comparable to those reported by these authors, our group
have found that nAChR selective agonist DMPP increases the frequency of
spontancous 1PSPs recorded in the hippocampal CAl nterneuroncs (L.Ferrigan;

personal comuunication). This result indicates that nAChR agonists can
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Figure 6.6. Effect of DMPP on spontaneous IPSCs (sIPSCs) in CA1 interneurones
A. Representative current trace and raster plots illustrating sIPSCs recorded from a CA1
interneurone. Note the inward current and increase in sIPSC frequency in response to DMPP
application. Subsequent co-application of the selective GABA, receptor antagonist completely
blocks spontaneous inward currents confirming the GABAergic nature of the events. B.
Representative cumulative probability plots showing (i) sIPSC inter-event interval

and (ii)

l sIPSC amplitude before and following DMPP application. C. Summary histograms showing
' the effect of DMPP on mean sIPSC frequency and amplitude (n=6). A one-way analysis of
' variants and Tukeys post test performed on the raw data indicated a significant increase in
’ sIPSC frequency (P=0.0403) and no change in IPSC amplitude (P=0.0836).
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depolarise CA1 interneurones and increase GABA release within the CAl region
of the hippocampus. Whilst nAChRs in the CNS are {raditionally considered to
exert a modulatory influcnce (Role and Berg, 1996, Wonnacott, 1997), recent
studies have demonstrated nAChRs to also mediate fast acetylcholine-mediated
neurofransmission in hippocampus and neocortex (Alkondon et al., 1998; Frazier
et al.,, 1998h; Jones and Yakel, 1997; McQuision and Madison, 1999b). Given
these evidences, it is likely that the pro-epileptogenic action of nAChRs 1is
mediated in part through GABAecrgic circuits. However, such an action of
nACbRs appears to be independent of fast (GABAergic transmission. An
important finding in this respect was that nAChR activation also resulted in a
facilitation of epileptiform burst discharge in the bicuculline mode] (see chapler 4)
in which GABA, rcceptors arc blocked by high concentrations of the specific
GABA, receptor antagonist, This contrasts with a previous report that cholinergic
modulation of bicuculline-induced cpileptiform activity is exclusively mediated
through mACHRs (Sutor and Hablitz, 1989). However, this study was carried out
in neonatal tissue and developmental differences may therefore account for such
discrepancies. We believe that this is unlikely however, and indeed have shown
that nAChRs polentiate bicucullinc-induccd cpileptiform bursts in both neonatal
and juvenile rats (2-5 weeks old). Futhermore, nACh receptors show complex
developmental cxpression profiles but important subunits such as the ¢7 subunit
are generally expressed in hippocampus throughout postnatal devclopment and
into adulthood (Adams et al., 2002). The present results suggest that the primary
means by which nAChR activation are facililating epileptiform activity is through
mechanisms other than affecting fast GABAergic transmission. Indeed, this
agrees well with a recent report showing the ability of nicotine to potentiate
paroxysmal depolarising shifts following GABA. withdrawal syndrome (Silva-
Barrat et al., 2001).

Previous {n vitro works have shown that antagonising GABAg receptor is not
sufficient per se to cause epileptiform synchronisation (McCormick, 1989; Sutor
and Luhmann, 1998), but it can potentiate epileptiform responses induced by

GABA, receptor antagonists (Karlsson et al., 1992; McCormick, 1989; Scanziani
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et al., 1994; Sutor and I.uhmann, 1998). These data suggested that weakening or
abolishing GABAa rcceptor-mediated inhibition should be a sine gua non
condition for expressing the proepileptogenic effects of GABAg receptor. On the
other hand, Motalli et al, 2002, have demonstrated that similar effects can be
obtained by blocking GABAg receptors in the 4AP model in which GABA,
receptor inhibition is potentiated as the result of an increused rclease of GABA
from interneurone terminals (Perreault and Avoli, 1991; Perreault and Avoli,
1992, Rutecki et al., 1987). Overall, these data suggest that thc capacity of
GABAg receptor-mediated mechanisms to modulate epileptiform synchronisation
in cortical networks maintained in vitro does not depend on GABA, receptor
antagonism but rather on the ability of ambient GABA to activate typc B
receptors. This condition can be achieved by increasing neuronal excitability, and
thus GABA release, cithor by blocking the GABA 4 receptor function (Karlsson et
al., 1992; McCormick, 1989; Scanziani ct al., 1994; Sutor and Luhmann, 1998) or
by applying drugs capable of augmenting transmitter release (e.g., 4AP) (Motalli
et al.,, 2002). It has been hypothesised that the facilitation of ictal activity by
GABAy receptor antagonist is maiunly caused hy the blockade of presynaptic
GABAg receptor, leading to an increase in GABA release and subsequent larger
| K™, elevations (Motalli et al., 2002). However, in our experiments, application of
a specific GABAR receptor antagonist, CGP55845A produced a very modest burst
frequency potentiation in the BIC model and also did not change frequency of
epileptiform activity in 4AP model. It is reported that 5-10 fold higher
concentration of GABAR receptor antagonists are required to block presynaptic as
opposed to posisynaptic receptors when these are activated by synaptically release
GABA (Pozza et al., 1999). Il is likcly therefore that this negative finding is
attributable to the concentration of CGP55845A (1 uM) added to perfusing
medium in our experiments being not high enough to substantially block

presynaptic GABAp receptors.
Moreover, il has been reported that GABAp receptors exist as subtypes having

distinct neuronal locations, functions and pharmacological properties (For review

see Bonanno and Raiteri, 1993; Mott and Lewis, 1994). Thus, the different
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GABAp receptor antagonists may reflect different competitive interaction
between different receptor subtypes and exhibit different pharmacology at pre and
post-synaptic GABAg reeeptors (Pozza et al., 1999). Indeed, different subtypes ol
(GABAR receptors have been found at pre-and postsynaptic sitcs within the rat
dorsolateral septal nucleus (Yamuada et al.,, 1999). If this distinct pharmacology
and GABAg receptor distribution also cxtends to other CNS structures, such

differences may therefore account for the findings described here.

As detailed in chapters 3 and 4 of this thesis, the frequency of 4AP and BIC-
induced epileptiform activity were potentiated by subsequent co-application of the
selective nAChR agonist DMPP. In 4AP model, application of DMPP (10-30 uM)
rcsulted in a mean burst frequency potentiation of 37 + 5%. In contrast, slices pre-
incubated with the GABAg receptor antagonist CGP55845A (1pM) were not able
to exhibit burst frequency potentiation upon DMPP application, Similarly, in the
presence of 1pM CGP55845A, slices exhibited negligible burst frequency
potentiation of bicuculline-induced (20uM) epileptiform activily upon DMPP
application (27.6 + 18%), in comparison to those observed in the absence of
CGPS5845A (248 £ 76 %). A comparison of the effects of DMPP upon these two
models of epileptiform bursting in the absence and presence of GABAp receptor
antagonist is summmarised in histogram format in figure 6.7. As illustraled in figure
6.7 C, the maximal burst frequency potentiation to DMPP application in 4AP and
BIC models in the absence of CGPS5845A is 45 and 220% higher in comparison

1o those in the presence of this antagonist.

These data suggest that GABAp receptor activation is necessary or at least an
important element in the nAChR-induced burst frequency potentiation elfect and
nAChRs may regulate the cxcitability of hippocampal networks through GABAg

receptor-mediated mechanisms.
Overall the data presented in this chapter are robust and reproducible. However,

the data at the same time appears paradoxical and defy any simple mechanistic

explanation. Onc possible explanation for this result is that increascd nAChR
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and BIC models normalised to control (pre-DMPP) frequency. In the absence of GABAg
receptor antagonist, activation of nAChRs by DMPP results in a significant increase in
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summary of the effect of DMPP on 4AP and BIC-induced epileptiform activity in the
presence of GABAg receptor antagonist, CGP55845A (1-3 upM). Application of
CGP55845A blocked the ability of DMPP to potentiate 4AP-induced bursting (n=11) and
also substantially decreased DMPP-induced maximal burst frequency potentiation in BIC
model (n=9). One-Way ANOVA indicated no significant change in burst frequency upon
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(P=0.15). C. Histogram summarising DMPP-induced change in burst frequency in the
absence and presence of CGP55845A. Note the maximal burst frequency potentiation in
BIC model in the absence of CGP55845A is 200 fold higher in comparison to those in the
presence of this antagonist.
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function leads to an increase in GABA release from GABAcrgic interneurongs.

This lcads to a subsequent recruitment of GABAg receptors, which in turn can

modulate neuronal excitability via several mechanisms including:

Activation of GABAp receptors induces an increase In K" conductance
(Gahwiler and Brown, 1985: Newberry and Nicoll, 1984; 1985) which
modulates seizure activity in both in wivo and in vitro preparalions (Traynelis
and Dingledine, 1988; Zuckcrmann and Glaser, 1968). Hence the
proconvulsant action of GABAg receptors activation may have resulted from
changes in [K'), homcostasis. Indeed, GABA-mediated [K'], elevations have
been shown to initiate ictal discharges in the 4-AP model (Avoli ct al., 1996).
However, [K'], recordings reported by Motalli et al (1999) indicated that the
proconvuisant action of GABAj; rcceplors 1s not accompanied by any
measurable change in either [K'], bascline or [K'}, transient elevations

(Motalli et al., 1999).

Activation of GABAp receptors induces presynaptic inhibition of GABA
release in turn leading to a depression of IPSPs and subsequent increases in
network excitability [¢.g., GABAp mediaied inhibition of GABA release from
inhibitory interneuroncs leading to a disinhibition (Mott et al., 1989; Watts
and Jefferys, 1993)].

Another possibility is that incrcased GABA release by nAChRs activates
postsynaptic GABAg receptors. Activation of postsynaptic GABAR receptors
can induce a membrane hyperpolarisation of inhibitory interncurones again

leading to disinhibition of pyramidal cells and increase in cxcitability.

However, such a disinhibitory aclion must be associated with the ability of
excitalory terminals to release transmuitter, this being ecssential for
proconvulsant activity. An important mechanism underlying the proconvulsant

action of GABAp receptors has been suggested to be related to activity-
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dependent changes in CA3 area network excitability that occur during GABA;
receptor activation (Motalli et al., 1999). It is possible that an accummiation of
glutamate-containing vesicles docking at presynaptic (erminals resulis from
the block of interictal activity and asynchronous excitatory synaptic poteniials
caused by GABAnp receptors activation (Motalll et al., 1999). This should lead
to an increased availability of excitatory transmitter. Presynaptic factors
controlling glutamate rcleasc have been proposed to regulate the probability
and duration of synchronous discharges generated by the CA3 network (Staley
et al., 199%).

Application of the GABAp receptor agonist baclofen decreased and eventually
blocked the 4AP-induced inferictal activity in all experiments. In our study most
baclofen effects were antagonised by CGP55845A, thus indicating that they were
mainly caused by the activation of GABAg receptors. In particular, we propose
that baclofen abolishes 4 AP-induced interictal activity by decreasing the release of
transmitter from excilatory and inhibifory termunals. This may be caused by
activation of presynaptic GABAg receplors mhibiting both GABA and excitatory
transmitter release (Lambert and Wilson, 1993; Lanthorn and Cotman, 1981) and
by a postsynaptic GABAg-mediated hyperpolarisation that decreases excitability
of prineipal cells (Newberry and Nicoll, 1984; 1985) and interneurones (Misgeld
et al,, 1989; Williams and Lacaille, 1992). Reappearance of interictal activity by
DMPP following application to medium containing 4AP and baclofen, could be as
a result ot effect of nAChR activation in enhancing neurotransmitter release from
presynaptic terminals (Gray et al., 1996; Role and Berg, 1996; Wonnacott et al.,
1989). However, this effect of DMPP can not completely overcome the inhibition
of transmitter release exerted by baclofen since the effect of baclofen was only
partially reversible upon application of DMPP in most experiments. Subsequent
application of CGP355845A blocked Dbaclofen <induced inhibition of
neurotransmitter release and produced additional enhancement of newrotransmitter

release,
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In summary, whilst we have found robust evidence that GABAp receplor
aclivalion is an important clement i the nAChR-mediated burst frequency
potentiation effect, the precise mechanistic detail is unclear and requires further

luvestigation.
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CHAPTER 7

GENERAL DISCUSSION

The major outcome of this study was the demonstration that activation of nAChRs
has pro-epileptogenic actions within hippocampal circuits. This was observed
across a range of different forms of pharmacologically-induced epileptiform
activities including 4AP, bicuculline and low magnesium models suggesting that
nAChRs may have a general action in exacerbating epilepsy-like discharges. The
mechanisms by which this exacerbation of epileptiform aclivily occurs does 1ot
significantly compromise the mechanisms responsible for the precise firing of
action potentials and fast activity within individual bursting events as represented
by the relatively small effeet of nAChR agonists on high frequency aspects of
burst waveform recorded in the presence of 4AP. Our findings of this study
suggest that activation of nAChRs potentiates pre-established epileptiform
bursting activity in the hippocampus without demonstrating any overt
epileptogenic activity per se. This has to be viewed with caution since it is likely
that the actions of nAChR activation may be more pronounced in the intact
hippocampal structure iz vivo. Whilst the hippocampal slice retains many ol the
transverse pathways including the trisynaptic circuit, longitudinal pathways are
lost and recurrent connections reduced. The exact subtypes of nAChRs medialing
the pro-cpileptogenic actions can not be fully established in this study. It was our
experience that relatively high concentrations of nAChR ligands were necessary
to obtain recliable effects within the interface-type recording chamber.
Nevertheless, it is apparent that at least a7 and probably a4p2 subunit containing

receptors are involved.

Tt has been shown that pharmacological activation of nAChRs can potently

modulate the induction of synaptic plasticity including hippocampal long-term
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potentiation (Ji et al., 2001; Mann and Greenfield, 2003). Indeed several aspects
of the data presenled in this thesis support potential plasticily that may occur at
synapses in the network as a result of the activation of nAChRs. For example, the
inability of nAChR antagonists to fully reverse the effects of DMPP (Figure 3.15)
and the lack of full reversibility of DMPP effects upon wash out (Figure 4.3)
support the possibilily that plasticity cvents may be an importan{ factor in the
action of nAChRs in epileptogenesis. Depending on the distributions of various
nACHhR subtypes and the timing of nAChR activity, cellular and synaptic events
can be modified in many different ways (Ji et al., 2001). Presynaptic nAChRs can
increase the probability of neurotransmitter relcasc this increasing the fidelity of
synaptic lransmiission at any given excitatory synapse. Postsynaptic nAChRs can
further incrcase the depolarization and calcium signal associated with successful
transmission, helping to initiate intracellular cascades. On the other hand,
nAChRs can have a potent impact upon the activity of interneurone populations
which themselves are important regulators of network excitability and synaptic

plasticity (Davies et al., {991).

That said, the question still remains as to the precisc mechanistic detail by which
nAChRs enhance epileptiform activity? It is not possible from this study to
identily the precise mcans by which nAChRs facilitate epileptiform activity
although it is likely that a number of factors may contribute o their pro-
epileptogenic actions. An important locus of action is likely to be that of the
calcium-dependent signalling pathways. Classically nAChRs are considerved to
participate in fast signalling (Frazier et al., 1998a; Hefft et al., 1999). IHowever,
recent reports in the autonomic nervous system suggest that nAChR agonists,
including nicotine, can produce sustained calcium spiking in presynaptic nerve
terminals (Brain et al., 2001) during prolonged periods of agonist application. If is
possible that this type of neuromodulatory effect at recurrent glutamatergic
terminals may be responsible for generating the potentiation of epileptiform
activity reported here. Relevant to the hippocampus there is a precedent for
nAChRs exhibiting a slow neuromodulatory action (McGehee and Role, 1996;
Role and Berg, 1996; Wonnacott, 1997) with the strongest evidence [or
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modulation of neurotransmitter release (Albuquerque et al., 1997; Gray et al,
1996; Ji and Dani, 2000) and/or regulation of synaptic plasticity (Ji et al., 2001).
In both cases transient activation of nAChRs can potentially trigger either a
transient or persistent effect that, by analogy to the autonomic nervous system,

could possibly involve calcium-medialed pathways within nerve terminals.

The data presented in this thesis provide some additional insight into the potential
mechanisms underlying nAChR-induced frequency facilitation, Although the
mechanisms underlying the pro-epileptogenic action of nAChRs are complex and
not simply due to activation of nAChRs, clearly involve the modulation of both
GABAergic and glutamatergic circuits (see Figure 7.1). In experiments devised to
investigate the action of nAChRs on basal glutamatergic {ransnussion, application
of DMPP resulted in a sustained yet reversible enhancement of glutamate afferent
evoked field EPSP amplitude in the CA3 region of the hippocampus suggesting
that nAChRs enhance glutamate release from presynaptic terminals. Whilst we
can not rule out a possible postsynaptic sensitisation-type action on glutamatergic
transmission we feel that this is unlikely. Instead, we hypothesise thal activaiion
of nAChRs by DMPP enhances glutamate release, which in turn can strengthen
recurrent excitatory connections in area CA3 and thus facilitate polysynaptic
reverberations throughout the network, The strength of such recutrent connections
have been proposed to be critical in the generation and regulation of bursting
activity within the CA3 network (Bains et al,, 1999; Staley et al., 1998; Traub,
1991) and recent studies have shown acetylcholine to modulate these synapses
dircetly (Vogt and Regchr, 2001). The experiments using glutamate receptor
antagonists (Chapter 5) further contfirm the involvement of glutamate receptors in
pro-epileptogenic effect of nAChRs. In agreement with previous studieé, our
results have shown that nAChRs unlikely to have a direct postsynaptic effect in

principal cells,
On the other hand, in experiments devised to investigate whether nAChRs

regulate GABAergic cells and circuits, application of DMPP revealed an inward

current and increased the frequency of spontaneous IPSCs in a subpopulation of
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Figure 7.1. Summary of possible loci and mechanisms for nAChR-mediated pro-
epileptogenic action.

A. Schematic drawing showing the possible sites at which nAChRs may influence
hippocampal microcircuits including (1) postsynaptic sites on GABAergic
interneurones (including interneurone-selective cells), (2) pre-synaptic GABAergic
terminals and (3) glutamatergic terminals. B. Flow chart indicating possible routes
by nAChR modulation may ultimately result in pro-epileptogenesis (see text for
details). Abbreviations: int - interneurone; PC - pyramidal cell.
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CAl interneurones suggesting that nAChR agonist can directly depolarise CAl
interneurones and increase GABA release within the CAl region of the

hippocampus.

Together, these results suggest that activation of nAChRs may producc pro-
epileptogenic actions through regulating both glutamatergic and GABAergic
circuits, resulting in both direcl excitatory and modulation of GABAergic
(probably via GABAp rcceptors) inhibition respectively. This is consistent with
studies suggesting the involvement of either glutamatergic or GABAergic
fransmission in the mechanisms underlying nicotine-induced seizures i vivo
(Damaj et al., 1999). TTowever, despile the functional expression of nAChRs on
hippocampal GABAergic interneurones (Alkondon ct al., 1997; Frazier et al.,
1998a; Frazier et al., 1998b; Jones and Yakel, 1997; McQuiston and Madison,
1999b) it is unlikely that nAChRs arc significantly affecting GABAergic circuits
to promote epileptiform activity since frequency facilitation is observed in the
presence of the GABA, receptor blocker bicuculline. Indeed, a somewhat
surprising finding was that nAChR-mediated burst frequency potentiation was
particularly pronounced in the bicuculline model, Ilowever, an aclion on GABAg
receplor mediated synaptic inputs cannot be excluded since GABAp receptor-
mediated mechanisms are involved in the generation of focal seizures and in
epileptogenesis (McLean et al,, 1996; Scanziani et al,, 1994; Veliskova et al,,
1996) and also in facilitating cpileptiform activity (Motalli et al., 1999; 2002). In
experiments to identify possible contribution of the GABAg receptors in the
nAChR-induced effect, application of GABAp receptor antagonist prevented
DMPP-induced burst frequency potentiation of 4AP and bicuculline-induced
epileptiform activity suggesting that nAChRs may regulate the excitability of
hippocampal networks through GABAp receptor-mediated mechanisms. This has
important consequences for investigating network dynamics in that suggests the
basal ncuromodulatory tone of transmitters and their interacting may be a

significant consideration.
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Whilst we hypothesise that activation of nicotinic acetylcholine receptors has pro-
epileptogenic actions within hippocampal circuits through regulating either
glutamatergic, GABAergic or both circuits further effort is required to establish
(1) how different nAChR subtypes impact on this ccllular process and (b) the
precise nature of their interaction. Furthermore, it is also necessary to establish
whether nAChR activation may indirectly modulate cpileptiform activity through
other ftransmilter systems. The hippocampus is rcach in a wvariety of
neurotransmitters (Reviewed by Vizi, 1998) and ACh is known to modulate the

rejease of many of these.

A key requirement is to establish whether discrete subtypes of nAChRs arc
implicated in epileptogencsis. The limited pharmacopea has hampered progress in
this area to date. However, introducing novel significantly more selective ligands

would be useful to address this issue.

The hypothesis that choline as a selective agonist at certain nAChRs has a role in
modulating epilcptiform activity is significant. Despite acetylcholine being broken
down and inactivated by acetylcholinesterasc rapidly, it is possible that the
sustained presence of choline may have a longer lasting neuromodulatory
influence. An interesting study would be to cxaminc plasma choline levels across
a large bunk of cpilepsy patient volunteers to assess the possible potential

contribution of brain choling Ievels to epileptogenesis.

Another avenue in attempting to elucidate the mechanisms underlying pro-
epileptogenic actions of nAChR activation would be fo take a calecium imaging
approach. Recent studies using confocal imaging have shown nAChRs o be an
important regulator of spontaneous neurotransmitter release in the peripheral
nervous system (Brain ct al., 2001). Similar studies using a cell irnaging approach
whereby discrete cells and circuits are labelled with a fluorescent calcium
indicator could be useful o assess the action of the cholinergic systein on cellular
processes and importantly, calcium transients within nerve terminals at discrete

circuits,
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Studies are on going with respect to identifying the precise inhibitory circuits
under modulation by nAChR activation. These findings may reveal poicntially
more seleclive pharmacological means by which to regulate specific GABAergic
circuits and this avoid the side cffecis associated with current anticonvulsant

drugs which potentiate the entire GABAergic system without discrimination.

Despite these unresolved questions, the observalion that brain nAChRs regulate
synchronised neuronal activity suggests that nAChRs may rcprescat a potential
target in developing novel treatments for the control of epilepsy. Since many
epilepsies are resistant to current drug therapies which influence neuronal activity
by affceting ion channels responsible for cell excitability or acting to potent
GABAergic synaptic transmission, there is a push to identify new therapeutic
agents based upon novel mechanisms of uclion. As a result, nAChRs are currently
the subject of intense research interest with respect to their therapeufic potential in
a scrics of neurological and psychiatric conditions including epilepsy. Tt has been
veported in animal scizure models that preferential nicotinic acelylcholine recepior
antagonists are potent anticonvulsants in the maximal electroshock seizure test
(Loscher et al., 2003) und aguainst nicotine-induced seizures (Damaj et al., 1999).
The anticonvulsant potency in the maximal clectroshock seizure test was
decreased by imjecion of a subconvulsant dose of nicotine, suggesting the
contribution of nAChR mechanisms (Loscher et al.,, 2003). Tn conclusion, it may
be suggested that nicotinic acetylcholine receptor antagonism might be a valuable
future therapeutic approach to treat epileptic seizures. The work in this thesis has
gone some way to providing a basis upon which future studies to this aim can be
based.
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