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ABSTRACT

Earlier studies on temporal lobe epilepsy (TLE), by focusing on the anatomical and
electrophysiological abnormalities of the hippocampus, have attributed a major role to
this limbic structure in the process of epileptogenesis and seizure generation. Recently
however, there has been increasing evidence from both animal and human studies that
other limbic structures, including the subiculum, the entorhinal cortex (EC), perirhinal
cortex (PC) as well as the amygdala, are possibly involved in the process of
epileptogenesis. With the help of both acute and chronic models of limbic seizures, [
have used an electrophysiological approach to gain more insight into the mechanisms
through which these structures could participate in the establishment of hyperexcitable
neuronal networks. Particularly, my investigations have focused on assessing the role
played by the subiculum, the amygdala and the PC in epileptiform synchronization in
vitro. My findings demonstrate that seizure-induced cell damage in chronically
epileptic mice results in a change in limbic network interactions whereby EC
ictogenesis is sustained via a reverberant EC-subiculum pathway (Chapter 1I).
Furthermore, 1 have discovered that the subiculum, which holds an anatomically
strategic position within the hippocampus, is capable of gating hippocampal output
activity via a GABA-receptor mediated mechanism (Chapter 2). My investigations in
the amygdala have confirmed that this limbic structure contributes to epileptiform
synchronization (Chapter 3). Moreover, using a chronic rat model of TLE, I have
found novel evidence suggesting that alterations in inhibitory mechanisms play a role
in the increased excitability of the lateral amygdalar nucleus (Chapter 4). Finally, my
studies in chronically epileptic rats have also led to preliminary data signifying
hyperexcitability of the PC as well alterations in the interactions between the

amygdala and this cortical structure (Chapter 5).



ABREGE
Les anciennes études sur I’épilepsie du lobe temporal (ELT), en se consacrant a
I’anatomie et a I’électrophysiologie anormale de I’hippocampe, ont attribué un role
majeur a cette structure limbique dans le processus de 1’épileptogénése et de la
génération de crises. Récemment, a partir d’études effectuées sur des animaux et des
€tres humains, il est devenu évident que les autres structures limbiques, incluant le
subiculum, le cortex entorhinal (CE), le cortex perirhinal (CP) et I’amygdale, sont
probablement impliquées dans le processus de 1’épileptogénése. A I’aide des deux
modeles animaux (aigue et chronique) de crises limbiques, j’ai utilisé une approche
€lectrophysiologique pour en apprendre plus sur le mécanisme de participation de ces
structures dans le développement de I’hyperexcitation du réseau neuronal. Plus
précisément, mon enquéte est centrée sur I’estimation du role joué par le subiculum,
I’amygdale et le CP dans la synchronisation épileptiforme in vitro. Mes résultats
démontrent que les crises induisant des dommages cellulaires dans 1’épilepsie
chronique chez le rat résultent de changements d’interactions dans le réseau limbique
par lequel ’ictogénese de CE est soutenue via un chemin CE-subiculum réverbérant
(Chapitre I). De plus, j’ai découvert que le subiculum, qui a une position anatomique
stratégique par rapport & I’hippocampe, est capable de modifier le rendement d’activité
de I’hippocampe via un mécanisme médié par les récepteurs GABA, (Chapitre 2).
Ma recherche sur I’amygdale a confirmé que cette structure limbique contribue aussi a
la synchronisation épileptiforme (Chapitre 3). De plus, en utilisant un modele d’ELT
chronique chez le rat, j’ai trouvé de nouveaux éléments suggérant que ’altération du
mécanisme inhibiteur joue un réle dans 1’augmentation de 1’excitabilité des noyaux
latéraux de I’amygdale (Chapitre 4). Finalement, mes études sur 1’épilepsie chronique
du rat ont fourni des informations préliminaires précieuses sur une hyperexcitabilité

significative du CP, tout comme sur 1’altération des interactions entre ’amygdale et

cette structure corticale (Chapitre 5).
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CONTRIBUTION OF AUTHORS

The research presented in this thesis is grouped into five main chapters, each of which
represents original work that was published or will be submitted for publication. The
manuscripts for chapters 2, 4 and 5 were written by me whilst those for chapters 1 and

3 were written by Dr. Avoli.
Chapter 1:

D'Antuono M, Benini R, Biagini G, D'Arcangelo G, Barbarosie M, Tancredi V, Avoli
M (2002) Limbic network interactions leading to hyperexcitability in a model of
temporal lobe epilepsy. J Neurophysiol. 87:634-9.

The studies described in this chapter represent the collaborative efforts between
members of Dr. Avoli’s laboratory (D’Antuono M, myself and Barbarosie M) and
Italian researchers (Biagini G, D’ Arcangelo G, Tancredi V). My main contributions to
this study involved carrying out electrophysiological recordings from both
pilocarpine-treated and control tissue. The experiments I performed, in addition to
others performed by M D’Antuono and M Barbarosie, were used to present the data
reported in Figs 1-1 and 1-2. Biagini G, D’Arcangelo G and Tancredi V prepared the

pilocarpine-treated mice and quantitated the cell loss in the Nissl stained tissue.

The results presented in this manuscript illustrate that seizure-induced cell
damage leads to decreased control of hippocampal outputs over the excitability of the
entorhinal cortex (EC). Furthermore, we report in this study that the resultant
increased hyperexcitability of EC networks is sustained by reverberant interactions

with the subiculum.
Chapter 2:

Benini R and Avoli M (2005) Subicular networks gate hippocampal output activity in
an in vitro model of limbic seizures. J Physiol. 566:885-900.

I initiated this study upon the interesting observation that GABA, receptor blockade

in our in vitro slice preparation leads to functional connectivity of hippocampal and

xii



parahippocampal structures. Under the supervision of Dr. Avoli, I generated the ideas

for this study, set out the hypotheses to be tested and analyzed all the data.

Although the subiculum is strategically positioned as an output structure, to
our knowledge no previous studies had ever functionally assessed this role. I show in
this manuscript, for the first time, evidence for the role of the subiculum as a gater of

hippocampal outputs.
Chapter 3:

Benini R, D'Antuono M, Pralong E, Avoli M (2003) Involvement of amygdala

networks in epileptiform synchronization in vitro. Neuroscience. 120:75-84.

The studies described in this chapter resulted from the collective efforts of members of
Dr. Avoli’s lab (myself and D’ Antuono M) as well as those of Dr. Pralong, a visiting
scientist from the University of Lausanne. My contributions to this work included
carrying out the field potential experiments and analyzing the data presented in Figs.
3-2, 3-3 and 3-6. Dr. Pralong also performed some experiments that contributed to the
data related to these figures. Dr. D’ Antuono carried out the stimulation experiments

that are presented in Fig 3-1, 3-4, 3-5 and 3-6.

The results presented in this study demonstrate the contribution of
basolateral/lateral amygdalar networks to epileptiform synchronization in a combined
slice preparation. We show, for the first time, the ability of CA3 networks to control

electrographic activity generated within the amygdala.
Chapter 4:

Benini R and Avoli M (2006) Altered inhibition in lateral amygdala networks in a rat
model of temporal lobe epilepsy. ] Neurophysiol. 95:2143-54

I generated the ideas for this study under the supervision of Dr. Avoli. I set out the
hypotheses to be tested, performed all the experiments and analyzed all the data

presented.
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For the first time, we report here functional changes in pre- and postsynaptic
inhibitory mechanisms within the lateral nucleus of the amygdala in chronically

epileptic rats.
Chapter S:

Benini R and Avoli M. (manuscript in preparation) Electrophysiology of deep layer

perirhinal cortex in a model of temporal lobe epilepsy

I generated the ideas for this study under the supervision of Dr. Avoli. I set out the
hypotheses to be tested, performed all the experiments and analyzed all the data

presented.

In this study, we provide evidence for hyperexcitability of the deep perirhinal
cortex (PC) in chronically epileptic rats as well as alterations at the level of LA-PC

interactions.
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PRELUDE

0.1 Introduction

Affecting almost 1% of the population worldwide, epilepsy encompasses a set of
chronic neurological disorders that are clinically associated with the occurrence of
recurrent seizures and whose heterogeneous aetiologies include acquired, genetic and
idiopathic factors (Blumcke et al., 1999; Engel, 1996, 2001). Among the variety of
epileptic subtypes, temporal lobe epilepsy (TLE) is the most common form in humans
(Wiebe, 2000). Patients suffering from this disorder present with seizures primarily
involving the temporal neocortex as well as limbic areas such as the hippocampus and

amygdala (Engel, 2001).

Significant progress has been made in the past two decade to try to elucidate
the mechanisms underlying the pathophysiology of TLE. Imaging and histological
studies have revealed that selective neuronal loss, gliosis and axonal sprouting are the
pathological substrates underlying the hypersynchronicity of neuronal networks within
the limbic system (Du et al., 1993; Gloor, 1997; Houser, 1999; Houser et al., 1990;
Sutula et al., 1989; Yilmazer-Hanke et al., 2000). However, despite their implication
in limbic network hyperexcitability, it remains unclear how these pathological

processes interact to generate and propagate recurrent seizures in TLE.

0.2 Research Rationale of Thesis

Both acute convulsant models as well as chronic animal paradigms have played a
crucial role in shedding more light onto the mechanisms underlying hyperexcitability
of neuronal networks in focal epilepsy. Much of this work has focused on the
hippocampus, specifically the CA3/CA1 subfields and dentate gyrus. Recently
however, there has been increasing evidence from both animal and human studies that
other limbic structures including the subiculum, the entorhinal cortex (EC), the
perirhinal cortex (PC) as well as the amygdala are possibly involved in the process of
epileptogenesis. The aim of my PhD project was to contribute to this newly emerging
literature by investigating the participation of some of these understudied structures

(namely subiculum, amygdala, and perirhinal cortex) in epileptiform synchronization



in vitro. My investigations, which are described in Chapters I to 5 of this dissertation,
have particularly focused on assessing GABAergic signalling within these brain

regions in the context of hyperexcited neuronal networks.

The rationale for Chapter 1 stemmed from previous in vitro investigations
carried out in our laboratory illustrating that CA3 activity is capable of controlling the
susceptibility of the EC for ictogenesis (Barbarosie and Avoli, 1997; Barbarosie et al.,
2002). This evidence, taken together with the fact that MTLE patients present with
severe cell loss in CA3/CA1 subfields (Houser, 1999), raised an interesting possibility
that neuronal loss in these regions could potentially decrease control of hippocampal
outputs over EC excitability and consequently lead to the limbic seizures observed in
patients. This hypothesis was tested in Chapter I where data obtained from
pilocarpine-treated mice suggests that indeed, seizure-induced brain damage results in
decreased hippocampal outputs and hyperexcitable EC networks that are in turn

sustained by reverberant interactions with the subiculum.

The subiculum plays an important physiological role in learning and memory
formation (O’Mara et al., 2001) but has also been implicated in the initiation and
spread of seizures (Behr and Heineman, 1996; Cohen et al., 2002; D’ Antuono et al.,
2002; Wellmer et al., 2002; Wozny et al., 2003). To our knowledge, no previous
investigations had addressed the role of the subiculum in controlling hippocampal
outputs during epileptiform synchronization despite it being strategically positioned
for doing so (Finch and Babb, 1981; Witter et al., 1989). The aim of Chapter 2 was to
explore the role of this structure in gating hippocampal output activity using the 4-
aminopyridine (4AP) model of limbic seizures. Furthermore, since the subiculum is
rich in GABAergic cells (Greene and Totterdell, 1997; Kawaguchi and Hama, 1987;
Menendez de la Prida et al, 2003), the hypothesis that these inhibitory circuits
probably participated in the gating mechanism was also tested in Chapter 2.

Chapters 3 to 5 describe studies pertaining to the amygdala-perirhinal system.
Numerous investigations in the amygdala have examined the ability of the basolateral
amygdala (BLA) to generate epileptiform activity (Gean, 1990; Gean and Shinnick-
Gallagher, 1988; Kleuva et al., 2003). However, most of these studies had employed



the coronal slice preparation in which connections of the amygdala with the
hippocampus and other limbic structures are not well preserved. In Chapter 3, we
sought to identify the contribution of the basolateral/lateral amygdala nuclei
(BLA/LA) to limbic network synchronization using a combined horizontal slice
preparation in which the connections between the various structures are conserved.
The interactions of the hippocampus, EC and BLA/LA were explored in this study
using the 4AP model.

Finally, in spite of evidence from human studies implicating the LA (Hudson
et al., 1993; Yilmazer-Hanke et al., 2000) and the PC (Bernasconi et al., 2003) in
epilepsy, thorough electrophysiological evaluation of these structures using animal
models remains sparse. In Chapters 4 and 5, the pilocarpine rat model of TLE was
used to carry out an electrophysiological assessment of the cellular and network
changes that occur within these structures in epileptic rats. Furthermore, since
inhibitory responses are known to play an important role in controlling the excitability
of LA neurons (Pitkanen and Amaral, 1994; Smith et al., 1998), GABA-mediated

mechanisms were also investigated in more detail.

Below is a general introduction to familiarize the reader with the current state of
knowledge in the field of TLE and set the stage for the main findings reported in
Chapters 1-5.

0.3 Human TLE: Clinical and Neuropathological Findings

Retrospective studies have revealed that patients with TLE often present with a typical
clinical history that involves an initial insult in early childhood such as birth trauma,
complicated febrile convulsions, brain injury or meningitis (French et al., 1993;
Salanova et al., 1994). Following this precipitating incident, a “latent” seizure-free
period of a couple of years ensues and the development of recurring complex partial

seizures only commences in adolescence or early adulthood (Engel, 1996, 2001).



Electroencephalographic (EEG) recordings from TLE patients reveals two
main patterns of abnormal electrographic activity that signify the aberrant
synchronization of neuronal networks and are classified as “interictal” and “ictal”
discharges (Babb and Crandall, 1976; Babb et al., 1987; Cohen et al., 2002; Wyler et
al., 1982). Interictal spikes represent short asymptomatic events that recur periodically
between seizures and consist of high amplitude (> 50uV) spike-wave transients (de
Curtis and Avanzini, 2001; Engel, 1996). Ictal discharges on the other hand are long
events that manifest as behavioural seizures typically accompanied by staring and
oroalimentary automatisms, and entail fast, low voltage spike discharges that initiate
within the temporal lobe and can generalize to other structures (Engel, 1996). In the
majority of patients, these debilitating seizures can be abolished with the use of
antiepileptic drugs (AEDs) whose pharmacological mode of action commonly
involves potentiation of GABAergic transmission or antagonism of voltage-gated
sodium channels (Perucca, 2005). However, a third of cases are resistant to AEDs and
for these intractable forms, surgical resection of the temporal lobe or selective
amygdalohippocampectomy usually results in seizure relief (Engel, 2001; Engel et al.,
2003; Wiebe et al., 2001)

Reduced hippocampal volumes are a characteristic hallmark of magnetic
resonance images (MRI) obtained from TLE patients and are indicative of mesial
temporal sclerosis (also known as Ammon’s Horn sclerosis (AHS) or hippocampal
sclerosis) (Jack, 1994; Watson et al., 1997). AHS, which is often associated with
medical refractoriness, is the most common neuropathological finding in patients with
TLE (Blumcke et al., 1999, 2002). Histologically, AHS denotes (i) selective neuronal
loss and gliosis specifically within CA1/CA3/CA4 hippocampal subfields and dentate
hilus; as well as (ii) axonal sprouting of dentate granule cells (Blumcke et al., 1999,
2002; Houser, 1999; Houser et al., 1990; Sutula et al., 1989). Despite these alterations,
surgically-resected epileptic tissue reveals that not all hippocampal structures are
involved and that areas such as the CA2 subfield, prosubiculum, subiculum and
presubiculum do not disclose major cell damage (Blumcke et al., 2002; Dawodu and

Thom, 2005; Gloor, 1997).



Remarkable advances in neuroimaging techniques over the past two decades
have led to the realization that brain injury in TLE patients is more widespread than
was originally believed. There is now increasing evidence from imaging and
histological studies that damage is not restricted to the hippocampus but that
extrahippocampal structures within the temporal lobe are also involved (Lee et al.,
1998; Moran et al., 2001). For instance, recent MRI studies have demonstrated that
volumetric reductions of the amygdala, entorhinal and perirhinal cortices do occur in a
subset of TLE patients (Bernasconi et al., 1999, 2003; Cendes et al., 1993; Jutila et al.,
2001; Salmenpera et al., 2000) in spite of normal hippocampal volumes (Bernasconi et
al., 2001). Histopathological examination of human epileptic tissue corroborates these
findings by demonstrating the presence of selective neuronal loss and synaptic
reorganization within these structures (Aliashkevich et al., 2003; Du et al., 1993,
Hudson et al., 1993; Mikkonen et al. 1998; Miller et al., 1994; Wolf et al., 1997) even
in the absence of hippocampal sclerosis (Hudson et al., 1993; Miller et al., 1994;
Yilmazer-Hanke et al., 2000).

The diffusiveness of the pathophysiological substrates underlying TLE is .
further substantiated by evidence of widespread MR volumetric reductions of
extratemporal white matter (Seidenberg et al., 2005) as well as subtle abnormalities in
structures such as the basal ganglia (Dreifuss et al., 2001), cerebellum (Sandok et al.,

2000) and thalamus (DeCarli et al., 1998; Natsume et al., 2003).

0.4 Tools for Studying TLE: Acute and Chronic Models of Limbic Seizures

Ideally, research on human epileptic tissue would be expected to yield valuable
information into the pathophysiology of TLE. However, such studies have been
limited due to a number of reasons including (i) the invasiveness of in vivo depth-
electrode recordings; (ii) the reality that surgically-resected epileptic tissue has usually
been exposed to years of pharmacological regimes thereby making it almost
impossible to differentiate between disease- and drug-induced changes, (iii) the lack of
appropriate control tissue, and (iv) the fact that slices from human epileptic tissue

rarely generate spontaneous activity perhaps as a consequence of extensive neuronal



loss (Avoli et al., 2005; Schwartzkroin, 1994). To avert these caveats, scientists have

resorted to the use of animal tissue for studying TLE.

Acute treatment with convulsive agents can induce in cortical or hippocampal
slices epileptiform activity analogous to the electrographic discharges recorded in the
EEG of TLE patients (Avoli et al., 2002). These pharmacological agents, by shifting
the balance between excitation and inhibition, increase cellular excitability and
consequently lead to the synchronization of neuronal networks within the slice
preparation. Some of the most commonly used convulsant models involve the
depolarization of neuronal membranes through the alteration of ionic gradients (ex.
high [K'], model); the augmentation of glutamatergic (ex. Mg**-free model) and
cholinergic (ex. pilocarpine) transmission or the antagonism of GABAergic receptors
(ex. picrotoxin; bicucullin) (Anderson et al., 1986; Avoli et al., 2002; Hablitz, 1984;
Rutecki et al., 1985; Wong and Traub, 1983). Moreover, other convulsants are known
to elicit their effect via a combination of mechanisms. For example, 4-aminopyridine
(4AP) has been shown not only to block K* currents (Rudy, 1988) and interfere with
Ca®" channels (Segal and Barker, 1986), but also to facilitate neurotransmitter release
at presynaptic terminals of both excitatory and inhibitory synapses (Aram et al., 1991;
Rutecki et al, 1987; Thesleft, 1980).

Initially, studies employing convulsant models were carried out in isolated
hippocampal slices maintained in vitro. Although this preparation takes advantage of
the lamellar organization of the hippocampus, it does not provide access to other
structures (such as the EC, PC, and amygdala) that are relevant to understanding the
pathophysiogenesis of TLE. Furthermore, electrophysiological recordings from adult
rodents have revealed that while interictal discharges can be induced in isolated
hippocampal slices, ictal phenomena on the other hand are rarely observed (Anderson
et al., 1986, Lothman et al., 1991; Rafiq et al.,, 1993). For these reasons, studies
investigating network interactions have recently begun to use brain slice preparations
with more than one interconnected limbic structure to reproduce the patterns of
epileptiform activity observed in patients (Dreier and Heinemann, 1991; Jones and

Lambert, 1990a, b; Nagao et al., 1996; Stoop and Pralong, 2000; Walther et al., 1986;



Wilson et al., 1988). For example, in reciprocally interconnected hippocampal-
entorhinal cortex (EC) slices obtained from rodents, bath application of 4AP or Mg?*-
free medium has been shown to induce two main types of epileptic discharges: (1) fast
interictal-like activity that originate in CA3 (Avoli et al., 1996; Barbarosie and Avoli,
1997, Dreier and Heinemann, 1991; Wilson et al., 1988), and (2) NMDA-receptor
mediated ictal-like events that resemble electrographic limbic seizures seen in TLE
patients (cf. Swartzwelder et al.,, 1987, Wilson et al., 1988); initiate in the EC and
subsequently propagate to the hippocampus proper (Barbarosie and Avoli, 1997).

Despite the valuable insight that has been gained from brain tissue made
epileptogenic by acute convulsant treatment, such investigations are nevertheless
limited by their inability to reproduce in the slice preparation the scenario of chronic
epilepsy and histopathological damage associated with the human condition.
Fortunately, a variety of chronic animal models have been developed to complement
these acute paradigms (Coulter et al., 2002; Loscher, 1997; Morimoto et al., 2004).
The two most frequently-used models are the “kindling” and the “status epilepticus

(SE)” models.

Kindling, first proposed as a physiological model for studying learning and
memory processes, has since been used extensively as a chronic animal model of
intractable TLE (Goddard, 1967; Goddard et al., 1969; Loscher, 2002; MclIntyre et al.,
2002; Morimoto et al., 2004; Racine, 1978). In this model, stimulating and recording
electrodes are permanently implanted within one specific brain area such as the
amygdala, perirhinal cortex or hippocampus. This structure is initially stimulated with
a subconvulsive electrical current large enough to elicit in the locally recorded EEG a
focal paroxysmal response (or “afterdischarge”), that progressively increases in
amplitude and duration with subsequent stimulations (over days and weeks) (Racine,
1972a, b, 1975). The increased sensitivity to electrical stimulation attained in these
animals over time is accompanied by the advanced severity of evoked seizures and
denotes the kindling phenomenon. In amygdala kindling for example, evoked seizures
progress in time through Racine’s 1-5 grading of convulsive stages signifying the

gradual recruitment of structures distant to the stimulating site (Racine, 1972b).



Interestingly, not all structures kindle at the same rate or in the same manner. For
example, whereas the hippocampus kindles much more slowly than the amygdala
(Coulter et al., 2002), the perirhinal cortex on the other hand has been shown to be the
most easily kindled structure within the forebrain (Mclntyre et al., 1993). Animals
reaching stage 5 seizures are said to be fully-kindled and although they do not exhibit
spontaneous seizures, the persistence of their convulsive responsiveness to electrical
stimulation for several months is indicative of the underlying permanent changes
induced within the brain during the kindling process (Sato et al., 1990). Persistent
daily stimulations of fully-kindled animals for several weeks or months after they have
attained stage 5 seizures can induce the development of spontaneous recurrent seizures
in almost half of them (Michalakis et al., 1998; Pinel and Rovner, 1978). Notably,
kindled animals exhibiting spontaneous seizures reveal minimal brain damage and
thereby raise the interesting possibility that extensive injury is not an absolute criterion

for instigating epileptogenesis (Michalakis et al., 1998).

In SE models, the epileptic state arises as a consequence of brain injury
induced in the animal by an experimentally-provoked long-lasting seizure analogous
to SE. This initial precipitating incident can be incited by injecting animals with high
dosages of chemical convulsants, such as kainic acid or pilocarpine, either
systemically (Ben-Ari, 1985; Liu et al., 1994; Turski et al., 1983) or directly into
specific brain areas (Mathern et al., 1993; Tanaka et al., 1992). Alternatively, the acute
SE can also be elicited via sustained electrical stimulation of limbic pathways such as
the perforant path, ventral hippocampus or lateral amygdala (Du et al., 1995; Gorter et
al., 2001; Nissinen et al., 2000; Sloviter, 1987). Similar to what occurs in humans, a
“latent” period, ranging from weeks to months depending on the model, follows this
initial insult. During this time, animals are behaviourally normal and only later in the
chronic phase do they begin to exhibit spontaneous secondarily generalized seizures
that persist throughout life and are usually of limbic origin (Coulter et al., 2002).
Pathological investigations carried out in these SE models have revealed a pattern of
brain injury analogous to the mesial temporal lobe sclerosis observed in humans thus

rendering these animal paradigms attractive tools for studying TLE (Ben-Ari, 1985;



Cavalheiro et al., 1996; Liu et al., 1994; Mello et al., 1993; Sloviter, 1987; Tauck and
Nadler, 1985; Turski et al., 1983).

Due to the difficulty in controlling the initial convulsive episode, the
expression of spontaneous seizures in SE models tends to be unpredictable and the
degree of brain damage more extensive than what is typically observed in humans
(Sloviter, 2005). Moreover, although the pattern of damage tends to be comparable,
differences in the severity of brain injury do exist between various models. For
example, an investigation comparing two SE paradigms reveals that damage occurs at
an earlier onset and tends to be more extensive in the pilocarpine versus kainate rodent
model (Covolan and Mello, 2000).

In spite of this, the similarity in the temporal evolution of the epilepsy between
the animal and human condition (i.e. the presence of acute, latent and chronic phases)
renders SE models highly valuable tools for studying TLE. Exploitation of this latter
characteristic has provided some insight into the type of alterations that occur within
different brain structures soon after the initial insult, at a period that is often more
difficult to study in humans (i.e. during the acute and latent phases). For example,
recent MRI studies employing the pilocarpine-treated rodent model have illustrated
that reactivity within the amygdala, EC and piriform cortex occurs as early as 24 hrs
following SE (Roch et al., 2002a,b). Furthermore, combined MRI and histological
results obtained from these investigations have also demonstrated that neuronal
damage within these structures is complete at a much earlier stage than in the
hippocampus, where the neuropathological progression tends to be delayed and more

prolonged (Roch et al., 2002a).

0.5 The Pathophysiogenesis of MTLE: What has Research Taught us

Cellular, pharmacological and molecular studies have contributed remarkably to our
understanding of the mechanisms leading to the hyperexcitability of neuronal
networks in TLE. Unlike in other diseases where the cause-effect relationship is more
apparent, the TLE scenario tends to be complicated not only by the diversity of the
pathological factors involved but also by the ambiguity in the relationship between

these phenomena and the seizures themselves. Below is a brief discussion of some of
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the molecular, cellular and network changes that have been reported from human and
animal epileptic tissue as well as the theories that have been proposed to explain how

these alterations may contribute to the initiation and maintenance of seizures.

0.5.1 Enhanced Excitatory Transmission

Glutamate is the major excitatory neurotransmitter in the mammalian brain (Meldrum,
2000). It plays an important role in normal synaptic activity by binding to excitatory
amino acid receptors to increase cationic (Na'/Ca®*/K") conductances and
subsequently induce neuronal membrane depolarization (Collingridge and Lester,
1989; Mayer and Westbrook, 1987). Activation of glutamatergic receptors can also
lead to a myriad of downstream effects involving interactions with other transmitter
systems (Cartmell and Schoepp, 2000) as well as long-term alterations at the level of
gene expression (Madison et al., 1991; Platenik et al., 2000). Glutamate acts on two
main families of receptors namely: (1) the ionotropic glutamate receptors that
comprise of NMDA, AMPA and kainate receptors; and (2) the G-protein-linked
metabotropic glutamate receptors divided into Group I (mGluR1 and mGluRS),
Group II (mGluR2 and mGluR3) and Group III (mGluR4, 6, 7 and 8) (Anwyl, 1999;
Kew and Kemp, 2005; Mayer and Armstrong, 2004; Nakanishi, 1992; Seeburg, 1993).
Due to its pivotal role in modulating the excitatory threshold of neuronal networks,
glutamate has been implicated in the generation, spread and maintenance of seizures.
Accordingly, alterations in glutamatergic mechanisms leading to increased
extracellular glutamate concentrations and enhanced postsynaptic receptor sensitivity

have been demonstrated in epileptic tissue (Chapman, 2000; Meldrum et al., 1999).

The extracellular concentration of glutamate is tightly regulated during
synaptic activity to ensure a non-toxic milieu. Evidence from both human (During and
Spencer, 1993; Ronne-Engstrom et al., 1992; Wilson et al., 1996) and animal (Kaura
et al., 1995; Wilson et al., 1996; Zhang et al., 1991) epileptic tissue suggest that
extracellular concentrations of glutamate are increased during spontaneous seizures,
especially in the epileptogenic hippocampus. Notably, these increased glutamate levels
persist even after the clinical seizures have subsided (During and Spencer, 1993),

thereby suggesting a possible impairment in glutamate uptake mechanisms. Glutamate
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transporters (aiso known as excitatory amino acid transporters or EAATSs) are
localized in the synaptic cleft where they regulate extracellular glutamate
concentrations via Na'-coupled uptake mechanisms (Bridges and Esslinger, 2005). To
date, 5 human subtypes have been identified (EAAT 1-5) that differ in regional,
cellular and developmental distribution (Danbolt, 2001; O’Shea, 2002). Whereas the
astrocytic isoforms (EAAT1 and EAAT?2) tend to be responsible for the majority of
glutamate uptake during transmission, the neuronal subtypes (EAAT3) on the other

hand tend to play a more subtle role (Amara and Fontana, 2002).

Despite the suggestion that glutamate transporters might be altered in TLE
(During and Spencer, 1993), evidence thus far remains sparse and contradictory. For
example, although mice lacking an EAATI1-related glial glutamate transporter have
been shown to exhibit chronically elevated glutamate levels and increased seizure
susceptibility (Tanaka et al., 1997; Watanabe et al., 1999), findings from acquired
rodent models of epilepsy tend to be conflicting. Within the epileptogenic
hippocampus of chronically epileptic animals evidence has been presented for (i) the
absence of changes in both EAAT1- and EAAT2-related glial transporter subtypes
(Akbar et al., 1997); (ii) a decrease in the EAAT1-related glial subtype and an increase
in the EAAT3-related neuronal subtype (Miller et al., 1997); and (iii) an enhanced
expression of both the EAAT1- and EAAT2-related glial transporter subtypes and a
diminished expression of the EAAT3-related neuronal subtype (Nonaka et al., 1998;
Simantov et al., 1999). The scenario in human epileptic tissue is no more demystified.
Whereas evidence obtained from the hippocampus and temporal neocortex of tissue
resected from TLE patients has illustrated the absence of changes in either neuronal or
glial glutamate transporters (Tessler et al., 1999), other investigations have shown that
modifications related to neuronal loss do indeed exist (Mathern et al., 1999; Proper et
al., 2002). Altogether, the contribution of glutamate uptake mechanisms to the

enhanced glutamate levels associated with epileptogenesis awaits further clarification.

The failure of presynaptic autoreceptors has also been proposed to account for
the augmentation in extracellular glutamate levels. Both metabotropic glutamate

(Group II/IIT) and GABAGg receptors are known to play important physiological roles
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in inhibiting the presynaptic release of glutamate (Cartmell and Schoepp, 2000; Miller,
1998; Thompson et al., 1993). Assessment of animal epileptic tissue suggests that a
diminished efficacy of these presynaptic receptors occurs. Specifically, plastic changes
leading to a failure in presynaptic GABAg receptor-mediated depression of glutamate
release has been demonstrated at mossy fiber-CA3 synapses in chronically epileptic
rats (Chandler et al., 2003). Moreover, in both kindled and pilocarpine-treated rodents,
a decreased sensitivity of Group IIl metabotropic glutamate receptors has been
identified in the lateral perforant path (Dietrich et al., 1999; Klapstein et al., 1999;
Kral et al., 2003). Altogether, this data suggests that the increased release of glutamate
observed at the onset of limbic seizures in the hippocampus of TLE patients may arise

from the impaired sensitivity of presynaptic autoreceptors (During and Spencer,
1993).

Postsynaptic alterations in ionotropic glutamatergic receptors have also been
implicated in TLE. Specifically, studies from human and animal epileptic tissue have
demonstrated (i) an increase in the number of ionotropic receptors, namely NMDA
and AMPA receptors (Kraus and McNamara, 1998; Mathern et al., 1997; Mikuni et
al., 1999; Rafiki et al., 1998); (iii) changes in glutamate receptor subunit composition
(Grigorenko et al., 1997) as well as (iii) enhanced activation of NMDA receptors,
possibly due to posttranslational modifications (Kohr et al., 1993; Kojima et al., 1998,
Lieberman and Mody, 1999; Mody, 1998; Mody and Heinemann, 1987; Sanchez et
al., 2000; Turner and Wheal, 1991). These findings are relevant to understanding the
contribution of glutamatergic mechanisms to epileptogenesis considering that NMDA
and AMPA receptors have been shown to play an important role in the generation of
epileptiform discharges in the hippocampus and neocortex (Avoli, 1991; Dingledine et
al., 1990; Heinemann et al,, 1991). The evidence of enhanced NMDA receptor
activation in TLE is also noteworthy in view of the pivotal role of these receptors in
eliciting downstream effects that alter gene expression and can perhaps lead to some

of the long-term plastic changes associated with TLE (Platenik et al., 2000).
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0.5.2 Dysfunctional GABAergic Signalling

y-Aminobutyric acid (GABA) is the principal inhibitory neurotransmitter of the
central nervous system (CNS). It is synthesized within the axon terminals of
interneurons and released into the synapse from whence it acts at one of two types of
receptors namely, GABA, and GABAg receptors. GABA,4 receptors are ligand-gated
ion channels localized primarily on the postsynaptic membrane within the brain.
GABA acting at these pentameric receptors induces an increased CI/HCO*
conductance that usually hyperpolarizes the membrane and mediates a fast inhibitory
effect by driving its potential further away from firing threshold (Kaila, 1994;
Macdonald and Olsen, 1994). GABAg receptors on the other hand are G-protein
linked receptors that are localized pre- and postsynaptically and can be found on both
excitatory and inhibitory axon terminals (Kerr and Ong, 1995; Macdonald and Olsen,
1994). Activation of these receptors results in an increased K* conductance that
hyperpolarizes neurons, reduces Ca’* entry and can decrease neurotransmitter release

at the presynaptic terminal (Thompson et al., 1993).

A homeostatic balance between excitatory and inhibitory processes is essential
for sustaining neuronal circuitry during normal physiological functions (Liu, 2004;
Turrigiano and Nelson, 2004). Originally, research in TLE was overcome With the
notion that a failure in GABA-mediated inhibition underlies hyperexcitability of the
neuronal networks involved in seizure generation. In accordance with this concept,
pharmacological drugs that enhance GABA-mediated inhibition are known to abolish
seizures in TLE patients (Capek, 1997; Meldrum, 1999). Furthermore, extensive in
vitro investigations have demonstrated that antagonism of GABAergic receptors
unleashes excitatory interactions and consequently leads to the synchronization of
neuronal networks (Dingledine and Gjerstad, 1980; Lebeda et al., 1982; Schwartzkroin
and Prince, 1977). Additional support for the concept of diminished inhibition as an
underlying mechanism leading to epileptogenesis stems from both human and animal
epileptic tissue illustrating: (i) a decrease in the presynaptic pool of GABA (Hirsch et
al., 1999); (ii) reduced expression of GABA, receptors (Johnson et al., 1992;

McDonald et al., 1991; Olsen et al., 1992) (iii) alterations in the subunit composition
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of GABA, receptors possibly accounting for their decreased sensitivity to agonists as
well as reduced conductance (Brooks-Kayal et al., 1998; Buhl et al., 1996; Friedman
et al.,, 1994; Henry et al., 1993; Rice et al., 1996; Savic et al., 1988); (iv) reduced
efficiency of both pre- and postsynaptic GABAjg receptors (Mangan and Lothman,
1996); (v) decreases in the number of GABA transporters (During et al., 1995); and
(vi) loss of specific interneuronal subpopulations (Arellano et al., 2004; de Lanerolle

et al., 1989; Houser et al., 1990; Robbins et al., 1991).

Despite these observations, it is becoming increasingly evident that
GABAergic systems are more intricate than previously believed. Moreover, in
epileptic tissue they undergo such complex transformations, at both the structural and
functional level, that there is now a growing consensus that the older concept of
decreased inhibition in epilepsy is oversimplified and needs to be reassessed (Bernard,
2005; Cossart et al., 2005). Importantly, there is an indication from epileptic tissue that
GABAergic systems within various limbic regions are differentially affected. For
example, whereas a decrease in the quantal release of GABA and a diminished
conductance of GABA, receptors has been reported in the CA1 region (Gibbs et al,,
1997; Hirsch et al., 1999), increased inhibition due to an enhancement in both the
conductance and number of postsynaptic GABAA receptors has been identified in
granule cells of the dentate gyrus (Brooks-Kayal et al., 1998; Gibbs et al., 1997,
Nusser et al., 1998; Otis et al., 1994).

The implication of interneuronal loss in TLE is also being re-examined
(Cossart et al., 2005). Recent investigations have demonstrated that interneurons
within the hippocampus and neocortex are not a homogenous population of GABA-
releasing cells but instead differ from each other in their morphological,
neurochemical and electrophysiological constitution as well as in the variety of their
connections with target cells (Freund and Buzsaki, 1996; Maccaferri and Lacaille,
2003). This diversity in interneuronal subtypes is physiologically relevant. By
indicating that various interneuronal subpopulations may play different roles within
the brain, it also implies that the outcome of interneuronal degeneration within a

particular brain region would depend on the specific subpopulations affected.
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Moreover, due to the increasing evidence suggesting that GABAergic neurons are not
simply “inhibitory cells”, the conventional association of interneuronal loss with
decreased inhibition is no longer suitable. Specifically, investigations have
demonstrated that in addition to their involvement in inhibitory processes,
interneurons are also capable of synchronizing neuronal networks into the generation
of high-frequency oscillations (Buzsaki et al., 1992; Cobb et al., 1995; Csicsvari et al.,
1999; Whittington and Traub, 2003). Furthermore, interneurons have recently been
shown to contribute to the interictal activity recorded in the subiculum of human

epileptic tissue (Cohen et al., 2002).

Additional complexity to understanding the role of GABAergic signalling in
TLE arises from evidence suggesting that GABA can paradoxically be “excitatory”.
As mentioned previously, GABA generally tends to induce hyperpolarization of
neurons in the adult brain. However, there are several instances such as in the
developing juvenile brain (Ben-Ari et al., 1989), in the adult brain under high
frequency stimulation (Lamsa and Taira, 2003; Voipio and Kaila, 2000) or in the
presence of 4AP (Perreault and Avoli, 1989), where the depolarizing effects of GABA
are known to occur. This inhibitory-to-excitatory shift of GABA has been attributed to
a number of factors including modification in Cl" gradients due to a decreased
expression of the K'/CI cotransporter KCC2 (Riviera et al., 1999) and deafferentiation
(Vale and Sanes, 2000). Interestingly, there is now also evidence from human epileptic

tissue for excitatory actions of GABA (Cohen et al., 2002).

Altogether, evidence from human and experimental epilepsy indicates that
modifications in GABAergic signalling occur at all levels of processing, from receptor
structure to wiring of interneuronal networks. The intricacy of these changes has led to
a reformulation of the earlier concept that GABAergic signalling is reduced in TLE.
Instead, the contemporary view is that alterations in GABAergic neurotransmission in
TLE are region-specific and may take the form of decreased inhibition, increased

inhibition or excitatory GABA action.
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0.5.3 Neuronal loss and Network Rewiring

Selective neuronal loss and aberrant axonal sprouting within limbic structures are the
pathological hallmarks of TLE (Blumcke et al., 1999, 2002; Houser, 1999; Houser et
al,, 1990; Sutula et al,, 1989). The contribution of the former to the process of
epileptogenesis depends on the normal functions of the damaged neurons and the
context of their interactions within the network. In the dentate hilus for example,
selective loss of excitatory mossy cells has been demonstrated in epileptic tissue and
has led to the formulation of the “dormant basket cell” hypothesis (Bekenstein and
Lothman, 1993; Sloviter, 1987, 1991). Mossy cells are known to receive glutamatergic
inputs from dentate granule neurons and their activation has been demonstrated to lead
to inhibition of dentate granule cells via a feedforward mechanism that involves
excitation of basket cells (Scharfman, 1995; Scharfman et al., 1990). Thus, due to their
role in this feedforward inilibition, loss of mossy cells in epileptic tissue has been
associated with denervation of interneurons and subsequent disinhibition within the
dentate gyrus, a structure that serves as the main input into the hippocampus and has
been heavily implicated in the process of epileptogenesis (Heinemann et al., 1992;

Lothman et al., 1992).

Additional outcomes of neuronal damage involve the loss of postsynaptic
targets, axonal sprouting of surviving neurons and the consequent creation of aberrant
circuits. The contribution of axonal reorganization to the process of epileptogenesis
has been most studied within the dentate gyrus, where extensive restructuring of the
mossy fiber pathway occurs in both human and animal epileptic tissue (Proper et al,,
2000; Sutula et al., 1989; Tauck and Nadler, 1985). The mossy fiber tract, representing
axonal collaterals of dentate gyrus granule cells, innervates the inner molecular layer
of the dentate hilus as well area CA3 (Henze et al., 2000). Loss of hilar cells induces
dentate granule neurons to redirect their axons to form aberrant recurrent excitatory
connections with each other (Babb et al., 1991). These new circuits have been
suggested to reduce the threshold for neuronal synchronization within this structure
and possibly contribute to the sustenance of seizures (Nadler, 2003; Wuarin and

Dudek, 1996). Despite this evidence, it has been argued that axonal sprouting,
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although a phenomenon associated with epilepsy, is unlikely to be a major contributor
to epileptogenesis. These arguments have been supported by temporal data illustrating
that the epileptic state occurs well before considerable mossy fiber reorganization has
taken place (Armitage et al.,, 1998; Ebert and Loscher, 1995). Furthermore,
investigations employing SE animal models have demonstrated that preventing the
occurrence of axonal sprouting with protein synthesis inhibitors does not avert the

induction of spontaneous seizures (Longo and Mello, 1997, 1998).

Historically, studies investigating the role of axonal sprouting in
epileptogenesis have focused on the zinc-rich mossy fiber pathway primarily due to
easy visualization of this tract using the Timm staining technique. However, it is
important to note that axonal sprouting in epileptic tissue has also been demonstrated
in other pathways both within and outside the hippocampus, including CA3 (Siddiqui
and Joseph, 2005), CA1 (Lehmann et al., 2001); CAl-subiculum region (Cavazos et
al., 2004) as well as EC layer III (Mikkonen et al., 1998).

0.5.4 Other mechanisms — Alterations in Intrinsic Neuronal Properties

In addition to the above-mentioned modifications in synaptic mechanisms, there is
emerging evidence that persistent changes in intrinsic neuronal properties also play an
important role in epileptogenesis (Sanabria et al., 2001; Yaari and Beck, 2002;
Yamada and Bilkey, 1991). This has been demonstrated by studies in the pilocarpine-
treated rodent model illustrating a dramatic increase in the fraction of intrinsically
bursting pyramidal cells in CA1 (Sanabria et al., 2001) and subiculum (Wellmer et al.,
2002). Intrinsically bursting neurons are known to play an important role in entraining
additional cells into synchronized network activity, which in turn can lead to the
generation and/or amplification of seizures (McCormick and Contreras, 2001; Traub et
al., 1987; Yaari and Beck, 2002). Thus, the up. regulation of intrinsically bursting
neurons in chronically epileptic tissue, which has been suggested to arise from a long-
term enhancement in calcium currents, may play an essential role in the process of

epileptogenesis (Sanabria et al., 2001).

In addition, down regulation of the A current in the dendrites of surviving

hippocampal neurons from pilocarpine-treated rodents has also been recently
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demonstrated (Bernard et al., 2004). The A current, mediated by voltage-gated A-type
K" channels, is responsible for preventing the back propagation of action potentials
from the soma to the dendrites (Hoffman et al., 1997; Johnston et al., 2000). Thus, by
increasing the reverberation of action potentials between the soma and the dendrites,
the loss of this inhibitory A current could potentially lead to the amplification of
incoming synaptic inputs and consequently support seizure activity in an epileptic

system where recurrent excitatory connections are known to occur (Staley, 2004).

0.6 Stepping Out of the Hippocampocentric Box

Historically, research in TLE has focused primarily on trying to understand the
contribution of the hippocampus to epileptogenesis. This ‘hippocampocentric’
approach was justified due to the large body of evidence implicating this structure in
epileptogenesis including (i) the fact that the most obvious and consistent
neuropathological alterations are associated with this structure (Blumcke et al., 2002);
(ii)) EEG recordings often identify the hippocampus as an epileptogenic focus of
seizure activity (Wieser et al.,, 1993); and (iii) in the majority of patients suffering
from intractable TLE adequate seizure relief can be attained with surgical resection of

the hippocampus (Spencer and Spencer, 1994a).

Despite these findings, recent evidence obtained from imaging, histological
and electrophysiological studies has led to the realization that other structures within
the limbic system contribute importantly to the process of epileptogenesis. My PhD
studies have centred around three of these structures, namely the subiculum, amygdala
and perirhinal cortex. The purpose of this section is to provide some background
information about each of these brain regions, specifically by highlighting the

evidence presented for their role in TLE.

0.6.1 Subiculum: Anatomy, Physiology and Role in TLE

The hippocampal formation consists of a number of subdivisions that include the
dentate gyrus, the hippocampus proper (comu ammonis areas CA1/CA3) and the
subiculum (Amaral and Witter, 1989). Anatomically, the subiculum serves as the
major output structure of the hippocampus, receiving extensive efferents from the

hippocampal CA1 subfield (Finch and Babb, 1981; Witter et al., 1989) as well as
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projecting to various limbic and extralimbic areas including EC layers IV and V
(Swanson and Cowan, 1977; Witter et al., 1989), perirhinal cortex (Deacon et al.,
1983; Swanson et al., 1978), amygdala (Canteras and Swanson, 1992) and thalamus
(Canteras and Swanson, 1992; Witter et al., 1990) (see for review O’Mara et al,,
2001).

The ‘subicular complex’, consisting of the subiculum proper, the presubiculum
and the parasubiculum, is strategically positioned between the CA1 hippocampal
subfield and the entorhinal cortex (Amaral and Witter, 1989; Lopes da Silva et al,,
1990). As a transition zone between the hippocampus proper and the parahippocampal
regions, it tends to share a number of characteristics with each of these two brain
areas. Analogous to the three-layered allocortical hippocampus, the subiculum is
cytoarchitectonically organized into a molecular, pyramidal and polymorphic layer
(Lopes da Silva et al., 1990). Importantly however, the connectivity of this structure
tends to be more comparable to the multilaminated parahippocampal regions in its
multidirectionality and reciprocality. For example, the subiculum projects to the deep
layers of the EC (IV/V) and in turn receives projections from the superficial layers
(IVTII) via the monosynaptic temporammonic pathway (Swanson and Cowan, 1977;
Witter et al., 1989). This is in contrast to the other hippocampal subdivisions that are
interconnected primarily via unidirectional pathways (i.e. the trisynaptic circuit

consisting of the perforant, mossy fiber and Schaffer collateral pathways).

In vitro neurophysiological investigations have demonstrated that the
subiculum is rich in large pyramidal neurons that are divided into two main groups
based on their responses to intracellular current injection and orthodromic stimulation
(Mattia et al., 1993; Staff et al.,, 2000; Stewart and Wong, 1993; Taube, 1993).
Whereas ‘regular spiking’ neurons fire a regular train of action potentials in response
to a depolarizing current pulse, ‘intrinsic bursters’ respond by firing an initial brief
burst of 3-5 action potentials that is often followed by a short hyperpolarizing
afterpotential. The ionic mechanisms underlying the bursting of these latter group of
subicular cells is contentious and evidence indicates the involvement of both Ca®*

(Jung et al., 2001; Stewart and Wong, 1993) and persistent Na" currents (Mattia et al.,
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1993). Furthermore, although the absolute ratio of regular firing to intrinsically
bursting neurons within the normal subiculum differs between various in vitro and in
vivo studies, there is a general consensus that there are more bursting than non-

bursting elements within this structure (O’Mara et al., 2001).

In addition to principal neurons, the subiculum is also equipped with several
types of GABAergic cells (Greene and Totterdell, 1997; Kawaguchi and Hama, 1987,
Menendez de la Prida et al., 2003). The functional significance of these fast-spiking
inhibitory neurons has been established by electrophysiological studies demonstrating
that subicular pyramidal cells are restrained by local GABAergic networks via both
feedforward (Behr et al., 1998; Colino and Fernandez de Molina, 1986; Finch and
Babb, 1980; Finch et al., 1988) and recurrent inhibitory mechanisms (Menendez de la
Prida, 2003). Interestingly, intrinsically bursting neurons experience a greater degree

of recurrent inhibition than regular spiking cells (Menendez de la Prida, 2003)

Within the normal brain, the subiculum appears to play an integral role in
spatial encoding (Sharp and Green, 1994) and the retrieval of short-term memories
(Gabrieli et al., 1997). Recently, it has also been implicated in TLE. Histological
assessment of tissue resected from TLE patients reveals that minimal loss of principal
cells occurs within the subiculum (Blumcke et al., 2002; Dawodu and Thom, 2005;
Gloor, 1997). In spite of these findings, evidence from in vitro investigations strongly
suggests that the subiculum may be involved in the initiation and spread of seizures.
For example, various studies have demonstrated that under conditions of increased
excitation (Mg2+-free medium; NMDA) or reduced inhibition (picrotoxin), the
subiculum is capable of generating robust interictal discharges that can initiate
anywhere within the structure and spread to adjacent areas (Behr and Heinemann,
1996; Harris and Stewart, 2001). These reports have suggested that both the recurrent
excitatory connections coupling subicular cells as well as the presence of intrinsically
bursting pyramidal neurons within this structure may serve to amplify signals and
synchronize neuronal networks into generating electrographic activity (Behr and
Heinemann, 1996; Harris and Stewart, 2001). Recently, an enquiry into the

contribution of different subicular neurons to the generation of epileptiform activity in
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vitro revealed that whilst intrinsic bursters had the lowest firing threshold and
appeared to initiate focal epileptic activity, local interneurons on the other hand were

responsible for preventing this activity from becoming widespread (Menendez de la
Prida and Gal, 2004).

Further evidence for the possible role of the subiculum in epileptogenesis
stems from chronic animal models of MTLE demonstrating that despite the absence of
neuronal loss, persistent alterations occur in both the intrinsic as well as network
properties of principal neurons. Recent investigations assessing changes in the
population of intrinsic bursters in the pilocarpine-treated subiculum indicate an
increase (Wellmer et al., 2002), a reduction (Knopp et al., 2005) and no alterations in
these subicular subtypes (de Guzman et al., submitted). However, synchronous
subicular network hyperexcitability and enhanced sensitivity has been reported within
the epileptic subiculum despite the population reduction of intrinsic bursters (Knopp et
al., 2005; de Guzman et al., submitted). The hyperexcitable network interactions of the
epileptic subiculum have also been attributed to a reduction in specific interneuronal
subpopulations (van Vliet et al., 2004; de Guzman et al., submitted) and increased
presynaptic sprouting (de Guzman et al., submitted). Furthermore, reduced expression
of the KCC2 cotransporter in the subiculum of chronically epileptic animal tissue has
also been suggested to account for the excitatory actions of GABA within this

structure (de Guzman et al., submitted).

In parallel with the findings obtained from chronic animal models, recent in
vitro studies in human epileptic tissue have demonstrated the presence of spontaneous
interictal activity originating within the subiculum and spreading to adjacent
hippocampal regions (Cohen et al., 2002; Wozny et al., 2003). Both pyramidal cells as
well as interneurons were found to contribute to this electrographic activity, which
upon further examination appeared to arise from perturbations in GABA, receptor
mediated signalling (Cohen et al.,, 2002). Furthermore, decreased sensitivity of
GABA, receptors to their ligand (Palma et al., 2005) and enhanced Na'-persistent
currents (Vreugdenhil et al., 2004) have also been identified in subicular cells of

epileptic patients.
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Altogether, increasing evidence is pointing towards an important role for the
subiculum in the process of epileptogenesis. These findings are highly significant
considering that the subiculum is strategically placed as the major output structure of
the hippocampus and can thus possibly serve not only to initiate seizures, but also to

amplify and relay this aberrant brain activity to other limbic and extralimbic

structures.

0.6.2 Amygdala: Role of the Basolateral Complex in TLE

The amygdala, also referred to as the ‘amygdaloid complex’, is an almond-shaped
structure located in the deep, anteromedial part of the temporal lobe. It is divided into
various nuclei and cortical areas that differ from one another not only in their
cytoarchitectonic and chemoarchitectonic constitution but also in their connectivity
with other brain areas (Pitkanen et al., 1997, 2000a; Sims and Williams, 1990;
Swanson and Petrovich, 1998). Typically, the amygdala can be divided into three main
regions that include the basolateral complex, the cortical region, and the centromedial
area, each of which can be further subdivided into various nuclei (Sims and Williams,
1990; Swanson and Petrovich, 1998). The basolateral complex for example is
composed of three distinct structures namely the basal, lateral and accessory basal

nuclei (Braak and Braak, 1983; Sims and Williams, 1990).

Recent studies carried out in humans have illustrated that the amygdala plays a
crucial role not only in determining the emotional significance of sensory stimuli, but
also in fear conditioning and emotional learning (Adolphs et al., 1994; LeDoux, 2000;
Morris et al., 1996; Scott et al., 1997; Wilensky et al., 2000). The amygdala has also
been implicated in a variety of brain disorders including Alzheimer’s disease (Mori et
al., 1999). Moreover, a large body of evidence suggests that the amygdala is a critical
component of the hyperexcitable neuronal networks in TLE patients, where it is often

the primary focus of seizure activity (Gloor 1992, 1997; Pitkanen et al., 1998; van Elst
et al., 2000).

Extensive MRI studies have provided some insight into the importance of the
amygdala in epilepsy by demonstrating unilateral or bilateral reductions in amygdalar

volumes both in MTLE patients suffering from chronic epilepsy as well as in
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individuals with a recent history of SE (Bernasconi et al., 2003; Bronen et al., 1995;
Cendes et al., 1993; Pitkanen et al., 1998). Although in TLE patients this damage is
commonly associated with AHS, isolated amygdalar pathology has also been detected
in approximately 10% of patients who, interestingly, tend to present with more
widespread EEG abnormalities and a greater predisposition for their seizures to
become generalized (Gambardella et al., 1995; Hudson et al., 1993; Miller et al., 1994;
Van Paesschen et al., 1996; Yilmazer-Hanke et al., 2000). Histochemistry of resected
human epileptic tissue reveals that not all amygdalar nuclei are equally damaged but
that the ventral regions of the amygdala, specifically the lateral and basal nuclei, are
the most vulnerable to injury (Hudson et al., 1993; Miller et al., 1994; Pitkanen et al.,
1998; Yilmazer-Hanke et al., 2000). Assessment of these nuclei discloses in addition
to neuronal loss and gliosis the presence of synaptic alterations in the form of

decreased dendritic branching of surviving cells also occurs (Aliashkevich et al.,

2003).

Due to the overwhelming body of clinical evidence implicating the amygdala
in the initiation and spread of limbic seizures, various studies have sought to identify
the cellular and network mechanisms underlying the role of this structure in
epileptogenesis. Earlier studies have shown that the amygdala has a low threshold for
kindling (Goddard et al., 1969). In addition, in vitro investigations have demonstrated
that in the presence of convulsive agents synaptic recruitment of amygdalar neurons
via both excitatory and inhibitory mechanisms endows it with the ability to generate
epileptic discharges and participate in epileptiform synchronization of limbic networks
(Gean, 1990; Gean and Shinnick-Gallagher, 1988; Kleuva et al., 2003; Stoop and
Pralong, 2000).

Neuropathological assessment of chronically epileptic animals has confirmed
that damage to the amygdala is nucleus-specific and that some nuclei, specifically
those of the basolateral complex, are more susceptible to injury than others (Nissinen
et al.,, 2000; Tuunanen et al., 1996). Analogous to the pattern of damage observed in
humans, loss of principal cells as well as decreased density of specific interneuronal

populations has been documented in the lateral and basal amygdalar nuclei of
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chronically epileptic animal tissue (Callahan et al., 1991; Tuunanen et al., 1996,
1997). Furthermore, combined MRI and histological studies carried out in pilocarpine-
treated rodents have demonstrated that damage within the amygdala occurs at a much

earlier time point in the disease process, shortly after SE (Roch et al., 2002a,b).

Further insight into the role of the amygdala in epileptogenesis stems from
electrophysiological evaluation of chronically epileptic animal tissue demonstrating
the presence of spontaneous bursting activity within the basal nucleus (Gean et al.,
1989; Shoji et al., 1998). These studies, carried out in the lateral subdivision of the
basal nucleus (i.e. the basolateral nucleus or BLA), have identified various
mechanisms to account for neuronal network hyperexcitability including loss of
spontaneously-occurring inhibitory postsynaptic potentials (IPSPs); loss of
feedforward inhibition, as well as enhanced NMDA- and non-NMDA mediated
excitation (Gean et al., 1989; Mangan et al., 2000; Rainnie et al., 1992; Shoji et al.,
1998; Smith and Dudek, 1997). Unlike the BLA, electrophysiological assessment of
the lateral nucleus (LA) in chronic animal models of TLE has been sparse (Niittykoski
et al.,, 2004). Recently, a decrease in excitatory transmission, probably due to a
decrease in glutamate release or neurodegeneration, has been reported within this

nucleus in epileptic rodents (Niittykoski et al., 2004).

In conclusion, evidence from both human and experimental epilepsy suggests
that synaptic alterations within the basolateral complex, specifically in the lateral and
basal nuclei, render this amygdalar region hyperexcitable. These findings are
increasingly relevant to understanding the role of the amygdala in the initiation and
spread of seizures since the basolateral complex is densely interconnected with the
hippocampus and parahippocampal cortices, structures that are highly implicated in

TLE (Du et al, 1993; Pikkarainen and Pitkanen, 2001; Pitkanen et al., 1995, 2000b).

0.6.3 Perirhinal Cortex: Evidence for its Role in TLE

The perirhinal cortex (PC) is a parahippocampal structure that lies lateral to the rhinal
fissure and has been established to play a crucial role in the limbic memory system
(Buckley, 2005). It consists of two cytoarchitectonically distinct regions (areas 35 and

36) that receive prominent projections from both polymodal and unimodal cortices and



25

are also extensively interconnected with the hippocampus (via the lateral EC) and the
amygdaloid complex (via the LA) (Burwell and Witter, 2002; Suzuki and Amaral,
1994a,b).

Despite the fact that MRI volumetric reductions occur within the PC of TLE
patients (Bernasconi et al., 2000, 2003; Keller et al., 2004), the majority of evidence
for the possible role of this structure in epilepsy stems from kindling studies. These
claborate investigations have demonstrated that both in vitro and in vivo, PC kindling
occurs much faster and results in an earlier generalization of seizures than kindling of
the amygdala, hippocampus and piriform cortex (McIntyre et al., 1993; McIntyre and
Plant, 1989, 1993). Moreover, in addition to it being the most easily kindled structure
within the mammalian forebrain, a pivotal role for the PC in the generalization of
seizures has also been presented. For example, whereas local application of an NMDA
receptor antagonist to the PC/insular cortex has been demonstrated to block amygdala-
kindled seizures in rats (Holmes et al., 1992), lesional studies on the other hand have
suggested that the PC is required for the generation of hippocampal motor seizures

(Kelly and McIntyre, 1996; McIntyre and Kelly, 2000).

Further evidence implicating the PC in epileptogenesis arises from recent in
vitro electrophysiological investigations carried out in combined hippocampal-
parahippocampal slice preparations illustrating that the PC is capable of generating
periodic oscillatory activity that depends on ionotropic glutamatergic receptors,
GABAergic receptors and gap junctions (Kano et al., 2005). Furthermore, exposure of
these brain slices to convulsive agents has been shown to induce seizure-like
discharges that are more likely to initiate within the PC than within adjacent structures

such as the EC and amygdala (de Guzman et al., 2004; Kleuva et al., 2003).

Despite these findings, extensive histological and electrophysiological
assessment of the PC in chronically epileptic animals is still lacking. Although damage
to the deep PC has been documented in pilocarpine-treated rodents (Covolan and
Mello, 2000) the implications of these alterations to PC network excitability and

ultimately to limbic network synchronization still needs to be determined.
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0.7 Specific Objectives of Dissertation

The studies described herein employed the acute 4AP (Chapters I, 2 and 3) and
chronic pilocarpine (Chapters 1, 4 and 5) models of limbic seizures and were
performed in combined horizontal slice preparations obtained mostly from rat tissue
(except Chapter 1). Throughout the thesis, my work has centred around understanding
the contribution of the subiculum, the amygdala (specifically the BLA and LA nuclei)
and the PC to epileptogenesis. As mentioned previously, my investigations have

particularly focused on assessing GABAergic signalling within these structures.

The specific questions addressed in my thesis are as follows: (1) Does an initial
seizure-induced cell damage lead to decreased hippocampal output and increased EC
ictogenecity in pilocarpine-treated mice? (Chapter 1) (2) Does the subiculum sustain
EC hyperexcitability in epileptic mice through the temporoammonic pathway?
(Chapter 1) (3) Can the subiculum gate hippocampal output activity? (Chapter 2) (4)
Do GABAergic circuits within the subiculum play a role in its gating function?
(Chapter 2) (5) What is the contribution of BLA/LA networks to 4AP-induced
epileptiform synchronization in the combined slice preparation? (Chapter 3) (6) Do
changes in inhibitory mechanisms within the LA and PC contribute to
hyperexcitability of these structures in pilocarpine-treated rats? (Chapters 4 and 5) (7)
Are LA-PC interactions altered in epileptic rats? (Chapter 5).

0.8 Functional Implications

The motivation behind the studies presented in this dissertation stems from the reality
that despite the wealth of knowledge that has been acquired in the past few decades,
the mechanisms underlying TLE remain to date elusive. By exploring limbic
structures other than the extensively-studied hippocampus, my PhD studies will
hopefully provide new answers that might not only deepen our current understanding
of how neuronal network interactions contribute to epileptogenesis but also ultimately

lead to improved medical treatments for patients with intractable TLE.
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Chapter 1: Alterations in Limbic Network Interactions in a Mouse

Model of Temporal Lobe Epilepsy

1.0 Linking Text & Information about publication

Previous investigations carried out in our laboratory using acute convulsant models
strongly suggest that CA3-driven interictal activity exerts an important control over
the propensity of the entorhinal cortex (EC) to generate ictal discharges (Avoli and
Barbarosie, 1999; Barbarosie and Avoli, 1997; Barbarosie et al., 2002). These mouse
studies have demonstrated that cutting the Schaffer collaterals to surgically isolate the
EC from the hippocampus and in turn mimic the CA3/CAl cell loss observed in
human mesial temporal lobe sclerosis (MTS) results in two important observations: (i)
increased EC ictogenesis; and (ii) enhanced activation of monosynaptic inputs from
EC layer III to CAl/subiculum i.e. the temporammonic pathway (Avoli and

Barbarosie, 1999; Barbarosie and Avoli, 1997; Barbarosie et al., 2000, 2002).

These findings led to the present study which was aimed at investigating
whether the limbic network interactions established with the use of acute convulsant
models could be reproduced in chronically epileptic mice. Specifically, the purpose of
this investigation was to use the pilocarpine-treated mouse model of limbic seizures to
determine whether neuronal loss in the hippocampus proper could potentially result in
(1) a decreased control exerted by hippocampal outputs on the excitability of the EC;
and (1) increased activation of the temporoammonic pathway. The results of this study
were published in the Journal of Neurophysiology in 2002 as a rapid communication
entitled “Limbic network interactions leading to hyperexcitability in a model of
temporal lobe epilepsy” (Authors: D'Antuono M, Benini R, Biagini G, D'Arcangelo
G, Barbarosie M, Tancredi V and Avoli M). Permission granted by the journal to

reproduce the contents of this manuscript can be found in Appendix A.

1.1 Abstract
In mouse brain slices that contain reciprocally connected hippocampus and entorhinal
cortex (EC) networks, CA3 outputs control the EC propensity to generate

experimentally induced ictal-like discharges resembling electrographic seizures.
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Neuronal damage in limbic areas, such as CA3 and dentate hilus, occurs in patients
with temporal lobe epilepsy and in animal models (e.g., pilocarpine- or kainate-treated
rodents) mimicking this epileptic disorder. Hence, hippocampal damage in epileptic
mice may lead to decreased CA3 output function that in turn would allow EC
networks to generate ictal-like events. Here we tested this hypothesis and found that
CA3-driven interictal discharges induced by 4-aminopyridine (4AP, 50uM) in
hippocampus-EC slices from mice injected with pilocarpine 13-22 days earlier have a
lower frequency than in age-matched control slices. Moreover, EC-driven ictal-like
discharges in pilocarpine-treated slices occur throughout the experiment (<6 h) and
spread to the CAl/subicular area via the temporoammonic path; in contrast, they
disappear in control slices within 2 h of 4AP application and propagate via the
trisynaptic hippocampal circuit. Thus, different network interactions within the
hippocampus-EC loop characterize control and pilocarpine-treated slices maintained
in vitro. We propose that these functional changes, which are presumably caused by
seizure-induced cell damage, lead to seizures in vivo. This process is facilitated by a
decreased control of EC excitability by hippocampal outputs and possibly sustained by
the reverberant activity between EC and CA1/subiculum networks that are excited via

the temporoammonic path.

1.2 Introduction

Application of 4-aminopyridine (4AP) or Mg**-free medium to combined
hippocampus-entorhinal cortex (EC) slices obtained from rodents induces ictal-like
(thereafter termed ictal) epileptiform discharges that originate in EC and propagate to
the hippocampus, as well as interictal activity initiating in CA3 (Avoli et al., 1996;
Barbarosie and Avoli, 1997; Dreier and Heinemann, 1991; Wilson et al., 1988). CA3-
driven interictal activity exerts an unexpected control on the EC propensity to generate
ictal discharges. Accordingly, 1) interictal discharges occur throughout the
experiment, but ictal activity disappears within 1-2 h; and 2) Schaffer collateral cut
abolishes interictal activity in EC while making ictal discharge reappear in this

structure (Barbarosie and Avoli, 1997).
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Patients suffering from temporal lobe epilepsy present seizures involving the
temporal cortex and limbic structures such as the hippocampus and the EC. These
patients can manifest a pattern of brain damage (termed mesial temporal sclerosis)
characterized by cell loss in CA3 and CALl subfields and in the dentate hilus (Wieser
et al., 1993). A similar pattern of brain damage is reproduced in laboratory animals by
injecting kainic acid (Ben-Ari, 1985) or pilocarpine (Cavalheiro et al., 1996; Liu et al.,
1994; Turski et al., 1984) that induces an initial status epilepticus followed 2-3 wk

later by recurrent, limbic-type seizures.

Limbic network hyperexcitability in temporal lobe epileptic patients and in
animal models mimicking this disorder may result from seizure-induced hippocampal
damage leading to synaptic reorganization such as mossy fiber sprouting (Cavazos et
al., 1991; Houser et al., 1990; Sutula et al., 1989). However, recurrent limbic seizures
can occur in pilocarpine-treated rats when mossy fiber sprouting (but not neuronal
damage) is abolished by inhibiting protein synthesis (Longo and Mello, 1997, 1998),
thus suggesting that cell loss alone may cause a chronic epileptic condition. Since
hippocampal output activity controls the EC propensity to generate electrographic
seizures in control mouse slices (Barbarosie and Avoli, 1997), we predicted that a
decrease in hippocampal network activity due to cell damage may lead per se to a
chronic epileptic condition in pilocarpine-treated animals and perhaps in patients with
temporal lobe epilepsy. Here, we tested this hypothesis by comparing the epileptiform
patterns induced by 4AP in hippocampus-EC slices obtained from pilocarpine-treated

and age-matched mice.

1.3 Method

Twenty-two CD-1 mice (29-42 days old) were used in this study. The procedures for
injecting animals (n=12) with pilocarpine were similar to those used in our
laboratories with rats (Liu et al., 1994). To prevent discomfort caused by stimulation
of peripheral muscarinic receptors by pilocarpine (60-100 mg/kg), mice were
pretreated with subcutaneous scopolamine methylnitrate (1 mg/kg). The animals'
behavior was monitored <4 h after pilocarpine and scored according to Racine's

classification (Racine et al.,, 1972b). Slices defined as "pilocarpine-treated” were
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obtained 13-24 days following pilocarpine injection from mice with a behavioral
response classified as stage 6 (i.e., tonic-clonic seizures occurring for >1 h). Control
slices were obtained from age-matched mice. Animals were decapitated under
halothane anesthesia; their brains were removed and placed in cold oxygenated
artificial cerebrospinal fluid (ACSF) (Barbarosie and Avoli, 1997). Horizontal,
hippocampus-EC slices (500pum thick) were cut with a vibratome and transferred to a
tissue chamber where they lay between oxygenated ACSF and humidified gas (95%
02-5% CO,) at 32-34°C. ACSF composition was as follows (mM): 124 NaCl, 2 KCI,
1.25 KHyPOy4, 2 MgSO04, 2 CaCly, 26 NaHCOs, and 10 glucose. 4AP (50 uM) was
bath applied. Chemicals were acquired from Sigma.

Field potential recordings were made with ACSF-filled glass pipettes (tip
diameter <10 pum; resistance <5-10 MQ) positioned in EC, dentate gyrus, CA3 or
CAl, and/or the subiculum. Signals were fed to high-impedance DC amplifiers and
displayed on a Gould pen recorder. Field potential profiles of the ictal discharges
recorded in the CAl/subiculum were performed with two recording electrodes. One
electrode was maintained at a fixed position, while the other was moved in 100 pm
stepwise increments along an axis normal to the alveus. Signals from the fixed
electrode were used for temporal alignment of the field potentials obtained with the
moving electrode. Field potential amplitudes at different latencies from the
epileptiform discharge onset were calculated by averaging two to four events and
plotted in a bidimensional fashion (i.e., amplitude versus space). In any given
experiment, this type of analysis was restricted to ictal events that had similar
electrographic characteristics (e.g., duration >20 s) when recorded from the fixed
electrode. Time delays for discharge onset in different areas of the slice were
calculated by taking as reference the first deflection from the baseline in expanded
traces. Electrophysiological measurements are expressed as mean = SD and n
represents the number of slices studied. Data were compared with the Student's t-test
or the analysis of variance (ANOVA) test and were considered significantly different

if p < 0.05.
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At the end of the experiments, some slices were fixed in 4%
paraformaldehyde/100 mM phosphate-buffered solution overnight at 4°C and then
rinsed several times in 15and 30% sucrose-phosphate-buffered solutions for
cryoprotection, and frozen at -80°C. Slices were cut with a cryostat into 14 pm thick
sections and processed for Nissl staining. A blinded collaborator assessed the presence
of tissue damage in various hippocampal regions. In pilocarpine-treated slices
processed for histology (n = 7), we found a decrease of total neuron number that
ranged 36-56 and 63-80% of controls in the CA1 and CA3 area, respectively. These
data are in line with previous studies of the effects of ip pilocarpine in albino mice

(Cavalheiro et al., 1996; Turski et al., 1984).

1.4 Results
Bath application of 4AP (50 uM) to combined hippocampus-EC slices (n = 8)
obtained from control mice induced brief, interictal events at 0.5-1.1 Hz and prolonged
ictal discharges with intervals of occurrence ranging 50-160 s. These two types of
epileptiform activity were recorded in hippocampus and EC after 20-30 min of 4AP
application (Fig. 1-1A). Time delay measurements and pathway cutting demonstrated
that the interictal discharges originated in CA3 (Fig. 1-1A, inset), while the ictal
events initiated in the EC (Barbarosie and Avoli, 1997). Moreover, ictal discharges
disappeared in control slices within about 2 h of continuous 4AP application, while the
interictal activity occurred throughout the experiment (Fig. 1-1, A and F).
Hippocampus-EC slices (n = 17) from pilocarpine-treated mice also responded
to 4AP application by generating interictal and ictal discharges (Fig. 1-1B). However,
the interictal activity observed in these experiments had a lower rate of occurrence and
a longer duration than in control slices (Fig. 1-1, B, D, and E). Moreover, ictal
discharges generated by pilocarpine-treated slices continued to occur throughout the
experiment (<6 h). Thus, the percentage of slices generating ictal discharges at
different times of 4AP application was different when analyzed in control and
pilocarpine-treated slices (Fig. 1-1F). As reported in control slices (Barbarosie and
Avoli, 1997), ictal discharges in pilocarpine-treated slices initiated in EC (Fig. 1-1C).

Next, we analyzed the modalities of propagation of the interictal and ictal



32

discharges induced by 4AP in slices obtained from control and pilocarpine-treated
mice. This was done by simultaneously recording the field potential activity in the EC,
the dentate gyrus, and either the CA3 or the CAl/subiculum. The epileptiform activity
occurring in control slices (n = 5) at the beginning of the experiment propagated as
previously reported (Barbarosie and Avoli, 1997; Barbarosie et al., 2000). Namely,
CA3-driven interictal discharges appeared to spread successively to CA1l, subiculum,
and EC from where they presumably re-entered the hippocampus via the perforant
path (Fig. 1-2, A and C) (cf. Paré et al., 1992). Ictal discharges initiated in EC and
propagated to the hippocampus through the perforant path with onset delays,
suggesting the involvement of the classic trisynaptic hippocampal circuit (Fig. 1-2, A
and D). CA3-driven interictal discharges in pilocarpine-treated slices (n = 10) also
propagated to EC via the CAl-subiculum and re-entered the hippocampus via the
perforant path (Fig. 1-2, B and C). In these experiments, however, ictal discharges
initiating in EC were recorded in the dentate gyrus, CAl, and subiculum with similar
time delays (Fig. 1-2, B and D). Hence, they presumably spread from the EC to the

CAl/subiculum via the temporoammonic path.

Temporoammonic inputs to CA1/subicular neurons are localized more apically
than those provided by the Schaffer collateral system (Soltesz and Jones, 1995).
Therefore, we analyzed the depth profile characteristics of the ictal discharges
recorded in the subiculum of control (n=5) and pilocarpine-treated slices (n=4). In
both types of tissue, the steady shift associated with the ictal discharge was positive-
going at or near the alveus, inverted in polarity when the electrode was moved toward
the depth, and increased in amplitude as the electrode was further lowered toward the
dentate upper blade (Fig. 1-3B). However, in pilocarpine-treated slices, it displayed
maximal negative values at sites that were deeper (and thus more apical) than in
control slices. Moreover, the peak-to-peak amplitude of the population spikes
occurring during the ictal discharge attained maximal amplitude at approximately
500 and 700 pm in control and pilocarpine-treated slices, respectively. The depth-
profile data obtained from three control and four pilocarpine-treated slices are

summarized in Fig. 1-3, C and D.
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1.5 Discussion

Hippocampal cell loss is found in patients with temporal lobe epilepsy (Wieser et al.,
1993) and in laboratory animals treated with convulsants such as kainic acid (Ben Ari,
1985) or pilocarpine (Liu et al., 1994; Turski et al., 1983, 1984). The neuronal damage
induced by the initial status epilepticus leads to sprouting along with synaptic
reorganization (Cavazos et al., 1991; Gorter et al., 2001; Houser et al., 1990; Sutula et
al., 1989). In addition, structural and functional impairment of GABA-mediated
inhibition has been documented in these animal models (Doherty and Dingledine,
2001; Fountain et al., 1998; Gorter et al., 2001; Williams et al., 1993). However, it is

unclear how these changes in network function produce a chronic epileptic condition.

Previous work performed in nonepileptic mouse hippocampus-EC slices has
revealed that CA3-driven interictal activity controls the expression of ictal discharges
in the EC, presumably by perturbing the ability of EC networks to reverberate
(Barbarosie and Avoli, 1997). Here, we have found that CA3-driven interictal activity
in pilocarpine-treated slices occurs at lower rates than in control tissue and that EC-
driven ictal discharges persist throughout the experiment. Hence, we are inclined to
propose that the cell damage and synapse loss seen in the CA3/CAl areas of
pilocarpine-treated slices (Cavalheiro et al., 1996; Turski et al., 1984), by reducing
hippocampal output activity, may release its control on EC network excitability. In
line with this view, similar data are obtained in control mouse slices by cutting the
Schaffer collateral, a procedure that prevents CA3-driven interictal discharges from
reaching the CAl/subiculum and thus from activating the EC (Barbarosie and Avoli,
1997).

We have also found that in intact, pilocarpine-treated slices the spread of ictal
discharges from the EC to the CAl-subiculum occurs through the temporoammonic
path (cf. Soltesz and Jones, 1995). In contrast, in control slices, this activity
propagated to the CA1 through the classic trisynaptic circuit (cf. Paré et al., 1992).
This conclusion is supported by the depth profile analysis of the ictal discharges
recorded in the subiculum of control and pilocarpine-treated mice. We have previously

shown in nonepileptic mouse slices that the temporoammonic path becomes involved
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in the propagation of 4AP-induced ictal discharges after cutting the Schaffer collateral
and thus after blocking the activation of CA1l and subicular networks (Barbarosie et
al., 2000). Under normal conditions, depressing synaptic transmission between CA3
and CAl makes the temporoammonic projection from the EC to CAl operative
(Maccaferri and McBain, 1995). In pilocarpine-treated tissue, this effect may also be
contributed by a use-dependent reduction of the excitatory drive onto interneurons
(Doherty and Dingledine, 2001). The functional consequence of this change in
modality of propagation is that the ictal activity originating in the EC short-circuits the
trisynaptic hippocampal route and thus can monosynaptically activate CAl and
subicular neurons, thus ensuring a high-fidelity synaptic transfer that increases
epileptiform synchronization. Indeed, it may be hypothesized that in the pilocarpine-

treated brain, subicular networks play a unique role in sustaining limbic seizures.

In conclusion, we have identified some differences in the way(s) limbic
networks obtained from pilocarpine-treated and age-matched control mice interact in
vitro during 4AP application. Our data provide some novel explanations for why
pilocarpine-treated mice, and perhaps temporal lobe epilepsy patients, are susceptible
to generating seizures in vivo. In particular, our findings emphasize the role played by
cell loss in temporal lobe epilepsy that may hamper the control of EC excitability and

also make the temporoammonic path operative.
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1.6 Figures

Figure 1-1:

4-Aminopyridine (4AP)-induced epileptiform activities in control and
pilocarpine-treated mouse hippocampus-entorhinal cortex (EC) slices. A: During
the first hour of 4AP application, control slices generate spontaneous interictal and
ictal discharges in CA3 and in EC. After 2h of 4AP treatment, the ictal discharges are
no longer recorded, while the interictal activity continues to occur. Note in the inset
that the interictal discharge recorded during the first hour starts in CA3 and spreads to
the EC with a 75 ms latency. B: Similar experiment performed in a slice obtained from
a pilocarpine-treated mouse. In this experiment as well both interictal and ictal
discharges occur in CA3 and in EC. However, the interictal activity, which also
initiates in CA3 and propagates to the EC with a 70 ms delay (inset), has a lower rate
of occurrence and a longer duration than in the control slices. Note also that ictal
discharges continue to occur after 2h of 4AP application. C: Expanded interictal-ictal
discharge recorded in a pilocarpine-treated slice shows that the ictal event initiates in
EC and propagates to CA3 with a 90 ms latency. D and E: Duration and rate of
occurrence of interictal and ictal discharges in control (n=10) and pilocarpine-treated
(n=11) slices. Values that were significantly different (P<0.05) are indicated by the
asterisks. F: Percentage of slices generating ictal discharges at different times of 4AP
application in control and pilocarpine-treated slices. Values were obtained from 6, 5,
and 4 control slices for the periods of 1, 2-3, and 4-5 h, respectively, as well as from 8,

7, and 6 pilocarpine-treated slices for the periods of 1-3, 4, and S h, respectively.
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Figure 1-2:

Propagation modalities of the 4AP-induced epileptiform activities in control and
pilocarpine-treated slices. A: Simultaneous field potential recordings obtained from
EC, dentate gyrus (DG), and CA1 in a control slice after 45 min of 4AP application.
Both here and in B, the expanded traces in the bottom were triggered from the initial
deflection seen in CA1l and in EC during the interictal and ictal discharge shown on
the top recording. In this experiment, the differences in time onset suggest that
interictal discharges occur first in CA1 and later spread to EC and DG, while the ictal
discharges initiate in EC and spread successively to DG and to CAl. B: Similar
experimental protocol performed in pilocarpine-treated slices. Note that in this
experiment as well the interictal discharge is first seen in CAl and propagates to the
EC to re-enter the hippocampus via the perforant path. However, the ictal discharge
initiating in EC appears in DG and in the CA1 with similar onset latencies. C and D:
quantitative summary of the differences in time onset of interictal (C) and ictal (D)
events recorded in different areas of control (n = 5) and pilocarpine-treated (n = 7).
Note that the time lags between EC and CAl or subiculum (SUB) for the ictal

discharges are shorter in the pilocarpine-treated slices.
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Figure 1-3:

Depth profile characteristics of the field potentials associated with the ictal
discharges recorded in the CAl/subicular area of control and pilocarpine-treated
slices. A: Schematic representation of the experimental procedure indicating the area
where recordings were obtained with two microelectrodes: one was maintained at a
fixed position, while the other was moved in 100 um stepwise increments along an
axis normal to the pial aspect of the subiculum. B: Field potential recordings obtained
at different depths in control and pilocarpine-treated slices. Depth values were
measured relative to the pia and are indicated on the left of each sample. Asterisks
indicate the recording obtained from the stationary electrode in each of the two
experiments. C and D: Depth distribution of the amplitudes of the fast events and of
the DC shifts associated with the ictal discharges in control (n = 3) and pilocarpine-
treated slices (n = 4). Values were grouped in increments of 100 pm. Note that the
amplitudes of the fast transients in pilocarpine-treated slices attain maximal values at
depths that are greater than control slices (P < 0.05). A similar pattern of distribution

is also evident for the DC shift negative values.
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Chapter 2: Investigating the Role of the Subiculum as a Gater of
Hippocampal Output Activity

2.0 Linking Text & Information about publication

In the previous chapter, evidence from mouse epileptic tissue strongly suggested that
the subiculum contributes to limbic seizure generation in vitro by sustaining
reverberant interactions with the EC. These findings, together with observations made
by other investigators, indicate that the subiculum plays an active role in TLE (Behr

and Heinemann, 1996; Cohen et al., 2002; Wellmer et al., 2002; Wozny et al., 2003).

Elaborate anatomical data demonstrating that the subiculum is strategically
positioned as the major output structure of the hippocampus exist. Interestingly
however, an extensive search of the scientific literature revealed that no
electrophysiological studies had functionally assessed the role of the subiculum in
gating hippocampal output activity. Thus, in this study we sought to explore the role
of the subiculum as a network filter of hippocampal outputs using the 4AP model. In
addition, the contribution of local GABAergic circuits to this possible role was also
examined in detail. The results presented in this chapter were published in the Journal
of Physiology in 2005 in a manuscript entitled “Rat subicular networks gate
hippocampal output activity in an in vitro model of limbic seizures” (Authors: Benini
R and Avoli M). Permission granted by the journal to reproduce the contents of this

manuscript can be found in Appendix B.

2.1 Abstract

Evidence obtained from human epileptic tissue maintained in vitro indicates that the
subiculum may play a crucial role in initiating epileptiform discharges in patients with
mesial temporal lobe epilepsy. Hence, we used rat hippocampus-entorhinal cortex
(EC) slices to identify the role of subiculum in epileptiform synchronization during
bath application of 4-aminopyridine (4AP, 50 puM). In these slices, fast CA3-driven
interictal-like events were restricted to the hippocampal CA3/CA1 areas and failed to
propagate to the EC where slow interictal-like and ictal-like epileptiform discharges

were recorded. However, antagonizing GABA, receptors with picrotoxin (50 pM)

38
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made CA3-driven interictal activity to spread to EC. Sequential field potential analysis
along the CA3-CAl-subiculum axis revealed that the amplitude of CA3-driven
interictal discharges recorded in the presence of 4AP only diminished within the
subiculum. Furthermore, CA1 electrical stimulation under control conditions elicited
little or no subicular activation and never any response in EC; in contrast, robust
subicular discharges that spread to EC could be evoked after picrotoxin. Intracellular
recordings indicated that potentiation by picrotoxin was associated with blockade of
hyperpolarizing IPSPs in subicular cells. Finally, when surgically isolated from
adjacent structures, the subiculum generated low-amplitude synchronous discharges
that corresponded to an intracellular hyperpolarization-depolarization sequence, were
resistant to glutamatergic antagonists, and represented the activity of synchronized
interneuronal networks. Bath application of picrotoxin abolished these 4AP-induced
events and in their place robust network bursting occurred. In conclusion, our study
demonstrates that the subiculum plays a powerful gating role on hippocampal output
activity. This function depends on GABA, receptor-mediated inhibition and controls
hippocampal-parahippocampal interactions that are known to modulate limbic

seizures.

2.2 Introduction

Mesial temporal lobe epilepsy (MTLE) is one of the most common types of partial
epilepsy in humans (Wiebe, 2000). MRI images from MTLE patients are often
characterized by hippocampal atrophy which, upon histological examination, reveals
extensive neuronal loss and gliosis in the dentate hilus and CA3/CA1 areas along with
synaptic reorganization (Houser et al., 1990; Sutula et al., 1989). In addition, neuronal
damage in this epileptic disorder is seen in limbic areas such as the entorhinal cortex
(EC) and the amygdala (Du et al., 1993; Gloor, 1997; Houser, 1999; Pitkanen et al.,
1998; Yilmazer-Hanke et al., 2000). Histopathological analysis of human epileptic
tissue has also shown that subicular principal cells are relatively unaffected in MTLE
(Gloor, 1997). Nevertheless, the absence of neuronal loss in the subiculum does not
exclude the possibility that this area may play an active role in MTLE. Indeed, recent

studies in both human (Cohen et al., 2002; Wozny et al., 2003) and animal (Behr and



40

Heineman, 1996; D’Antuono et al,, 2002; Wellmer et al., 2002) epileptic tissue
suggest that cellular and synaptic reorganization in the subiculum contributes to limbic

seizure generation.

The subiculum holds a strategic position within the limbic system. Not only
does it serve as the major output structure of the hippocampus, getting extensive
projections from the CAl hippocampal region (Finch and Babb, 1981; Witter et al.,
1989), but it also projects to various limbic and extralimbic areas including EC layers
IV and V (Swanson and Cowan, 1977; Witter et al., 1989), perirhinal cortex (Deacon
et al.,, 1983; Swanson et al., 1978), amygdala (Canteras and Swanson, 1992) and
thalamus (Canteras and Swanson, 1992; Witter et al., 1990) (see for review O’Mara et
al.,, 2001). In this study, we sought to identify the role played by the subiculum in
intralimbic synchronization using the 4-aminopyridine (4AP) in vitro model of limbic
seizures. Here, we report that GABA, receptor-mediated mechanisms confer the
subiculum with the ability to gate hippocampal output activity, and thus to dictate the

interactions between hippocampal and parahippocampal neuronal networks.

2.3 Methods

Male, adult Sprague-Dawley rats (150-200 g) were decapitated under halothane
anesthesia according to the procedures established by the Canadian Council of Animal
Care. The brain was quickly removed and a block of brain tissue containing the
retrohippocampal region was placed in cold (1-3 °C), oxygenated artificial
cerebrospinal fluid (ACSF). The brain’s dorsal side was cut along a horizontal plane
that was tilted by a 10° angle along a postero-superior-anteroinferior plane passing
between the lateral olfactory tract and the base of the brain stem (Avoli et al., 1996).
Horizontal slices (450-500 um) containing the EC and the hippocampus were cut from
this brain block using a vibratome. Subicular minislices were prepared from these
horizontal slices by using microknife cuts to isolate the subiculum from the other
hippocampal and parahippocampal structures (Fig. 2-7B). Slices were then transferred
into a tissue chamber where they lay at the interface between ACSF and humidified
gas (95% O,, 5% CO,) at a temperature of 34-35 °C and a pH of 7.4. ACSF
composition was (in mM): NaCl 124, KCI 2, KH,PO4 1.25, MgS0, 2, CaCl; 2,
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NaHCO; 26, and glucose 10. 4AP (50 pM), bicuculline methobromide (BMI, 10 pM),
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 pM), 3,3-(2-carboxypiperazin-4-
yl)-propyl-1-phosphonate (CPP, 10-30 pM), and picrotoxin (PTX, 50 uM) were
applied to the bath. Chemicals were acquired from Sigma (St. Louis, MO, USA) with
the exception of BMI, CNQX and CPP that were obtained from Tocris Cookson
(Ellisville, MO, USA).

Field potential recordings were made with ACSF-filled, glass pipettes
(resistance=2-10 MQ) that were connected to high-impedance amplifiers. The location
of the recording electrodes in the combined hippocampus-EC slice is shown in Fig. 2-
2A. Field responses were induced by applying single shock electrical stimuli (50-100
us; <200 pA) delivered through a bipolar, stainless steel electrode (Fig. 2-3A). Sharp-
electrode intracellular recordings were performed in the subiculum with pipettes that
were filled with 3M K-acetate (tip resistance= 70-120 MQ). Intracellular signals were
fed to a high-impedance amplifier with internal bridge circuit for intracellular current
injection. The resistance compensation was monitored throughout the experiment and
adjusted as required. The passive membrane properties of the subicular cells included
in this study were measured as follows: (i) resting membrane potential (RMP) after
cell withdrawal; (i1) apparent input resistance (Ri) from the maximum voltage change
in response to a hyperpolarizing current pulse (100-200 ms, <-0.5 nA); (iii) action
potential amplitude (APA) from the baseline and (iv) action potential duration (APD)
at half-amplitude. Intrinsic firing patterns of subicular cells were determined from
responses to depolarizing current pulses of 500-1000 ms duration. Three neuronal
types could be distinguished in this study: strong bursters, weak bursters and regular
firing (Staff et al., 2000). Since no differences were observed between these classes in
terms of their 4AP-induced activity, strong and weak intrinsic bursters were put
together in the “bursting” group (Fig. 2-5Ab) whilst regular firing cells were placed in
the “non-bursting” category (Fig. 2-6Ab). No fast spiking cells were ever recorded in
this study.

Field potential and intracellular signals were fed to a computer interface

(Digidata 1322A, Axon Instruments) and acquired and stored using the pClamp 9
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software (Axon Instruments). Subsequent analysis of these data was made with the
Clampfit 9 software (Axon Instruments). For time-delay measurements, the onset of
the field potential/intracellular signals was established as the time of the earliest
deflection of the baseline recording (e.g., insert traces in Fig. 2-1A and B).
Throughout this study we arbitrarily termed as “interictal” and “ictal” the synchronous
epileptiform events with durations shorter or longer than 2 s, respectively (cf., Traub
et al., 1996). Measurements in the text are expressed as mean + SD and n indicates the
number of slices or neurons studied under each specific protocol. Data were compared

with the Student's t-test and were considered statistically significant if p < 0.05.

2.4 Results

2.4.1 Epileptiform activity induced by 4AP in combined hippocampus-EC slices
As illustrated in Figs. 2-1A (Control (4AP)) and 2-2A, the hippocampus-EC slices (n=
110) included in this study responded to 4AP application by generating three types of
synchronous activities (cf., Avoli et al., 1996; Benini et al., 2003): (i) fast interictal
discharges (interval of occurrence= 1.6+0.7 s; duration 139+65 ms; n= 25) that were
restricted to the hippocampus proper (Fig. 2-1A, arrows); (ii) slow interictal events
that were recorded in both hippocampal and EC regions and could initiate anywhere in
the slice (interval of occurrence= 28+15 s; n= 25; Fig. 2-1A, asterisk) and (iii) long-
lasting ictal discharges (interval of occurrence= 236+117 s; duration 6456 s; n= 25)
that originated in EC and could propagate to the hippocampus via the perforant
pathway (Fig. 2-1A, bar). We termed these slices as functionally disconnected due to
the lack of epileptiform activity propagation from the hippocampus to the EC.

2.4.2 Involvement of GABA, receptors in the epileptiform activity induced by
4AP

Next, we superfused these slices with the GABA, receptor antagonist picrotoxin (50
uM) to establish the role of GABA, receptor-mediated mechanisms in 4AP-induced
epileptiform discharges. As shown in Fig. 2-1, picrotoxin application to these
functionally disconnected slices (n= 45) resulted in a dramatic change in the 4AP-
induced electrographic activity (Figs. 2-1 and 2-2). Exposure to this non-competitive

GABA, receptor antagonist triggered an initial ictal burst in the EC (Fig. 2-2B,
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+Picrotoxin) after which the activity was replaced by robust interictal discharges that
initiated in CA3 and propagated sequentially to CA1 and EC (expanded trace in the
insert of Fig. 2-1B, +Picrotoxin,). This phenomenon was reproduced with the
competitive GABA4 receptor antagonist BMI (10 pM, n= 4) thus suggesting that the
effect observed was indeed due to hindrance of GABA, receptor function.
Transformation of a functionally disconnected slice into one in which hippocampal-
driven epileptiform activity could propagate to the EC was fully reversible upon

washing out picrotoxin (n=6) for approx. 2 hr (not shown).

2.4.3 GABA, receptor antagonism potentiates interictal activity in the subiculum
of functionally disconnected slices

To gain a better understanding of how GABA, receptor antagonism in functionally
disconnected slices leads to synchronicity between hippocampus and EC, we analyzed
the 4AP-induced activity in neuronal networks along the CA3-CAl-subiculum axis
(n=14). This was achieved by obtaining simultaneous field potential recordings from
CA3 and EC with two fixed electrodes while a third electrode was moved sequentially
from the CA1-CA2 area towards the subiculum at the level of the stratum pyramidale.
We found in 6 of these experiments that the CA3-driven interictal events had similar
amplitudes up to the CAl-subiculum border (Fig. 2-2Ab, Control, +4AP) and then
decreased as the recording electrode was placed in subiculum (Fig. 2-2Ac, Control,
+4AP). Moreover, in the remaining experiments (n=8) interictal events were not
recorded during 4AP application in the subiculum concomitant with those seen in the

CA3 and CAl areas (Fig. 2-4A).

Following picrotoxin application (Fig. 2-2B, +Picrotoxin), there was a
potentiation in the amplitude of the epileptiform activity recorded within the
subiculum. Moreover, such augmentation always occurred prior to the establishment
of complete synchronization of the epileptiform activity between hippocampus and EC
(Fig. 2-2B, +Picrotoxin, middle insert). Quantitative analysis of the picrotoxin-
induced changes in field potential amplitudes in CA3, CAl and subiculum revealed
that the most drastic potentiation (314+163 %, n= 6) occurred within the last structure

whereas the least augmentation took place in CA3 (31+£8 %; n= 6) (Fig. 2-2C).
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2.4.4 Stimulation of hippocampal networks elicits response in EC only under

GABA receptor antagonism.

To explore further the propagation of hippocampal-driven activity to the EC, we
investigated the responses induced in the slice by focal electrical stimuli delivered in
CAl, subiculum and EC: (i) in the absence of convulsants (i.e., normal ACSF); (ii) in
the presence of 4AP and (iii) during application of 4AP + PTX (Fig. 2-3A, B and C,
respectively). In these experiments, three recording electrodes were placed in CAl
stratum pyramidale, subiculum and EC deep layers while a stimulating electrode was

used to sequentially activate each of these structures.

As expected, a local field response could be recorded in any of the stimulated
structures during application of normal ACSF (Fig. 2-3Aa-c, arrows); in addition, EC
stimulation could also elicit some responses in subiculum and CAl. Following 4AP
application (Fig. 2-3B), the local responses increased in amplitude and duration while
distant activation could be clearly identified when stimuli were delivered in subiculum
and EC (Fig. 2-3Bb and c, respectively); in contrast, as seen in normal medium, CAl
single shock stimuli (Fig. 2-3Ba) failed in eliciting subicular (n=12) or EC responses
(n=24). Finally, during concomitant application of 4AP and picrotoxin, electrical
stimuli delivered in any area of the slice induced robust epileptiform discharges in all
limbic structures (Fig. 2-3Ca-c, (4AP+PTX)). It should be emphasized that CAl
single-shock stimuli delivered during GABAa-receptor antagonism (Fig. 2-3Ca)
elicited an epileptiform response not only in subiculum, but also in EC (n=6).
Therefore, these observations suggest that GABA, receptor-mediated mechanisms
prevent the propagation of both stimulation- and 4AP-induced hippocampal activity to
the EC, thereby confirming that the functional disconnectivity between the
hippocampus proper and EC was not merely an artifact of the 4AP model itseif. In
addition, both the potentiation of subicular responses by picrotoxin and the subsequent
ability of hippocampal-driven discharges to propagate to the EC suggest that these

inhibitory restrictions are most likely at play in the subiculum itself.
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2.4.5 Picrotoxin-induced changes in connectivity do not require NMDA receptor
function

We also assessed whether NMDA receptors contributed to the changes in connectivity
seen during picrotoxin application. To this end we applied high concentrations of the
NMDA -receptor antagonist CPP to functionally disconnected slices. As shown 1n Fig.
2-4B (+30 uM CPP, n= 5) CPP abolished the 4AP-induced ictal events that initiated in
EC (Avoli et al, 1996; de Guzman et al.,, 2004). However, further addition of
picrotoxin could still cause an initial ictal event followed by interictal activity in all
areas of the slice (Fig. 2-4C, +30 uM CPP + 50 pM Picrotoxin). Furthermore, NMDA
receptor blockade did not avert the picrotoxin-induced potentiation of the interictal

activity or its appearance in the subiculum. (Fig. 2-4C; n=Y5).

2.4.6 Simultaneous field potential and intracellular recordings in the subiculum

The results obtained from the functionally disconnected slices during application of
medium containing only 4AP suggest that the subiculum plays a role in gating
hippocampal output activity. Furthermore, the ability of CA3-driven epileptiform
discharges to propagate to the EC during picrotoxin suggests that GABAergic
mechanisms in the subiculum might be involved in such a control. Hence, we recorded
intracellularly subicular cells along with field potential activity in CA3 and EC in the

presence of 4AP and following further addition of picrotoxin.

Two main modes of subicular activity were recorded from these slices during
4AP application. The first type was seen in 20 subicular cells and consisted of bursts
of action potentials that followed the interictal discharges recorded in CA3 with time
lags of 2149 ms (n=7) (Fig. 2-5). Electrophysiological characterization of these
neurons revealed that 9 out of 20 cells were intrinsic non-bursters (RMP= -62.9+7.2
mV, Ri= 66.4+16.3 MQ, APA= 93.5+13.3 mV, APD= 1.0+£0.2 ms; not shown) while
the remaining 11 cells (RMP= -63.4+7.0 mV, Ri= 60.9£15.6 MQ, APA= 94.5+6.8
mV, APD= 1.0£0.1 ms) discharged action potential bursts at the onset of an
intracellular depolarizing pulse (Fig. 2-5Ab). Application of picrotoxin to these slices
resulted in synchronous interictal discharges occurring in all areas. Furthermore,

expanded traces demonstrated that these intracellular events followed CA3 field
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activity and preceded that of the EC (Fig. 2-5B, Picrotoxin (late), insert). Intracellular
injection of depolarizing pulses indicated that picrotoxin did not modify the intrinsic

firing patterns of these cells (not shown).

In contrast, the second group of subicular cells (n=11) generated little or no
spontaneous action potential firing, while producing robust post-synaptic potentials
(PSPs) in association with the CA3-recorded interictal discharges (Fig. 2-6Aa, Control
(4AP)). These PSPs were usually predominated by a hyperpolarizing component (Fig.
2-6A, Control (4AP), arrows in the lower insert) with a reversal value of approx. -
71mV (not illustrated) suggesting that they were GABA, receptor mediated. In
addition, these neurons also generated large isolated hyperpolarizing potentials (Fig.
2-6A, Control (4AP), asterix in the lower insert) with a similar reversal potential.
Examination of the firing properties of these cells (Fig. 2-6Ab) revealed that 9 out of
11 were non-bursting elements (RMP= -67.7£5.1 mV, Ri= 57.2£14.3 MQ, APA=
99.2+5.4 mV, APD= 1.2+0.1 ms). Superfusion of these slices with picrotoxin
transformed the activity of these “silent” cells into synchronous burst firing (Fig. 2-
6Aa, Picrotoxin). Monitoring the evolution in the intracellular activity of these
neurons from the onset of picrotoxin application (Fig. 2-6Aa, Picrotoxin (transition))
until the complete synchronization between hippocampal areas and EC (Fig. 2-6Aa,
Picrotoxin, late) revealed a gradual decrease in the frequency of occurrence and the
eventual disappearance of the robust PSPs (Fig. 2-6Aa, Picrotoxin (transition) vs.
Picrotoxin (late)) along with the complete blockade of the isolated hyperpolarizing
potentials. As with the other group of subicular cells, the intrinsic firing patterns of

these neurons were not changed by picrotoxin (not shown).

2.4.7 Picrotoxin-induced potentiation in subicular activity is not due to upstream
effects

It has been well-documented that GABAergic circuits exert an important inhibitory
control over local networks within CA3/CAl; in addition, loss of this restrain via
GABA, receptor antagonism is sufficient to unmask polysynaptic glutamatergic
excitation within these structures (Miles and Wong, 1987; Miles et al., 1988). Hence,

it can be reasonably argued that the picrotoxin-induced potentiation of subicular
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activity observed in our experiments might arise from enhanced, upstream
hippocampal output rather than decreased gating within the subiculum. In order to
clarify this issue, bath application of picrotoxin was investigated in slices in which the
subiculum was isolated from CA3/CA1 by knife-cuts to the Schaffer collaterals (Fig.
2-7Aa). In this set of experiments, potentiation of subicular activity upon GABA4
receptor antagonism was observed to occur in spite of the cut (n=6, Fig. 2-7Ab,
+Picrotoxin). However, epileptiform discharges in this scenario appeared to initiate
sometimes in the subiculum (n=3 slices) and at other times in the EC (n=3 slices) (Fig.

2-7Ab, insert).

The potential gating role of subicular networks was further addressed in
isolated subicular minislices (Fig. 2-7B). In the presence of 4AP, low-amplitude
synchronous discharges (interval of occurrence= 142+107 s; 55-450 s; n= 18) were
observed to occur in all areas of the isolated subiculum and could initiate in the
proximal, middle or distal regions (Fig. 2-7Ba, Control (4AP)). Subsequent addition of
picrotoxin induced a drastic augmentation of activity in all subicular regions (n=13,
Fig. 2-7Ba, +Picrotoxin) thereby providing conclusive evidence that during 4AP
application subicular networks, both in the combined slice as well as the isolated

minislice preparations, are under tight GABA 4 receptor-mediated control.

2.4.8 Slow 4AP-induced interictal discharges generated in the subiculum
represent the activity of synchronized interneuronal networks

Intracellular characterization of the slow-interictal discharges recorded in subicular
minislices revealed a sequence of an early hyperpolarizing IPSP followed by a long
lasting depolarization that could at times trigger action potential firing (Fig. 2-8Aa,b
and 8B, Control (4AP); n=20 neurons). Bath application of picrotoxin abolished these

events and in their place robust network bursting was observed (n=6 neurons, Fig. 2-

8Aa, +Picrotoxin).

To further investigate the mechanisms underlying the generation of these 4AP-
induced slow events, glutamatergic antagonists were employed. Interestingly, CPP and
CNQX could not abolish these low amplitude discharges (Fig. 2-8B, + (CPP+CNQX),

n=8) while further application of picrotoxin resulted in their complete loss (n=4, not
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shown). Thus, these results indicate that as in other cortical areas (Avoli et al., 1994,
1996; Perreault and Avoli, 1989, 1992) the synchronous potentials recorded in the
subiculum in the presence of 4AP correspond to the responses of pyramidal cells to

the synchronized interneuron activity.

2.5 Discussion

We have found here that decreasing GABA, receptor function facilitates
communication within the limbic networks contained in a combined hippocampus-EC
slice. Accordingly, picrotoxin transformed functionally disconnected slices into ones
that were functionally connected. In addition, we have discovered that this effect is
mainly caused by a gating function played by the subiculum on hippocampal outputs,
thus indicating that this limbic structure modulates interactions between hippocampal

and parahippocampal networks.

2.5.1 The 4AP model revisited in the light of different patterns of epileptiform
activity

We have reported that in reciprocally interconnected hippocampal-EC slices obtained
from adult rat (Benini et al., 2003) or mouse brains (Barbarosie and Avoli, 1997,
Barbarosie et al., 2000), application of 4AP-containing or Mg?'-free medium induces
CA3-driven interictal events that propagate to the EC where they control the
propensity of this latter structure to generate ictal discharges resembling those seen in
MTLE patients (cf. Swartzwelder et al., 1987; Wilson et al., 1988). Accordingly,
cutting the Schaffer collaterals in these functionally connected slices averts CA3
outputs and discloses NMDA receptor-mediated ictal events in the EC, thus leading to
a pattern of epileptiform activity similar to what is recorded in functionally

disconnected slices (Avoli et al., 1996; Benini et al., 2003).

Until now, we assumed that the inability of CA3-driven interictal activity to
propagate to the EC was caused by the slicing procedure that had led to damaging the
connections between hippocampus proper and EC. Contrary to this view, we have
discovered here that GABA,A receptor antagonism can reversibly transform a
disconnected slice into one that appears to be functionally connected. Hence, these

findings demonstrate that the two patterns of electrographic activity may not reflect
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anatomical differences, but rather implicate a mechanism that rests on the gating role
played by subicular networks on the propagation of epileptiform discharges

originating in the hippocampus proper.

2.5.2 Subicular networks gate hippocampal outputs via GABA, receptor-
mediated mechanisms in functionally disconnected slices

By using sequential recordings along the CA3-CAl-subiculum axis of functionally
disconnected slices we have found that the amplitude of the 4AP-induced interictal
activity decreases dramatically in the subiculum where it is often non-existent.
Moreover, during GABA, receptor antagonism, the subiculum undergoes the most
dramatic potentiation in field activity (150-550 %) signalling an increased recruitment

of neurons.

It has been established that disinhibition unmasks polysynaptic excitation
within CA3 neuronal networks (Miles and Wong, 1987; Miles et al., 1988) and it is
possible that this improved synchronicity would consequently lead to an increased
drive onto the subiculum. Local pharmacological activation of the subiculum would
have been ideal for clarifying this issue. However, initial attempts at focal applications
of picrotoxin were elusive due to the fact that in our horizontal slice preparation the
subiculum lies critically close to other structures (CA1, dentate gyrus, and medial EC)
and dispersion of the droplet to these areas could not be avoided. This being said, our
observations strongly suggest that although increased presynaptic release of excitatory
transmitters at CAl-subiculum synapses may occur, this mechanism is unlikely by
itself to explain the amplification of subicular activity observed under GABA,4
receptor antagonism. First, potentiation of subicular activity upon GABA -receptor
antagonism was observed even when the subiculum was separated from CA3/CA1 via
microknife cuts to the Schaffer collaterals. Furthermore, significant augmentation in
activity was demonstrated to occur in isolated subicular minislices in the absence of
either upstream or downstream factors. Altogether this is conclusive evidence that the
picrotoxin-induced effect in the subiculum is not due to enhanced output of upstream
structures (i.e. CA3/CA1) but rather due to the decreased control of GABAergic

circuits within the subiculum itself.
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Investigation into the functional role of GABAergic circuits within the
subiculum was made possible by the interesting property of the 4 AP model used in our
study. In addition to blocking K currents (Rudy, 1988) and interfering with Ca®*
channels (Segal and Barker, 1986), 4AP has been shown to facilitate neurotransmitter
release at presynaptic terminals of both excitatory and inhibitory synapses (Aram et
al., 1991; Rutecki et al., 1987; Thesleff, 1980). Previous studies have shown that the
subiculum is indeed capable of generating robust interictal discharges under
conditions of decreased inhibition (Harris and Stewart, 2001) or increased excitation
(Behr and Heineman, 1996; Harris and Stewart, 2001). Using our model we have
however shown that the subiculum does not generate robust activity when both
excitatory and inhibitory mechanisms are simultaneously altered. Furthermore, we
found in the isolated subiculum that under such conditions, this structure is more
likely to generate slow synchronous events that are resistant to glutamatergic
antagonists but sensitive to GABA, receptor blockade. These synchronous potentials,
which have been reported in other hippocampal structures as well as in the neocortex,
represent the activity of highly synchronized interneuronal networks (Avoli et al.,
1994, 1996; Lamsa and Kaila, 1997; Michelson and Wong, 1994; Perreault and Avoli,
1989, 1992). Altogether, these findings indicate that the overall activity of the
subiculum in the presence of 4AP is predominated by inhibitory mechanisms that
control hippocampal output propagation to the EC. Blockade of GABA, receptors
hampers this inhibition (as suggested by the decrease in IPSPs recorded in “silent”
subicular cells), allowing an increased recruitment of subicular networks and the
consequent spread of both spontaneous and stimulus-induced activity from the

hippocampus to the EC.

2.5.3 Subicular cells may be under a different degree of GABA, receptor-
mediated control in the same functionally disconnected slice.

Neurophysiological investigations have shown that several types of GABAergic cells
are present in the subiculum (Greene and Totterdell, 1997; Kawaguchi and Hama,
1987; Menendez de la Prida et al.,, 2003). We have found here that under control

conditions (i.e., during application of medium containing 4AP only) subicular
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pyramidal neurons generate two different patterns of intracellular activity in
functionally disconnected slices: one group of cells fired action potentials in
coincidence with CA3-driven interictal events whilst the other generated either EPSP-
IPSP sequences or isolated IPSPs. These two behaviors of subicular cells, both of
which could be found in the same slice, have also been reported in the human epileptic
subiculum of MTLE patients where they reflect differences in the reversal potential of

pyramidal cells for GABA, receptor-mediated conductances (Cohen et al., 2002).

The presence of “silent” subicular cells in functionally disconnected slices
indicates that hippocampal activity may not propagate to the EC due to local inhibitory
control exerted on a subset of projecting subicular cells. In line with this view,
previous studies have demonstrated that subicular pyramidal cells are restrained by
local GABAergic networks via feedforward (Behr et al., 1998; Colino and Fernandez
De Molina, 1986; Finch and Babb, 1980; Finch et al., 1988) and recurrent inhibitory
mechanisms (Menendez de la Prida, 2003; Menendez de la Prida and Gal, 2004).
Accordingly, we have demonstrated that IPSP blockade by GABAA receptor
antagonism coincides with the appearance of network-driven burst firing, thus
implicating a role for subicular GABA, receptor-mediated inhibition in gating
hippocampal output activity. Indeed, it has been reported that epileptiform discharges
generated in the hippocampus can successfully propagate to the medial EC via the
subicular complex under reduction of GABAergic mechanisms (Menendez de la Prida
and Pozo, 2002).

2.6 Conclusions

Studies in various epilepsy models have identified the dentate gyrus as a gater for the
spread of limbic seizures from the EC to the hippocampus proper (Collins et al., 1983;
Heinemann et al., 1992). However, until this study, no investigation had addressed the
role of the subiculum in controlling hippocampal outputs during epileptiform
synchronization even though it was well established that this structure is in a strategic
position for doing so. Our observations that blocking GABAa receptor-mediated
mechanisms results in subicular hyperexcitability and subsequently intralimbic

synchronization is relevant to pathological conditions such as epilepsy. Studies in
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slices obtained from MTLE patients indicate that both bursting pyramidal cells and
interneurons contribute to the interictal activity that occurs in the subiculum (Cohen et
al., 2002; Wozny et al., 2003). In addition, in chronic animal models of MTLE,
alterations at the level of intrinsic and network properties of principal cells (Knopp et
al,, 2005; Wellmer et al., 2002) as well as a reduction in specific interneuronal
subpopulations (van Vliet et al., 2004) have been reported in this structure. Altogether,
these findings suggest that synaptic reorganization and altered inhibition contributes to
subicular network hyperexcitability that may in turn play a role in the generation and

spread of convulsive activity.
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2.7 Figures
Figure 2-1:

Effect of picrotoxin on 4AP-induced activity in a combined hippocampal-EC
slice. A: Simultaneous field potential recordings obtained from EC, CAl and CA3
during bath application of 4AP. Note that fast interictal discharges (arrows in the CA1l
trace) are restricted to the hippocampus (CA3 and CA1) but that slow interictal events
(asterix in the EC trace) are recorded in both hippocampus and EC. Note also the long-
lasting ictal discharge (bar). B: Picrotoxin application causes loss of ictal discharge in
the EC and the appearance of robust interictal discharges that initiate in CA3 and
propagate sequentially to CA1 and EC (insert). The inserts in A and B show selected
interictal events at faster time-bases and the dashed lines demonstrate that these

discharges initiate in CA3.
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Figure 2-2:

Picrotoxin-induced augmentation of field amplitudes in CA3, CAl and
subiculum. A: Sequential field potential recording along the CA3/CA1/Subiculim
(Sub)/EC axis under control (4AP) conditions. Field electrodes in CA3 and EC were
kept at the same position whilst a third electrode was moved along the stratum
pyramidale to CA1 (a), CA1-Sub border (b) and Sub (c). Note the diminished field
activity recorded in the subiculum as compared to CAl and CAl-subiculum. B:
Monitoring field potential activity in EC, subiculum and CA3 from the onset of
picrotoxin application until complete synchronization of the limbic structures. Note
that initially CA3-driven interictal discharges do not propagate to the EC (left lower
insert), but that following potentiation of subicular network activity (arrow), CA3-
driven interictal events can propagate to the EC (right lower insert). Also note that
potentiation in subicular activity precedes hippocampus-EC synchronization (middle
vs right insert). C: Histogram of the normalized increase in field potential amplitude
recorded in different areas of the slice; note that the most drastic potentiation occurs in

the subiculum.
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Figure 2-3:

Stimulation of hippocampal outputs activates EC only under conditions of
GABA ,-receptor antagonism. Panels in the top row show the spontaneous field
potential activity recorded simultaneously from CAl, subiculum and EC in the
absence of convulsants (i.e. Normal ACSF) (A), in the presence of 4AP (B), and
during 4AP+PTX (C). Slice diagrams on the left column illustrate the positions of the
stimulating bipolar electrode in CAl (a); subiculum (b) and deep EC layer (c).
Triangles indicate the structure stimulated in each set of recordings and arrows point
to the subsequent response recorded. Note that single shock stimulation of CAl
networks both in the absence and presence of 4AP induces a small subicular response
with no EC activation (Aa, Ba). Note in contrast the potentiated subicular response
and the subsequent EC discharge (asterix) induced by hippocampal output stimulation

under GABA 4-receptor antagonism (Ca).
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Figure 2-4:

NMDA receptors do not contribute to picrotoxin-induced synchronicity in a
functionally disconnected slice. A: Simultaneous field potential recordings in EC,
subiculum (Sub) and CA3 showing that interictal discharges initiating in CA3 do not
propagate to the EC where activity is characterized by robust ictal discharges. Note
that in this slice no field activity was recorded in the subiculum. B: Bath application of
high concentrations of the NMDA-receptor antagonist CPP results in the loss of EC-
driven ictal events. C: Subsequent application of picrotoxin results in an initial ictal
discharge in EC that is followed by a pattern of interictal discharge in all limbic
structures. D: CPP washout causes a prolongation of the interictal events and a slow
down in their frequency of occurrence. These discharges continue to initiate 1n CA3

and propagate sequentially to the subiculum and EC (insert).
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Figure 2-5:

Simultaneous field and intracellular recordings in functionally disconnected slice.
Aa: Simultaneous field (EC, CA3) and intracellular (subiculum, -64 mV) recordings
under control conditions (i.e., 4AP) reveal that this subicular cell is excitable at RMP.
Note in the insert that the burst firing generated by this subicular neuron is
synchronous with the interictal discharge recorded in CA3, but that no propagation
occurs to EC. Ab: Responses to intracellular injection of depolarizing and
hyperpolarizing current pulses; note that this neuron is an intrinsic burster.
Depolarizing event during hyperpolarization represents a spontaneously-occurring
EPSP (arrow) B: Picrotoxin application to another functionally disconnected slice
results in an initial ictal event in EC (Picrotoxin (early)) followed by synchronization
of all limbic networks (Picrotoxin (late)). Note in the expanded traces that the
intracellularly recorded subicular bursts follow CA3 field activity and precede that of

the EC.
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Figure 2-6:

Field and intracellular recordings in functionally disconnected slice. Aa:
Simultaneous field (EC, CA3) and intracellular (subiculum, -60 mV) recordings
during control (4AP) conditions reveals that this subicular cell is “silent” at RMP.
Note the presence of PSPs that are coincident with CA3 discharges (arrows) and the
large isolated inhibitory postsynaptic potentials (IPSPs) (Control (4AP), asterix).
Superfusion of slices with picrotoxin discloses in these cells action potential
discharges at RMP (Picrotoxin). Monitoring the evolution in the intracellular activity
of these subicular neurons from the initial application of the GABA, receptor
antagonist (Picrotoxin (transition)) until the complete synchronization between
hippocampal and parahippocampal structures (Picrotoxin (late)) reveals IPSP
disappearance. Inserts below traces demonstrate expansions of selected events. Note
the presence of large IPSPs (asterix) and smaller PSPs (arrows) within the subiculum
prior to complete synchronization of limbic structures. Ab: Firing properties of this

cell reveal a nonbursting neuron.
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Figure 2-7:

Picrotoxin-induced potentiation of subicular activity is not due to upstream
effects. Aa. Diagram illustrating a combined slice in which the Schaffer collaterals
have been severed by a microknife cut at the level of CA1l. Ab Simultaneous field
potential recordings obtained from this slice preparation in EC, subiculum (Sub) and
CA3 during bath application of 4AP and upon further addition of Picrotoxin. The slow
interictal events observed in all structures in the presence of 4AP initiate in EC
(bottom insert). Note the potentiation of subicular activity that occurs in the presence
of the GABAA receptor antagonist (arrow). Also note that in the presence of
picrotoxin, the epileptiform activity in this case initiates in EC and subsequently
spreads to subiculum and CA3 (upper insert). Ba Simultaneous field potential
recordings obtained from the proximal, middle and distal regions of an isolated
subicular minislice preparation during 4AP application and upon further addition of
Picrotoxin. Note that during 4AP, slow interictal-like events are generated in all
regions of the subiculum (left insert). Also note that GABAA receptor antagonism
induces potentiation of subicular activity in all regions (arrow indicates onset of
picrotoxin-induced activity). Right insert illustrates expansion of picrotoxin-induced

event. Bb Diagram illustrating the isolated minislice preparation and position of field

electrodes.
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Figure 2-8:

Pharmacological characterization of 4AP-induced activity in isolated subicular
minislices. Aa: Simuitaneous field (Middle Subiculum, Distal subiculum) and
intracellular (Middle subiculum, -66 mV) recordings during control (4AP) conditions
reveals that the slow interictal-events correspond intracellularly to an early
hyperpolarization followed by a sustained depolarization (left insert). In the presence
of picrotoxin there is increased field activity in the isolated subiculum and robust
network bursting can be recorded intracellularly (right insert). Ab: Firing properties
of this cell reveals that it was an intrinsically bursting neuron. Ac: Intracellular traces
of the 4AP-induced event at different membrane potentials reveals reversal of the
hyperpolarizing component at negative membrane potentials (-73 mV and -76 mV).
Note the truncated action potential riding on this reversed event at -76 mV. Ba:
Simultaneous field (Middle Subiculum, Proximal Subiculum) and intracellular
(Middle subiculum, -60 mV and -67 mV) recordings in control (4AP) and after 2hrs of
further CPP+CNQX application. Note that intracellular recordings were carried out
from two different cells within the same slice and in the same subicular region. Inserts

demonstrate expansions of the slow synchronous event during both conditions.
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Chapter 3: Involvement of Amygdala Networks in Epileptiform

Synchronization In Vitro

3.0 Linking Text & Information about publication

In Chapters 3 to 5, the focus of my PhD studies shifts from the subiculum to the
amygdala and perirhinal cortex. Previous electrophysiological studies have
demonstrated that the basolateral amygdalar nucleus (BLA) is capable of generating
interictal discharges in vitro (Gean, 1990; Gean and Shinnick-Gallagher, 1988).
However, these investigations employed the use of coronal slices in which the
connections of the BLA with other limbic structures are not maintained. Consequently,
we sought to identify the role played by basolateral/lateral amygdalar networks to
epileptiform synchronization using a combined horizontal slice preparation in which
the connections between these amygdalar regions and the hippocampus-
parahippocampus are preserved. Specifically, the 4AP model was employed to
determine how amygdalar networks interacted with other limbic structures in brain
slices obtained from adult rats. The study presented in this chapter summarizes the
results published in Neuroscience in 2003 in a manuscript entitled “Involvement of
amygdala networks in epileptiform synchronization in vitro” (Authors: Benini R,
D'Antuono M, Pralong E, Avoli M). Permission granted by the journal to reproduce

the contents of this manuscript can be found in Appendix C.

3.1 Abstract

We used field potential and intracellular recordings in rat brain slices that included the
hippocampus, a portion of the basolateral/lateral nuclei of the amygdala (BLA) and the
entorhinal cortex (EC). Bath application of the convulsant 4-aminopyridine (50 M) to
slices (n=12) with reciprocally connected areas, induced short-lasting interictal-like
epileptiform discharges that (i) occurred at intervals of 1.2-2.8 s, (ii) originated in
CA3, and (iii) spread to EC and BLA. Cutting the Schaffer collaterals abolished them
in both parahippocampal areas where slower interictal-like (interval of occurrence =4—
17 s) and prolonged ictal-like discharges (duration=15+6.9 s, meantS.D., n=7)
appeared. These new types of epileptiform activity originated in either EC or BLA.

61
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Similar findings were obtained in slices (n=19) in which the hippocampus outputs
were not connected with the EC and BLA under control conditions. Cutting the EC—
BLA connections made independent slow interictal- and ictal-like activities appear in
both areas (n=5). NMDA receptor antagonism (n=6) abolished ictal-like discharges
and reduced the duration of the slow interictal-like events. Repetitive stimulation of
BLA at 0.5-1 Hz in Schaffer collateral cut slices, induced interictal-like epileptiform
depolarizations in EC and reversibly blocked ictal-like activity (n=14). Thus, CA3
outputs in intact slices entrain EC and BLA networks into an interictal-like pattern that
inhibits the propensity of these parahippocampal areas to generate prolonged ictal-like
paroxysms. Accordingly, NMDA receptor-dependent ictal-like events are initiated in
BLA or EC once the propagation of CA3-driven interictal-like discharges to these
areas is abated by cutting the Schaffer collaterals. Similar inhibitory effects also occur

by activating BLA outputs directed to EC at rates that mimic the CA3-driven

interictal-like pattern.

3.2 Introduction

The amygdala is located in the deep, anteromedial part of the temporal lobe and is
connected with many brain regions including limbic structures such as the perirhinal,
entorhinal and hippocampal cortices (Amaral et al., 1992; Amaral and Witter, 1995;
Lopes da Silva et al., 1990; Pikkarainen and Pitkanen, 2001; Pitkanen et al., 2000b).
The amygdala is involved in fear conditioning and emotional learning (Davis and
Whalen, 2001; Gloor, 1992, 1997; LeDoux, 2000; Scott et al., 1997; Wilensky et al.,
2000). Moreover, it is at the origin of some of the behavioral manifestations seen
during seizures in mesial temporal lobe epilepsy patients where it is often a primary
focus of seizure activity (Gloor, 1992, 1997; van Elst et al., 2000). The amygdala is
also the limbic area most frequently used for kindling, which is an established animal

model of mesial temporal lobe epilepsy (Goddard et al., 1969).

Several studies aimed at establishing the pathophysiogenesis of mesial
temporal lobe epilepsy have been carried out in brain slices in which the connections
between limbic structures were, at least partially, preserved. These experiments have

shown that pharmacologically induced ictal-like (thereafter termed ictal) discharges
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resembling electrographic limbic seizures, originate in the entorhinal cortex (EC)
(Avoli et al., 1996; Bear and Lothman, 1993; Dreier and Heinemann, 1991; Nagao et
al., 1996; Stanton et al., 1987; Wilson et al., 1988). In line with this evidence, clinical
studies have demonstrated dysfunction of EC networks in patients presenting with
temporal lobe epilepsy (Deutch et al., 1991; Rutecki et al., 1989; Spencer and Spencer,
1994b). In addition, we have found that CA3-driven interictal-like (thereafter termed
interictal) activity in hippocampus—EC slices treated with the convulsant drug 4-
aminopyridine (4AP) or with Mg**-free medium can control the EC propensity to

generate ictal events (Barbarosie and Avoli, 1997; Barbarosie et al., 2000).

Coronal slices of the amygdala respond to application of 4AP or Mg*'-free
medium by generating interictal epileptiform discharges (Gean, 1990; Gean and
Shinnick-Gallagher, 1988). However, little information is available on its participation
in the epileptiform synchronization of limbic networks. In this study we addressed this
issue by using horizontal, rat brain slices that contained the hippocampus proper along
with the EC and a portion of the basolateral/lateral nuclei of the amygdala (thereafter
referred for sake of simplicity as BLA). Recent data obtained in this in vitro
preparation have demonstrated that interictal discharges induced by the GABAj
receptor antagonist bicuculline are generated in the CA2/CA3 region of the
hippocampus from where they spread to EC and BLA (Stoop and Pralong, 2000). It is
however known that decreasing or abolishing GABA, receptor-mediated function,
reduces the ability of limbic networks to express ictal activity, at least in the in vitro
slice preparation (Avoli et al., 1996; Kohling et al., 2000; Lopantsev and Avoli,
1998a). Therefore, we have analyzed here the role of BLA networks in the generation
and in the control of epileptiform activity induced by 4AP. This drug does not
interfere with GABAergic inhibition (Perreault and Avoli, 1991; Rutecki et al., 1987)
and allows the appearance of both interictal and ictal discharges in combined
hippocampus-EC slices obtained from rodents (Avoli et al., 1996; Barbarosie and

Avoli, 1997, Barbarosie et al., 2000; Lopantsev and Avoli, 1998a,b).
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3.3 Experimental Procedures

Male, adult Sprague-Dawley rats (200250 g) were decapitated under halothane
anesthesia according to the procedures established by the Canadian Council of Animal
Care. All efforts were made to minimize the number of animals used and their
suffering. The brain was quickly removed and a block of brain tissue containing the
retrohippocampal region was placed in cold (1-3°C), oxygenated artificial
cerebrospinal fluid (ACSF). The brain dorsal side was cut along a horizontal plane that
was tilted by a 10° angle along a posterosuperior—anteroinferior plane passing between
the lateral olfactory tract and the base of the brain stem (Stoop and Pralong, 2000).
Horizontal slices (500 pm thick) were cut from this brain block using a vibratome and
were transferred into a tissue chamber where they lay at the interface between ACSF
and humidified gas (95% O,, 5% CO,) at a temperature of 3435 °C and a pH of 7.4.
We focused in this study on the most ventral slices that were comprised between —8.6
to —7.6 mm from the bregma (Paxinos and Watson, 1998). These slices contained the
EC, the hippocampus and the BLA (Fig. 3-1A). Two to three of such slices could be
obtained from each hemisphere. ACSF composition was (in mM): NaCl 124, KCl 2,
KH,PO,4 1.25, MgSO, 2, CaCl; 2, NaHCO; 26, and glucose 10. 4AP (50 nM), 6-
cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 pM) and 3,3-(2-carboxypiperazin-4-
yl)-propyl-1-phosphonate (CPP, 10 pM) were applied to the bath. Chemicals were
acquired from Sigma (St. Louis, MO, USA) with the exception of CNQX and CPP
that were obtained from Tocris Cookson (Langford, UK).

Field potential recordings were made with ACSF-filled, glass pipettes
(resistance=2—10 MQ) that were connected to high-impedance amplifiers. Signals
were at times processed with high-pass filters set at 0.1 Hz. The location of these
recording electrodes is shown in Fig. 3-1A. Sharp-electrode, intracellular recordings
were performed in the EC with pipettes that were filled with 3 M K-acetate (tip
resistance=70-120 MQ) and were aimed at depths ranging 600-900 pM from the pia.
Intracellular signals were fed to a high-impedance amplifier with internal bridge
circuit for intracellular current injection. The resistance compensation was monitored

throughout the experiment and adjusted as required. The fundamental
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electrophysiological parameters of the EC neurons included in this study were
measured as follows: (i) resting membrane potential (RMP) after cell withdrawal; (i1)
apparent input resistance (Ri) from the maximum voltage change in response to a
hyperpolarizing current pulse (100200 ms, <—0.5 nA); (iii) action potential amplitude
from the baseline. The electrophysiological properties recorded in a representative
group of EC neurons (n=18) during application of 4AP were: RMP=—65+12 mV
(meantS.D.), Ri=30+7.2 MQ, and action potential amplitude=92.3+8.2 mV.

Field potential signals were displayed on a GOULD Windograf (Gould
Instruments, Valley View, OH, USA) and stored on videotape. Time-delay
measurements were obtained with a digital oscilloscope. For each trace the onset of
the 4AP-induced synchronous potentials was determined as the time of the earliest
deflection of the baseline recording (e.g. insert traces in Fig. 3-2). Intracellular signals
were fed to a computer interface (Digidata 1200B, Axon Instruments, Union City, CA,
USA) and were acquired and stored by using the pClamp 8 software (Axon
Instruments). Subsequent analysis of these data was made with the Clampfit8 software

(Axon Instruments).

Cut of the Schaffer collateral pathway or of selected areas in the slice was
accomplished under visual control with a razor blade mounted on a micromanipulator
(cf, Barbarosie and Avoli, 1997). The location of these cuts is illustrated in Fig. 3-1B.
At the beginning of each experiment (i.e. before applying 4AP), we verified the
reciprocal connectivity between different structures of the slice by analyzing the field
potential responses induced by single-shock, electrical stimuli (10-150 ps; <200 pA)
that were delivered through bipolar, stainless steel electrodes in appropriate areas. As
illustrated in Fig. 3-1C-F, field potential responses, with latencies ranging from 6 to
14 ms, were recorded in the dentate gyrus, subiculum (SUB) and deep or superficial
EC layers following electrical stimulation of the EC, CA1 stratum radiatum and SUB,
respectively. Field and intracellular responses could also be obtained under control
conditions in the EC in response to single-shock electrical stimulation of the BLA (not

illustrated).
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Throughout this study we termed interictal and ictal discharges the
synchronous epileptiform events with durations shorter or longer than 3 s,
respectively. In doing so, we included the afterdischarge that could at times occur with
both types of activity (e.g. BLA trace in Fig. 3-3, Control). Measurements in the text
are expressed as mean = S.D. and n indicates the number of slices or neurons studied
under each specific protocol. The results obtained were compared with the Student's t-

test or the ANOVA test and were considered statistically significant if P<0.05.

3.4 Results

3.4.1 Epileptiform activity induced by 4AP in combined hippocampus-EC-
amygdala slices

A pattern of continuous interictal activity occurred synchronously in CA3, EC and
BLA during steady, bath application of 4AP to 12 slices (Fig. 3-2A). These interictal
discharges could be recorded throughout each experiment (up to 4 h) and had intervals
ranging between 1.2 and 2.8 s and durations of 180-650 ms when measured in the
CA3 subfield. Time-delay measurements of the onset of these interictal events
demonstrated that they always initiated in CA3 from where they first spread to the EC
and then to BLA with latencies of 93£8 ms and 137+44 ms (n=12), respectively (Fig.
3-2A, inset). Moreover, these epileptiform discharges could often re-enter the CA3
network as indicated by the occurrence of late population spikes at this recording site

(Fig. 3-2B, arrows in the bottom, left inset; cf. Paré et al., 1992).

A similar pattern of interictal activity occurs in reciprocally connected, mouse
hippocampus—EC slices treated with 4AP or Mg**-free medium (Barbarosic and
Avoli, 1997; Barbarosie et al., 2000). We have reported there that the CA3-driven
interictal activity can inhibit the expression of ictal discharges in the EC. Hence, we
investigated the effects induced by cutting the Schaffer collateral, a procedure that
would selectively abolish the propagation of CA3 activity to CA1 and SUB, thus
preventing hippocampal output activity from reaching the EC and BLA. As illustrated
in Fig. 3-2B, cutting the Schaffer collaterals abolished the propagation of CA3-driven
interictal activity (arrows in the CA3 trace of the panel ‘+Schaffer collateral cut') to

the EC and BLA and disclosed in both structures ictal (duration=15+6.9 s; interval of
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occurrence =75-300 s, n=6; continuous line in Fig. 3-2B ‘+Schaffer collateral cut'
panel) and interictal discharges (duration=240-2100 ms; interval of occurrence =4-17
s, n=11; asterisks in Fig. 3-2B ‘+Schaffer collateral cut’ panel). Thereafter, this
interictal activity will be termed slow interictal discharge. It should be also noted that
cutting the Schaffer collaterals also reduced the late population spikes associated with
the CA3-driven interictal discharges in this area further suggesting that these
population events reflect re-entry of activity from the EC (not shown, but see

Barbarosie and Avoli, 1997)

Both ictal and slow interictal discharges recorded in EC and BLA after cutting
the Schaffer collateral propagated to CA3 (Fig. 3-2B). Moreover, ictal events had
always similar durations in BLA and EC, while the slower interictal discharges could
display different durations in these two limbic areas. In any given experiment the two
new types of epileptiform activity disclosed by cutting the Schaffer collaterals could
initiate in either EC or BLA and spread to the other parahippocampal area with similar
time delays ranging between 15 and 70 ms ( Fig. 3-2C). Further lesion of the
connections between EC and BLA (n=5) caused the appearance of independent slow
interictal and ictal discharges in these two limbic areas (Fig. 3-2B, ‘+BLA/EC
separation’ panel), thus indicating that both EC and BLA networks can generate per se

these two types of epileptiform synchronization.

As shown in Figs. 3-2B (“+BLA/EC separation’ panel) and 3-3, only the
epileptiform activity that was present in the EC did propagate to the CA3 subfield
after separation of the BLA from the EC, presumably through the perforant path—
dentate gyrus route. This way of propagation was further demonstrated by cutting the
perforant path, a procedure that made slow interictal and ictal discharges disappear in
CA3, but not in the EC (n=3; not illustrated). Findings similar to those seen after
cutting the Schaffer collateral in reciprocally connected hippocampus—EC-BLA slices
were obtained in 19 additional experiments in which the hippocampus outputs were
not functionally connected with the EC-BLA networks under control conditions (cf.

Avoli et al., 1996).
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3.4.2 Involvement of NMDA receptors in epileptiform activity induced by 4AP

Next we analyzed the involvement of NMDA receptor-mediated transmission in the
generation of the slow interictal and ictal discharges recorded in the EC and BLA after
Schaffer collateral cut (n=6). Three of these slices had undergone a further lesion of

the EC-BLA connections, and thus they generated independent epileptiform activity

in these two areas.

Bath application of the NMDA receptor antagonist CPP (10 pM) abolished
ictal discharges in all limbic structures (Fig. 3-3). This effect was accompanied by a
block of the afterdischarges seen in BLA during each interictal event. Interestingly the
rate of occurrence of CA3-driven interictal events increased during CPP application
(from 0.9+0.3-1.1+£0.3 Hz, n=4). The ictal discharges as well as the afterdischarges
associated with the slow interictal events generated in BLA and EC reappeared during
CPP washout with control medium containing 4AP only (Fig. 3-3, Wash). In three
additional experiments we found that all epileptiform discharges (including those
originating in CA3) were abolished by bath applying the non-NMDA receptor
antagonist CNQX (10 uM; not illustrated, but cf. Avoli et al., 1996).

3.4.3 Slow frequency amygdala stimulation can control ictal discharges

We have previoﬁsly shown that repetitive electrical stimulation of hippocampal
outputs at 0.5-1 Hz reversibly blocks the occurrence of ictal discharges induced by
4AP or by Mg2+-free ACSF in Schaffer collateral cut hippocampus—EC slices obtained
from mice (Barbarosie and Avoli, 1997). Here, we have found that CA3-driven
interictal discharges entrain both EC and BLA networks and inhibit the occurrence of
ictal discharges that are otherwise seen after cutting the Schaffer collaterals. Hence,
we tested whether under these experimental conditions (i.e. after lesioning the
Schaffer collaterals), low-frequency (i.e. 0.1-1 Hz) stimulation of BLA, which
projects to the EC (Finch et al., 1986; Pikkarainen and Pitkanen, 2001), can control
4AP-induced ictal discharges in a way similar to what was previously reported with

hippocampal output stimulation.

Spontaneous ictal discharges, which were recorded extracellularly in these

experiments, corresponded intracellularly to sustained membrane depolarizations that
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were capped by repetitive action potential bursts (Fig. 3-4A). As shown in the inset of
Fig. 3-4A (asterisk), the onset of these discharges was often characterized by a
sustained depolarization that triggered minimal action potential firing and led, within a
few hundreds of milliseconds, to the development of repetitive action potential
bursting at 9-15 Hz. This modality of firing, which identified the initial ‘tonic’ phase
of the ictal event, was followed by recurrent ‘clonic’ discharges that progressively
slowed down during the membrane repolarization. These characteristics were
remarkably similar to those reported in previous intracellular studies of the ictal
activity generated by ‘isolated’ rat EC network during application of 4AP (Lopantsev
and Avoli, 1998a, b).

The ictal discharges generated spontaneously by limbic networks in these
slices were decreased and eventually abolished during repetitive stimulation of BLA.
As shown in Fig. 3-4B, the first stimulus of the sequence could at times trigger an
ictal-like response, but successive stimuli only elicited short-lasting (<1 s)
epileptiform discharges that closely resembled the paroxysmal depolarizing shifts that
are the typical intracellular correlate of the CA3-driven interictal activity induced by a
variety of epileptogenic procedures (Perreault and Avoli, 1991; Rutecki et al., 1987,
1990; Schwartzkroin and Prince, 1980; Tancredi et al., 1990).

The short-lasting epileptiform responses induced by BLA stimuli displayed
latencies that were quite variable and could range between 60 and 180 ms (Fig. 3-5A).
Moreover, these latency values could be decreased in the same experiment by
augmenting the stimulus intensity (Fig. 3-5B). Such a procedure could eventually
induce an epileptiform response that was initiated by an EPSP with latency ranging
between 6 and 10 ms (arrowhead in Fig. 3-5C). As shown in Fig. 3-5D, modifying the
membrane potential with intracellular injection of steady depolarizing or
hyperpolarizing current caused a decrease or an increase of the intracellular
epileptiform responses, respectively (n=6 cells). These changes, which are
quantitatively illustrated in the plot of Fig. 3-5Db, indicated an extrapolated reversal
potential of these epileptiform depolarizations at approximately —35 mV. These values

suggested that, as reported in CA3 pyramidal cells (Perreault and Avoli, 1991; Rutecki
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et al., 1987), GABA4 receptor-mediated, inhibitory conductances contributed to the
paroxysmal depolarizing shifts generated by EC neurons in response to stimuli

delivered in BLA.

Fig. 3-6 illustrates the effects induced on the occurrence of ictal discharge by
repetitive stimuli delivered at rates between 0.2 and 1 Hz in the BLA. At 0.2 Hz, EC
networks responded to BLA stimuli by generating epileptiform discharges that lasted
less than 2 s; however, at this rate of stimulation, ictal discharges (i.e. periods of
epileptiform synchronization lasting over 3 s) continued to occur (Fig. 3-6, asterisk in
the 0.2 Hz trace). When repetitive stimuli were delivered at 0.5 or 1 Hz, ictal
discharges did not occur during the period of stimulation (with the exception of the
ictal-like response that was at times seen at the stimulation onset). As illustrated in
Fig. 3-6, stimuli at 0.5 or 1 Hz elicited paroxysmal depolarizing shifts that had shorter
duration than at 0.2 Hz. Data obtained in 14 experiments indicated that repetitive
stimulation at 0.2 Hz had no effect on the occurrence of ictal discharges, while it
completely suppressed them at 0.5 and 1 Hz. It must be emphasized that in all cases
the effects induced by BLA repetitive stimulation on ictal discharge occurrence was
assessed by delivering periods of stimulation that were in any given experiment at
least twice as long as the interval of occurrence of the spontaneous ictal events. Ictal
discharges that were similar both in duration and in shape to those seen during the
prestimulus period, reappeared in all experiments upon termination of the stimulating

protocol (Fig. 3-4B).

3.5 Discussion

Reciprocal functional connectivity between hippocampus and EC in mouse combined
slices makes CA3-driven interictal discharges restrain the propensity of EC networks
to generate prolonged ictal discharges resembling the electrographic limbic seizures
seen in patients presenting with mesial temporal lobe epilepsy (Barbarosie and Avoli,
1997; Barbarosie et al., 2000). This characteristic, which underscores an important
mechanism for activity-dependent control of limbic network excitability, was not so
far obtained in rat combined slices in which only EC to hippocampus connections

remained preserved after slicing (Avoli et al., 1996; Dreier and Heinemann, 1991). In
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this study, we have found that the hippocampus-EC loop (cf. Paré et al., 1992) can
also be maintained in slices obtained from the most ventral portion of the rat brain (i.c.
comprised between —8.6 and —7.6 mm from the bregma; (Paxinos and Watson, 1998).

In addition, these slices contained a connected portion of the BLA.

By employing such an in vitro preparation we have discovered that CA3
outputs can entrain EC and BLA networks into a pattern of interictal activity that
restrains the propensity of these parahippocampal areas to generate ictal activity.
Accordingly, cutting the Schaffer collaterals prevented CA3-driven output activity
from reaching the CA1l area and the SUB (and thus from leaving the hippocampus),
and disclosed ictal discharges in EC and BLA. This ictal activity depended on the
function of the NMDA receptor, could initiate in either BLA or EC networks, and
could be sustained by either structure independently. In addition, we have
demonstrated that activation of BLA outputs directed to the EC at a frequency that
mimics that of CA3-driven interictal activity, can effectively depress ictal discharges
in limbic networks. It should however, be emphasized that our findings were obtained
from normal tissue to which 4AP was applied in order to disclose epileptiform
synchronization. Such a situation is certainly different from what is encountered in
patients with mesial temporal lobe epilepsy or in animal models mimicking this

disorder.

3.5.1 CA3 networks as pacers of limbic network activity

We have found that 4AP treatment in extended brain slices that include the
hippocampus proper, the EC and the BLA, induces CA3-driven interictal activity that
spread to the EC and BLA. All these limbic regions are densely interconnected (cf.
Amaral and Witter, 1995; Finch et al. 1986; Pikkarainen and Pitkanen, 2001; Pitkanen
et al., 2000b). Moreover, preservation of connections between the amygdala and other
limbic areas has been anatomically documented in a horizontal, brain slice preparation
by (von Bohlen und Halbach and Albrecht, 1998).

The CA3 area in isolated hippocampal slices responds readily to a variety of
epileptogenic treatments by generating epileptiform discharges recurring at

frequencies comprised between 0.5 and 1 Hz (Perreault and Avoli, 1991; Rutecki et
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al., 1987, 1990; Schwartzkroin and Prince, 1980; Tancredi et al., 1990). This pattern
of interictal discharge reflects the presence of recurrent excitatory, glutamatergic
synapses on neighboring CA3 pyramidal cells along with the ability of these neurons
to generate dendritic Ca®* spikes (Miles and Wong, 1986, 1987; for review see Traub
and Jefferys, 1994). Thus, the ability of CA3 networks to generate interictal discharges
is not unexpected. However, it is surprising that in intact, interconnected slices this
type of epileptiform activity can consistently entrain BLA and EC networks, even
though the fiber paths directed from these two parahippocampal area to CA3 area are
functional, as demonstrated by the re-entry of interictal activity to CA3. Indeed, we
have found here that even when BLA networks are included in the slice preparation,
CA3-driven interictal discharges control rather than facilitate the occurrence of limbic

seizures.

3.5.2 BLA and EC networks as generators of electrographic limbic seizures

When set free from the interictal activity originating from the hippocampus, EC and
BLA networks generate ictal discharges, along with slow interictal events. This
observation is in keeping with previous experiments in extended hippocampus—EC
slices, where ictogenesis occurred in EC networks that did not receive hippocampal
output activity, or it appeared after separation from the hippocampus proper (Avol: et
al., 1996; Barbarosie and Avoli, 1997; Dreier and Heinemann, 1991; Wilson et al,
1988).

We have also found that the ictal activity recorded in slices after cutting the
Schaffer collaterals, can originate in either EC or BLA (even in the same experiment),
and propagate to the other limbic area with time delays of 15-70 ms. Similar
characteristics were seen with the slow interictal events. Such a large variability in
onset delay suggests that these epileptiform events may also initiate from limbic areas
(e.g. the perirhinal cortex) located in between the EC and BLA. This type of initiation
has been documented in preliminary experiments in which simultaneous field potential
recordings were obtained from the EC, the perirhinal cortex and the BLA (de Guzman
et al., unpublished data).
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The evidence obtained by surgically separating the EC from the BLA,
demonstrates that both limbic areas are endowed with the ability to produce similar
periods of prolonged epileptiform synchronization. Interestingly, BLA and EC
networks under 4AP treatment were unable per se to generate the pattern of frequent
interictal discharge seen in the CA3 area. Previous studies (Gean, 1990; Gean and
Shinnick-Gallagher, 1988) have shown that the epileptiform activity induced by 4AP
or Mg**-free medium in coronal slices of the amygdala, consists of interictal events

that recur at intervals longer than 7 s.

We have also provided evidence for a role played by NMDA receptors in the
generation of ictal discharges in BLA or EC. Similar conclusions have been reached
with the ictal activity recorded in the EC during several epileptogenic procedures
(Avoli et al., 1996; Dreier and Heinemann, 1991; Nagao et al., 1996; Stanton et al.,
1987). In addition, NMDA receptor antagonism reduced the amount of afterdischarge
associated with the slow interictal activity (cf. Gean and Shinnick-Gallagher, 1988),
but it failed in blocking fast CA3-driven interictal discharges (Perreault and Avoli,
1991). In line with several studies performed in limbic structures treated with
convulsant drugs (Avoli et al., 1996; Gean, 1990; Nagao et al., 1996), all types of
epileptiform discharge were abolished by the non-NMDA receptor antagonist CNQX.

3.5.3 BLA outputs can control electrographic limbic seizures

The EC and the amygdala are interconnected components of the limbic system as
documented by several anatomical studies (Amaral and Witter; 1995; Finch et al,
1986; Lopes da Silva et al., 1990; Swanson and Kohler, 1986). We have found here
that repetitive BLA stimulation at frequencies of 0.5-1 Hz reversibly block ictal
discharge generation in limbic networks. This activity-dependent effect may result
from several mechanisms that include the activation of presynaptic metabotropic
receptors inhibiting glutamate release (Burke and Hablitz, 1994; Scanziani et al,
1997), or extracellular alkalization leading to a reduction of NMDA transmission (de
Curtis et al.,, 1998). Moreover, the stimulus frequency effective in inhibiting ictal
discharges is close to what is used for eliciting long term depression of synaptic

transmission in the hippocampus (Kimura and Pavlides, 2000). However, ictal
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discharges in our experiments reappeared shortly after the termination of the
stimulating procedure thus suggesting that long-term depression was presumably not

involved in this inhibitory action.

The field potential characteristics of the responses generated by EC neurons
during repetitive stimuli delivered at frequencies >0.5 Hz were similar to those of the
CA3-driven interictal discharges recorded in intact slices, in which ictogenesis does
not occur. By employing intracellular recordings we have also found that the
interictal-like responses to repetitive stimuli are characterized by depolarizing bursts
that are presumably contributed by GABA, receptor-mediated conductances. Hence,
repetitive stimulation may also lead to an increased release of GABA that in turn
activates presynaptic GABAp receptors thus reducing glutamate release. Such a
mechanism has been recently proposed to contribute to the control of ictogenesis by
interictal activity (de Curtis and Avanzini, 2001). Interestingly, the latencies of the
interictal-like responses induced in the EC by BLA stimulation were longer than what
seen with stimulus-induced EPSPs (i.e. approximately 30 ms versus 10 ms). Further
analysis is required to establish why a different latency characterizes EC neuron
activation following stimulation of the same pathway. However, it is attractive to
speculate that this phenomenon reflects the time required by EC networks to elaborate

the synaptic interactions that lead to the interictal discharge.

3.5.4 Relevance for identifying the mechanisms of temporal lobe epilepsy

Mesial temporal lobe epilepsy is characterized both in humans and in animal models
by a reduction in neuronal population in limbic structures such as the CA3 area of the
hippocampus and the amygdala (Liu et al., 1994; Miller et al., 1994; Tuunanen et al.,
1999; van Elst et al., 2000; Yilmazer-Hanke et al., 2000). The results obtained by
cutting the Schaffer collaterals support the hypothesis that a decreased excitatory drive
from the hippocampus onto EC or BLA may lead to ictogenesis (Barbarosie and
Avoli, 1997; Barbarosie et al., 2000). Such a mechanism has been recently
demonstrated to occur in slices obtained from pilocarpine-treated epileptic mice in

which the increased occurrence of ictal events in vitro is paralleled by decreased CA3-
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driven output activity and presumably sustained by interactions between the EC and
SUB (D'Antuono et al., 2002).

Likewise, the results obtained by stimulating the BLA indicate that a reduction
of amygdala output activity, as a result of the neuronal damage associated with mesial
temporal lobe epilepsy, may contribute to ictogenesis. However, evidence obtained
with depth electrode EEG recordings in epileptic patients indicates that the damaged
amygdala can generate (and at times initiate) electrographic discharges (Gloor, 1992).
These conflicting data indicate that further experiments in animal models of mesial
temporal lobe epilepsy are required in order to identify the relative contribution of cell

damage versus intrinsic epileptogenicity of amygdala networks.



76

3.6 Figures

Figure 3-1:

Schematic drawings of the combined slice used in this study. Abbreviations in this and
the following figures are CA1-3, Ammon's horn area 1-3; DG, dentate gyrus. (A)
Position of the recording and stimulating electrodes that were placed in CA3, the
middle layers of the medial EC and BLA. (B) Location and extension of the cuts used
to lesion the Schaffer collaterals or to separate BLA from EC. (C-F) Field potential
responses induced by stimuli delivered in EC (C), CA1 stratum radiatum (D) and SUB
(E and F) and recorded in DG, SUB and deep or superficial EC layers, respectively.
The responses illustrated in each panel were induced by stimuli of increasing strength

(as obtained by changing the stimulus duration).
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Figure 3-2:

(A) Simultaneous field potential recordings obtained from EC, BLA and CA3 during
bath application of 4AP (50 pM). Signals in this experiment were processed with a
high-pass filter at 0.1 Hz. Note that the interictal discharges occur in apparent
synchronicity in all limbic areas, but when displayed at faster time base (inset) they
are characterized by onset in CA3 and propagation to the EC and BLA. In this and the
following insets, interrupted lines point to the time of the earliest deflection of the
baseline recording, which in this case occurs in CA3. (B) Effects induced by cutting
the Schaffer collaterals and the BLA-EC connections during application of 4AP; note
that cutting the Schaffer collaterals abolishes the propagation of CA3-driven interictal
discharges (arrows in the CA3 trace) to the EC and BLA where a new type of slow
interictal activity (asterisks) along with ictal discharges (continuous line) appear; note
also that both types of epileptiform activity propagate to CA3. Subsequent separation
of the EC from BLA makes independent interictal and ictal discharges occur in both
structures. Insets show (i) expanded traces of a CA3-driven interictal discharge under
control conditions in which the CA3 origin and the population activity re-entry
(arrows) can be appreciated; and (i1) expanded traces of a slow interictal discharge
after the Schaffer collateral cut, originating in BLA and spreading to EC and CA3.
Note also in the ‘+BLA/EC separation’ panel that only the ictal discharge occurring in
EC propagates to CA3. (C) Column histogram of the time differences in the onset of
slow interictal and ictal discharges measured in EC and BLA. Data were obtained
from five slices and segregated according to their site of origin (i.e. BLA or EC).
Values represent the mean + S.D. of onset latency of 28 and 47 slow interictal
discharges for BLA— EC and EC— BLA propagation, and seven and 12 ictal
discharges for BLA— EC and EC— BLA propagation, respectively. Differences were

not statistically significant.
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Figure 3-3:

Application of the NMDA receptor antagonist CPP (10 pM) reversibly blocks the ictal
discharges recorded in a combined slice after Schaffer collateral cut and separation of
the BLA from the EC. Note that this NMDA receptor antagonist also reduces the
amount of fast events associated with each interictal event in the BLA, while the rate
of occurrence of CA3-driven interictal activity increases. Note also that in the Control
and Wash panels only the slow interictal and ictal discharges generated by EC

networks propagate to CA3.
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Figure 3-4:

Simultaneous intracellular (—69 mV) and field potential (Field) recordings obtained in
the EC of a Schaffer collateral cut slice during 4AP application. A and B are
continuous recordings. Note that ictal discharges are generated spontaneously under
control conditions (A) as well as that repetitive stimuli delivered in BLA at 0.5 Hz
induce an initial sustained response similar to the spontaneous ictal discharges,
followed by a continuous pattern of interictal responses with disappearance of the ictal
events. Note also that the interictal responses were barely visible in the field potential
recording due to the low gain of the amplification. (B) These reappear within 40 s
upon termination of repetitive stimulation. The expanded traces show the onset of an
ictal discharge during the prestimulus period, the first stimulus-induced response
(triangles point at the stimulus artifacts), and the ictal discharge seen at the end of the

stimulation period.
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Figure 3-5:

Interictal-like responses induced in an EC cell by repetitive stimuli delivered at 0.5 Hz
to the BLA. Triangles below each set of traces point at the stimulus. (A) Expanded
intracellular (—65 mV) and field potential (Field) traces reveal that the stimulus-
induced epileptiform responses have variable latency. (B) Effects induced by
increasing the stimulus strength (which was varied by increasing the stimulus duration
from 20 to 90 pus) on the latency of the epileptiform depolarization; note that the delay
time decreases suggesting the activation of polysynaptic pathways. (C) Intracellular
responses induced by stimuli delivered at low (10 ps) and high (90 ps) strength. Note
that in the latter case the interictal-like response is initiated by an EPSP (arrow-head).
(D) Intracellular recordings made during steady injection of depolarizing and
hyperpolarizing current. In a, intracellular responses at depolarized (—58 mV),
hyperpolarized (—84 mV) and RMP (—65 mV) are shown. In b, plot of the values of
the epileptiform depolarizations obtained at different values of the membrane
potential. These values were measured at approx. 300 ms from the stimulus during a
period of the interictal depolarization that was not associated with action potential, as

shown by the stars in sample a.
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Figure 3-6:

Effects induced by different rates of repetitive stimuli delivered in BLA on the
spontaneous ictal discharges recorded simultaneously with field potential and
intracellular microelectrodes in the EC of a slice in which the Schaffer collaterals have
been cut. Data were obtained during the steady state response (i.e. at least 10 s after
the onset of repetitive stimulation). Note that stimuli delivered at 0.2 Hz are unable to
abolish the occurrence of ictal discharges (asterisk). In contrast, repetitive stimuli at
0.5 and 1 Hz can inhibit the ictal discharges. Note also that the interictal-like

responses induced by 0.2 Hz stimulation are longer than those seen with either 0.5 or 1

Hz rates.
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Chapter 4: Altered Inhibition in Lateral Amygdala Networks in a Rat
Model of Temporal Lobe Epilepsy

4.0 Linking Text and Information about manuscript

In Chapter 3 exploration of the 4AP-induced activity in a combined slice preparation
demonstrated that when connections are preserved, CA3 network activity paces both
EC and BLA/LA networks and prevents ictogenesis in these structures. Moreover,
evidence was also provided for the ability of BLA/LA networks to generate both

interictal- and ictal-like activity, independent of inputs from adjacent structures.

In Chapter 4, we sought to identify what changes occur within the amygdala in
chronically epileptic rats. A literature search revealed that although such an
assessment in the BLA had already been carried out by other investigators,
surprisingly detailed electrophysiological evaluation of the LA using chronic animal
models of TLE is sparse. We thus addressed this issue in Chapter 4. The results of
this study were published in the Journal of Neurophysiology in 2006 as a manuscript
entitled “Altered inhibition in lateral amygdala networks in a rat model of temporal
lobe epilepsy” (Authors: Benini R and Avoli M). Permission granted by the journal to

reproduce the contents of this manuscript can be found in Appendix D.

4.1 Abstract

Clinical and experimental evidence indicates that the amygdala is involved in limbic
seizures observed in patients with temporal lobe epilepsy. Here, we used simultaneous
field and intracellular recordings from horizontal brain slices obtained from
pilocarpine-treated rats and age-matched non-epileptic controls (NEC) to shed light on
the electrophysiological changes that occur within the lateral nucleus (LA) of the
amygdala. No significant differences in LA neuronal intrinsic properties were
observed between pilocarpine-treated and NEC tissue. However, spontaneous ficld
activity could be recorded in the LA of 21% of pilocarpine-treated slices but never
from NECs. At the intracellular level, this network activity was characterized by
robust neuronal firing and was abolished by glutamatergic antagonists. In addition, we

could identify in all pilocarpine-treated LA neurons: (i) large amplitude depolarizing
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postsynaptic potentials (PSPs), and (ii) a lower incidence of spontaneous
hyperpolarizing PSPs as compared with NECs. Single-shock stimulation of LA
networks in the presence of glutamatergic antagonists revealed a biphasic IPSP in both
NEC and pilocarpine-treated tissue. The reversal potential of the early GABA,-
receptor mediated component, but not of the late GABAg-receptor mediated
component, was significantly more depolarized in pilocarpine-treated slices.
Furthermore, the peak conductance of both fast and late IPSP components had
significantly lower values in pilocarpine-treated LA cells. Finally, paired-pulse
stimulation protocols in the presence of glutamatergic antagonists revealed a less
pronounced depression of the second IPSP in pilocarpine-treated slices as compared to
NEC. Altogether, these findings suggest that alterations in both pre- and postsynaptic
inhibitory mechanisms contribute to synaptic hyperexcitability of LA networks in

epileptic rats.

4.2 Introduction

The amygdalar complex, located in the deep anteromedial part of the temporal lobe, is
composed of several nuclei that are interconnected with cortical and subcortical
regions in a specific manner (Lopes da Silva et al., 1990; Pitkanen et al., 2000a,b).
Under normal physiological conditions, the amygdala is involved in fear conditioning
and emotional learning (LeDoux, 2000; Paré et al., 2004; Scott et al., 1997; Stork and
Pape, 2002; Wilensky et al., 2000). The amygdala is also known to be at the origin of
some of the behavioral manifestations observed during seizures in temporal lobe
epilepsy (TLE) patients where it is often the primary focus of seizure activity (Gloor,
1992, 1997; van Elst et al., 2000). Patients with TLE can present with unilateral or
bilateral damage to this structure, and in certain instances, isolated amygdalar
pathology occurs in the absence of hippocampal sclerosis (reviewed by Pitkanen et al.,
1998). Histochemistry of resected human epileptic tissue has revealed that the lateral
and basal nuclei are the most vulnerable to injury (Yilmazer-Hanke et al., 2000).
Assessment of these nuclei has disclosed that in addition to neuronal loss and gliosis,
synaptic -alterations - in the form of decreased dendritic branching of surviving cells -

also take place (Aliashkevich et al., 2003).
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Histological examination of chronically epileptic animal tissue has confirmed
an overlap with the pattern of cell loss detected in humans. Specifically, these studies
have confirmed that amygdala damage is nucleus-specific and that some nuclei are
more resistant to injury than others (Nissinen et al., 2000; Tuunanen et al., 1996).
Furthermore, in addition to loss of principal cells, decreased density of specific
interneuronal populations has been documented in chronically epileptic animals
(Tuunanen, 1996, 1997). The basolateral amygdalar nucleus (BLA) has been the
primary focus of electrophysiological evaluation of the amygdala in chronic animal
models of TLE. These studies have identified various mechanisms to account for the
hyperexcitability of BLA networks observed in epileptic animals including loss of
spontaneously-occurring inhibitory postsynaptic potentials (IPSPs), loss of
feedforward inhibition, and enhanced NMDA- and non-NMDA mediated excitation
(Gean et al., 1989; Mangan et al., 2000; Rainnie et al., 1992; Shoji et al., 1998; Smith
and Dudek, 1997).

Despite such an extensive assessment of the BLA, relatively few
electrophysiological studies have carefully examined other amygdalar nuclei using
chronic animal models of TLE. For instance, little is known about the functional
changes that take place within the lateral nucleus of the amygdala (LA) where
neuronal loss and gliosis have been identified in subjects with intractable TLE
(Yilmazer-Hanke et al., 2000). A recent study reported that decreased excitatory
transmission occurs in the LA of epileptic rodents probably due to a decrease in
glutamate release or neurodegeneration (Niittykoski et al., 2004). However, much
information is still needed to fully understand the contribution of this structure to
epileptogenesis. For example, although previous investigations have illustrated the
essential role of local GABAergic circuits in controlling LA excitability (Callahan et
al., 1991; Lang and Paré, 1997, 1998), a detailed electrophysiological examination of

how these inhibitory networks are affected in epileptic animals is still lacking.

Assessing the contribution of the LA to hyperexcitability of limbic neuronal
networks becomes essential when one considers its dense reciprocal interconnections

with the hippocampus and parahippocampal cortices, structures that are highly
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implicated in TLE (Du et al., 1993; Pikkarainen and Pitkanen, 2001; Pitkanen et al.,
1995, 2000b). In this study we assessed the electrophysiological changes that occur in
the LA of epileptic rats by using the pilocarpine chronic animal model of TLE where
damage to this amygdala nucleus has been reported (Cavalheiro et al., 1987; Fujikawa,
1996). Our investigations were specifically aimed at assessing the functional

characteristics of inhibition within this structure.

4.3 Methods

Animal preparation - Procedures approved by the Canadian Council of Animal Care
were used to induce status epilepticus (SE) in adult male Sprague-Dawley rats
weighing 150-200g at the time of injection. All efforts were made to minimize the
number of animals used and their suffering. Briefly, rats were injected with a single
dose of pilocarpine hydrochloride (380-400 mg/Kg, i.p). In order to reduce the
discomforts caused by peripheral activation of muscarinic receptors, methyl
scopolamine (1 mg/Kg i.p) was administered 30 min prior to the pilocarpine injection.
The animals’ behavior was monitored for approx. 4 h following pilocarpine and scored
according to Racine’s classification (Racine et al., 1972b). Only rats that experienced
SE (stage 3-5) for more than 30 minutes (53.1+9.3 min, mean+SEM; n=35 rats) were
included in the pilocarpine group and used for in vitro electrophysiological studies
approx. 4 months (18+1 week; n=35 rats) following pilocarpine injection. Since it has
been previously established that all adult rats experiencing pilocarpine-induced SE
will later exhibit spontaneous recurrent seizures (Cavalheiro et al., 1991; Priel et al.,
1996), only a subset of pilocarpine-treated animals were video-monitored and the
presence of spontaneous behavioral seizures was confirmed in virtually all of them (n=
14/15). In this study, rats receiving a saline injection instead of pilocarpine were used

as age-matched non-epileptic controls (NEC).

Slice preparation and maintenance - Adult rats were decapitated under halothane
anesthesia; the brain was quickly removed and a block of brain tissue containing the
retrohippocampal region was placed in cold (1-3°C), oxygenated artificial
cerebrospinal fluid (ACSF). The brain dorsal side was cut along a horizontal plane that

was tilted by a 10° angle along a postero-superior-anteroinferior plane passing
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between the lateral olfactory tract and the base of the brain stem (Benini et al., 2003).
Horizontal slices (400-450 pm thick) were cut from this brain block using a vibratome
and slices were then transferred into a tissue chamber where they lay at the interface
between ACSF and humidified gas (95% O, 5% CQO,) at a temperature of 34-35 °C
and a pH of 7.4. We focused in this study on the most ventral slices that were
comprised between -8.6mm to -7.6mm from the bregma (Paxinos and Watson, 1998).
These slices contained the hippocampus proper, the parahippocampal cortices as well
as the lateral nucleus of the amygdala (LA) (Fig. 4-1A). Two to three of such slices
could be obtained from each hemisphere. ACSF composition was (in mM): NaCl 124,
KC1 2, KH,PO4 1.25, MgS04 2, CaCl, 2, NaHCO; 26, and glucose 10. (2S)-3-[[(1S)-
1-(3,4-Dichlorophenyl)ethylJamino-2-hydroxypropyl](phenyl-ethyl)phosphinic  acid
(CGP 55845A, 10 uM), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 uM), 3,3-
(2-carboxypiperazin-4-yl)-propyl-1-phosphonate (CPP, 10 pM), and picrotoxin (PTX,
50 uM) were applied to the bath. Chemicals were acquired from Sigma (St. Louis,
MO, USA) with the exception of CGP 55845A, CNQX and CPP that were obtained
from Tocris Cookson (Ellisville, MO, USA).

Electrophysiological recordings and stimulation protocols - Field potential
recordings were made from the LA and deep layers of the perirhinal cortex (PC) with
ACSF-filled, glass pipettes (resistance=2-10 MQ) that were connected to high-
impedance amplifiers (Fig. 4-1A). Sharp-electrode intracellular recordings were
performed in LA with pipettes that were filled with 3M K-acetate or with 3M K-
Acetate/75 mM lidocaine,N-ethyl bromide (QX314) (tip resistance= 70-120 MQ in
both cases). Intracellular signals were fed to a high-impedance amplifier with internal
bridge circuit for intracellular current injection. The resistance compensation was
monitored throughout the experiment and adjusted as required. The passive membrane
properties of LA cells included in this study were measured as follows: (i) resting
membrane potential (RMP) after cell withdrawal; (ii) apparent input resistance (Ri)
from the maximum voltage change in response to a hyperpolarizing current pulse
(100-200 ms, <-0.6 nA); (iii) action potential amplitude (APA) from the baseline and
(iv) action potential duration (APD) at half-amplitude. Intrinsic firing patterns of LA
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cells were classified from responses to depolarizing current pulses of 1000-2500 ms
duration. The adaptation ratio (AR), defined as the ratio of the last interspike interval
(ISI) to the first ISI, was used to quantitatively compare the firing properties of cells
from pilocarpine (n=30) and NEC groups (n=30) (cf., Takazawa et al., 2004). For each
cell, AR was obtained from a 1200 ms depolarizing pulse at a current intensity 0.2 nA

larger than that which induced threshold action potential firing.

Synaptic responses to single shock stimulation (50-100 ps; < 350 pA) of local
LA networks was assessed using a bipolar, stainless steel electrode placed < 500 pm
from the recording electrodes. “Monosynaptic” IPSPs were evoked in the presence of
glutamatergic antagonists (10 pM CPP+10 uM CNQX). The stimulation parameters
used to elicit these responses were not significantly different (p>0.05) between
pilocarpine (stimulus intensity= 203421 pA; duration= 100 ps; n=22) and NEC
(stimulus intensity= 175+17 pA; duration= 100 us; n=16) groups. Reversal potential
and peak conductance values for the early and late components of the IPSPs were
obtained from a series of responses evoked at membrane potentials set to different
levels by intracellular current injection. Reversal potentials were computed from
regression plots of response amplitude vs membrane potential. Peak conductance
values were estimated using the parallel conductance model (cf.,, Williams et al.,
1993). Briefly, the membrane potential vs intensity of injected current was plotted (i)
before the stimulation and (ii) at the peak of the IPSP response. The slopes of these
two regression lines were then used to yield the input resistance at rest (i.e. before the
stimulation) and during the response respectively, and to ultimately determine the
change in resistance that occurred during the IPSP (ARpsp). ARpsp Was then translated

to peak conductance changes (AGppsp) using the formula: AGipsp = 1/ARpsp.

Paired stimuli (100 ps duration) at intervals from 50-1600 ms were used to
assess changes in synaptic depression of “monosynaptic” GABA s-receptor mediated
IPSPs by using K-Acetate/QX314-filled electrodes. For the paired pulse protocols, the
stimulus current strength giving >50% maximal response was used to stimulate LA
interneuronal networks. Furthermore, cells were hyperpolarized by current injection to

obtain depolarizing IPSPs. The membrane potential at which the test was conducted
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was not significantly different (p>0.05) between the two experimental groups
(pilocarpine-treated= -102+2 mV, n=10 and NEC= -105+3 mV; n=10); in addition, the
absolute amplitude of the first response (P1) evoked at this membrane potential was
not different in pilocarpine-treated (9+0.5 mV, n=10) and NEC (10+0.5 mV, n=10)

necurons.

Field potential and intracellular signals were fed to a computer interface
(Digidata 1322A; Axon Instruments Inc) and were acquired and stored using the
pClamp 9 software (Axon Instruments Inc., Foster City, CA, USA). Subsequent data
analysis was made with the Clampfit 9 software (Axon Instruments). For time-delay
measurements, the onset of the field potential/intracellular signals was determined as
the time of the earliest deflection of the baseline recording (e.g., insert trace in Fig. 4-
2Ca). Measurements in the text are expressed as mean+SEM and n indicates the
number of slices or neurons studied under each specific protocol. Data were compared

with the Student's t-test and were considered statistically significant if p<0.05.

Neuronal labelling - Electrodes for intracellular labeling were filled with 2%
neurobiotin dissolved in 2M K-acetate. Intracellular injection of neurobiotin was
accomplished by passing pulses of depolarizing current (0.5-1nA, 3.3Hz, 150ms)
through the recording electrode for 2-10 min. Neurobiotin injection did not have any
appreciable effect on RMP, Ri and evoked action potential properties (cf., Xi and Xu,
1996). Only one neuron was filled in each slice. Following the electrophysiological
characterization of these neurons, slices were removed from the recording chamber
and fixed in 4% paraformaldehyde, 100 mM phosphate-buffered solution overnight at
4°C. Slices were then rinsed in phosphate buffered saline (PBS) and the endogenous
peroxidase activity extinguished by incubating them in 0.1% phenylhydrazine for 20
min. After several rinses in PBS, the slices were incubated for 2 h in 1% Triton X-100
and then in vectastain ABC reagent comprising the avidin-biotinylated horseradish
peroxidase complex in PBS for at least 4h. After wash in PBS, the sections were
reacted with 0.5% 3,3’-diaminobenzidine tetrahydrochloride and 0.003% hydrogen
peroxide in PBS, mounted on slides, dehydrated and covered (Kita and Armstrong,

1991). The intracellularly stained neurons were photographed using the Nomarski
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optics or a Zeiss Axiophot microscope. Neurobiotin and vectastain ABC were

obtained from Vector Laboratories.

4.4 Results

4.4.1 Intrinsic electrophysiological properties and morphology of lateral
amygdala neurons

Intracellular recordings were carried out in the LA of brain slices obtained from
pilocarpine-treated rats (n= 83 cells from 66 slices) and age-matched non-epileptic
controls (NECs) (n=54 cells from 41 slices). Morphological identification with
intracellular injection of neurobiotin was also carried out in some neurons (n= 17 and
11 in pilocarpine and NEC slices, respectively). Based on a gross visual examination
of cell body shape and dendrite distribution, three main types of principal spiny
neurons could be distinguished in both epileptic and NEC tissue: (i) stellate-like
elements (8/17 and 6/11 of pilocarpine and NEC neurons, respectively) (Fig. 4-1Ba);
(i1) bipolar-shaped cells (2/17 and 0/11 of pilocarpine and NEC neurons, respectively)
(Fig. 4-1Bb) ; and (iii) pyramidal-like neurons (7/17 and 5/11 of pilocarpine and NEC
cells, respectively) (Fig. 4-1Bc).

Analysis of the intrinsic properties of cells recorded in the two types of tissue
revealed no significant differences in RMP, Ri, APD and APA (Table 4-1). Moreover,
as previously reported by other investigators (Faber et al., 2001; Faulkner and Brown,
1999) the regular firing characteristics of LA neurons consisted of a spectrum of
different spike adaptations (Fig. 4-1Ca-c). The range of adaptation ratios (AR, see
Methods) varied between 1.1 and 69.0 in pilocarpine and between 1.3 and 43.5 in
NEC neurons, with no significant difference in the AR distribution between the two
groups (p= 0.2). Thus no disparity in the expression of the different modalities of

repetitive firing could be identified between NEC and pilocarpine-treated neurons.

4.4.2 Spontaneous synaptic activity in LA of pilocarpine-treated rats is altered

Field potential recordings obtained during application of normal ACSF from the LA
and the PC of NEC slices (n= 41) demonstrated the absence of any spontaneous
activity (Fig. 4-2Aa, bottom field traces). Moreover, when analyzed with intracellular

recordings, all neurons from this group exhibited at RMP depolarizing postsynaptic
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potentials (PSPs) with amplitudes of 1.71+£0.03 mV (range= 0.5-8.4 mV, n=26) and
rates of occurrence of 0.724+0.04 s (range= 0.01-13.5 s, n=26) (Fig. 4-2Aa, arrows)
(Table 4-2). In addition, spontaneous hyperpolarizing PSPs (sIPSPs) (amplitude: -
3.4+0.2 mV; rate of occurrence: 18+5 s, range= 0.2-140 s, n=14) could be recorded in
53% of NEC LA neurons (n=25/47) (Fig. 4-2Aa, asterix) (Table 4-2). Steady
hyperpolarization and depolarization of the membrane potential altered the amplitude
of these two types of spontaneous activities without influencing their rate of

occurrence, thereby confirming their synaptic nature (Fig. 4-2Ab).

Spontaneous field activity was also absent from the majority of pilocarpine-
treated slices (n= 52/66) (Fig. 4-2B, Pilocarpine-treated tissue (no field activity)). As
in NEC tissue, neurons recorded intracellularly from pilocarpine-treated slices also
exhibited spontaneous depolarizing PSPs with amplitudes of 2.73+0.05 mV (range=
0.7-16.6 mV, n=33) and rates of occurrence of 1.02+0.07 s (range= 0.01-21.8s, n=33)
(Fig. 4-2B, arrows, insert) (Table 4-2). Distribution analysis revealed that although
there was no significant difference between the two groups in their rate of occurrence,
depolarizing PSPs recorded from pilocarpine-treated slices skewed towards larger
amplitudes (Fig. 4-3A, p<0.001) (Table 4-2). Furthermore, in contrast to the NEC
group, an appreciably lower proportion (31%) of cells (n=21/68) in the epileptic group
displayed sIPSPs at RMP (amplitude: -3.0+0.1 mV; rate of occurrence: 22+4 s, range=
1-210 s, n=16) (Fig. 4-3B, RMP) (Table 4-2). This difference in the expression of
sIPSPs between the two experimental groups was evident even when neurons were
depolarized to ~ - 60 mV to unmask any reversed inhibitory potentials (Fig. 4-3B,
Depolarized MP). Thus, these results suggest that pilocarpine-treated LA cells display
subtle differences in synaptic activity. These alterations include the presence of larger
amplitude depolarizing PSPs (Fig. 4-2A-B and Fig. 4-3A) and reduced incidence of
sIPSPs (Fig. 4-3B).

In addition to these differences, more significant changes were observed in
21% of slices from the pilocarpine-treated group (n=14/66, Fig. 4-2Ca and Fig. 4-3Da,
Pilocarpine-treated tissue (with field activity)). In these slices, spontaneous field

activity (duration: 786+514 ms, range: 190-2100 ms; rate of occurrence: 13.1+10.7 s,



91

7-41 s; Table 4-2) could be recorded in the LA and at times could spread to the deep
layers of the PC (n=3) (Fig. 4-2Ca). Intracellularly, this network activity corresponded
to robust neuronal firing at RMP (n=14 cells) and in the majority of these cells
(n=11/14) no sIPSPs could be recorded (Fig. 4-2Ca and 4-3Da, Control). The
increasing amplitude of the underlying excitatory postsynaptic potential with
hyperpolarization of the membrane potential confirmed the synaptic nature of these

events (Fig. 4-2Cb, arrows).

4.4.3 Pharmacology of spontaneous activity

The NMDA-receptor antagonist CPP reduced the frequency of occurrence of
spontaneous depolarizing PSPs in both NEC (n=7) and pilocarpine-treated tissue
(n=4). Further treatment with the non-NMDA receptor antagonist CNQX abolished
these PSPs (n=10 and 11 in pilocarpine and NEC slices, respectively) without
affecting the occurrence of hyperpolarizing sIPSPs that were often biphasic (Fig. 4-
3C, +CPP+CNQX, insert) and reduced by the GABA4 receptor antagonist picrotoxin
(n=4, not shown). CPP+CNQX application to pilocarpine-treated slices exhibiting
spontaneous field events completely abolished this network activity (Fig. 4-3Da,
+CPP+CNQX) and uncovered biphasic sIPSPs (Fig. 4-3Da,b) that were diminished

with picrotoxin addition.

4.4.4 Evidence for alterations in inhibitory networks of LA

The incidence of sIPSPs at RMP was lower in LA neurons recorded from pilocarpine-
treated slices as compared with those of the NEC group (Fig. 4-3B, RMP). This
difference was also evident even when the membrane potential was depolarized to ~ -
60mV to unmask any reversed sIPSPs (Fig. 4-3B, Depolarized MP). This observation

suggested that altered inhibition occurred in the LA of pilocarpine-treated animals.

To isolate and assess the activity of local inhibitory networks within the LA of
NEC and pilocarpine-treated rats, we analyzed the intracellular responses of LA
neurons to single-shock stimulation in the presence of glutamatergic antagonists
(CPP+CNQX). As reported by previous studies (Heinbockel and Pape, 1999), these
“monosynaptic” stimulus-evoked IPSPs in the NEC group (n=13) were biphasic in
nature, with an early GABAs-receptor mediated component (Fig. 4-4A, NEC, Early)
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and a late GABAg-receptor component (Fig. 4-4A, NEC, Late). Similar observations
were made in the pilocarpine group (n=13, Pilocarpine-treated) thereby suggesting
that post-synaptic GABAs- and GABAg-receptor mechanisms remained intact.
However, comparison of the reversal potentials of the early IPSP component revealed
a significantly (p<0.002) more depolarized value in pilocarpine-treated neurons (-
65.9+1.5 mV, n=13) than NEC cells (-74.5+£0.7 mV, n=13) (Fig. 4-4B, Early Phase).
Peak conductance of the early IPSP component was also different (p<0.05) between
the two groups, with a lower peak conductance in the pilocarpine-treated tissue

(7.3+1.1n8S, n= 15) as compared to NEC (12.1£1.6nS, n=15) (Fig. 4-4C).

Similar assessment of the late GABAg-receptor mediated component of the
IPSP revealed no difference in reversal potentials between pilocarpine-treated (-
95.7+1.9 mV, n=13) and NEC cells (-93.3+2.0 mV, n=11) (Fig. 4-4B, Late Phase).
However, the peak conductance of this late IPSP component was slightly lower in
pilocarpine (2.2+0.4nS, n=14) vs NEC neurons (4.6+0.7nS, n=11) (Fig. 4-4C, Late
Phase). Altogether, these results indicate that alterations in postsynaptic GABAergic
mechanisms, specifically in GABA, receptor-mediated inhibition, occur in the LA of

epileptic rats.

4.4.5 Functional changes also involve presynaptic alterations

To determine whether modifications in presynaptic mechanisms occurred in the LA of
pilocarpine-treated rats, we delivered paired stimuli (100 ps duration; <350 pA
intensity) at intervals of 50-1600 ms with a stimulating electrode placed within 500
um from the recording electrode. Recordings were carried out with QX-314-filled
microelectrodes in the presence of CPP+CNQX. In addition to its well-known effects
on voltage-gated sodium channels (Connors and Prince, 1982) QX-314 blocks
GABAGg-receptors (Nathan et al., 1990) thus allowing the isolation of the fast GABAAx-
receptor mediated component of the IPSP. Furthermore, due to the ability of this
lidocaine derivative to attenuate I, (Perkins and Wong, 1995), the corresponding
IPSPs could be assessed more easily in their reversed form at hyperpolarized

membrane potentials (Fig. 4-5A, B).
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In NEC slices, paired-pulse stimulation protocols revealed a marked
depression in the amplitude of the second stimulus-induced IPSP (P2) with respect to
the first (P1) at interstimulus intervals between 50 and 1000 ms (Fig. 4-5A, C, n=10).
The second IPSP amplitudes recovered to initial values at intervals of >1,200 ms (Fig.
4-5C). In contrast, paired IPSPs in LA neurons recorded from pilocarpine-treated
tissue tended to exhibit a less pronounced depression at interstimulus intervals
between 50 and 1600 ms as compared to NEC, thereby suggesting a failure in
presynaptic GABAergic interneuron autoreceptors (Fig. 4-5B, C, n= 10). The
difference between NEC and pilocarpine-treated groups was statistically different
(p<0.05) at interstimulus intervals between 200 and 1000 ms (Fig. 4-5C, asterisk).

Presynaptic GABAp receptors have been shown to contribute to the paired-
pulse depression of GABAj-receptor mediated inhibitory postsynaptic currents
(IPSCs) induced in the LA by paired stimulation of cortical and thalamic inputs in the
presence of glutamatergic transmission (Szinyei et al., 2000). To determine whether
the same was true for the monosynaptic IPSPs induced in our experimental paradigm
(i.e. in the absence of glutamatergic transmission), the effect of the GABAp receptor
antagonist CGP 55845A on the magnitude of the IPSP paired-pulse depression (PPD)
was tested at an interstimulus interval yielding maximal depressant effects (400ms). In
NEC tissue, CGP 55845A increased the P2/P1 ratio by 24.7+4.7% in 6 out of 12
neurons (Fig. 4-5D). On the other hand, PPD in pilocarpine-treated cells tended to be
less affected by GABAg receptor antagonism which increased the P2/P1 ratio in only
3 of 9 neurons by 11.7+0.9% (Fig. 4-5D). The difference in the extent of PPD
attenuation by CGP 55845A was marginally significant between the NEC (24.7+4.7%,
n=6) and pilocarpine-treated cells (11.7+0.9%, n=3) at p=0.05. Altogether, these
results suggest that presynaptic GABAp receptors may contribute to controlling
neurotransmitter release from LA interneurons and point towards the possibility of
altered presynaptic GABAp receptor-mediated mechanisms in chronically epileptic

animals.
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4.5 Discussion

In this study, we sought to identify the functional changes that occur within the LA
using the pilocarpine rodent model of TLE. The results obtained demonstrate that
alterations in LA network excitability occur in chronically epileptic rats. Specifically,
LA neurons exhibit larger PSPs and a lower incidence of hyperpolarizing sIPSPs than
those observed in NEC animals. Moreover, in contrast to NEC, a subset of slices from
the pilocarpine group displayed intense network bursting in LA. Finally, in addition to
the lower incidence of sIPSPs observed in the epileptic group, we provide for the first
time evidence for both postsynaptic and, presumably, presynaptic modifications in

GABA receptor-mediated mechanisms.

4.5.1 Synaptic alterations in LA of epileptic rats

Due to the overwhelming body of clinical evidence implicating the amygdala in the
initiation and spread of limbic seizures, various studies have sought to identify the
cellular and network mechanisms underlying the role of this nucleated structure in
epileptogenesis. In vitro investigations have shown that in the presence of convulsive
agents, synaptic recruitment of amygdalar neurons via both excitatory and inhibitory
mechanisms endows it with the ability to generate epileptic discharges and participate
in epileptiform synchronization of limbic networks (Benini et al., 2003; Gean, 1990;
Gean and Shinnick-Gallagher, 1988; Kleuva et al., 2003; Stoop and Pralong, 2000).
Furthermore, studies carried out in the BLA of kindled (Gean et al., 1989; Mangan et
al., 2000; Rainnie et al., 1992; Shoji et al., 1998) and kainate-treated rodents (Smith
and Dudek, 1997) have demonstrated that in addition to cellular loss and gliosis,
permanent changes in synaptic transmission render this amygdaloid region epileptic.
We report here similar results in the LA of pilocarpine-treated rats where spontaneous
NMDA/non-NMDA sensitive epileptiform bursting and large amplitude depolarizing

PSPs occurred.

Interestingly, a reduced incidence of sIPSPs was also evident in pilocarpine-
treated tissue as compared to non-epileptic controls, thereby suggesting that alterations
in inhibitory mechanisms had also taken place. This finding is relevant considering the

extensive immunohistochemical and electrophysiological data illustrating that the
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amygdala is rich in GABAergic cells and that inhibitory processes play an underlining
role in controlling the excitability of the LA (Pitkanen and Amaral, 1994; Smith et al.,
1998). For instance, stimulation of various afferents in vivo results in mainly
inhibitory responses within the LA (Lang and Pare, 1997, 1998; Le Gal La Salle,
1976). Furthermore, as demonstrated here and by other investigators, in vitro
stimulation of LA networks yields biphasic IPSP responses that are mediated by
GABA4 and GABAg receptors (Danober and Pape, 1998; Martina et al., 2001; Sugita
et al., 1992). Moreover, we have found that the majority of LA neurons in NEC tissue
exhibit robust spontaneously-occurring IPSPs that are resistant to glutamatergic
antagonists but are sensitive to GABAa-receptor antagonism, thus further

substantiating a significant role for inhibitory networks within this nucleus.

Histological examination of epileptic tissue has demonstrated a reduction of
GABAergic neurons within the LA (Tuunanen, 1996, 1997), possibly accounting for
the reduced incidence of sIPSPs observed in our pilocarpine-treated tissue. It is
noteworthy to mention that in contrast to studies reporting a complete loss of sIPSPs
in the BLA of epileptic animals (Gean et al., 1989; Rainnie et al., 1992), we have
shown here that inhibitory inputs onto principal cells are not completely lost in the LA
of pilocarpine-treated tissue. This is evident by the continued presence of sIPSPs in
epileptic tissue, albeit in a smaller proportion of cells. Our findings are in line with
previous reports that illustrate a partial loss of interneurons within the LA of
chronically epileptic rats, with some studies even reporting > 50% of surviving
interneurons (Tuunanen et al., 1996, 1997). Finally, decreased dendritic branching of
surviving principal cells in the epileptic amygdala (Aliashkevich et al., 2003) also
raises the possibility that intemeurons make fewer contacts onto pyramidal cells and
could perhaps contribute to the reduced incidence of sIPSPs in pilocarpine-treated
slices. Hence, our findings suggest that in epileptic rats, alterations in both excitatory
and inhibitory synaptic transmission contribute to the hyperexcitability of LA neuronal

networks.
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4.5.2 Altered postsynaptic GABA , receptor-mediated inhibition

In order to further assess the changes in inhibitory inputs onto LA principal cells,
IPSPs induced in the presence of glutamatergic antagonists were studied in
pilocarpine-treated and NEC tissue. Interestingly, we were able to record biphasic
IPSPs in the LA of both types of tissue thereby indicating that GABA - and GABAgp
receptor-mediated mechanisms were present in the epileptic group. However, notable
differences were observed in the reversal potential of the fast component of the IPSP.
Specifically, the reversal potential of this GABA4 receptor-mediated component was
found to be significantly more depolarized in the pilocarpine-treated tissue as
compared to NEC. In fact, the reversal potential in the epileptic tissue was more
positive than the mean resting membrane potential by approx. 6mV. Altogether, this
signifies that postsynaptic GABA4 receptor-mediated potentials have a greater chance
to be depolarizing at resting levels in the pilocarpine-treated group as compared to

NEC where the reversal potential is more negative than RMP.

GABA generally tends to induce hyperpolarization of neurons in the adult
brain. However, there are several instances such as in the developing juvenile brain
(Ben-Ari et al., 1989) or in the adult brain under high frequency stimulation (Lamsa
and Taira, 2003; Voipio and Kaila, 2000) where depolarizing effects of GABA are
known to occur. Furthermore, the excitatory actions of GABA have also been
documented under pathological conditions such as epilepsy (Cohen et al., 2002), pain
(Coull et al.,, 2003) and ischemia (Schwartz-Bloom and Sah, 2001). Several
mechanisms have been proposed to account for this polarity switch in GABA action
including modified Cl' gradients due to a decreased expression of the K'/CI

cotransporter KCC2 (Riviera et al., 1999) and deafferentiation (Vale and Sanes, 2000).

Thus, the more depolarized reversal potential and the lower peak conductance
of the GABA s-mediated IPSP denotes an excitatory effect of GABA in the LA of
pilocarpine-treated tissue. These changes may potentially reduce the hyperpolarizing
effect of inhibitory inputs onto principal cells, bring LA neurons closer to firing

threshold, and consequently facilitate epileptiform synchronization.
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4.5.3 Reduced presynaptic depression of GABA release

Alterations in presynaptic release of neurotransmitters are known to contribute to
hyperexcitability of different neuronal networks (Asprodini et al., 1992; Behr et al,,
2002; Jarvie et al., 1990; Kamphuis et al., 1990). In this study, we employed paired-
pulse stimulation protocols in the absence of glutamatergic transmission to indirectly
assess whether there were any changes in the release of GABA from LA interneurons
of epileptic rats. Interneuronal inputs onto pyramidal cells generally show a
frequency-dependent depression (Gupta et al., 2000). A pronounced depression in the
second IPSP as compared to the first would indicate that presynaptic autoreceptors are
at play in controlling the release of GABA. Alternatively, additional mechanisms
could include a depletion in the presynaptic vesicle pool (von Gersdoff and Borst,
2002), presynaptic metabotropic receptors (Cartmell and Schoepp, 2000) or even
postsynaptic effects such as desensitization of receptors (Jones and Westbrook, 1996)
and shifts in Cl- gradients (Kaila, 1994; Thompson and Gahwiler, 1989). Interestingly,
we found in NEC tissue a pronounced PPD of GABA-mediated responses that was
partially reduced by GABAg receptor antagonism. This evidence suggests that these
G-protein linked receptors might play a role in controlling neurotransmitter release

from LA interneurons (Miller, 1998).

In contrast, we found in pilocarpine-treated tissue a depression in the paired
IPSP ratio that was less pronounced and less affected by GABAg-receptor antagonism
as compared to NEC. Altogether, these observations suggest that presynaptic GABAg
receptors might be less efficient in controlling the release of GABA from LA
interneurons of epileptic rodents. At first glance, these results are by themselves
peculiar since less PPD in an excitatory network may imply more excitation but in an
inhibitory context may mean more inhibition due to increased GABA at the synapse,
specifically at high frequency stimulation. However, the reduced PPD combined with
the data suggesting a depolarizing effect of GABA could conceivably lead to

hyperexcitability of LA neuronal networks in epileptic tissue.
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4.6 Conclusions

Until recently, most electrophysiological assessments of the amygdala and specifically
of the BLA were carried out in coronal slices in which connections with other limbic
structures are not maintained (Gean et al., 1989; Mangan et al., 2000; Rainnie et al.,
1992; Shoji et al., 1998; Smith and Dudek, 1997). However, the advent of the
combined horizontal slice preparation (Stoop and Pralong, 2000; von Bohlen und
Halbach and Albrecht, 2002) has enabled evaluation of the amygdala’s participation in
intralimbic synchronization of epileptiform activity (Benini et al., 2003; Kleuva et al.,
2003; Stoop and Pralong, 2000). The LA is heavily interconnected with hippocampal
and parahippocampal structures that are highly implicated in TLE and it would be of
crucial importance to determine what significance the alterations presented in our
study have on the interactions of the LA with other structures like the perirhinal and

entorhinal cortices.
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4.7 Tables:

Table 4-1:

Intrinsic and regular firing properties of LA neurons in non-epileptic control
(NEC) and pilocarpine-treated rats

NEC (n=46) Pilocarpine (n=68)
RMP (mV) -70.7 £1.0 -71.9£0.9
Ri (MQ) 46.6 £ 1.3 47.7 +1.2
APA (mV) 98.5+1.3 99.3+0.9
APD (ms) 1.5+ 0.03 1.6 +0.03
AR* 9.1+£18 13.5+3.0

RMP, resting membrane potential; Ri, input resistance; APA, action potential
amplitude; APD, action potential duration at half amplitude; AR, adaptation
ratio. *AR values were calculated for n=30 cells from each group. Data are
provided as mean + SEM.
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Table 4-2:

Spontaneous synaptic activity recorded at rest from LA neurons in

non-epileptic control (NEC) and pilocarpine-treated rats

NEC Pilocarpine
Spontaneous Bursting Activity* (n=14)
Duration (ms) - 786 + 514
Rate of occurrence (s) - 13.1 + 10.7
Depolarizing PSPs (n=26) (n=33)
Amplitude {mV) 1.71+£0.03 **2.73 £ 0.05
Rate of occurrence (s) 0.72 £ 0.04 1.02 £0.07
Hyperpolarizing PSPs (n=14) (n=16)
Amplitude (mV) -3.4+£0.2 -3.0+ 0.1
Rate of occurrence (s) 18.0 £ 5.0 220x40

Data are provided as mean + SEM. n represents number of neurons.

*These events were only observed in a subset of pilocarpine-treated tissue but never in NEC.

**Indicates values significantly different (p < 0.05) from NEC.
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4.8 Figures:

Figure 4-1:

Slice preparation and sites of recording. A: Diagram of typical combined horizontal
slice preparation illustrating the position of the field (fd), intracellular (in) and
stimulating (stim) electrodes placed within the lateral amygdala (LA) and perirhinal
cortex (PC). B: Neurobiotin-staining identifies stellate (a), bipolar (b) and pyramidal-
like (c) cells in pilocarpine-treated tissue. The respective firing properties of these
cells are illustrated in C (a-c). Note that LA neurons show a range of spike frequency
adaptation. The magnitude of the current pulses injected include -1.0, 0, and +0.6 nA
inaand -1.0, 0, and +0.8 nA in both b and c.
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Figure 4-2:

Spontaneous synaptic activity in NEC and Pilocarpine-treated tissue. A: (a)
Simultaneous field (LA, deep perirhinal cortex (PCs)) and intracellular recording (-72
mV) in NEC tissue reveals (i) depolarizing postsynaptic potentials (PSPs) indicated by
arrows and (ii) robust spontaneous hyperpolarizing inhibitory postsynaptic potentials
(sIPSP) indicated by asterix. (b) Spontaneous synaptic activity recorded during
depolarization and hyperpolarization of the membrane potential by steady current
injection of +0.2, +0.1, -0.1 and -0.2 nA (from top to bottom trace respectively). Note
the larger amplitude and biphasic nature of sIPSPs at more depolarized levels (-61 mV
to -76 mV). B: Simultaneous field (LAf, PCy) and intracellular activity (-76 mV)
recorded in the majority of pilocarpine-treated tissue. Note the absence of field activity
(LAg, PCy) and the presence of large depolarizing postsynaptic potentials (PSPs)
indicated by arrows in the intracellular trace. Expansion of these events is depicted in
the right upper insert. C: (a) Simultaneous field (LA, PCy) and intracellular activity (-
60 mV) recorded in a subset of pilocarpine-treated slices reveals robust network
activity (LAf, PCf). Expansion of an event demonstrates initiation in LA (arrow) and
spread to PC (right upper insert). (b) Steady hyperpolarization and depolarization of
the membrane potential with current injections of +0.2, -0.2 and -0.8 nA (from top to
bottom trace respectively) alters the amplitude of the underlying EPSP (arrow) thereby

confirming the synaptic nature of the event.
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Figure 4-3:

Distribution and pharmacology of spontaneous activity. A: Distribution histogram
of the amplitude of depolarizing PSP events pooled from pilocarpine-treated (n=33
neurons, 1000 events) and NEC (n= 26 neurons, 1000 events) groups at resting levels.
Note that in pilocarpine-treated tissue these events distribute at higher amplitudes. B:
Histogram comparing the incidence of hyperpolarizing sIPSPs in NEC (n=47 cells)
versus pilocarpine-treated tissue (n=68 cells) at resting levels (RMP) and more
depolarized membrane potentials (Depolarized MP). Note the lower incidence of
sIPSPs in pilocarpine-treated tissue. C: Bath application of glutamatergic antagonists
(+CPP+CNQX) to NEC tissue abolishes depolarizing PSPs but does not affect sIPSPs.
Lower inserts depict expansion of sIPSP events. D: (a) In pilocarpine-treated tissue
exhibiting field activity in LA (Control), bath application of glutamatergic antagonists
(+CPP+CNQX) abolishes spontaneously-occurring network bursting (expansion in
lower left trace) and uncovers biphasic sIPSPs (expansion in right lower insert). (b)
Depolarizing the membrane to -56 mV with a steady current injection of +0.5 nA

increases the amplitude of these sIPSPs.
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Figure 4-4:

GABA s-mediated component of evoked IPSP in Pilocarpine-treated tissue
exhibits a more depolarized reversal potential and a smaller peak conductance.
A: Comparison of the monosynaptic IPSPs evoked in the presence of CPP+CNQX in
NEC and pilocarpine-treated tissue at membrane potentials set to different levels by
intracellular current injection (-0.6 to +0.6nA in NEC and -0.8 to +0.6 nA in
Pilocarpine-treated). Note the biphasic nature of these IPSPs (Early and Late
components). Also note that the reversal potential of the early component (arrow) is
more depolarized in NEC versus pilocarpine-treated tissue. Triangles indicate stimulus
artifact. B: Histogram comparing reversal potential of both early and late IPSP
components in NEC versus pilocarpine-treated group. Asterix indicates significance at
p<0.002. C: Histogram comparing peak conductance of both early and late IPSP
components in NEC versus pilocarpine-treated group. Asterix indicates significance at

p<0.05; n represents number of neurons. Error bars: means+SEM.
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Figure 4-5:

Pilocarpine-treated tissue exhibits a less pronounced paired-pulse depression of
‘monosynaptically’-evoked IPSP. A: Intracellular recording from a hyperpolarized
LA neuron (-105 mV, -0.4 nA injected current) in NEC tissue showing paired IPSPs
(P1 and P2) at interstimulus intervals of (a) 200 ms and (b) 600 ms. Note marked
depression of P2 relative to P1 at both intervals. B: Intracellular recording from a
hyperpolarized LA cell (-102 mV, -0.8 nA injected current) in pilocarpine-treated
tissue showing paired IPSPs (P1 and P2) at interstimulus intervals of (a) 200 ms and
(b) 600 ms. Note that at both intervals, there is less paired-pulse depression of the
second response with respect to the first. C: Plot of P2/P1 ratios for interstimulus
intervals between 50 ms and 1600 ms. Note that pilocarpine-treated tissue exhibits less
PPD than NEC. Asterix indicate interstimulus intervals at which the two groups were
significantly different from each other (p< 0.05). D: Effect of CGP 55845A on the
normalized P2/P1 ratio in NEC (n=6) and pilocarpine-treated tissue (n=3). Note the
less pronounced effect of GABAp receptor antagonism in the pilocarpine-treated

group (p=0.05). n represents number of neurons. Error bars: means+SEM.
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Chapter 5: Electrophysiology of Deep Layer Perirhinal Cortex in a
Model of Temporal Lobe Epilepsy

5.0 Linking Text

Using the pilocarpine model of TLE, I reported in Chapter 4 that alterations at
the level of GABAergic signalling contribute to LA network hyperexcitability in
chronically epileptic rats. The next step in my investigations was to determine whether
these modifications could affect the interactions of the LA with other limbic structures
such as the perirhinal cortex (PC), a structure that has also been implicated in TLE.

Despite the elaborate information presented from kindling studies,
electrophysiological assessment of the PC in chronically epileptic animals remains
sparse. Thus, prior to addressing the question of how LA-PC interactions are altered in
TLE, we decided it was more appropriate to first assess the changes that occur within
the PC in pilocarpine-treated rats. The findings obtained from such an
electrophysiological study in chronically epileptic rats are presented in this final
Chapter 5, where data suggesting altered LA-PC interactions are shown. Chapter 5
represents a manuscript in preparation entitled “Electrophysiology of deep layer
perirhinal cortex in a model of temporal lobe epilepsy” (Authors: Benini R and Avoli
M).

5.1 Abstract

The perirhinal cortex (PC) may play an important role in the generation and spread of
seizures. Here, we used simultaneous field and intracellular recordings from horizontal
brain slices obtained from pilocarpine-treated rats and age-matched non-epileptic
controls (NEC) to shed light on the electrophysiological changes that occur within the
deep layers of the PC. No significant differences in PC neuronal intrinsic properties
were observed between pilocarpine-treated and NEC tissue. We could identify in PC
neurons spontaneous depolarizing and hyperpolarizing postsynaptic potentials that
were not significantly different in duration and amplitude between the two
experimental groups. However, spontaneous field activity could be recorded in the PC

of 21% of pilocarpine-treated slices but never from NECs. At the intracellular level,
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this network activity was characterized by robust neuronal firing that was sensitive to
glutamatergic antagonists. In the absence of glutamatergic transmission, PC neurons in
both NEC and pilocarpine-treated tissue generated biphasic IPSPs in response to
single-shock stimulation of local networks. The reversal potential of the early
GABA -receptor mediated component, but not of the late GABAg-receptor mediated
component, was significantly more depolarized in pilocarpine-treated slices. Finally,
stimulation of LA networks revealed that LA inputs onto deep PC cells are
predominantly inhibitory in nature in NEC tissue but become more excitatory in
chronically epileptic rats. Altogether, these preliminary findings suggest that deep
layer PC networks are hyperexcitable in a subset of tissue obtained from chronically

epileptic rats where alterations in LA-PC interactions also occur.

5.2 Introduction

As a result of the surging interest in identifying the functions played by
extrahippocampal structures in temporal lobe epilepsy (TLE), an important role for the
parahippocampal cortices, including the perirhinal cortex (PC), has been recognized
(Avoli et al., 2002). Accordingly, magnetic resonance imaging studies have revealed
that volumetric reductions occur within the PC of TLE patients (Bernasconi et al.,
2000, 2003; Keller et al., 2004). Furthermore, evidence from experimental epilepsy
has demonstrated that not only is the PC the most easily kindled structure within the
mammalian forebrain (McIntyre et al., 1993; Mclntyre and Plant, 1989, 1993), but that
it is also more likely to generate electrographic seizures in vitro than adjacent limbic
structures such as the entorhinal cortex (EC), hippocampus or amygdala (de Guzman
et al., 2004; Kleuva et al., 2003). Moreover, a pivotal role for this cortical region in the
generalization of seizures has also been presented (Holmes et al., 1992; Kelly and

Mclntyre, 1996; McIntyre and Kelly, 2000).

Despite these findings, extensive histological and electrophysiological
assessment of the PC in chronically epileptic animals is still lacking. Although damage
to the deep PC has been documented in pilocarpine-treated rodents (Covolan and
Mello, 2000), the implications of these alterations to PC network excitability and

ultimately to limbic network synchronization still needs to be determined. Thus, the
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aim of our study was to use an electrophysiological approach to assess the intrinsic
and network changes that occur within the deep layers of the PC in epileptic rats by
using the pilocarpine chronic animal model of TLE. Furthermore, since the PC is
known to be extensively interconnected with the amygdaloid complex via the lateral
nucleus (LA) (Burwell and Witter, 2002; Suzuki and Amaral, 1994a,b), we also
sought to identify whether there were any changes in the interactions between these
two limbic structures in chronically epileptic rats. This latter question might be
relevant to understanding the spread of limbic seizures across temporal lobe structures
specifically since it has recently been reported that under conditions of reduced
inhibition, LA inputs can promote the spread of activity from the PC to the EC and
hippocampus (Kajiwara et al., 2003).

5.3 Methods

Animal preparation - Procedures approved by the Canadian Council of Animal Care
were used to induce status epilepticus (SE) in adult male Sprague-Dawley rats
weighing 150-200g at the time of injection. All efforts were made to minimize the
number of animals used and their suffering. Briefly, rats were injected with a single
dose of pilocarpine hydrochloride (380-400mg/Kg, i.p). In order to reduce the
discomforts caused by peripheral activation of muscarinic receptors, methyl
scopolamine (1mg/Kg i.p) was administered 30 min prior to the pilocarpine injection.
The animals’ behaviour was monitored for approx. 4 h following pilocarpine and
scored according to Racine’s classification (Racine et al., 1972b). Only rats that
experienced SE (stage 34-5) for 30 minutes or more (48+6 min, mean+SEM; n=21 rats)
were included in the pilocarpine group and used for in vitro electrophysiological
studies approximately 4 months (17+t1week; n=21 rats) following the pilocarpine
injection. The presence of spontaneous behavioural seizures was confirmed with
video-monitoring in a subset of pilocarpine-treated rats (n= 14). In this study, rats
receiving a saline injection instead of pilocarpine were used as age-matched

nonepileptic controls (NEC).

Slice preparation and maintenance - Adult rats were decapitated under halothane

anesthesia; the brain was quickly removed and a block of brain tissue containing the
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retrohippocampal region was placed in cold (1-3 °C), oxygenated artificial
cerebrospinal fluid (ACSF). The brain dorsal side was cut along a horizontal plane that
was tilted by a 10° angle along a postero-superior-anteroinferior plane passing
between the lateral olfactory tract and the base of the brain stem (Benini et al., 2003).
Horizontal slices (400-450 pm thick) were cut from this brain block using a vibratome
and slices were then transferred into a tissue chamber where they lay at the interface
between ACSF and humidified gas (95% O,, 5% CO,) at a temperature of 34-35 °C
and a pH of 7.4. We focused in this study on the most ventral slices that were
comprised between -8.6mm to -7.6mm from the bregma (Paxinos and Watson, 1998).
These slices contained the hippocampus proper, the parahippocampal cortices as well
as the lateral nucleus of the amygdala (LA) (Fig. 4-1A). Two to three of such slices
could be obtained from each hemisphere. ACSF composition was (in mM): NaCl 124,
KCl 2, KH,PO4 1.25, MgS0O4 2, CaCl, 2, NaHCO; 26, and glucose 10. (2S)-3-[[(1S)-
1-(3,4-Dichlorophenyl)ethyljamino-2-hydroxypropyl](phenylmethyl) phosphinic acid
(CGP 55845A, 10pM), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10uM), 3,3-(2-
carboxypiperazin-4-yl)-propyl-1-phosphonate (CPP, 10uM), and picrotoxin (PTX,
50uM) were applied to the bath. Chemicals were acquired from Sigma (St. Louis, MO,
USA) with the exception of CGP 55845A, CNQX and CPP that were obtained from
Tocris Cookson (Ellisville, MO, USA).

Electrophysiological recordings and stimulation protocols - Field potential
recordings were made from the deep layers of the perirhinal cortex (PC) and the lateral
nucleus of the amygdala (LA) with ACSF-filled, glass pipettes (resistance=2-10 MQ)
that were connected to high-impedance amplifiers. Sharp-electrode intracellular
recordings were performed in PC with pipettes that were filled with 3M K-acetate (tip
resistance= 70-120 MQ in both cases). Intracellular signals were fed to a high-
impedance amplifier with internal bridge circuit for intracellular current injection. The
resistance compensation was monitored throughout the experiment and adjusted as
required. The passive membrane properties of PC cells included in this study were
measured as follows: (i) resting membrane potential (RMP) after cell withdrawal; (i1)

apparent input resistance (Ri) from the maximum voltage change in response to a
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hyperpolarizing current pulse (100-200 ms, <-0.6 nA); (iii) action potential amplitude
(APA) from the baseline and (iv) action potential duration (APD) at half-amplitude.
Intrinsic firing patterns of PC cells were classified from responses to depolarizing

current pulses of 1000-2500 ms duration.

Synaptic responses of PC networks to local single shock stimulation or
stimulation of LA (100 pus; <350 pA) was assessed using a bipolar, stainless steel
electrode placed < 500 pm from the recording electrodes. “Monosynaptic” IPSPs were
evoked in the presence of glutamatergic antagonists (10uM CPP and 10pM CNQX).
Reversal potential and peak conductance values for the early and late components of
the IPSPs were obtained from a series of responses evoked at membrane potentials set
to different levels by intracellular current injection. Reversal potentials were computed
from regression plots of amplitude of response vs membrane potential. Peak
conductance values on the other hand were estimated using the parallel conductance
model (cf. Williams et al., 1993). Briefly, the membrane potential vs intensity of
injected current was plotted before the stimulation and at the peak of the IPSP
response. The slopes of these regression lines were then used to yield the input
resistance at rest (i.e. before the stimulation) and during the response respectively, and
to ultimately determine the change in resistance that occurred during the IPSP (ARpsp).
ARpsp was then translated to peak conductance changes (AGypsp) using the formula:

AGypsp = 1/ARpsp.

Field potential and intracellular signals were fed to a computer interface
(Digidata 1322A, Axon Instruments) and were acquired and stored using the pClamp 9
software (Axon Instruments). Subsequent data analysis was made with the Clampfit 9
software (Axon Instruments). For time-delay measurements, the onset of the field
potential/intracellular signals was determined as the time of the earliest deflection of
the baseline recording (e.g., insert trace in Fig. 5-1Ca). Measurements in the text are
expressed as mean+SEM and n indicates the number of slices or neurons studied under
each specific protocol. Data were compared with the Student's t-test and were

considered statistically significant if p<0.05.
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5.4 Results

5.4.1 Intrinsic electrophysiological properties of deep PC neurons

Simultaneous field and intracellular recordings were carried out in the deep perirhinal
cortex (PC) of brain slices obtained from pilocarpine-treated rats (n= 63 cells from 47
slices) and age-matched non-epileptic controls (NECs) (n=29 cells from 26 slices). As
reported by other groups (D’ Antuono et al., 2001; Faulkner and Brown 1999; Martina
et al., 2001), neurons from this PC layer could be characterized either as ‘bursting’ or
‘regular firing’ depending on their responses to intracellular depolarizing pulses.
Whereas bursting neurons exhibited a high-frequency burst of action potentials (APs)
at the beginning of the pulse, regular spiking cells on the other hand fired APs
throughout the pulse at different spike adaptations (Fig. 5-1Ab, Bb, Cb). Both
intrinsically bursting and regular firing neurons could be observed in the pilocarpine-

treated and NEC groups (Table 5-1). No fast spiking interneurons were ever recorded

in this study.

Comparison of RMP, Ri, APD and APA revealed no significant differences
between the NEC and pilocarpine-treated groups thereby suggesting that the intrinsic
properties of PC cells were unchanged in chronically epileptic rats (Table 5-1).

5.4.2 Spontaneous synaptic activity in the PC of pilocarpine-treated rats is

altered

Simultaneous field potential recordings obtained from the PC and LA during bath
application of normal ACSF demonstrated the absence of any spontaneous activity in
NEC slices (n= 18) (Fig. 5-1Aa, bottom field traces). When analyzed with intracellular
recordings, all neurons from this group exhibited at RMP depolarizing postsynaptic
potentials (PSPs) with amplitudes of 1.6+0.1 mV and interval of occurrence of 2.4+0.4
s (n=19) (Fig. 5-1Aa, arrows) (Table 5-2). In addition, spontaneous hyperpolarizing
PSPs (sIPSPs) (amplitude: -2.9+0.5 mV; interval of occurrence: 11.5+1.8 s) could be
recorded in 58% of PC neurons (n=11/19 cells) (Fig. 5-1Aa, asterix, insert) (Table 5-
2). Steady hyperpolarization and depolarization of the membrane potential altered the
amplitude of these two types of spontaneous activities without influencing their rate of

occurrence, thereby confirming their synaptic nature (not shown).
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Based on the pattern of spontaneous field activity, pilocarpine-treated tissue
could be divided into two main groups. In the first set, which constituted the majority
of slices (n=37/47) and were classified as “Pilocarpine (no field activity)”, no
spontaneous field events could ever be detected in either the PC or LA (Fig. 5-1Ba,
Pilocarpine (no field activity)). As in NEC, neurons recorded intracellularly from these
pilocarpine-treated slices exhibited spontaneous depolarizing PSPs (amplitudes=
1.8+0.1 mV; interval of occurrence= 1.02+0.07 s; n=21; Fig. 5-1Ba, arrows, insert)
and could at times display sIPSPs at RMP (amplitude: -3.6+0.6 mV; interval of
occurrence: 28.6+6.9 s, n= 6/21 neurons) (Table 5-2). The amplitudes and rates of
occurrence of both the depolarizing PSPs and sIPSPs were not statistically different

between NEC tissue and this pilocarpine-treated group (Table 5-2).

In the second group of pilocarpine-treated tissue, classified as “Pilocarpine
(with field activity)”, spontaneous field events could be recorded in the PC (n=10
slices, 15 neurons) (Fig. 5-1Ca, bottom field traces). Analysis of field events at
different recording sites revealed that these discharges could initiate in the deep layers
and subsequently spread to the middle and superficial layers of the PC as well as to the
LA (Fig. 5-1Ca, insert, arrow; n=5 slices). Intracellularly, this network activity
corresponded to robust neuronal firing at RMP (duration: 1199+315 ms; interval of
occurrence: 39.2+15.2 s; n=15 cells) interspaced by depolarizing PSPs (amplitude:
2.0+£0.2 mV,; interval of occurrence: 2.0+0.2 s; n=15 cells) (Table 5-1). sIPSPs could

also be recorded in a subset of these cells (n=7/15 cells).

Altogether, these results suggest that increased PC network excitability
resulting in the generation of robust epileptiform-like activity characterizes a subset of

slices obtained from pilocarpine-treated rats.

5.4.3 Pharmacology of spontaneous synaptic activity in deep layer PC cells

In order to assess the contribution of glutamatergic transmission to the three types of
spontaneous synaptic activity recorded intracellularly, NMDA- and non-NMDA
receptor antagonists (CPP and CNQX respectively) were employed.
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Bath application of both CPP and CNQX completely abolished the
spontaneous depolarizing PSPs in NEC (n=6) and pilocarpine-treated tissue (n=9). In
pilocarpine-treated slices (with field activity), the spontaneous bursting events
associated with field activity were reduced in duration (926+64 ms to 120+39 ms; n=3
cells) by application of CPP only and completely abolished with further application of
CNQX (n=4). Finally, sIPSPs were found to be resistant to glutamatergic antagonists
in both NEC (n=6) and pilocarpine-treated cells (n=7), thereby suggesting that they
were presumably mediated by GABAergic receptors.

5.4.4 Stimulus-evoked responses of PC neurons

Response of PC neurons to single-shock stimulation was investigated with the help of
a bipolar stimulating electrode placed within 500 um from the recording electrode. In
NEC slices, responses to stimulation of local PC networks resulted primarily in
sequential EPSP-IPSP responses (n=10/12; Fig. 5-2Aa, NEC, insert) and at higher
stimulation intensities were characterized by single AP firing (Fig. 5-2Aa, NEC). Pure
subthreshold EPSP responses could also be recorded in some cells (n=2/11, not
shown). Bath application of CPP/CNQX abolished the EPSP and AP component of
the evoked PC response and disclosed a biphasic IPSP (Fig. 5-2Ba).

Similar responses could be recorded in pilocarpine-treated tissue with no field
activity (n= 21; Fig. 5-2Ab, Bb, Pilocarpine (no field activity)). As in the case of NEC
cells (Fig. 5-2Aa), both EPSP (n= 8/21, not shown) and EPSP-IPSP (13/21, Fig. 5-
2Ab, insert) responses could be recorded in PC cells at subthreshold stimulation
intensities. In pilocarpine-treated slices with field activity however, single shock
stimulation could elicit only pure EPSP responses in PC cells (Fig. 5-2Ac, Pilocarpine
(with field activity), insert) and at higher stimulation intensities resulted in longer
duration discharges characterized by robust APs riding on depolarizing envelopes
(Fig. 5-2Ac, Pilocarpine (with field activity); n= 6/6). CPP reduced the duration of
these afterdischarges (n=3, not shown), whilst further application of CNQX revealed
an underlying IPSP (Fig. 5-2Bc, +CPP+CNQX; n=3).

Altogether, stimulation of local PC networks demonstrates that pilocarpine-

treated tissue was more likely to generate in this structure epileptiform-like activity
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that was dependent on glutamatergic transmission. Interestingly, the exposure of an
underlying IPSP during bath application of glutamatergic antagonists suggests that this

increased excitability of PC cells was not due to the absence of inhibitory inputs.

5.4.5 Evoked “monosynaptic” IPSP responses of PC neurons

To isolate and assess the activity of local inhibitory networks within the PC of NEC
and pilocarpine-treated rats, we analyzed the intracellular responses of LA neurons to
single-shock stimulation in the presence of glutamatergic antagonists (CPP+CNQX).
In the presence of CPP+CNQX, pure biphasic IPSP responses could be elicited in both
NEC (n=9) and pilocarpine-treated tissue (n=12) (Fig. 5-3A). The early phase of this
evoked IPSP was greatly reduced by the GABA4 receptor antagonist picrotoxin (n=6)
whereas the late phase was sensitive to CGP 88485A, a GABAgR receptor antagonist
(n= 3). Quantitative comparison of these “monosynaptically-evoked” IPSPs revealed
that the reversal potential of the early GABAs-receptor mediated component, but not
of the late GABAg-receptor mediated component, was more depolarized (p< 0.05) in
pilocarpine-treated tissue (-69.6+1.0 mV, n= 12) as compared with NEC (-74.9+1.7
mV, n=9) (Table 5-3, Fig. 5-3B). No differences in the peak conductance of both the
early and late IPSP components were observed between the two groups (Table 5-3,
Fig. 5-3C).

5.4.6 Evidence for altered LA-PC interactions

Previous investigations carried out in our laboratory suggested that changes in network
excitability do occur in the LA of chronically epileptic rats (Benini and Avoli, 2005).
Since the LA is reciprocally interconnected with the PC, we sought to examine

whether PC responses to stimulation of LA networks were altered in pilocarpine-

treated rats.

To study this, responses of deep PC neurons to LA stimulation was compared
in NEC and pilocarpine-treated tissue. Briefly, single shock stimulation of LA
networks in NEC slices resulted in pure IPSP responses in PC neurons (Fig. 5-4, NEC;
Table 5; n=8/8). The IPSP response was found to be abolished by application of
CPP/CNQX (n=3). Single-shock stimulation applied at high frequencies (1Hz-10Hz)

did not attenuate these responses (n= 5).
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Interestingly, LA-induced synaptic responses of PC neurons in pilocarpine-
treated tissue were somewhat different. In pilocarpine tissue (no field activity), LA
stimulation could elicit (i) a pure EPSP response (n=2/11, not shown), (ii) an EPSP-
IPSP response (Fig. 5-4, Pilocarpine (no field activity); n=4/11) as well as (iii) a pure
IPSP response (n=5/11, not shown). Furthermore, in pilocarpine tissue (with field
activity), stimulation of LA networks resulted in robust burst discharges in the PC
(n=5/5), which at more depolarized levels appeared to be preceded by a
hyperpolarizing component (Fig. 5-4, Pilocarpine (with field activity), -54 mV trace,

asterix).

Altogether, these results suggest that whereas in NEC tissue LA inputs to deep
PC cells are predominantly inhibitory in nature they become more excitatory in

chronically epileptic rats.

5.5 Discussion

In this study, we sought to identify the functional changes that occur within the deep
PC using the pilocarpine rodent model of TLE. The results obtained demonstrate that
the intrinsic properties of PC neurons are not altered in chronically epileptic rats.
Furthermore, the expression of spontaneous synaptic potentials (both depolarizing and
hyperpolarizing) was not significantly different between the two experimental groups.
However, in contrast to NEC, a subset of slices from the pilocarpine group displayed
intense network bursting within the PC and responded with robust epileptiform-like
discharges to local network stimulation. Furthermore, alteration in GABA,-receptor
mediated mechanisms was also evident in pilocarpine-treated tissue. Finally, evidence
for a shift from inhibitory to excitatory responses of PC cells to stimulation of LA

inputs was also demonstrated in tissue obtained from chronically epileptic rats.

5.5.1 Evidence for hyperexcitability of PC networks

In vitro investigations carried out in brain slices made epileptogenic by
pharmacological treatment with convulsants have demonstrated that PC circuitry is
more likely to initiate seizure-like discharges than adjacent structures such as the
amygdala, piriform cortex and EC (de Guzman et al., 2004; Kleuva et al., 2003;
Mcintyre and Plant, 1993). This propensity of the PC to develop and sustain
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epileptiform activity is further collaborated by studies demonstrating that PC kindling
occurs much faster and results in an earlier generalization of seizures than kindling of
the amygdala, hippocampus and piriform cortex (Mclntyre et al., 1993; McIntyre and
Plant, 1989, 1993). Moreover, in addition to it being the most easily kindled structure
within the mammalian forebrain, a pivotal role for the PC in the generalization of
seizures has also been presented. For example, whereas local application of an NMDA
receptor antagonist to the PC/insular cortex has been demonstrated to block amygdala-
kindled seizures in rats (Holmes et al., 1992), lesional studies have suggested that the
PC is required for the generation of hippocampal motor seizures (Kelly and Mclntyre,
1996; McIntyre and Kelly, 2000). Altogether, these investigations strongly suggest
that the PC plays an important role in the initiation and spread of seizures. In
accordance with these reports, we demonstrate here the presence of glutamate-
mediated spontaneous bursting activity within the deep PC in a subset of brain slices

obtained from chronically epileptic rats.

Recent data suggests that intrinsic inhibitory networks within the PC and EC
confer these structures with the ability to actively gate signal transmission between the
neocortex and the hippocampus (Biella et al., 2002; de Curtis and Pare, 2004; Pelletier
et al, 2004). Conceivably, this propensity of the rhinal cortices to control the
propagation of neural activity might be highly relevant to understanding the spread of
epileptiform activity within the limbic system. Moreover, it raises the interesting
question as to whether inhibition within the PC is reduced in epileptic rats. In this
study, assessment of inhibitory transmission within the deep PC revealed no
significant differences between NEC and pilocarpine-treated rodents in the expression
of either spontaneously-occurring IPSPs or in the presence of evoked IPSPs. Even in
pilocarpine-treated tissue that exhibited spontaneous field events, IPSP responses
could still be evoked by single-shock stimulation of local networks although only in
the presence of glutamatergic antagonists. These observations indicate that inhibitory
inputs of local interneurons onto principal cells may not be lost in epileptic rats. The
only observable difference between the two experimental groups was a more

depolarized GABA, receptor mediated response in the pilocarpine-treated tissue. The
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relevance of this finding is yet to be determined. Moreover, more detailed
investigations are required to determine whether the inhibitory gating of neural
activity across the PC is altered in chronically epileptic rats and how this relates to the
role of the PC in seizure propagation. Histological evaluation of chronically epileptic

tissue for reductions in interneuronal subpopulations might prove useful in addressing

this question.

5.5.2 Preliminary evidence for decreased inhibitory drive of LA inputs onto PC
neurons in pilocarpine-treated tissue

The PC is known to be extensively and reciprocally interconnected with the
amygdaloid complex via the lateral nucleus (LA) (Burwell and Witter, 2002; Suzuki
and Amaral, 1994ab). Although these projections have been established to play an
important role in the transfer of sensory information and in emotional learning,
assessment of LA-PC interactions in chronically epileptic tissue is virtually non-
existent. Here, we provide evidence demonstrating that in NEC tissue, stimulation of
LA networks results in primarily inhibitory responses within the deep PC. These
results are somewhat in conflict with previous reports illustrating that in vivo
stimulation of the LA results in both excitatory and inhibitory responses within the PC
(Pelletier et al., 2005). One explanation that might account for this discrepancy might
be that in this latter study, recordings were carried out from layers I-V whilst our study

focused on only deep layer PC cells.

Interestingly, we have found here that stimulation of LA networks in
pilocarpine-treated tissue results in more excitatory than inhibitory responses within
the PC. Although the relevance of these findings still needs to be determined by
further investigations, they are by themselves noteworthy considering that a recent
imaging study revealed that LA inputs can facilitate the spread of excitatory activity
from the PC to the EC and hippocampus under conditions of reduced inhibition
(Kajiwara et al., 2003). Thus, further assessment of LA-PC interactions in chronically
epileptic rats might provide some answers about the role of these structures in seizure

propagation to the hippocampus.
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5.6 Tables

Table 5-1:

Intrinsic membrane properties of PC neurons from Pilocarpine-treated and Non-

Epileptic Control (NEC) tissue.

Pilocarpine Pilocarpine NEC
(with field activity) (no field activity)
n=14 n=42 n=26
RMP (mYV) -65.5 -65.7 -64.6
(=1.9) (= 1.4) (= 1.5)
R; (MQ) 47.8 54.8 58.5
(x4.1) (= 1.8) (x3.2)
APD (ms) 1.2 1.4 14
=0.1) (x0.1) (x0.1)
APA (mV) 86.2 88.8 88.7
=17 (1.2 x1.6)
Burst 1/14 8/42 7/26
Firing*
Regular 13/14 34/42 19/26
Firing*

RMP, resting membrane potential; R;, input resistance; APD, action potential duration;
APA, action potential amplitude. n represents number of neurons recorded in each
group. Data are provided as mean (xSEM). Comparison of the three groups revealed

no statistical significance (p>0.05).

*PC neurons were classified as ‘burst firing’ or ‘regular firing’ depending on their

response to a depolarizing current pulse.
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Table 5-2:

Spontaneous synaptic activity of PC neurons from Non-Epileptic Controls (NEC)

and Pilocarpine-treated tissue.

Pilocarpine Pilocarpine NEC
(with field activity) (no field activity)

n=15 n=21 n=19
Spontaneous Bursting
Activity*
Duration (ms) 11994315 - -
Interval of occurrence (s) 39.2+15.2 - -
Depolarizing PSPs
Amplitude (mV) 2.00.2 1.8+0.1 1.6+0.1
Interval of occurrence (s) 2.0+0.8 2.4+0.6 2.4+0.4
Hyperpolaring PSPs
Amplitude (mV) -3.2+0.4 -3.6+0.6 -2.9+0.5
Interval of occurrence (s) 12.5+2.0 28.6+6.9 11.5+1.8

Data are provided as mean (xSEM). Comparison of the three groups revealed no

statistical significance (p>0.05).

*These events were only observed in a subset of Pilocarpine-treated tissue but never in
NEC.
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Table 5-3:

‘Monosynaptically’ evoked IPSPs in PC neurons from NEC and Pilocarpine-

treated tissue.

Pilocarpine NEC
n=12 n=9

Early Component
Reversal potential (mV) -69.6+1.0* -74.9+1.7
Peak Conductance (nS) 13.2+1.9 12.5+3.1
Late Component
Reversal potential (mV) -92.5+5.7 -97.9+2.91
Peak Conductance (nS) 2.4+0.7 4.7+2.6

Data are provided as mean (+SEM).

*These values are significantly different (p<0.05) from NEC.



121

5.7 Figures

Figure 5-1:

Spontaneous synaptic activity in NEC and Pilocarpine-treated tissue. A: (a)
Simultaneous field (deep perirhinal cortex (PCy) and lateral amygdalar nucleus (LAy))
and intracellular recording (-68 mV, PC) in NEC tissue reveals (i) depolarizing
postsynaptic potentials (PSPs) indicated by arrows in insert and (ii) robust
spontaneous hyperpolarizing inhibitory postsynaptic potentials (sIPSP) indicated by
asterix. Expansion of these events is depicted in the right lower insert. (b) Response of
PC neuron to intracellular current injection. B: Simultaneous field (PCs, LAf) and
intracellular activity (-68 mV, PC) recorded in the majority of pilocarpine-treated
tissue. Note the absence of field activity (PCy, LA¢). PSPs are indicated by arrows in
the intracellular trace and in the expansion in the right lower insert. (b) Response of
PC neuron to intracellular current injection. C: (a) Simultaneous field (PCs, LA¢) and
intracellular activity (-65 mV) recorded in a subset of pilocarpine-treated slices reveals
robust network activity (PCs, LAy). Expansion of an event demonstrates initiation in
PC (arrow) and spread to LA (right lower insert). (b) Response of PC neuron to

intracellular current injection.
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Figure 5-2:

Responses of PC neurons to local single shock stimulation. A: Sub- and
suprathreshold responses of PC neurons in (a) NEC, (b) Pilocarpine (no field activity)
and (c¢) Pilocarpine (with field activity) recorded in ‘Control’ conditions (i.e. ACSF
only). Note the absence of an inhibitory response (insert) and the evoked epileptiform-
like activity in (c) Pilocarpine (with field activity). B: Responses of PC neurons in (a)
NEC, (b) Pilocarpine (no field activity) and (¢) Pilocarpine (with field activity) in the
presence of glutamatergic antagonists (+CPP+CNQX). Note the biphasic IPSP
responses specifically at more depolarized membrane potentials (inserts). A represent

stimulation artifact.
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Figure 5-3:

GABA ,-mediated component of evoked IPSP in PC of Pilocarpine-treated tissue
exhibits a more depolarized reversal potential A: Comparison of the monosynaptic
IPSPs evoked in the presence of CPP+CNQX in NEC and pilocarpine-treated tissue at
membrane potentials set to different levels by intracellular current injection. Note that
the reversal potential of the early component is more depolarized in NEC (Erev = -
74.7 mV) versus pilocarpine-treated tissue (Erev = -69.5 mV). B: Histogram
comparing reversal potential of both early and late IPSP components in NEC versus
pilocarpine-treated group. Asterix indicates significance at p<0.02. C: Histogram
comparing peak conductance of both early and late IPSP components in NEC versus

pilocarpine-treated group. n represents number of neurons. Error bars: means+SEM.
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Figure 5-4:

Responses of PC neurons to single shock stimulation of LA networks. Comparison
of PC responses evoked by single shock stimulation of LA networks in NEC,
Pilocarpine (no field activity) and Pilocarpine (with field activity). In each cell,
responses are recorded at membrane potentials set to different levels by intracellular
current injection. Note that in NEC, LA stimulation results in pure IPSP responses
whilst EPSP-IPSP responses can be recorded in Pilocarpine (no field activity). Also
note that LA stimulation in Pilocarpine (with field activity) results in robust discharges
in PC cells which at more depolarized membrane levels appear to be preceded by a

hyperpolarizing component (-54 mV). A represent stimulation artifact.
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FINALE
0.1 Summary of Research Findings

The main findings of my PhD studies can summarized as follows:

1. Seizure-induced cell damage results in the decreased ability of CA3/CA1 outputs to
control the excitability of the EC where the consequent ictogenesis is sustained via

reverberant interactions of this structure with the subiculum (Chapter I).

2. For the first time, evidence is provided demonstrating that GABAergic circuits

confer the subiculum with the ability to gate hippocampal output activity (Chapter 2).

3. CA3-driven interictal events are capable of controlling not only the ability of the EC
for ictogenesis, but also that of BLA/LA networks. Furthermore, in the absence of
inputs from adjacent structures, these latter amygdalar nuclei are capable of
contributing to epileptiform synchronization by generating both interictal- and ictal-

like activity (Chapter 3).

4. Novel findings suggest that alterations in both pre- and postsynaptic GABAergic

mechanisms play a role in the increased excitability of the LA in chronically epileptic

rats (Chapter 4).

5. Finally, data indicate that hyperexcitability of the PC as well alterations in the
interactions between the amygdala and this parahippocampal structure can occur in

chronically epileptic rats (Chapter 5).

0.2 CA3-driven interictal activity — A possible anticonvulsive role?

Earlier studies in isolated hippocampal slices have demonstrated that the CA3 area
responds readily to a variety of epileptogenic treatments by generating epileptiform
discharges recurring at frequencies comprised between 0.5 and 1 Hz (Perreault and
Avoli, 1991; Rutecki et al., 1987, 1990; Schwartzkroin and Prince, 1980; Tancredi et
al., 1990). Intracellularly, these interictal-like events correspond to action potential
bursts and resemble the paroxysmal depolarizing shifts (PDS) described both in vivo
and in vitro under various experimental conditions (Avoli et al., 2002; de Curtis and
Avanzini, 2001). The propensity of the CA3 region to generate these synchronous

interictal discharges is due to the presence of recurrent excitatory, glutamatergic
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synapses that couple neighbouring CA3 pyramidal cells along with the ability of these
neurons to generate dendritic Ca®* spikes (Miles and Wong, 1986, 1987; for review

see Traub and Jefferys, 1994).

The ability of CA3 networks to generate interictal discharges is therefore not
unexpected. However, it is surprising that this type of epileptiform activity can
consistently entrain downstream networks in intact, interconnected slices. Previous
studies carried out in hippocampal-EC slices obtained from rodents have shown that in
the presence of convulsive agents: (i) fast interictal activity almost always initiates in
the CA3 region, (i) subsequently propagates to CA1, subiculum and EC, (iii) can re-
enter the hippocampus through the perforant path; and importantly (iv) can control
ictogenesis within the EC (Avoli and Barbarosie, 1999; Barbarosie and Avoli, 1997;
Barbarosie et al., 2002). Extension of the slice preparation in my studies to include
BLA/LA networks has not only confirmed the above observations, but has further
illustrated that CA3-driven interictal discharges can pace epileptiform activity
generated by amygdalar networks (Chapter 3). The significance of CA3-generated
interictal discharges in entraining other limbic structures is conveyed further in
chronically epileptic mice where hippocampal output activity compromised by
neuronal loss consequently leads to seizure generation in the downstream EC (Chapter
I1). Finally, I have demonstrated that even in the absence of neuronal loss in the CA3
region, inhibitory processes at the level of the subiculum can prevent CA3-driven
interictal activity from reaching the EC where ictal discharges consequently appear
(Chapter 2).

Altogether, my observations confirm that CA3-driven interictal activity control
rather than facilitate the occurrence of limbic seizures. In thus doing, they raise the
fascinating and much debated question of interictal-ictal interactions within the
epileptic brain. One notion is that the asymptomatic interictal events are proconvulsive
and can lead to seizure onset in a process known as interictal-to-ictal transition (Ayala
et al.,, 1973; Dzhala and Staley, 2003). This hypothesis is further substantiated by
reports from kindling studies demonstrating that interictal spiking becomes more

frequent as kindling progresses as well as prior to the appearance of spontaneous



127

seizures (Pinel and Rovner, 1978; Wada et al., 1974). In contrast, my observations are
in line with the majority of experimental and clinical evidence suggesting that
interictal spikes most probably protect against the occurrence of ictal discharges by
maintaining a low level of excitation (for review see de Curtis and Avanzini, 2001).
These studies have established that the rate of interictal spikes does not change and
can sometimes even decrease before the onset of limbic seizures in epileptic patients
(for review see de Curtis and Avanzini, 2001). Moreover, sustained interictal spiking
has been demonstrated to reduce the probability of ictal events whereas suppression of
interictal discharges has been shown to lead to seizures (for review see de Curtis and

Avanzini, 2001).

Overall, further validation of this anticonvulsive role of CA3-driven interictal
discharges may lead to dramatic changes in the management of epileptic patients.
Specifically, it suggests that a paradigmatic shift in the development of antiepileptic
therapies may be needed to exploit strategies that enhance rather than suppress
interictal-like activity. Examples of such therapies may involve new AEDs that
selectively increase CA3 function in patients with severe hippocampal atrophy.
Alternatively, surgical implantation of pacemakers that can deliver rhythmic, low-
frequency stimulation of hippocampal outputs to mimic CA3-driven interictal activity
may also decrease the propensity of the EC or other downstream structures from

generating seizures, and may prove to be an effective alternative to surgical resection.

0.3 The subiculum — Unscathed bystander or culprit?

Until recently, the subiculum has received little attention in epileptology. This could
perhaps have been due to earlier histological reports demonstrating that no significant
cell loss occurs within this hippocampal region (Blumcke et al., 2002; Dawodu and
Thom, 2005; Gloor 1997). However, despite the absence of neuronal loss, increasing
evidence suggests that the subiculum may be intricately involved in the process of
epileptogenesis (for review see Stafstrom, 2005). My studies have demonstrated that
in slices obtained from chronically epileptic mice, the subiculum not only supports EC
ictogenesis but can also provide a monosynaptic bypass for seizure activity to enter the

hippocampus via the temporammonic pathway (Chapter I).
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These observations are significant on two levels. First, considering the strategic
position of the subiculum within the limbic system and its dense interconnections with
cortical and subcortical regions, the increased activation of the monosynaptic
temporoammonic pathway can provide a more efficient way for EC-generated seizures
to generalize, via the subiculum, to other brain structures. Secondly, the absence of
neuronal loss within this region may in fact be playing an important role in rendering
this structure capable of sustaining and perhaps amplifying seizures. Recent evidence
suggests that although loss of principal cells is minimal, cellular and network
reorganization within the epileptic subiculum confers this structure with the propensity
to sustain abnormal synchrony and hyperexcitability (Knopp et al., 2005; Wellmer et
al,, 2002; de Guzman et al., submitted). Accordingly, in vitro studies in human
epileptic tissue have demonstrated the presence of spontaneous interictal activity
originating within the subiculum and spreading to adjacent hippocampal regions
(Cohen et al., 2002; Wozny et al., 2003). Altogether, my observations are in line with
the increasing realization that the subiculum might be more actively involved in

epileptogenesis than previously believed.

In addition to its suggested role in sustaining seizures in chronically epileptic mice,
my studies have also demonstrated that GABAergic circuits within the subiculum are
capable of gating hippocampal output activity (Chapter 2). These latter findings are
significant in illustrating that the subiculum is not merely the anatomical exit of the
hippocampus but rather a structure that is capable of dynamically processing and
modifying inputs in such a way so as to modify the activity of downstream structures
(such as the EC). This characteristic of the subiculum might be relevant to
understanding its role in the spread of seizures. For example, in patients where the
epileptogenic focus has been localized to the hippocampus, any reduction in subicular
inhibitory networks could provide a way for hippocampal seizures to generalize.
Alternatively, if CA3-driven activity is indeed anticonvulsive as previously discussed,
then inhibition at the level of the subiculum might prevent these discharges from

spreading and controlling EC ictogenesis, even in patients without obvious CA3/CAl

sclerosis.
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0.4 The importance of stepping out of the “hippocampocentric” box

Perhaps one of the most essential developments in TLE research in the past decade has
been the important recognition that the pathophysiological substrates underlying this
neurological disorder extend beyond the hippocampus to involve not only
extrahippocampal but extratemporal structures as well (DeCarli et al., 1998; Dreifuss
et al., 2001; Lee et al., 1998; Moran et al., 2001; Natsume et al., 2003; Sandok et al.,
2000; Seidenberg et al., 2005). Advances in neuroimaging techniques have revealed
that volumetric reductions of the amygdala, entorhinal and perirhinal cortices do occur
in a subset of TLE patients in spite of normal hippocampal volumes (Bernasconi et al.,
1999, 2001, 2003; Cendes et al., 1993; Jutila et al., 2001; Salmenpera et al., 2000).
Histopathological examination of human epileptic tissue have corroborated these
findings by demonstrating the presence of selective neuronal loss and synaptic
reorganization within these structures even in the absence of hippocampal sclerosis
(Aliashkevich et al., 2003; Du et al., 1993; Hudson et al., 1993; Mikkonen et al., 1998;
Miller et al., 1994; Wolf et al., 1997; Yilmazer-Hanke et al., 2000).

By investigating the amygdala (specifically the LA) and the PC in chronically
epileptic rats, I have provided evidence that supports the above reports and further
implicates these extrahippocampal structures in the process of epileptogenesis
(Chapter 4 and 5). My findings of altered GABAergic signalling and hyperexcitability
of LA networks are specifically noteworthy considering that this amygdalar nuclei is
importantly interconnected with other structures that are also implicated in TLE.
Nevertheless, further exploration of this brain region is necessary for identifying the
exact role played by the LA in the initiation and spread of seizures within the epileptic
brain. Interestingly, clinical studies have reported that epileptic patients that present
with 1isolated amygdalar pathology tend to exhibit more widespread EEG
abnormalities and a greater predisposition for their seizures to become generalized
(Gambardella et al., 1995; Hudson et al., 1993; Miller et al., 1994; Van Paesschen et
al., 1996; Yilmazer-Hanke et al., 2000). Furthermore, the cytoarchitectonic
construction of the amygdala and the extensive intrinsic interconnectivity between its

various nuclei confer this structure with the propensity to amplify and generalize
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seizures (for review see Pitkanen et al., 1998). Additional to understanding its role in
seizure generalization, it would be essential to identify how dysfunctional inhibition of
LA networks modifies the amygdalar’s interactions with the PC, EC and
hippocampus. Preliminary evidence suggests that decreased inhibitory input of LA
neurons onto PC cells occurs in chronically epileptic rats (Chapter 5). However, the

nature and relevance of this finding to epileptogenesis is yet to be determined.

Finally, it is worthwhile to mention that thorough assessment of
extrahippocampal structures might help increase our understanding of the mechanisms
underlying the pathophysiology of TLE. For example, histopathological, molecular
and electrophysiological assessment of structures such as the PC in chronically
epileptic tissue are currently sparse. Understanding the functional changes that occur
within this structure in the epileptic brain might provide valuable information about its

role in epileptogenesis.

0.5 Concluding Remarks

Although I find myself at the end of my graduate training left with more questions
than when I first begun, my PhD studies have helped me appreciate the complexity of
the CNS and the diversity of the pathological factors involved in TLE. I have come to
realize that neuronal loss, synaptic reorganization, alterations in inhibitory and
excitatory processes are all phenomena that, albeit important, need to be understood in
the context of specific limbic structures. My amateur conclusion is that in order to get
closer to resolving the ambiguity in the relationship between these phenomena and the

seizures themselves, we need to be more daring in our scientific explorations.

Due to obvious ethical reasons, depth electrode recordings in epileptic patients,
although valuable, tend to be greatly limited. Nevertheless, chronic animal models
offer us a unique opportunity to investigate questions that might prove beneficial to
the management of refractory epileptic patients. For example, a comprehensive study
employing multiple depth electrode recordings in epileptic animals coupled with MRI
imaging, surgical resection, histopathological and molecular studies, as well as in vitro
electrophysiological recordings might conceivably be technically challenging and

overtly ambitious. However, such a study could perhaps provide some clues to
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pertinent questions including: (i) How does the temporal evolution of electrographic
seizures, MRI changes and histopathological damage following SE compare in various
structures (such as hippocampus proper, subiculum, EC, PC or amygdala)? (ii) Can
surgical resection or pharmacological intervention during the early stages of the
disease process prevent the occurrence of chronic epilepsy? (iii) Which structures are
more likely to be the ‘ictal-onset’ versus the ‘irritative’ areas within the epileptogenic
focus? (iv) How can we improve localization of the epileptogenic region(s)? (v) How
do the various structures interact within the epileptic brain? (vi) Is surgical resection or
disconnection of one structure more efficient at controlling seizures than others? (vii)
Can implantation of pacemakers within the hjppocampu.s reduce seizures in these

epileptic animals (i.e. can the anticonvulsive role of CA3-driven interictal activity be
validated)?

On a final note, it is indisputable that the technological advancements of the
past three decades have contributed importantly to our understanding of the
pathophysiology of TLE. In order to achieve better therapeutic management of TLE
patients, it is perhaps necessary to re-evaluate our current experimental paradigms and

reformulate some of the questions that guide research in this important medical field.
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D’Antuono, Margherita, Ruba Benini, Giuseppe Biagini, Gio-
vanna D’Arcangelo, Michaela Barbarosie, Virginia Tancredi, and
Massimo Avoli. Limbic network interactions leading to hyperexcit-
ability in a model of temporal lobe epilepsy. J Neurophysiol 87:
634-639, 2002; 10.1152/jn.00351.2001. In mouse brain slices that
contain reciprocally connected hippocampus and entorhinal cortex
(EC) networks, CA3 outputs control the EC propensity to generate
experimentally induced ictal-like discharges resembling electro-
graphic seizures. Neuronal damage in limbic areas, such as CA3 and
dentate hilus, occurs in patients with temporal lobe epilepsy and in
animal models (e.g., pilocarpine- or kainate-treated rodents) mimick-
ing this epileptic disorder. Hence, hippocampal damage in epileptic
mice may lead to decreased CA3 output function that in turn would
allow EC networks to generate ictal-like events. Here we tested this
hypothesis and found that CA3-driven interictal discharges induced
by 4-aminopyridine (4AP, 50 uM) in hippocampus-EC slices from
mice injected with pilocarpine 13-22 days earlier have a lower fre-
quency than in age-matched control slices. Moreover, EC-driven
ictal-like discharges in pilocarpine-treated slices occur throughout the
experiment (=6 h) and spread to the CAl/subicular area via the
temporoammonic path; in contrast, they disappear in control slices
within 2 h of 4AP application and propagate via the trisynaptic
hippocampal circuit. Thus, different network interactions within the
hippocampus-EC loop characterize control and pilocarpine-treated
slices maintained in vitro. We propose that these functional changes,
which are presumably caused by seizure-induced cell damage, lead to
seizures in vivo. This process is facilitated by a decreased control of
EC excitability by hippocampal outputs and possibly sustained by the
reverberant activity between EC and CAl/subiculum networks that
are excited via the temporoammonic path.

INTRODUCTION

Application of 4-aminopyridine (4AP) or Mg”*-free me-
dium to combined hippocampus—entorhinal cortex (EC) slices
obtained from rodents induces ictal-like (thereafter termed
ictal) epileptiform discharges that originate in EC and propa-
gate to the hippocampus, as well as interictal activity initiating
in CA3 (Avoli et al. 1996; Barbarosie and Avoli 1997; Dreier
and Heinemann 1991; Wilson et al. 1988). CA3-driven inter-
ictal activity exerts an unexpected control on the EC propensity
to generate ictal discharges. Accordingly, I) interictal dis-
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634 0022-3077/02 $5.00 Copyright © 2002 The American Physiological Socicty

charges occur throughout the experiment, but ictal activity
disappears within 1-2 h; and 2) Schaffer collateral cut abol-
ishes interictal activity in EC while making ictal discharge
reappear in this structure (Barbarosie and Avoli 1997).

Patients suffering from temporal lobe epilepsy present seizures
involving the temporal cortex and limbic structures such as the
hippocampus and the EC. These patients can manifest a pattern of
brain damage (termed mesial temporal sclerosis) characterized by
cell loss in CA3 and CAl subfields and in the dentate hilus
(Wieser et al. 1993). A similar pattern of brain damage is repro-
duced in laboratory animals by injecting kainic acid (Ben Ari
1985) or pilocarpine (Cavalheiro et al. 1996; Liu et al. 1994;
Turski et al. 1984) that induces an initial status epilepticus fol-
lowed 2-3 wk later by recurrent, limbic-type seizures.

Limbic network hyperexcitability in temporal lobe epileptic
patients and in animal models mimicking this disorder may
result from seizure-induced hippocampal damage leading to
synaptic reorganization such as mossy fiber sprouting (Cavazos
et al. 1991; Houser et al. 1990; Sutula et al. 1989). However,
recurrent limbic seizures can occur in pilocarpine-treated rats
when mossy fiber sprouting (but not neuronal damage) is
abolished by inhibiting protein synthesis (Longo and Mello
1997, 1998), thus suggesting that cell loss alone may cause a
chronic epileptic condition. Since hippocampal output activity
controls the EC propensity to generate electrographic seizures
in control mouse slices (Barbarosie and Avoli 1997), we pre-
dicted that a decrease in hippocampal network activity due to
cell damage may lead per se to a chronic epileptic condition in
pilocarpine-treated animals and perhaps in patients with tem-
poral lobe epilepsy. Here, we tested this hypothesis by com-
paring the epileptiform patterns induced by 4AP in hippocam-
pus-EC slices obtained from pilocarpine-treated and age-
matched mice.

METHODS

Twenty-two CD-1 mice (29—42 days old) were used in this study.
The procedures for injecting animals (n = 12) with pilocarpine were
similar to those used in our laboratories with rats (Liu et al. 1994). To
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prevent discomfort caused by stimulation of peripheral muscarinic
receptors by pilocarpine (60—100 mg/kg), mice were pretreated with
subcutaneous scopolamine methylnitrate (1 mg/kg). The animals’
behavior was monitored =4 h after pilocarpine and scored according
to Racine’s classification (Racine et al. 1972). Slices defined as
“pilocarpine-treated” were obtained 1324 days following pilocarpine
injection from mice with a behavioral response classified as stage 6
(i.e., tonic-clonic seizures occurring for =1 h). Control slices were
obtained from age-matched mice. Animals were decapitated under
halothane anesthesia; their brains were removed and placed in cold
oxygenated artificial cerebrospinatl fluid (ACSF) (Barbarosie and
Avoli 1997). Horizontal, hippocampus-EC slices (500 um thick)
were cut with a vibratome and transferred to a tissue chamber where
they lay between oxygenated ACSF and humidified gas (95% 0,-5%
CO,) at 32-34°C. ACSF composition was as follows (mM): 124
NaCl, 2 KCl, 1.25 KH,PO,, 2 MgSO,, 2 CaCl,, 26 NaHCO;, and 10
glucose. 4AP (50 pM) was bath applied. Chemicals were acquired
from Sigma.

Field potential recordings were made with ACSF-filled glass pi-
pettes (tip diameter <10 um; resistance <5-10 MQ) positioned in
EC, dentate gyrus, CA3 or CAl, and/or the subiculum. Signals were
fed to high-impedance DC amplifiers and displayed on a Gould pen
recorder. Field potential profiles of the ictal discharges recorded in the
CAl/subiculum were performed with two recording electrodes. One
electrode was maintained at a fixed position, while the other was
moved in 100 um stepwise increments along an axis normal to the
alveus. Signals from the fixed electrode were used for temporal
alignment of the field potentials obtained with the moving electrode.
Field potential amplitudes at different latencies from the epileptiform
discharge onset were calculated by averaging two to four events and
plotted in a bidimensional fashion (i.e., amplitude versus space). In
any given experiment, this type of analysis was restricted to ictal
events that had similar electrographic characteristics {e.g., duration
>20 s) when recorded from the fixed electrode. Time delays for
discharge onset in different areas of the slice were calculated by
taking as reference the first deflection from the baseline in expanded
traces. Electrophysiological measurements are expressed as mean *
SD and n represents the number of slices studied. Data were compared
with the Student’s ¢-test or the analysis of variance (ANOVA) test and
were considered significantly different if P < 0.05.

At the end of the experiments, some slices were fixed in 4%
paraformaldehyde/100 mM phosphate-buffered solution overnight at
4°C and then rinsed several times in 15 and 30% sucrose—phosphate-
buffered solutions for cryoprotection, and frozen at —80°C. Slices
were cut with a cryostat into 14 pm thick sections and processed for
Nissl staining. A blinded collaborator assessed the presence of tissue
damage in various hippocampal regions. In pilocarpine-treated slices
processed for histology (n = 7), we found a decrease of total neuron
number that ranged 36—56 and 63—80% of controls in the CAl and
CA3 area, respectively. These data are in line with previous studies of
the effects of ip pilocarpine in albino mice (Cavalheiro et al. 1996;
Turski et al. 1984).

RESULTS

Bath application of 4AP (50 uM) to combined hippocam-
pus-EC slices (n = 8) obtained from control mice induced
brief, interictal events at 0.5-1.1 Hz and prolonged ictal dis-
charges with intervals of occurrence ranging 50—160 s. These
two types of epileptiform activity were recorded in hippocam-
pus and EC after 20-30 min of 4AP application (Fig. 14).
Time delay measurements and pathway cutting demonstrated
that the interictal discharges originated in CA3 (Fig. 14, insef),
while the ictal events initiated in the EC (Barbarosie and Avoli
1997). Moreover, ictal discharges disappeared in control slices
within about 2 h of continuous 4AP application, while the

interictal activity occurred throughout the experiment (Fig. 1, 4
and F).

Hippocampus—EC slices (n = 17) from pilocarpine-treated
mice also responded to 4AP application by generating interictal
and ictal discharges (Fig. 1B). However, the interictal activity
observed in these experiments had a lower rate of occurrence
and a longer duration than in control slices (Fig. 1, B, D, and
E). Moreover, ictal discharges generated by pilocarpine-treated
slices continued to occur throughout the experiment (<6 h).
Thus, the percentage of slices generating ictal discharges at
different times of 4AP application was different when analyzed
in control and pilocarpine-treated slices (Fig. 1F). As reported
in control slices (Barbarosie and Avoli 1997), ictal discharges
in pilocarpine-treated slices initiated in EC (Fig. 1C).

Next, we analyzed the modalities of propagation of the
interictal and ictal discharges induced by 4AP in slices ob-
tained from control and pilocarpine-treated mice. This was
done by simultaneously recording the field potential activity in
the EC, the dentate gyrus, and either the CA3 or the CAl/
subiculum. The epileptiform activity occurring in control slices
(n = 5) at the beginning of the experiment propagated as
previously reported (Barbarosie and Avoli 1997; Barbarosie et
al. 2000). Namely, CA3-driven interictal discharges appeared
to spread successively to CA1, subiculum, and EC from where
they presumably re-entered the hippocampus via the perforant
path (Fig. 2, 4 and C) (cf. Paré et al. 1992). Ictal discharges
initiated in EC and propagated to the hippocampus through the
perforant path with onset delays, suggesting the involvement of
the classic trisynaptic hippocampal circuit (Fig. 2, 4 and D).
CA3-driven interictal discharges in pilocarpine-treated slices
(n = 10) also propagated to EC via the CAl-subiculum and
re-entered the hippocampus via the perforant path (Fig. 2, B
and C). In these experiments, however, ictal discharges initi-
ating in EC were recorded in the dentate gyrus, CAl, and
subiculum with similar time delays (Fig. 2, B and D). Hence,
they presumably spread from the EC to the CAl/subiculum via
the temporoammonic path.

Temporoammonic inputs to CAl/subicular neurons are lo-
calized more apically than those provided by the Schaffer
collateral system (Soltesz and Jones 1995). Therefore, we
analyzed the depth profile characteristics of the ictal discharges
recorded in the subiculum of control (n = 5) and pilocarpine-
treated slices (n = 4). In both types of tissue, the steady shift
associated with the ictal discharge was positive-going at or
near the alveus, inverted in polarity when the electrode was
moved toward the depth, and increased in amplitude as the
electrode was further lowered toward the dentate upper blade
(Fig. 3B). However, in pilocarpine-treated slices, it displayed
maximal negative values at sites that were deeper (and thus
more apical) than in control slices. Moreover, the peak-to-peak
amplitude of the population spikes occurring during the ictal
discharge attained maximal amplitude at approximately 500
and 700 um in control and pilocarpine-treated slices, respec-
tively. The depth-profile data obtained from three control and
four pilocarpine-treated slices are summarized in Fig. 3,
C and D.

DISCUSSION

Hippocampal cell loss is found in patients with temporal
lobe epilepsy (Wieser et al. 1993) and in laboratory animals
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FIG. 1. 4-Aminopyridine (4AP)-induced epileptiform activities in control and pilocarpine-treated mouse hippocampus—ento-
rhinal cortex (EC) slices. A: during the first hour of 4AP application, control slices generate spontancous interictal and ictal
discharges in CA3 and in EC. After 2 h of 4AP treatment, the ictal discharges are no longer recorded, while the interictal activity
continues to occur. Note in the inset that the interictal discharge recorded during the first hour starts in CA3 and spreads to the EC
with a 75 ms latency. B: similar experiment performed in a slice obtained from a pilocarpine-treated mouse. In this experiment as
well both interictal and ictal discharges occur in CA3 and in EC. However, the interictal activity, which also initiates in CA3
and propagates to the EC with a 70 ms delay (inset), has a lower rate of occurrence and a longer duration than in the control slices.
Note also that ictal discharges continue to occur after 2 h of 4AP application. C: expanded interictal-ictal discharge recorded in a
pilocarpine-treated slice shows that the ictal event initiatcs in EC and propagates to CA3 with a 90 ms latency. D and E: duration
and rate of occurrence of interictal and ictal discharges in control (n = 10) and pilocarpine-treated (n = 11) slices. Values that were
significantly different (P < 0.05) arc indicated by the asterisks. F: percentage of slices generating ictal discharges at different times
of 4AP application in contro! and pilocarpine-treated slices. Values were obtained from 6, 5, and 4 control slices for the periods

of 1, 2-3, and 4-5 h, respectively, as well as from 8, 7, and 6 pilocarpine-treated slices for the periods of 1-3, 4, and 5 h,
respectively.

treated with convulsants such as kainic acid (Ben Ari 1985) or
pilocarpine (Liu et al. 1994; Turski et al. 1983, 1984). The
neuronal damage induced by the initial status epilepticus leads
to sprouting along with synaptic reorganization (Cavazos et al.
1991; Gorter et al. 2001; Houser et al. 1990; Sutula et al. 1989).
In addition, structural and functional impairment of GABA-
mediated inhibition has been documented in these animal mod-
els (Doherty and Dingledine 2001; Fountain et al. 1998; Gorter
et al. 2001; Williams et al. 1993). However, it is unclear how
these changes in network function produce a chronic epileptic
condition.

Previous work performed in nonepileptic mouse hippocam-
pus—EC slices has revealed that CA3-driven interictal activity
controls the expression of ictal discharges in the EC, presum-
ably by perturbing the ability of EC networks to reverberate
(Barbarosie and Avoli 1997). Here, we have found that CA3-
driven interictal activity in pilocarpine-treated slices occurs at
lower rates than in control tissue and that EC-driven ictal
discharges persist throughout the experiment. Hence, we are
inclined to propose that the cell damage and synapse loss seen
in the CA3/CAL1 areas of pilocarpine-treated slices (Cavalheiro
et al. 1996; Turski et al. 1984), by reducing hippocampal
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FIG. 2. Propagation modalitics of the 4AP-induced epileptiform activities in control and pilocarpine-treated slices. 4: simul-
tancous field potential recordings obtained from EC, dentate gyrus (DG), and CALl in a control slice after 45 min of 4AP application.
Both here and in B, the expanded traces in the bottom were triggered from the initial deflection seen in CA1 and in EC during the
interictal and ictal discharge shown on the top recording. In this experiment, the differences in time onset suggest that interictal
discharges occur first in CA1 and later spread to EC and DG, while the ictal discharges initiate in EC and spread successively to
DG and to CAl. B: similar experimental protocol performed in pilocarpine-treated slices. Note that in this experiment as well the
interictal discharge is first scen in CA1 and propagates to the EC to re-enter the hippocampus via the perforant path. However, the
ictal discharge initiating in EC appears in DG and in the CA! with similar onset latencies. C and D: quantitative summary of the

differences in time onset of interictal (C) and ictal (D) events recorded in different areas of control (n = 5) and pilocarpine-treated
(n = 7). Note that the time lags between EC and CAl or subiculum (SUB) for the ictal discharges arc shorter in the

pilocarpine-treated slices.

output activity, may release its control on EC network excit-
ability. In line with this view, similar data are obtained in
control mouse slices by cutting the Schaffer collateral, a pro-
cedure that prevents CA3-driven interictal discharges from
reaching the CAl/subiculum and thus from activating the EC
(Barbarosie and Avoli 1997).

We have also found that in intact, pilocarpine-treated slices
the spread of ictal discharges from the EC to the CAl-subic-
ulum occurs through the temporoammonic path (cf. Soltesz
and Jones 1995). In contrast, in control slices, this activity
propagated to the CAl through the classic trisynaptic circuit
(cf. Paré et al. 1992). This conclusion is supported by the depth
profile analysis of the ictal discharges recorded in the subicu-
lum of control and pilocarpine-treated mice. We have previ-
ously shown in nonepileptic mouse slices that the temporoam-
monic path becomes involved in the propagation of 4AP-
induced ictal discharges after cutting the Schaffer collateral
and thus after blocking the activation of CAl and subicular
networks (Barbarosie et al. 2000). Under normal conditions,

depressing synaptic transmission between CA3 and CAl
makes the temporoammonic projection from the EC to CAl
operative (Maccaferri and McBain 1995). In pilocarpine-
treated tissue, this effect may also be contributed by a use-
dependent reduction of the excitatory drive onto interneurons
(Doherty and Dingledine 2001). The functional consequence of
this change in modality of propagation is that the ictal activity
originating in the EC short-circuits the trisynaptic hippocampal
route and thus can monosynaptically activate CA1 and subic-
ular neurons, thus ensuring a high-fidelity synaptic transfer that
increases epileptiform synchronization. Indeed, it may be hy-
pothesized that in the pilocarpine-treated brain, subicular net-
works play a unique role in sustaining limbic seizures.

In conclusion, we have identified some differences in the
way(s) limbic networks obtained from pilocarpine-treated and
age-matched control mice interact in vitro during 4AP appli-
cation. Our data provide some novel explanations for why
pilocarpine-treated mice, and perhaps temporal lobe epilepsy
patients, are susceptible to generating seizures in vivo. In
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FIG. 3. Depth profile characteristics of the ficld potentials associated with the ictal discharges recorded in the CAl/subicular
area of control and pilocarpine-treated slices. A: schematic representation of the experimental procedure indicating the arca where
recordings were obtained with two microelectrodes: one was maintained at a fixed position, while the other was moved in 100 pm
stepwisc increments along an axis normal to the pial aspect of the subiculum. B: ficld potential recordings obtained at different
depths in control and pilocarpine-treated slices. Depth values were measured refative to the pia and are indicated on the left of each
sample. Asterisks indicate the recording obtained from the stationary electrode in each of the two experiments. C and D: depth
distribution of the amplitudes of the fast events and of the DC shifts associated with the ictal discharges in control (» = 3) and
pilocarpine-treated slices (n = 4). Values werc grouped in increments of 100 um. Note that the amplitudes of the fast transients
in pilocarpine-treated slices attain maximal values at depths that are greater than control slices (P < 0.05). A similar pattern of

distribution is also evident for the DC shift negative values.
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particular, our findings emphasize the role played by cell loss
in temporal lobe epilepsy that may hamper the control of EC
excitability and also make the temporoammonic path opera-
tive.
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Rat subicular networks gate hippocampal output activity
in an in vitro model of limbic seizures
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Evidence obtained from human epileptic tissue maintained in vitro indicates that the subiculum
may play a crucial role in initiating epileptiform discharges in patients with mesial temporal
lobe epilepsy. Hence, we used rat hippocampus—entorhinal cortex (EC) slices to identify the
role of subiculum in epileptiform synchronization during bath application of 4-aminopyridine
(4AP, 50 M), In these slices, fast CA3-driven interictal-like events were restricted to the
hippocampal CA3/CA1 areas and failed to propagate to the EC where slow interictal-like and
ictal-like epileptiform discharges were recorded. However, antagonizing GABA, receptors with
picrotoxin (50 pM) made CA3-driven interictal activity spread to EC. Sequential field potential
analysis along the CA3—CAI-subiculum axis revealed that the amplitude of CA3-driven interictal
discharges recorded in the presence of 4AP only diminished within the subiculum. Furthermore,
CAL electrical stimulation under control conditions elicited little or no subicular activation and
never any response in EC; in contrast, robust subicular discharges that spread to EC could be
evoked after picrotoxin. Intracellular recordings indicated that potentiation by picrotoxin was
associated with blockade of hyperpolarizing IPSPs in subicular cells. Finally, when surgically
isolated from adjacent structures, the subiculum generated low-amplitude synchronous
discharges that corresponded to an intracellular hyperpolarization—depolarization sequence,
were resistant to glutamatergic antagonists, and represented the activity of synchronized inter-
neuronal networks. Bath application of picrotoxin abolished these 4AP-induced events and in
their place robust network bursting occurred. In conclusion, our study demonstrates that the
subiculum plays a powerful gating role on hippocampal output activity. This function depends on
GABA, receptor-mediated inhibition and controls hippocampal-parahippocampal interactions

that are known to modulate limbic seizures.

(Resubmitted 15 April 2005; accepted after revision 31 May 2005; first published online 2 June 2005)
Corresponding author M. Avoli: 3801 University, room 794, Montreal, QC, Canada H3A 2B4.

Email: massimo.avoli@mecgill.ca

Mesial temporal lobe epilepsy (MTLE) is one of the
most common types of partial epilepsy in humans
(Wiebe, 2000). MRI images from MTLE patients are
often characterized by hippocampal atrophy which, upon
histological examination, reveals extensive neuronal loss
and gliosis in the dentate hilus and CA3/CALl areas along
with synaptic reorganization (Sutula et al. 1989; Houser
et al. 1990). In addition, neuronal damage in this epileptic
disorder is seen in limbic areas such as the entorhinal
cortex (EC) and the amygdala (Du et al. 1993; Gloor,
1997; Pitkanen et al. 1998; Houser, 1999; Yilmazer-Hanke
et al. 2000). Histopathological analysis of human epileptic
tissue has also shown that subicular principal cells are
relatively unaffected in MTLE (Gloor, 1997). Nevertheless,
the absence of neuronal loss in the subiculum does not
exclude the possibility that this area may play an active

© The Physiological Society 2005

role in MTLE. Indeed, recent studies in both human
(Cohen et al. 2002; Wozny et al. 2003) and animal (Behr
& Heineman, 1996; D’Antuono et al. 2002; Wellmer et al.
2002) epileptic tissue suggest that cellular and synaptic
reorganization in the subiculum contributes to limbic
seizure generation.

The subiculum holds a strategic position within the
limbic system. Not only does it serve as the major
output structure of the hippocampus, getting extensive
projections from the CAl hippocampal region (Finch
& Babb, 1981; Witter et al. 1989), but it also projects
to various limbic and extralimbic areas including EC
layers IV and V (Swanson & Cowan, 1977; Witter et al.
1989), perirhinal cortex (Swanson et al. 1978; Deacon
et al. 1983), amygdala (Canteras & Swanson, 1992) and
thalamus (Witter et al. 1990; Canteras & Swanson, 1992)
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(see for review O’Mara et al. 2001). In this study, we
sought to identify the role played by the subiculum in
intralimbic synchronization using the 4-aminopyridine
(4AP) in vitro model of limbic seizures. Here, we report
that GABA 4 receptor-mediated mechanisms confer on the
subiculum the ability to gate hippocampal output activity,
and thus to dictate the interactions between hippocampal
and parahippocampal neuronal networks.

Methods

Male, adult Sprague-Dawley rats (150-200g) were
decapitated under halothane anaesthesia according to the
procedures established by the Canadian Council of Animal
Care. The brain was quickly removed and a block of
brain tissue containing the retrohippocampal region was
placed in cold (1-3°C), oxygenated artificial cerebrospinal
fluid (ACSF). The brain’s dorsal side was cut along a
horizontal plane that was tilted by a 10 deg angle along
a postero-superior-anteroinferior plane passing between
the lateral olfactory tract and the base of the brain-
stem (Avoli et al. 1996). Horizontal slices (450-500 tm)
containing the EC and the hippocampus were cut from this
brain block using a vibratome. Subicular minislices were
prepared from these horizontal slices by using microknife
cuts to isolate the subiculum from the other hippocampal
and parahippocampal structures (Fig. 7B). Slices were
then transferred into a tissue chamber where they lay at
the interface between ACSF and humidified gas (95% O,,
5% CO,) at a temperature of 34-35°C and a pH of 7.4.
ACSF composition was (mm): NaCl 124, KCl 2, KH,PO,
1.25, MgSO, 2, CaCl; 2, NaHCO; 26, and glucose 10.
4AP (50 um), bicuculline methobromide (BMI, 10 ptM),
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 10 um),
3,3-(2-carboxypiperazin-4-yl)-propyl-1-phosphonate
(CPP, 10-30 uM), and picrotoxin (PTX, 50 uMm) were
applied to the bath. Chemicals were acquired from Sigma
(St Louis, MO, USA) with the exception of BMI, CNQX
and CPP, which were obtained from Tocris Cookson
(Ellisville, MO, USA).

Field potential recordings were made with ACSF-filled,
glass pipettes (resistance = 2—-10 M) that were connected
to high-impedance amplifiers. The location of the
recording electrodes in the combined hippocampus-EC
slice is shown in Fig.2A. Field responses were
induced by applying single shock electrical stimuli
(50-100 us; < 200 nA) delivered through a bipolar,
stainless steel electrode (Fig. 3A). Sharp-electrode intra-
cellular recordings were performed in the subiculum
with pipettes that were filled with 3 M potassium
acetate (tip resistance =70-120 MQ2). Intracellular
signals were fed to a high-impedance amplifier with
internal bridge circuit for intracellular current injection.
The resistance compensation was monitored throughout

J Physiol 566.3

the experiment and adjusted as required. The passive
membrane properties of the subicular cells included in
this study were measured as follows: (i) resting membrane
potential (RMP) after cell withdrawal; (ii) apparent input
resistance (R;) from the maximum voltage change in
response to a hyperpolarizing current pulse (100-200 ms,
< —0.5nA); (iii) action potential amplitude (APA) from
the baseline; and (iv) action potential duration (APD)
at half-amplitude. Intrinsic firing patterns of subicular
cells were determined from responses to depolarizing
current pulses of 500—1000 ms duration. Three neuronal
types could be distinguished in this study: strong bursters,
weak bursters and regular firing (Staff et al. 2000). Since
no differences were observed between these classes in
terms of their 4AP-induced activity, strong and weak
intrinsic bursters were put together in the ‘bursting’ group
(Fig. 5Ab) whilst regular firing cells were placed in the
‘non-bursting’ category (Fig. 6Ab). No fast spiking cells
were ever recorded in this study.

Field potential and intracellular signals were fed to a
computer interface (Digidata 1322A, Axon Instruments)
and acquired and stored using the pCLAMP 9 software
(Axon Instruments). Subsequent analysis of these data was
made with the Clampfit 9 software (Axon Instruments).
For time-delay measurements, the onset of the field
potential/intracellular signals was established as the time
of the earliest deflection of the baseline recording
(e.g. inset traces in Fig.1A and B). Throughout this
study we arbitrarily termed as ‘interictal’ and ‘ictal’ the
synchronous epileptiform events with durations shorter
or longer than 2 s, respectively (cf. Traub et al. 1996).
Measurements in the text are expressed as means % s.p.
and 7 indicates the number of slices or neurones studied
under each specific protocol. Data were compared with
Student’s t test and were considered statistically significant
if P < 0.05.

Results

Epileptiform activity induced by 4AP in combined
hippocampus-EC slices

As illustrated in Fig. 1A (Control (4AP)) and Fig. 24,
the hippocampus—EC slices (n=110) included in this
study responded to 4AP application by generating three
types of synchronous activities (cf. Avoli et al. 1996;
Benini et al. 2003): (i) fast interictal discharges (interval of
occurrence = 1.6 & 0.7 s; duration 139 4 65 ms; n=25)
that were restricted to the hippocampus proper (Fig. 14,
arrows); (ii) slow interictal events that were recorded
in both hippocampal and EC regions and could initiate
anywhere in the slice (interval of occurrence =28 £ 155;
n=25; Fig. 1A, asterisk); and (iii) long-lasting ictal
discharges (interval of occurrence = 236 + 117 s; duration
64+56s; n=25) that originated in EC and could
propagate to the hippocampus via the perforant pathway
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(Fig. 1A, bar). We termed these slices functionally
disconnected due to the lack of epileptiform activity
propagation from the hippocampus to the EC.

Involvement of GABA, receptors in the epileptiform
activity induced by 4AP

Next, we superfused these slices with the GABA, receptor
antagonist picrotoxin (50 um) to establish the role of
GABA, receptor-mediated mechanisms in 4AP-induced
epileptiform discharges. As shown in Fig. 1, picrotoxin
application to these functionally disconnected slices
(n = 45) resulted in a dramatic change in the 4AP-induced
electrographic activity (Figs1 and 2). Exposure to this
non-competitive GABA, receptor antagonist triggered
an initial ictal burst in the EC (Fig. 2B, + Picrotoxin)
after which the activity was replaced by robust
interictal discharges that initiated in CA3 and propagated
sequentially to CA1 and EC (expanded trace in the inset of
Fig. 1B, + Picrotoxin). This phenomenon was reproduced
with the competitive GABA, receptor antagonist BMI
(10 M, n=4), thus suggesting that the effect observed
was indeed due to hindrance of GABA, receptor function.
Transformation of a functionally disconnected slice into
one in which hippocampus-driven epileptiform activity
could propagate to the EC was fully reversible upon
washing out picrotoxin (n=6) for approx. 2h (not
shown).

GABA, receptor antagonism potentiates interictal
activity in the subiculum of functionally
disconnected slices

To gain a better understanding of how GABA, receptor
antagonism in functionally disconnected slices leads to
synchronicity between hippocampus and EC, we analysed
the 4AP-induced activity in neuronal networks along the
CA3-CAl-subiculum axis (n = 14). This was achieved by
obtaining simultaneous field potential recordings from
CA3 and EC with two fixed electrodes while a third
electrode was moved sequentially from the CA1-CA2
area towards the subiculum at the level of the stratum
pyramidale. We found in six of these experiments that the
CA3-driven interictal events had similar amplitudes up
to the CAl-subiculum border (Fig. 2Ab, Control, +4AP)
and then decreased as the recording electrode was placed
in subiculum (Fig. 2Ac, Control, +4AP). Moreover, in
the remaining experiments (n = 8) interictal events were
not recorded during 4AP application in the subiculum
concomitant with those seen in the CA3 and CA1 areas
(Fig. 4A).

Following picrotoxin application (Fig.2B, + Picro
toxin), there was a potentiation in the amplitude of
the epileptiform activity recorded within the subiculum.

© The Physiological Society 2005
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Moreover, such augmentation always occurred prior
to the establishment of complete synchronization of
the epileptiform activity between hippocampus and EC
(Fig. 2B, + Picrotoxin, middle inset). Quantitative analysis
of the picrotoxin-induced changes in field potential
amplitudes in CA3, CAl and subiculum revealed that the
most drastic potentiation (314 &+ 163%, n = 6) occurred
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Figure 1. Effect of picrotoxin on 4AP-induced activity in a
combined hippocampus—EC slice

A, simultaneous field potential recordings obtained from EC, CA1 and
CAZ3 during bath application of 4AP. Note that fast interictal
discharges (arrows in the CA1 trace) are restricted to the hippocampus
(CA3 and CAT1) but that slow interictal events (asterisk in the EC trace)
are recorded in both hippocampus and EC. Note also the long-lasting
ictal discharge (bar). B, picrotoxin application causes loss of ictal
discharge in the EC and the appearance of robust interictal discharges
that initiate in CA3 and propagate sequentially to CA1 and EC (inset).
The insets in A and B8 show selected interictal events at faster time
bases and the dashed lines demonstrate that these discharges initiate
in CA3.
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within the last structure whereas the least augmentation
took place in CA3 (31 & 8%; n=6) (Fig. 20C).

Stimulation of hippocampal networks elicits response
in EC only under GABA, receptor antagonism

To  explore  further  the  propagation  of
hippocampus-driven activity to the EC, we investigated
the responses induced in the slice by focal electrical
stimuli delivered in CAl, subiculum and EC: (i) in
the absence of convulsants (i.e. normal ACSF); (ii) in
the presence of 4AP; and (iii) during application of
4AP + PTX (Fig.3A, B and C, respectively). In these
experiments, three recording electrodes were placed in
CALl stratum pyramidale, subiculum and EC deep layers
while a stimulating electrode was used to sequentially
activate each of these structures.

As expected, a local field response could be recorded
in any of the stimulated structures during application
of normal ACSF (Fig.3Aa—c, arrows); in addition, EC
stimulation could also elicit some responses in subiculum
and CAl. Following 4AP application (Fig. 3B), the local
responses increased in amplitude and duration while
distant activation could be clearly identified when stimuli
were delivered in subiculum and EC (Fig.3Bb and ¢,
respectively); in contrast, as seen in normal medium, CAl
single shock stimuli (Fig. 3Ba) failed in eliciting subicular
(n=12) or EC responses (n=24). Finally, during
concomitant application of 4AP and picrotoxin, electrical
stimuli delivered in any area of the slice induced robust
epileptiform discharges in all limbic structures (Fig. 3Ca—c¢
(4AP + PTX)). It should be emphasized that CAl
single-shock stimuli delivered during GABA4-receptor
antagonism (Fig.3Ca) elicited an epileptiform response
not only in subiculum, but also in EC (11 = 6). Therefore,
these observations suggest that GABA, receptor-mediated
mechanisms prevent the propagation of both stimulation-
and 4AP-induced hippocampal activity to the EC, thereby
confirming that the functional disconnectivity between the
hippocampus proper and EC was not merely an artifact of
the 4AP model itself. In addition, both the potentiation
of subicular responses by picrotoxin and the subsequent
ability of hippocampus-driven discharges to propagate to
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the EC suggest that these inhibitory restrictions are most
likely at play in the subiculum itself.

Picrotoxin-induced changes in connectivity do not
require NMDA receptor function

We also assessed whether NMDA receptors contributed
to the changes in connectivity seen during picrotoxin
application. To this end we applied high concentrations
of the NMDA-receptor antagonist CPP to functionally
disconnected slices. As shown in Fig. 4B (+ 30 um CPP,
n=>5) CPP abolished the 4AP-induced ictal events that
initiated in EC (Avoli et al. 1996; de Guzman et al. 2004).
However, further addition of picrotoxin could still cause an
initial ictal event followed by interictal activity in all areas
of the slice (Fig. 4C, + 30 um CPP + 50 umM Picrotoxin).
Furthermore, NMDA receptor blockade did not avert the
picrotoxin-induced potentiation of the interictal activity
or its appearance in the subiculum. (Fig. 4C; n=>5).

Simultaneous field potential and intracellular
recordings in the subiculum

The results obtained from the functionally disconnected
slices during application of medium containing only
4AP suggest that the subiculum plays a role in gating
hippocampal output activity. Furthermore, the ability of
CA3-driven epileptiform discharges to propagate to the
EC during picrotoxin suggests GABAergic mechanisms in
the subiculum might be involved in such a control. Hence,
we recorded intracellularly subicular cells along with field
potential activity in CA3 and EC in the presence of 4AP
and following further addition of picrotoxin.

Two main modes of subicular activity were recorded
from these slices during 4AP application. The first
type was seen in 20 subicular cells and consisted of
bursts of action potentials that followed the interictal
discharges recorded in CA3 with time lags of 21+ 9 ms
(n=7) (Fig.5). Electrophysiological characterization
of these neurones revealed that 9 out of 20 cells
were intrinsic non-bursters (RMP =—62.9+7.2mV,
R =66.41+163MQ, APA=935+133mV, APD=
1.0+ 0.2ms; not shown) while the remaining 11

Figure 2. Picrotoxin-induced augmentation of field amplitudes in CA3, CA1 and subiculum

A, sequential field potential recording along the CA3-CA1-subiculim (Sub)-EC axis under control (4AP) conditions.
Field electrodes in CA3 and EC were kept at the same position whilst a third electrode was moved along the stratum
pyramidale to CA1 (a), CA1-Sub border (b) and Sub (c). Note the diminished field activity recorded in the subiculum
as compared to CA1 and CA1-subiculum. B, monitoring field potential activity in EC, subiculum and CA3 from
the onset of picrotoxin application until complete synchronization of the limbic structures. Note that initially
CA3-driven interictal discharges do not propagate to the EC (left lower inset), but that following potentiation of
subicular network activity (arrow), CA3-driven interictal events can propagate to the EC (right lower inset). Also
note that potentiation in subicular activity precedes hippocampus—£EC synchronization (middle versus right inset).
C, bar graph of the normalized increase in field potential amplitude recorded in different areas of the slice; note

that the most drastic potentiation occurs in the subiculum.
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cells (RMP=-634+7.0mV, R;=60.9+15.6MSQ,
APA=945+6.8mV, APD=1.0+0.1ms) discharged
action potential bursts at the onset of an intracellular
depolarizing pulse (Fig. 5Ab). Application of picrotoxin to
these slices resulted in synchronous interictal discharges
occurring in all areas. Furthermore, expanded traces
demonstrated that these intracellular events followed
CA3 field activity and preceded that of the EC (Fig. 5B,
Picrotoxin (late), inset). Intracellular injection of
depolarizing pulses indicated that picrotoxin did not
modify the intrinsic firing patterns of these cells (not
shown).

In contrast, the second group of subicular cells
(n=11) generated little or no spontaneous action
potential firing, while producing robust postsynaptic
potentials (PSPs) in association with the CA3-recorded
interictal discharges (Fig.6Aa, Control (4AP)). These
PSPs were usually predominated by a hyperpolarizing
component (Fig. 64, Control (4AP), arrows in the lower
inset) with a reversal value of approx. —71 mV (not
illustrated) suggesting that they were GABA, receptor
mediated. In addition, these neurones also generated large
isolated hyperpolarizing potentials (Fig.64, Control
(4AP), asterisk in the lower inset) with a similar reversal
potential. Examination of the firing properties of these
cells (Fig. 6Ab) revealed that 9 out of 11 were non-bursting
elements (RMP = —67.7 £ 5.1 mV, R, =57.2 + 14.3 M,
APA =992 454 mV, APD = 1.2 + 0.1 ms). Superfusion
of these slices with picrotoxin transformed the activity of
these ‘silent’ cells into synchronous burst firing (Fig. 6Aa,
Picrotoxin). Monitoring the evolution in the intra-
cellular activity of these neurones from the onset of
picrotoxin application (Fig. 6Aa, Picrotoxin (transition))
until the complete synchronization between hippocampal
areas and EC (Fig.6Aa, Picrotoxin, late) revealed a
gradual decrease in the frequency of occurrence and
the eventual disappearance of the robust PSPs (Fig. 6Aa,
Picrotoxin (transition) versus Picrotoxin (late)) along with
the complete blockade of the isolated hyperpolarizing
potentials. As with the other group of subicular cells,
the intrinsic firing patterns of these neurones were not
changed by picrotoxin (not shown).

Subiculum as a gater of hippocampal outputs 891

Picrotoxin-induced potentiation in subicular activity
is not due to upstream effects

It has been well documented that GABAergic circuits exert
animportant inhibitory control over local networks within
CA3/CALl; in addition, loss of this restraint via GABA,
receptor antagonism is sufficient to unmask polysynaptic
glutamatergic excitation within these structures (Miles &
‘Wong, 1987; Miles et al. 1988). Hence, it can be reasonably
argued that the picrotoxin-induced potentiation of
subicular activity observed in our experiments might arise
from enhanced, upstream hippocampal output rather than
decreased gating within the subiculum. In order to clarify
thisissue, bath application of picrotoxin was investigated in
slices in which the subiculum was isolated from CA3/CA1
by knife-cuts to the Schaffer collaterals (Fig. 7Aa). In this
set of experiments, potentiation of subicular activity upon
GABA, receptor antagonism was observed to occur in
spite of the cut (n= 6, Fig. 7Ab, + Picrotoxin). However,
epileptiform discharges in this scenario appeared to initiate
sometimes in the subiculum (n=13 slices) and at other
times in the EC (n = 3 slices) (Fig. 7Ab, inset).

The potential gating role of subicular networks was
further addressed in isolated subicular minislices (Fig. 7B).
In the presence of 4AP, low-amplitude synchronous
discharges (interval of occurrence =142 & 107 s;55-450 s;
n=18) were observed to occur in all areas of the
isolated subiculum and could initiate in the proximal,
middle or distal regions (Fig.7Ba, Control (4AP)).
Subsequent addition of picrotoxin induced a drastic
augmentation of activity in all subicular regions (n=13,
Fig. 7Ba, + Picrotoxin) thereby providing conclusive
evidence that during 4AP application subicular networks,
both in the combined slice and the isolated minislice
preparations, are under tight GABA, receptor-mediated
control.

Slow 4AP-induced interictal discharges generated in
the subiculum represent the activity of synchronized
interneuronal networks

Intracellular characterization of the slow-interictal
discharges recorded in subicular minislices revealed a

Figure 3. Stimulation of hippocampal outputs activates EC only under conditions of GABAa-receptor

antagonism

Panels in the top row show the spontaneous field potential activity recorded simultaneously from CA1, subiculum
and EC in the absence of convulsants (i.e. Normal ACSF) (A), in the presence of 4AP (B), and during 4AP + PTX (C).
Slice diagrams on the left illustrate the positions of the stimulating bipolar electrode in CA1 (a), subiculum (b),
and deep EC layer (c). Triangles indicate the structure stimulated in each set of recordings and arrows point to
the subsequent response recorded. Note that single shock stimulation of CA1 networks both in the absence
and presence of 4AP induces a small subicular response with no EC activation {Aa and Ba). Note in contrast
the potentiated subicular response and the subsequent EC discharge (asterisk) induced by hippocampal output

stimulation under GABA4-receptor antagonism (Ca).
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sequence of an early hyperpolarizing IPSP followed
by a long lasting depolarization that could at times
trigger action potential firing (Fig.8Aa and b and B,
Control (4AP); n=20 neurones). Bath application of
picrotoxin abolished these events and in their place robust
network bursting was observed (n = 6 neurones, Fig. 8Aq,
+ Picrotoxin).

To further investigate the mechanisms underlying
the generation of these 4AP-induced slow events,
glutamatergic antagonists were employed. Interestingly,
CPP and CNQX could not abolish these low amplitude
discharges (Fig.8B,+ (CPP+CNQX), n=28) while
further application of picrotoxin resulted in their
complete loss (n=4, not shown). Thus, these results
indicate that as in other cortical areas (Perreault & Avoli,
1989, 1992; Avoli et al. 1994, 1996) the synchronous
potentials recorded in the subiculum in the presence of
4AP correspond to the responses of pyramidal cells to the
synchronized interneurone activity.

Discussion

We have found here that decreasing GABA, receptor
function facilitates communication within the limbic
networks contained in a combined hippocampus—-EC
slice. Accordingly, picrotoxin transformed functionally
disconnected slices into ones that were functionally
connected. In addition, we have discovered that this
effect is mainly caused by a gating function played by
the subiculum on hippocampal outputs, thus indicating
that this limbic structure modulates interactions between
hippocampal and parahippocampal networks.

The 4AP model revisited in the light of different
patterns of epileptiform activity

We have reported that in reciprocally interconnected
hippocampus—EC slices obtained from adult rat (Benini
et al. 2003) or mouse brains (Barbarosie & Avoli, 1997;
Barbarosie et al. 2000), application of 4AP-containing
or Mg?*-free medium induces CA3-driven interictal
events that propagate to the EC where they control
the propensity of this latter structure to generate ictal
discharges resembling those seen in MTLE patients
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(cf. Swartzwelder et al. 1987; Wilson et al. 1988).
Accordingly, cutting the Schaffer collaterals in these
functionally connected slices averts CA3 outputs and
discloses NMDA receptor-mediated ictal events in the EC,
thus leading to a pattern of epileptiform activity similar to
what is recorded in functionally disconnected slices (Avoli
et al. 1996; Benini et al. 2003).

Until now, we assumed that the inability of CA3-driven
interictal activity to propagate to the EC was caused by the
slicing procedure that had led to damaging the connections
between hippocampus proper and EC. Contrary to this
view, we have discovered here that GABA, receptor
antagonism can reversibly transform a disconnected slice
into one that appears to be functionally connected. Hence,
these findings demonstrate that the two patterns of electro-
graphic activity may not reflect anatomical differences,
but rather implicate a mechanism that rests on the gating
role played by subicular networks on the propagation of
epileptiform discharges originating in the hippocampus
proper.

Subicular networks gate hippocampal outputs via
GABA, receptor-mediated mechanisms in functionally
disconnected slices

By wusing sequential recordings along the
CA3-CAl-subiculum axis of functionally disconnected
slices we have found that the amplitude of the 4AP-induced
interictal activity decreases dramatically in the subiculum,
where it is often non-existent. Moreover, during GABA,
receptor antagonism, the subiculum undergoes the
most dramatic potentiation in field activity (150-550%)
signalling an increased recruitment of neurones.

1t has been established that disinhibition unmasks poly-
synaptic excitation within CA3 neuronal networks (Miles
& Wong, 1987; Miles et al. 1988) and it is possible
that this improved synchronicity would consequently
lead to an increased drive onto the subiculum. Local
pharmacological activation of the subiculum would have
been ideal for clarifying this issue. However, initial
attempts at focal applications of picrotoxin were elusive
due to the fact that in our horizontal slice preparation
the subiculum lies critically close to other structures
(CAl, dentate gyrus, and medial EC) and dispersion
of the droplet to these areas could not be avoided.

Figure 4. NMDA receptors do not contribute to picrotoxin-induced synchronicity in a functionally

disconnected slice

A, simultaneous field potential recordings in EC, subiculum (Sub) and CA3 showing that interictal discharges
initiating in CA3 do not propagate to the EC where activity is characterized by robust ictal discharges. Note that
in this slice no field activity was recorded in the subiculum. 8, bath application of high concentrations of the
NMDA-receptor antagonist CPP results in the loss of EC-driven ictal events. C, subsequent application of picrotoxin
results in an initial ictal discharge in EC that is followed by a pattern of interictal discharge in all limbic structures.
D, CPP washout causes a prolongation of the interictal events and a slow down in their frequency of occurrence.
These discharges continue to initiate in CA3 and propagate sequentially to the subiculum and EC (inset).
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This being said, our observations strongly suggest that
although increased presynaptic release of excitatory trans-
mitters at CAl-subiculum synapses may occur, this
mechanism is unlikely by itself to explain the amplification
of subicular activity observed under GABA, receptor
antagonism. First, potentiation of subicular activity upon
GABA 5 -receptor antagonism was observed even when the
subiculum was separated from CA3/CAl via microknife
cuts to the Schaffer collaterals. Furthermore, significant
augmentation in activity was demonstrated to occur in
isolated subicular minislices in the absence of either
upstream or downstream factors. Altogether this is
conclusive evidence that the picrotoxin-induced effect in
the subiculum is not due to enhanced output of upstream

A a2 Contral{dAm)

J Physiol 566.3

structures (i.e. CA3/CA1) but rather due to the decreased
control of GABAergic circuits within the subiculum itself.

Investigation into the functional role of GABAergic
circuits within the subiculum was made possible by
the interesting property of the 4AP model used in
our study. In addition to blocking K* currents (Rudy,
1988) and interfering with Ca?* channels (Segal &
Barker, 1986), 4AP has been shown to facilitate neuro-
transmitter release at presynaptic terminals of both
excitatory and inhibitory synapses (Thesleff, 1980;
Rutecki et al. 1987; Aram et al. 1991). Previous
studies have shown that the subiculum is indeed
capable of generating robust interictal discharges under
conditions of decreased inhibition (Harris & Stewart,
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Figure 5. Simultaneous field and intracellular recordings in functionally disconnected slice

Aa, simultaneous field (EC, CA3) and intracellular (subiculum, —64 mV) recordings under control conditions
(i.e. 4AP) reveal that this subicular cell is excitable at RMP. Note in the inset that the burst firing generated by
this subicular neurone is synchronous with the interictal discharge recorded in CA3, but that no propagation
occurs to EC. Ab, responses to intracellular injection of depolarizing and hyperpolarizing current pulses; note
that this neurone is an intrinsic burster. Depolarizing event during hyperpolarization represents a spontaneously
occurring EPSP (arrow). B, picrotoxin application to another functionally disconnected slice results in an initial ictal
event in EC (Picrotoxin (early)) followed by synchronization of all limbic networks (Picrotoxin (late)). Note in the
expanded traces that the intracellularly recorded subicular bursts follow CA3 field activity and precede that of the

EC.
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2001) or increased excitation (Behr & Heineman, 1996;
Harris & Stewart, 2001). Using our model we have,
however, shown that the subiculum does not generate
robust activity when both excitatory and inhibitory
mechanisms are simultaneously altered. Furthermore,
we found in the isolated subiculum that under such
conditions, this structure is more likely to generate slow
synchronous events that are resistant to glutamatergic
antagonists but sensitive to GABA, receptor blockade.
These synchronous potentials, which have been reported
in other hippocampal structures as well as in the neocortex,
represent the activity of highly synchronized interneuronal

4  Control (4AP)

Picrotoxin (transition)
~ 2-mil
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networks (Perreault & Avoli, 1989, 1992; Michelson &
Wong, 1994; Avoli et al. 1994, 1996; Lamsa & Kaila,
1997). Altogether, these findings indicate that the over-
all activity of the subiculum in the presence of 4AP
is dominated by inhibitory mechanisms that control
hippocampal output propagation to the EC. Blockade of
GABA, receptors hampers this inhibition (as suggested by
the decrease in IPSPs recorded in ‘silent’ subicular cells),
allowing an increased recruitment of subicular networks
and the consequent spread of both spontaneous and

stimulus-induced activity from the hippocampus to the
EC.

Picrotoxin (late)

10my
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Figure 6. Field and intracellular recordings in functionally disconnected slice

Aa, simulatneous field (EC, CA3) and intracellular (subiculum, —60 mV) recordings during control (4AP) conditions
reveals that this subicular cell is ‘silent’ at RMP. Note the presence of PSPs that are coincident with CA3 discharges
(arrows) and the large isolated inhibitory postsynaptic potentials (IPSPs) (Control (4AP), asterisk). Superfusion
of slices with picrotoxin discloses in these cells action potential discharges at RMP (Picrotoxin). Monitoring the
evolution in the intracellular activity of these subicular neurones from the initial application of the GABAA receptor
antagonist (Picrotoxin (transition)) until the complete synchronization between hippocampal and parahippocampal
structures (Picrotoxin (late)) reveals IPSP disappearance. Insets below traces demonstrate expansions of selected
events. Note the presence of large IPSPs (asterisk) and smaller PSPs (arrows) within the subiculum prior to complete
synchronization of limbic structures. Ab, firing properties of this cell reveal a non-bursting neurone.
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Figure 7. Picrotoxin-induced potentiation of subicular activity is not due to upstream effects

Aa, diagram illustrating a combined slice in which the Schaffer collaterals have been severed by a microknife cut at
the level of CA1. Ab, simultaneous field potential recordings obtained from this slice preparation in EC, subiculum
(Sub) and CA3 during bath application of 4AP and upon further addition of Picrotoxin. The slow interictal events
observed in all structures in the presence of 4AP initiate in EC (bottom inset). Note the potentiation of subicular
activity that occurs in the presence of the GABA, receptor antagonist (arrow). Also note that in the presence of
picrotoxin, the epileptiform activity in this case initiates in EC and subsequently spreads to subiculum and CA3
(upper inset). Ba, simultaneous field potential recordings obtained from the proximal, middle and distal regions of
an isolated subicular minislice preparation during 4AP application and upon further addition of Picrotoxin. Note
that during 4AP, slow interictal-like events are generated in all regions of the subiculum (left inset). Also note
that GABA4 receptor antagonism induces potentiation of subicular activity in all regions (arrow indicates onset of
picrotoxin-induced activity). Right inset illustrates expansion of picrotoxin-induced event. Bb, diagram illustrating
the isolated minislice preparation and position of field electrodes.
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Subicular cells may be under a different degree
of GABA, receptor-mediated control in the same
functionally disconnected slice

Neurophysiological investigations have shown that several
types of GABAergic cells are present in the subiculum
(Kawaguchi & Hama, 1987; Greene & Totterdell, 1997;
Menendez de la Prida et al. 2003). We have found here
that under control conditions (i.e. during application
of medium containing 4AP only) subicular pyramidal
neurones generate two different patterns of intracellular
activity in functionally disconnected slices: one group

Subiculum as a gater of hippocampal outputs 897

of cells fired action potentials in coincidence with
CA3-driven interictal events whilst the other generated
either EPSP-IPSP sequences or isolated IPSPs. These two
behaviours of subicular cells, both of which could be
found in the same slice, have also been reported in the
human epileptic subiculum of MTLE patients, where they
reflect differences in the reversal potential of pyramidal
cells for GABA, receptor-mediated conductances (Cohen
et al. 2002).

The presence of ‘silent’ subicular cells in functionally
disconnected slices indicates that hippocampal activity
may not propagate to the EC due to local inhibitory
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Figure 8. Pharmacological characterization of 4AP-induced activity in isolated subicular minislices

Aa, simulatneous field (middle subiculum, distal subiculum) and intracellular (middle subiculum, —66 mV)
recordings during control (4AP) conditions reveals that the slow interictal events correspond intracellularly to
an early hyperpolarization followed by a sustained depolarization (left inset). In the presence of picrotoxin there is
increased field activity in the isolated subiculum and robust network bursting can be recorded intracellularly (right
inset). Ab, firing properties of this cell reveals that it was an intrinsically bursting neurone. Ac, intracellular traces
of the 4AP-induced event at different membrane potentials reveals reversal of the hyperpolarizing component
at negative membrane potentials (—73 mV and —76 mV). Note the truncated action potential riding on this
reversed event at —76 mV. Ba, simulatneous field (middle subiculum, proximal subiculum) and intracellular (middle
subiculum, —60 mV and —67 mV) recordings in control (4AP) and after 2 h of further CPP + CNQX application.
Note that intraceltular recordings were carried out from two different cells within the same slice and in the same
subicular region. insets demonstrate expansions of the slow synchronouns event during both conditions.
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control exerted on a subset of projecting subicular cells.
In line with this view, previous studies have demonstrated
that subicular pyramidal cells are restrained by local
GABAergic networks via feedforward (Finch & Babb,
1980; Colino & De Molina, 1986; Finch et al. 1988;
Behr et al. 1998) and recurrent inhibitory mechanisms
(Menendez de la Prida, 2003; Menendez de la Prida
& Gal, 2004). Accordingly, we have demonstrated that
IPSP blockade by GABA, receptor antagonism coincides
with the appearance of network-driven burst firing, thus
implicating a role for subicular GABA, receptor-mediated
inhibition in gating hippocampal output activity. Indeed,
ithasbeen reported that epileptiform discharges generated
in the hippocampus can successfully propagate to the
medial EC via the subicular complex under reduction of
GABAergic mechanisms (Menendez de la Prida & Pozo,
2002).

Conclusions

Studies in various epilepsy models have identified the
dentate gyrus as a gater for the spread of limbic seizures
from the EC to the hippocampus proper (Collins et al.
1983; Heinemann et al. 1992). However, until this study,
no investigation had addressed the role of the subiculum
in controlling hippocampal outputs during epileptiform
synchronization even though it was well established that
this structure is in a strategic position for doing so.
Our observations that blocking GABA 4 receptor-mediated
mechanisms results in subicular hyperexcitability and
subsequently intralimbic synchronization is relevant to
pathological conditions such as epilepsy. Studies in slices
obtained from MTLE patients indicate that both bursting
pyramidal cells and interneurones contribute to the
interictal activity that occurs in the subiculum (Cohen
et al. 2002; Wozny et al. 2003). In addition, in chronic
animal models of MTLE, alterations at the level of intrinsic
and network properties of principal cells (Wellmer et al.
2002; Knopp et al. 2005) as well as a reduction in specific
interneuronal subpopulations (van Vliet et al. 2004) have
been reported in this structure. Altogether, these findings
suggest that synaptic reorganization and altered inhibition
contribute to subicular network hyperexcitability that
may in turn play a role in the generation and spread of
convulsive activity.
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Abstract—We used field potential and intracellular record-
ings in rat brain slices that included the hippocampus, a
portion of the basolateral/lateral nuclei of the amygdala (BLA)
and the entorhinal cortex (EC). Bath application of the con-
vulsant 4-aminopyridine (50 pM) to slices (n=12) with recip-
rocally connected areas, induced short-lasting interictal-like
epileptiform discharges that (i) occurred at intervals of 1.2-
2.8 s, (ii) originated in CA3, and (iii) spread to EC and BLA.
Cutting the Schaffer collaterals abolished them in both para-
hippocampal areas where slower interictal-like (interval of
occurrence=4-17 s) and prolonged ictal-like discharges (du-
ration=15x6.9 s, mean=S.D., n=7) appeared. These new
types of epileptiform activity originated in either EC or BLA.
Similar findings were obtained in slices (n=19) in which the
hippocampus outputs were not connected with the EC and
BLA under control conditions. Cutting the EC-BLA connec-
tions made independent slow interictal- and ictal-like activi-
ties appear in both areas (n=5). NMDA receptor antagonism
{n=6) abolished ictal-like discharges and reduced the dura-
tion of the slow interictal-like events. Repetitive stimulation
of BLA at 0.5-1 Hz in Schaffer collatera! cut slices, induced
interictal-like epileptiform depolarizations in EC and revers-
ibly blocked ictal-like activity (n=14). Thus, CA3 outputs in
intact slices entrain EC and BLA networks into an interictal-
like pattern that inhibits the propensity of these parahip-
pocampal areas to generate prolonged ictal-like paroxysms.
Accordingly, NMDA receptor-dependent ictal-like events are
initiated in BLA or EC once the propagation of CA3-driven
interictal-like discharges to these areas is abated by cutting
the Schaffer collaterals. Similar inhibitory effects also occur
by activating BLA outputs directed to EC at rates that mimic
the CA3-driven interictal-like pattern. © 2003 IBRO. Published
by Eisevier Science Ltd. All rights reserved.

Key words: amygdala, entorhinal cortex, hippocampus,
NMDA receptors, seizures.

*Correspondence to: M. Avoli, Montreal Neurological Institute and
Departments of Neurology and Neurosurgery, and of Physiology,
McGill University, 3801 University Street, Room 794, Montreal, QC,
Canada H3A 2B4. Tel: +1-514-398-1955; fax: +1-514-398-4497.
E-mail address: massimo.avoli@mcgiil.ca (M. Avoli).

Abbreviations: ACSF, artificial cerebrospinal fluid; 4AP, 4-amino-
pyridine; BLA, basolateral/lateral nuclei of the amygdala; CNQX,
6-cyano-7-nitroquinoxaline-2,3-dione; CPP, 3,3-(2-carboxypiperazin-
4-yl)-propyl-1-phosphonate; EC, entorhinal cortex; Ri, input
resistance; SUB, subiculum.

IN EPILEPTIFORM

The amygdala is located in the deep, anteromedial part of
the temporal lobe and is connected with many brain re-
gions including limbic structures such as the perirhinal,
entorhinal and hippocampal cortices (Lopes da Silva et al.,
1990; Amaral et al., 1992; Amaral and Witter 1995; Pit-
kanen et al., 2000; Pikkarainen and Pitkanen, 2001). The
amygdala is involved in fear conditioning and emotional
learning (Gloor 1992, 1997; Scott et al., 1997; LeDoux,
2000; Wilensky et al., 2000; Davis and Whalen, 2001).
Moreover, it is at the origin of some of the behavioral
manifestations seen during seizures in mesial temporal
lobe epilepsy patients where it is often a primary focus of
seizure activity (Gloor 1992, 1997; van Elst et al., 2000).
The amygdala is also the limbic area most frequently used
for kindling, which is an established animal model of mesial
temporal lobe epilepsy (Goddard et al., 1969).

Several studies aimed at establishing the pathophys-
iogenesis of mesial temporal lobe epilepsy have been
carried out in brain slices in which the connections be-
tween limbic structures were, at least partially, preserved.
These experiments have shown that pharmacologically
induced ictal-like (thereafter termed ictal) discharges re-
sembling electrographic limbic seizures, originate in the
entorhinal cortex (EC; Stanton et al., 1987; Wilson et al.,
1988; Dreier and Heinemann, 1991; Bear and Lothman,
1993; Nagao et al., 1996; Avoli et al., 1996). In line with this
evidence, clinical studies have demonstrated dysfunction
of EC networks in patients presenting with temporal lobe
epilepsy (Rutecki et al., 1989; Deutch et al., 1991; Spencer
and Spencer, 1994). In addition, we have found that CA3-
driven interictal-like (thereafter termed interictal) activity in
hippocampus—EC slices treated with the convulsant drug
4-aminopyridine (4AP) or with Mg2*-free medium can con-
trol the EC propensity to generate ictal events (Barbarosie
and Avoli, 1997; Barbarosie et al., 2000).

Coronal slices of the amygdala respond to application
of 4AP or Mg?*-free medium by generating interictal epi-
leptiform discharges (Gean and Shinnick-Gallagher, 1988;
Gean, 1990). However, little information is available on its
participation in the epileptiform synchronization of limbic
networks. In this study we addressed this issue by using
horizontal, rat brain slices that contained the hippocampus
proper along with the EC and a portion of the basolateral/
lateral nuclei of the amygdala (thereafter referred for sake
of simplicity as BLLA). Recent data obtained in this in vitro
preparation have demonstrated that interictal discharges
induced by the GABA, receptor antagonist bicuculline are
generated in the CA2/CA3 region of the hippocampus from
where they spread to EC and BLA (Stoop and Pralong,
2000). It is however known that decreasing or abolishing

0306-4522/03$30.00+0.00 © 2003 IBRO. Published by Elsevier Science Ltd. All rights reserved.
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Fig. 1. Schematic drawings of the combined slice used in this study. Abbreviations in this and the following figures are CA1-3, Ammon’s horn area
1-3; DG, dentate gyrus. (A) Position of the recording and stimulating electrodes that were placed in CA3, the middle layers of the medial EC and BLA.
(B) Location and extension of the cuts used to lesion the Schaffer collaterals or to separate BLA from EC. (C—F) Field potential responses induced
by stimuli delivered in EC (C), CA1 stratum radiatum (D) and SUB (E and F) and recorded in DG, SUB and deep or superficial EC layers, respectively.
The responses illustrated in each panel were induced by stimuli of increasing strength (as obtained by changing the stimulus duration).

GABA,, receptor-mediated function, reduces the ability of
limbic networks to express ictal activity, at least in the in
vitro slice preparation (Avoli et al., 1996; Lopantsev and
Avoli, 1998a; Kohling et al.,, 2000). Therefore, we have
analyzed here the role of BLA networks in the generation
and in the control of epileptiform activity induced by 4AP.
This drug does not interfere with GABAergic inhibition
(Rutecki et al., 1987; Perreault and Avoli, 1991) and allows
the appearance of both interictal and ictal discharges in
combined hippocampus-EC slices obtained from rodents
(Avoli et al., 1996; Lopantsev and Avoli, 1998a,b; Bar-
barosie and Avoli, 1997; Barbarosie et al., 2000).

EXPERIMENTAL PROCEDURES

Male, adult Sprague—-Dawley rats (200-250 g) were decapitated
under halothane anesthesia according to the procedures estab-
lished by the Canadian Council of Animal Care. All efforts were
made to minimize the number of animals used and their suffering.
The brain was quickly removed and a block of brain tissue con-
taining the retrohippocampal region was placed in cold (1-3 °C),
oxygenated artificial cerebrospinal fluid (ACSF). The brain dorsal
side was cut along a horizontal plane that was tilted by a 10° angle
along a posterosuperior—anteroinferior plane passing between the
lateral olfactory tract and the base of the brain stem (Stoop and
Pralong, 2000). Horizontal slices (500 wm thick) were cut from this
brain block using a vibratome and were transferred into a tissue
chamber where they lay at the interface between ACSF and
humidified gas (95% O, 5% CO,) at a temperature of 34-35 °C
and a pH of 7.4. We focused in this study on the most ventral
slices that were comprised between —8.6 to —7.6 mm from the

bregma (Paxinos and Watson, 1998). These slices contained the
EC, the hippocampus and the BLA (Fig. 1A). Two to three of such
slices could be obtained from each hemisphere. ACSF composi-
tion was (in mM): NaCl 124, KCI 2, KH,PO, 1.25, MgSO, 2, CaCl,
2, NaHCO; 26, and glucose 10. 4AP (50 pM), 6-cyano-7-nitroqui-
noxaline-2,3-dione (CNQX, 10 uM) and 3,3-(2-carboxypiperazin-
4-yl)-propyl-1-phosphonate (CPP, 10 pM) were applied to the
bath. Chemicals were acquired from Sigma (St. Louis, MO, USA)
with the exception of CNQX and CPP that were obtained from
Tocris Cookson (Langford, UK).

Field potential recordings were made with ACSFfilled, glass
pipettes (resistance=2-10 MQ) that were connected to high-im-
pedance amplifiers. Signals were at times processed with high-
pass filters set at 0.1 Hz. The location of these recording elec-
trodes is shown in Fig. 1A. Sharp-electrode, intracellular record-
ings were performed in the EC with pipettes that were filled with
3 M K-acetate (tip resistance=70-120 MQ) and were aimed at
depths ranging 600—-900 um from the pia. Intracellular signals
were fed to a high-impedance amplifier with internal bridge circuit
for intracellular current injection. The resistance compensation
was monitored throughout the experiment and adjusted as re-
quired. The fundamental electrophysiological parameters of the
EC neurons included in this study were measured as follows: (i)
resting membrane potential (RMP) after cell withdrawal; (ii) ap-
parent input resistance (Ri) from the maximum voltage change in
response to a hyperpolarizing current pulse (100-200 ms, <—0.5
nA); (i) action potential amplitude from the baseline. The electro-
physiological propetrties recorded in a representative group of EC
neurons (n=18) during application of 4AP were: RMP=-65+12
mV (mean*S.D.), Ri=30+7.2 M(2, and action potential ampli-
tude=92.3+8.2 mV.

Field potential signals were displayed on a GOULD Windograf
(Gould Instruments, Valley View, OH, USA) and stored on video-
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Fig. 2. (A) Simultaneous field potential recordings obtained from EC, BLA and CA3 during bath application of 4AP (50 M). Signals in this experiment
were processed with a high-pass filter at 0.1 Hz. Note that the interictal discharges occur in apparent synchronicity in all limbic areas, but when
displayed at faster time base (inset) they are characterized by onset in CA3 and propagation to the EC and BLA. In this and the following insets,
interrupted lines point to the time of the earliest deflection of the baseline recording, which in this case occurs in CA3. (B) Effects induced by cutting
the Schaffer collaterals and the BLA-EC connections during application of 4AP; note that cutting the Schaffer collaterals abolishes the propagation
of CA3-driven interictal discharges (arrows in the CA3 trace) to the EC and BLA where a new type of slow interictal activity (asterisks) along with ictal
discharges (continuous line) appear; note also that both types of epileptiform activity propagate to CA3. Subsequent separation of the EC from BLA
makes independent interictal and ictal discharges occur in both structures. insets show (i) expanded traces of a CA3-driven interictal discharge under
control conditions in which the CA3 origin and the population activity reentry (arrows) can be appreciated; and (ii) expanded traces of a slow interictal
discharge after the Schaffer collateral cut, originating in BLA and spreading to EC and CA3. Note also in the ‘+BLA/EC separation' panel that only
the ictal discharge occurring in EC propagates to CA3. (C) Column histogram of the time differences in the onset of slow interictal and ictal discharges
measured in EC and BLA. Data were obtained from five slices and segregated according to their site of origin (i.e. BLA or EC). Values represent the
mean=S.D. of onset latency of 28 and 47 slow interictal discharges for BLA— EC and EC— BLA propagation, and seven and 12 ictal discharges for

BLA— EC and EC— BLA propagation, respectively. Differences were not statistically significant.

tape. Time-delay measurements were obtained with a digital os-
cilloscope. For each trace the onset of the 4AP-induced synchro-
nous potentials was determined as the time of the earliest deflec-
tion of the baseline recording (e.g. insert traces in Fig. 2).
Intracellular signals were fed to a computer interface (Digidata
12008, Axon instruments, Union City, CA, USA) and were ac-
quired and stored by using the pClamp 8 software (Axon Instru-
ments). Subsequent analysis of these data was made with the
Clampfit8 software (Axon Instruments).

Cut of the Schaffer collateral pathway or of selected areas
in the slice was accomplished under visual control with a razor
blade mounted on a micromanipulator (cf, Barbarosie and
Avoli, 1997). The location of these cuts is illustrated in Fig. 1B.
At the beginning of each experiment (i.e. before applying 4AP),
we verified the reciprocal connectivity between different struc-
tures of the slice by analyzing the field potential responses
induced by single-shock, electrical stimuli (10-150 pus;

<200 pA) that were delivered through bipolar, stainless steel
electrodes in appropriate areas. As illustrated in Fig. 1C-F, field
potential responses, with latencies ranging from 6 to 14 ms,
were recorded in the dentate gyrus, subiculum (SUB) and deep
or supetficial EC layers following electrical stimulation of the
EC, CA1 stratum radiatum and SUB, respectively. Field and
intracellular responses could also be obtained under control
conditions in the EC in response to single-shock electrical
stimulation of the BLA (not illustrated).

Throughout this study we termed interictal and ictal dis-
charges the synchronous epileptiform events with durations
shorter or longer than 3 s, respectively. In doing so, we included
the afterdischarge that could at times occur with both types of
activity (e.g. BLA trace in Fig. 3, Control). Measurements in the
text are expressed as mean=S.D. and n indicates the number
of slices or neurons studied under each specific protocol. The
results obtained were compared with the Student's t-test or the
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Fig. 3. Application of the NMDA receptor antagonist CPP (10 uM)
reversibly blocks the ictal discharges recorded in a combined slice
after Schaffer collateral cut and separation of the BLA from the EC.
Note that this NMDA receptor antagonist also reduces the amount of
fast events associated with each interictal event in the BLA, while the
rate of occurrence of CA3-driven interictal activity increases. Note also
that in the Control and Wash panels only the slow interictal and ictal
discharges generated by EC networks propagate to CA3.

ANOVA test and were considered statistically significant if
P<0.05.

RESULTS

Epileptiform activity induced by 4AP in combined
hippocampus—-EC-amygdala slices

A pattern of continuous interictal activity occurred synchro-
nously in CA3, EC and BLA during steady, bath application
of 4AP to 12 slices (Fig. 2A). These interictal discharges
could be recorded throughout each experiment (up to 4 h)
and had intervais ranging between 1.2 and 2.8 s and
durations of 180-650 ms when measured in the CA3
subfield. Time-delay measurements of the onset of these
interictal events demonstrated that they always initiated in
CA3 from where they first spread to the EC and then to
BLA with latencies of 938 ms and 137%x44 ms (n=12),
respectively (Fig. 2A, inset). Moreover, these epileptiform
discharges could often re-enter the CA3 network as indi-
cated by the occurrence of late population spikes at this
recording site (Fig. 2B, arrows in the bottom, left inset; cf.
Paré et al., 1992).

A similar pattern of interictal activity occurs in recipro-
cally connected, mouse hippocampus—EC slices treated
with 4AP or Mg?*-free medium (Barbarosie and Avoli,
1997; Barbarosie et al., 2000). We have reported there that

the CA3-driven interictal activity can inhibit the expression
of ictal discharges in the EC. Hence, we investigated the
effects induced by cutting the Schaffer collateral, a proce-
dure that would selectively abolish the propagation of CA3
activity to CA1 and SUB, thus preventing hippocampal
output activity from reaching the EC and BLA. As illus-
trated in Fig. 2B, cutting the Schaffer collaterals abolished
the propagation of CA3-driven interictal activity (arrows in
the CA3 trace of the panel ‘+Schaffer collateral cut’) to the
EC and BLA and disclosed in both structures ictal (dura-
tion=15+6.9 s; interval of occurrence=75-300 s, n=6;
continuous line in Fig. 2B ‘+ Schaffer collateral cut’ panel)
and interictal discharges (duration=240-2100 ms; interval
of occurrence=4-17 s, n=11; asterisks in Fig. 2B
‘+Schaffer collateral cut’ panel). Thereafter, this interictal
activity will be termed slow interictal discharge. It should be
also noted that cutting the Schaffer collaterals also re-
duced the late population spikes associated with the CA3-
driven interictal discharges in this area further suggesting
that these population events reflect re-entry of activity from
the EC (not shown, but see Barbarosie and Avoli, 1997).

Both ictal and slow interictal discharges recorded in EC
and BLA after cutting the Schaffer collateral propagated to
CA3 (Fig. 2B). Moreover, ictal events had always similar
durations in BLA and EC, while the slower interictal dis-
charges could display different durations in these two lim-
bic areas. In any given experiment the two new types of
epileptiform activity disclosed by cutting the Schaffer col-
laterals could initiate in either EC or BLA and spread to the
other parahippocampal area with similar time delays rang-
ing between 15 and 70 ms (Fig. 2C). Further lesion of the
connections between EC and BLA (n=5) caused the ap-
pearance of independent slow interictal and ictal dis-
charges in these two limbic areas (Fig. 2B, ‘+BLA/EC
separation’ panel), thus indicating that both EC and BLA
networks can generate per se these two types of epilepti-
form synchronization.

As shown in Figs. 2B (‘+BLA/EC separation’ panel)
and 3, only the epileptiform activity that was present in the
EC did propagate to the CA3 subfield after separation of
the BLA from the EC, presumably through the perforant
path—dentate gyrus route. This way of propagation was
further demonstrated by cutting the perforant path, a pro-
cedure that made slow interictal and ictal discharges dis-
appear in CA3, but not in the EC (n=3; not illustrated).
Findings similar to those seen after cutting the Schaffer
collateral in reciprocally connected hippocampus—-EC-BLA
slices were obtained in 19 additional experiments in which
the hippocampus outputs were not functionally connected
with the EC-BLA networks under control conditions (cf.
Avoli et al., 1996).

Involvement of NMDA receptors in epileptiform
activity induced by 4AP

Next we analyzed the involvement of NMDA receptor-
mediated transmission in the generation of the slow inter-
ictal and ictal discharges recorded in the EC and BLA after
Schaffer collateral cut (n=6). Three of these slices had
undergone a further lesion of the EC-BLA connections,
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Fig. 4. Simultaneous intracellular (—69 mV) and field potential (Field) recordings obtained in the EC of a Schaffer collateral cut slice during 4AP
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the onset of an ictal discharge during the prestimulus period, the first stimulus-induced response (triangles point at the stimulus artifacts), and the ictal

discharge seen at the end of the stimulation period.

and thus they generated independent epileptiform activity
in these two areas.

Bath application of the NMDA receptor antagonist CPP
(10 pM) abolished ictal discharges in ali limbic structures
(Fig. 3). This effect was accompanied by a block of the
afterdischarges seen in BLA during each interictal event.
Interestingly the rate of occurrence of CA3-driven interictal
events increased during CPP application (from 0.9+0.3—
1.1+0.3 Hz, n=4). The ictal discharges as well as the
afterdischarges associated with the slow interictal events
generated in BLA and EC reappeared during CPP washout
with control medium containing 4AP only (Fig. 3, Wash). In
three additional experiments we found that all epileptiform
discharges (including those originating in CA3) were abol-
ished by bath applying the non-NMDA receptor antagonist
CNQX (10 uM; not illustrated, but cf. Avoli et al., 1996).

Slow frequency amygdala stimulation can control
ictal discharges

We have previously shown that repetitive electrical stim-
ulation of hippocampal outputs at 0.5-1 Hz reversibly

blocks the occurrence of ictal discharges induced by
4AP or by Mg**-free ACSF in Schaffer collateral cut hip-
pocampus—EC slices obtained from mice (Barbarosie and
Avoli, 1997). Here, we have found that CA3-driven interic-
tal discharges entrain both EC and BLA networks and
inhibit the occurrence of ictal discharges that are otherwise
seen after cutting the Schaffer collaterals. Hence, we
tested whether under these experimental conditions (i.e.
after lesioning the Schaffer collaterals), low-frequency (i.e.
0.1-1 Hz) stimulation of BLA, which projects to the EC
(Finch et al., 1986; Pikkarainen and Pitkanen, 2001), can
control 4AP-induced ictal discharges in a way similar to
what was previously reported with hippocampal output
stimulation.

Spontaneous ictal discharges, which were recorded
extracellularly in these experiments, corresponded intra-
cellularly to sustained membrane depolarizations that were
capped by repetitive action potential bursts (Fig. 4A). As
shown in the inset of Fig. 4A (asterisk), the onset of these
discharges was often characterized by a sustained depo-
larization that triggered minimal action potential firing and
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Fig. 5. Interictal-like responses induced in an EC cell by repetitive stimuli delivered at 0.5 Hz to the BLA. Triangles below each set of traces point at
the stimulus. (A) Expanded intracellular (—65 mV) and field potential (Field) traces reveal that the stimulus-induced epileptiform responses have
variable latency. (B) Effects induced by increasing the stimulus strength (which was varied by increasing the stimulus duration from 20 to 90 ws) on
the latency of the epileptiform depolarization; note that the delay time decreases suggesting the activation of polysynaptic pathways. (C) Intracellular
responses induced by stimuli delivered at fow (10 ws) and high (90 ps) strength. Note that in the latter case the interictal-like response is initiated by
an EPSP (arrow-head). (D) Intracellular recordings made during steady injection of depolarizing and hyperpolarizing current. In a, intraceliular
responses at depolarized (—58 mV), hyperpolarized (—84 mV) and RMP (—65 mV) are shown. in b, plot of the values of the epileptiform
depolarizations obtained at different values of the membrane potential. These values were measured at approx. 300 ms from the stimulus during a
period of the interictal depolarization that was not associated with action potential, as shown by the stars in sample a.

led, within a few hundreds of milliseconds, to the develop-
ment of repetitive action potential bursting at 9—15 Hz. This
modality of firing, which identified the initial ‘tonic’ phase of
the ictal event, was followed by recurrent ‘clonic’ dis-
charges that progressively slowed down during the mem-
brane repolarization. These characteristics were remark-
ably similar to those reported in previous intracellular stud-
ies of the ictal activity generated by ‘isolated’ rat EC
network during application of 4AP (Lopantsev and Avoli,
1998a,b).

The ictal discharges generated spontaneously by lim-
bic networks in these slices were decreased and eventu-
ally abolished during repetitive stimulation of BLA. As
shown in Fig. 4B, the first stimulus of the sequence could
at times trigger an ictal-like response, but successive stim-
uli only elicited short-lasting (<1 s) epileptiform discharges
that closely resembled the paroxysmal depolarizing shifts

that are the typical intracellular correlate of the CA3-driven
interictal activity induced by a variety of epileptogenic pro-
cedures (Schwartzkroin and Prince, 1980; Rutecki et al.,
1987, 1990; Tancredi et al., 1990; Perreault and Avoli,
1991).

The short-lasting epileptiform responses induced by
BLA stimuli displayed latencies that were quite variable
and could range between 60 and 180 ms (Fig. 5A). More-
over, these latency values could be decreased in the same
experiment by augmenting the stimulus intensity (Fig. 5B).
Such a procedure could eventually induce an epileptiform
response that was initiated by an EPSP with latency rang-
ing between 6 and 10 ms (arrowhead in Fig. 5C). As shown
in Fig. 5D, modifying the membrane potential with intracel-
lular injection of steady depolarizing or hyperpolarizing
current caused a decrease or an increase of the intracel-
lular epileptiform responses, respectively (n=6 celis).
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These changes, which are quantitatively illustrated in the
plot of Fig. 5Db, indicated an extrapolated reversal poten-
tial of these epileptiform depolarizations at approximately
~35 mV. These values suggested that, as reported in CA3
pyramidal cells (Rutecki et al., 1987; Perreault and Avoli,
1991), GABA , receptor-mediated, inhibitory conductances
contributed to the paroxysmal depolarizing shifts gener-
ated by EC neurons in response to stimuli delivered in
BLA.

Fig. 6 illustrates the effects induced on the occurrence
of ictal discharge by repetitive stimuli delivered at rates
between 0.2 and 1 Hz in the BLA. At 0.2 Hz, EC networks
responded to BLA stimuli by generating epileptiform dis-
charges that lasted less than 2 s; however, at this rate of
stimulation, ictal discharges (i.e. periods of epileptiform
synchronization lasting over 3 s) continued to occur (Fig. 6,
asterisk in the 0.2 Hz trace). When repetitive stimuli were
delivered at 0.5 or 1 Hz, ictal discharges did not occur
during the period of stimulation (with the exception of the
ictal-like response that was at times seen at the stimulation
onset). As illustrated in Fig. 6, stimuli at 0.5 or 1 Hz elicited
paroxysmal depolarizing shifts that had shorter duration
than at 0.2 Hz. Data obtained in 14 experiments indicated
that repetitive stimulation at 0.2 Hz had no effect on the
occurrence of ictal discharges, while it completely sup-
pressed them at 0.5 and 1 Hz. It must be emphasized that
in all cases the effects induced by BLA repetitive stimula-
tion on ictal discharge occurrence was assessed by deliv-
ering periods of stimulation that were in any given exper-

iment at least twice as long as the interval of occurrence of
the spontaneous ictal events. Ictal discharges that were
similar both in duration and in shape to those seen during
the prestimulus period, reappeared in all experiments upon
termination of the stimulating protocol (Fig. 4B).

DISCUSSION

Reciprocal functional connectivity between hippocampus
and EC in mouse combined slices makes CA3-driven in-
terictal discharges restrain the propensity of EC networks
to generate prolonged ictal discharges resembling the
electrographic limbic seizures seen in patients presenting
with mesial temporal lobe epilepsy (Barbarosie and Avoli,
1997; Barbarosie et al., 2000). This characteristic, which
underscores an important mechanism for activity-depen-
dent control of limbic network excitability, was not so far
obtained in rat combined slices in which only EC to hip-
pocampus connections remained preserved after slicing
(Dreier and Heinemann, 1991; Avoli et al., 1996). In this
study, we have found that the hippocampus—-EC loop (cf.
Paré et al., 1992) can also be maintained in slices obtained
from the most ventral portion of the rat brain (i.e. com-
prised between —8.6 and —7.6 mm from the bregma;
Paxinos and Watson, 1998). In addition, these slices con-
tained a connected portion of the BLA.

By employing such an in vitro preparation we have
discovered that CA3 outputs can entrain EC and BLA
networks into a pattern of interictal activity that restrains
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the propensity of these parahippocampal areas to gener-
ate ictal activity. Accordingly, cutting the Schaffer colliater-
als prevented CA3-driven output activity from reaching the
CA1 area and the SUB (and thus from leaving the hip-
pocampus), and disclosed ictal discharges in EC and BLA.
This ictal activity depended on the function of the NMDA
receptor, could initiate in either BLA or EC networks, and
could be sustained by either structure independently. In
addition, we have demonstrated that activation of BLA
outputs directed to the EC at a frequency that mimics that
of CA3-driven interictal activity, can effectively depress
ictal discharges in limbic networks. It should however, be
emphasized that our findings were obtained from normal
tissue to which 4AP was applied in order to disclose epi-
leptiform synchronization. Such a situation is certainly dif-
ferent from what is encountered in patients with mesial
temporal lobe epilepsy or in animal models mimicking this
disorder.

CA3 networks as pacers of limbic network activity

We have found that 4AP treatment in extended brain slices
that include the hippocampus proper, the EC and the BLA,
induces CA3-driven interictal activity that spread to the EC
and BLA. All these limbic regions are densely intercon-
nected (Finch et al., 1986; Pitkanen et al., 2000; Pikkara-
inen and Pitkanen, 2001; cf. Amaral and Witter, 1995).
Moreover, preservation of connections between the amyg-
dala and other limbic areas has been anatomically docu-
mented in a horizontal, brain slice preparation by von
Bohlen und Halbach and Albrecht (1998).

The CA3 area in isolated hippocampal slices responds
readily to a variety of epileptogenic treatments by gener-
ating epileptiform discharges recurring at frequencies com-
prised between 0.5 and 1 Hz (Schwartzkroin and Prince,
1980; Tancredi et al., 1990; Rutecki et al., 1987, 1990;
Perreault and Avoli, 1991). This pattern of interictal dis-
charge reflects the presence of recurrent excitatory, gluta-
matergic synapses on neighboring CA3 pyramidal cells
along with the ability of these neurons to generate dendritic
Ca?* spikes (Miles and Wong, 1986, 1987; for review see
Traub and Jefferys, 1994). Thus, the ability of CA3 net-
works to generate interictal discharges is not unexpected.
However, it is surprising that in intact, interconnected
slices this type of epileptiform activity can consistently
entrain BLA and EC networks, even though the fiber paths
directed from these two parahippocampal area to CA3
area are functional, as demonstrated by the re-entry of
interictal activity to CA3. Indeed, we have found here that
even when BLA networks are included in the slice prepa-
ration, CA3-driven interictal discharges control rather than
facilitate the occurrence of limbic seizures.

BLA and EC networks as generators of
electrographic limbic seizures

When set free from the interictal activity originating from
the hippocampus, EC and BLA networks generate ictal
discharges, along with slow interictal events. This obser-
vation is in keeping with previous experiments in extended
hippocampus—EC slices, where ictogenesis occurred in

EC networks that did not receive hippocampal output ac-
tivity, or it appeared after separation from the hippocampus
proper {Avoli et al., 1996; Barbarosie and Avoli, 1997,
Dreier and Heinemann, 1991; Wilson et al., 1988).

We have also found that the ictal activity recorded in
slices after cutting the Schaffer collaterals, can originate in
either EC or BLA (even in the same experiment), and
propagate to the other limbic area with time delays of
15-70 ms. Similar characteristics were seen with the slow
interictal events. Such a large variability in onset delay
suggests that these epileptiform events may also initiate
from limbic areas (e.g. the perirhinal cortex) located in
between the EC and BLA. This type of initiation has been
documented in preliminary experiments in which simulta-
neous field potential recordings were obtained from the
EC, the perirhinal cortex and the BLA (de Guzman et al.,
unpublished data).

The evidence obtained by surgically separating the EC
from the BLA, demonstrates that both limbic areas are
endowed with the ability to produce similar periods of
prolonged epileptiform synchronization. Interestingly, BLA
and EC networks under 4AP treatment were unable per se
to generate the pattern of frequent interictal discharge
seen in the CA3 area. Previous studies (Gean and Shin-
nick-Gallagher, 1988; Gean, 1990) have shown that the
epileptiform activity induced by 4AP or Mg?*-free medium
in coronal slices of the amygdala, consists of interictal
events that recur at intervals longer than 7 s.

We have also provided evidence for a role played by
NMDA receptors in the generation of ictal discharges in
BLA or EC. Similar conclusions have been reached with
the ictal activity recorded in the EC during several epilep-
togenic procedures (Avoli et al., 1996; Dreier and Heine-
mann, 1991; Nagao et al., 1996; Stanton et al., 1987). In
addition, NMDA receptor antagonism reduced the amount
of afterdischarge associated with the slow interictal activity
(cf. Gean and Shinnick-Gallagher, 1988), but it failed in
blocking fast CA3-driven interictal discharges (Perreault
and Avoli, 1991). In line with several studies performed in
limbic structures treated with convulsant drugs (Avoli et al.,
1996; Nagao et al., 1996; Gean, 1990}, all types of epilep-
tiform discharge were abolished by the non-NMDA recep-
tor antagonist CNQX.

BLA outputs can control electrographic limbic
seizures

The EC and the amygdala are interconnected components
of the limbic system as documented by several anatomical
studies (Swanson and Kohler, 1986; Finch et al., 1986;
Lopes da Silva et al., 1990; Amaral and Witter, 1995). We
have found here that repetitive BLA stimulation at frequen-
cies of 0.5-1 Hz reversibly block ictal discharge generation
in limbic networks. This activity-dependent effect may re-
sult from several mechanisms that include the activation of
presynaptic metabotropic receptors inhibiting glutamate
release (Burke and Hablitz, 1994; Scanziani et al., 1997),
or extracellular alkalization leading to a reduction of NMDA
transmission (de Curtis et al., 1998). Moreover, the stimu-
lus frequency effective in inhibiting ictal discharges is close
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to what is used for eliciting long term depression of syn-
aptic transmission in the hippocampus (Kimura and Pav-
lides, 2000). However, ictal discharges in our experiments
reappeared shortly after the termination of the stimulating
procedure thus suggesting that long-term depression was
presumably not involved in this inhibitory action.

The field potential characteristics of the responses
generated by EC neurons during repetitive stimuli deliv-
ered at frequencies >0.5 Hz were similar to those of the
CA3-driven interictal discharges recorded in intact slices,
in which ictogenesis does not occur. By employing intra-
cellular recordings we have also found that the interictal-
like responses to repetitive stimuli are characterized by
depolarizing bursts that are presumably contributed by

GABA, receptor-mediated conductances. Hence, repeti-

tive stimulation may also lead to an increased release of
GABA that in turn activates presynaptic GABA, receptors
thus reducing glutamate release. Such a mechanism has
been recently proposed to contribute to the control of
ictogenesis by interictal activity (de Curtis and Avanzini,
2001). Interestingly, the latencies of the interictal-like re-
sponses induced in the EC by BLA stimulation were longer
than what seen with stimulus-induced EPSPs (i.e. approx-
imately 30 ms versus 10 ms). Further analysis is required
to establish why a different latency characterizes EC neu-
ron activation following stimulation of the same pathway.
However, it is aftractive to speculate that this phenomenon
reflects the time required by EC networks to elaborate the
synaptic interactions that lead to the interictal discharge.

Relevance for identifying the mechanisms of
temporal lobe epilepsy

Mesial temporal lobe epilepsy is characterized both in
humans and in animal models by a reduction in neuronal
population in limbic structures such as the CA3 area of the
hippocampus and the amygdala (Liu et al., 1994; Miller et
al., 1994; Tuunanen et al., 1999; van Elst et al., 2000;
Yilmazer-Hanke et al., 2000). The resuits obtained by cut-
ting the Schaffer collaterals support the hypothesis that a
decreased excitatory drive from the hippocampus onto EC
or BLA may lead to ictogenesis (Barbarosie and Avoli,
1997; Barbarosie et al., 2000). Such a mechanism has
been recently demonstrated to occur in slices obtained
from pilocarpine-treated epileptic mice in which the in-
creased occurrence of ictal events in vitro is paralleled by
decreased CA3-driven output activity and presumably sus-
tained by interactions between the EC and SUB
(D'Antuono et al., 2002).

Likewise, the results obtained by stimulating the BLA
indicate that a reduction of amygdala output activity, as a
result of the neuronal damage associated with mesial tem-
poral lobe epilepsy, may contribute to ictogenesis. How-
ever, evidence obtained with depth electrode EEG record-
ings in epileptic patients indicates that the damaged amyg-
dala can generate (and at times initiate) electrographic
discharges (Gloor, 1992). These conflicting data indicate
that further experiments in animal models of mesial tem-
poral lobe epilepsy are required in order to identify the

relative contribution of cell damage versus intrinsic epilep-
togenicity of amygdala networks.
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Benini, Ruba and Massimo Avoli. Altered inhibition in lateral
amygdala networks in a rat model of temporal lobe epilepsy. J
Neurophysiol 95: 2143-2154, 2006. First published December 28,
2005; doi:10.1152/jn.01217.2005. Clinical and experimental evidence
indicates that the amygdala is involved in limbic seizures observed in
patients with temporal lobe epilepsy. Here, we used simultaneous field
and intracellular recordings from horizontal brain slices obtained from
pilocarpine-treated rats and age-matched nonepileptic controls
(NECs) to shed light on the electrophysiological changes that occur
within the lateral nucleus (LA) of the amygdala. No significant
differences in LA neuronal intrinsic properties were observed between
pilocarpine-treated and NEC tissue. However, spontaneous field ac-
tivity could be recorded in the LA of 21% of pilocarpine-treated slices
but never from NECs. At the intracellular level, this network activity
was characterized by robust neuronal firing and was abolished by
glutamatergic antagonists. In addition, we could identify in all pilo-
carpine-treated LA neurons: 1) large amplitude depolarizing postsyn-
aptic potentials (PSPs) and 2) a lower incidence of spontaneous
hyperpolarizing PSPs as compared with NECs. Single-shock stimu-
lation of LA networks in the presence of glutamatergic antagonists
revealed a biphasic inhibitory PSP (IPSP) in both NECs and pilo-
carpine-treated tissue. The reversal potential of the early GABA,
receptor-mediated component, but not of the late GABAy receptor—
mediated component, was significantly more depolarized in pilo-
carpine-treated slices. Furthermore, the peak conductance of both fast
and late IPSP components had significantly lower values in pilo-
carpine-treated LA cells. Finally, paired-pulse stimulation protocols in
the presence of glutamatergic antagonists revealed a less pronounced
depression of the second IPSP in pilocarpine-treated slices compared
with NECs. Altogether, these findings suggest that alterations in both
pre- and postsynaptic inhibitory mechanisms contribute to synaptic
hyperexcitability of LA networks in epileptic rats.

INTRODUCTION

The amygdala complex, located in the deep anteromedial
part of the temporal lobe, is composed of several nuclei that are
interconnected with cortical and subcortical regions in a spe-
cific manner (Lopes da Silva et al. 1990; Pitkanen et al.
2000a,b). Under normal physiological conditions, the amyg-
dala is involved in fear conditioning and emotional learning
(LeDoux 2000; Pare et al. 2004; Scott et al. 1997; Stork and
Pape 2002; Wilensky et al. 2000). The amygdala is also known
to be at the origin of some of the behavioral manifestations
observed during seizures in temporal lobe epilepsy (TLE)
patients where it is often the primary focus of seizure activity
(Gloor 1992, 1997; van Elst et al. 2000). Patients with TLE can
present with unilateral or bilateral damage to this structure, and

in certain instances, isolated amygdalar pathology occurs in the
absence of hippocampal sclerosis (reviewed by Pitkanen et al.
1998). Histochemistry of resected human epileptic tissue has
revealed that the lateral and basal nuclei are the most vulner-
able to injury (Yilmazer-Hanke et al. 2000). Assessment of
these nuclei has disclosed that in addition to neuronal loss and
gliosis, synaptic alterations—in the form of decreased dendritic
branching of surviving cells—also take place (Aliashkevich et
al. 2003).

Histological examination of chronically epileptic animal
tissue has confirmed an overlap with the pattern of cell loss
detected in humans. Specifically, these studies have confirmed
that amygdala damage is nucleus-specific and that some nuclei
are more resistant to injury than others (Nissinen et al. 2000;
Tuunanen et al. 1996). Furthermore, in addition to loss of
principal cells, decreased density of specific interneuronal
populations has been documented in chronically epileptic an-
imals (Tuunanen 1996, 1997). The basolateral amygdalar nu-
cleus (BLA) has been the primary focus of electrophysiological
evaluation of the amygdala in chronic animal models of TLE.
These studies have identified various mechanisms to account
for the hyperexcitability of BLA networks observed in epilep-
tic animals including loss of spontaneously occurring inhibi-
tory postsynaptic potentials (IPSPs), loss of feedforward inhi-
bition, and enhanced N-methyl-p-aspartate (NMDA)- and non—
NMDA-mediated excitation (Gean et al. 1989; Mangan et al.
2000; Rainnie et al. 1992; Shoji et al. 1998; Smith and Dudek
1997).

Despite such an extensive assessment of the BLA, relatively
few electrophysiological studies have carefully examined other
amygdalar nuclei using chronic animal models of TLE. For
instance, little is known about the functional changes that take
place within the lateral nucleus of the amygdala (LLA) where
neuronal loss and gliosis have been identified in subjects with
intractable TLE (Yilmazer-Hanke et al. 2000). A recent study
reported that decreased excitatory transmission occurs in the
LA of epileptic rodents, probably because of a decrease in
glutamate release or neurodegeneration (Niittykoski et al.
2004). However, much information is still needed to fully
understand the contribution of this structure to epileptogenesis.
For example, although previous studies have shown the essen-
tial role of local GABAergic circuits in controlling LA excit-
ability (Callahan et al. 1991; Lang and Paré 1997, 1998), a
detailed electrophysiological examination of how these inhib-
itory networks are affected in epileptic animals is still lacking.
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Assessing the contribution of the LA to hyperexcitability of
limbic neuronal networks becomes essential when one consid-
ers its dense reciprocal interconnections with the hippocampus
and parahippocampal cortices, structures that are highly impli-
cated in TLE (Du et al. 1993; Pikkarainen and Pitkanen 2001;
Pitkanen et al. 1995, 2000b). In this study, we assessed the
electrophysiological changes that occur in the LA of epileptic
rats by using the pilocarpine chronic animal model of TLE
where damage to this amygdala nucleus has been reported
(Cavalheiro et al. 1987; Fujikawa 1996). Our investigations
were specifically aimed at assessing the functional character-
istics of inhibition within this structure.

METHODS
Animal preparation

Procedures approved by the Canadian Council of Animal Care were
used to induce status epilepticus (SE) in adult male Sprague-Dawley
rats weighing 150200 g at the time of injection. All efforts were
made to minimize the number of animals used and their suffering.
Briefly, rats were injected with a single dose of pilocarpine hydro-
chloride (380—-400 mg/kg, ip). To reduce the discomforts caused by
peripheral activation of muscarinic receptors, methyl scopolamine (1
mg/kg, ip) was administered 30 min before the pilocarpine injection.
The animals’ behavior was monitored for ~4 h after pilocarpine and
scored according to Racine’s classification (Racine et al. 1972). Only
rats that experienced SE (stages 3-5) for >30 min [53.1 = 9.3 (SE)
min; n = 35 rats] were included in the pilocarpine group and used for
in vitro electrophysiological studies ~4 mo (18 * 1 wk; n = 35 rats)
after pilocarpine injection. Because it has been previously established
that all adult rats experiencing pilocarpine-induced SE will later
exhibit spontaneous recurrent seizures (Cavalheiro et al. 1991; Priel et
al. 1996), only a subset of pilocarpine-treated animals were video-
monitored, and the presence of spontaneous behavioral seizures was
confirmed in virtually all of them (r = 14/15). In this study, rats
receiving a saline injection instead of pilocarpine were used as
age-matched nonepileptic controls (NECs).

Slice preparation and maintenance

Adult rats were decapitated under halothane anesthesia; the brain
was quickly removed, and a block of brain tissue containing the
retrohippocampal region was placed in cold (1-3°C), oxygenated
artificial cerebrospinal fluid (ACSF). The brain dorsal side was cut
along a horizontal plane that was tilted by a 10° angle along a
postero-superior-anteroinferior plane passing between the lateral ol-
factory tract and the base of the brain stem (Benini et al. 2003).
Horizontal slices (400-450 pwm thick) were cut from this brain block
using a vibratome, and slices were transferred into a tissue chamber
where they lay at the interface between ACSF and humidified gas
(95% 0,-5% CO,) at a temperature of 34-35°C and a pH of 7.4. We
focused in this study on the most ventral slices that were comprised
between —8.6 and —7.6 mm from the bregma (Paxinos and Watson
1998). These slices contained the hippocampus proper, the parahip-
pocampal cortices, and the lateral nucleus of the amygdala (LA; Fig. 1A).
Two to three of such slices could be obtained from each hemisphere.
ACSF composition was (in mM) 124 NaCl, 2 KCl, 1.25 KH,PO,, 2
MgSO,, 2 CaCl,, 26 NaHCO,, and 10 glucose. (25)-3-{[(18)-1-(3.4-
Dichlorophenyl)ethyl] amino-2-hydroxypropyl}(phenyl-methyl)phos-
phinic acid (CGP 55845A, 10 uM), 6-cyano-7-nitroquinoxaline-2,3-
dione (CNQX, 10 uM), 3,3-(2-carboxypiperazin-4-yl)-propyl-1-phos-
phonate (CPP, 10 uM), and picrotoxin (PTX, 50 uM) were applied to the
bath. Chemicals were acquired from Sigma (St. Louis, MO) with the
exception of CGP 55845A, CNQX, and CPP, which were obtained from
Tocris Cookson (Ellisville, MO).

R. BENINI AND M. AVOLI

Electrophysiological recordings and stimulation protocols

Field potential recordings were made from the LA and deep layers
of the perirhinal cortex (PC) with ACSF-filled, glass pipettes (resis-
tance = 2-10 M{Q) that were connected to high-impedance amplifiers
(Fig. 1A). Sharp-¢lectrode intracellular recordings were performed in
LA with pipettes that were filled with 3 M K-acetate or with 3 M
K-acetate/75 mM lidocaine, N-ethyl bromide (QX314; tip resis-
tance = 70-120 MQ in both cases). Intracellular signals were fed to
a high-impedance amplifier with internal bridge circuit for intracellu-
lar current injection. The resistance compensation was monitored
throughout the experiment and adjusted as required. The passive
membrane properties of LA cells included in this study were mea-
sured as follows: ) resting membrane potential (RMP) after cell
withdrawal; 2) apparent input resistance (R,) from the maximum
voltage change in response to a hyperpolarizing current pulse (100-
200 ms, < —0.6 nA); 3) action potential amplitude (APA) from
baseline; and 4) action potential duration (APD) at half-amplitude.
Intrinsic firing patterns of LA cells were classified from responses to
depolarizing current pulses of 1,000- to 2,500-ms duration. The
adaptation ratio (AR), defined as the ratio of the last interspike interval
(ISI) to the first ISI, was used to quantitatively compare the firing
properties of cells from pilocarpine (n = 30) and NEC groups (n =
30) (cf. Takazawa et al. 2004). For each cell, AR was obtained from
a 1,200-ms depolarizing pulse at a current intensity 0.2 nA larger than
that which induced threshold action potential firing.

Synaptic responses to single shock stimulation (50-100 ps; <350
uA) of local LA networks was assessed using a bipolar, stainless steel
electrode placed <500 wm from the recording electrodes. “Monosyn-
aptic” IPSPs were evoked in the presence of glutamatergic antagonists
(10 uM CPP + 10 pM CNQX). The stimulation parameters used to
elicit these responses were not significantly different (P > 0.05)
between pilocarpine (stimulus intensity = 203 * 21 pA; duration =
100 ps; n = 22) and NEC (stimulus intensity = 175 * 17 uA;
duration = 100 ps; n = 16) groups. Reversal potential and peak
conductance values for the early and late components of the IPSPs
were obtained from a series of responses evoked at membrane poten-
tials set to different levels by intracellular current injection. Reversal
potentials were computed from regression plots of response amplitude
versus membrane potential. Peak conductance values were estimated
using the parallel conductance model (cf. Williams et al. 1993).
Briefly, the membrane potential versus intensity of injected current
was plotted 1) before the stimulation and 2) at the peak of the IPSP
response. The slopes of these two regression lines were used to yield
the input resistance at rest (i.e., before the stimulation) and during the
response, respectively, and to ultimately determine the change in
resistance that occurred during the IPSP (ARpgp). ARjpgp Was trans-
lated to peak conductance changes (AGpgp) using the following
formula: AGpsp = VARpsp.

Paired stimuli (100-us duration) at intervals from 50 to 1,600 ms
were used to assess changes in synaptic depression of “monosynaptic”
GABA, receptor-mediated IPSPs by using K-acetate/QX314-filled
electrodes. For the paired pulse protocols, the stimulus current
strength giving >50% maximal response was used to stimulate LA
interneuronal networks. Furthermore, cells were hyperpolarized by
current injection to obtain depolarizing IPSPs. The membrane poten-
tial at which the test was conducted was not significantly different
(P > 0.05) between the two experimental groups (pilocarpine-
treated = —102 = 2 mV,n = 10 and NEC = —105 3 mV; n =
10); in addition, the absolute amplitude of the first response (P1)
evoked at this membrane potential was not different in pilocarpine-
treated (9 = 0.5 mV, n = 10) and NEC (10 = 0.5 mV, n = 10)
neurons.

Field potential and intracellular signals were fed to a computer
interface (Digidata 1322A, Axon Instruments) and were acquired and
stored using the pClamp 9 software (Axon Instruments). Subsequent
data analysis was made with the Clampfit 9 software (Axon Instru-

J Neurophysiol + VOL 95 « APRIL 2006 - Www.jn.org

9002 ‘g A\ uo Bio ABojoisAyd-uf woly papeojumoq




LATERAL AMYGDALA AND TEMPORAL LOBE EPILEPSY

-78 MV

2145

78 mV
1

-

- 80 my -\~

o

FIG. 1. Slice preparation and sites of recording. A: diagram of typical combined horizontal slice preparation showing position of field (fd), intracellular (in),
and stimulating (stim) electrodes placed within the lateral amygdala (LA) and perirhinal cortex (PC). B: neurobiotin-staining identifies stellate (a), bipolar (b),
and pyramidal-like (c) cells in pilocarpine-treated tissue. Respective firing properties of these cells are shown in C (a—c). Note that LA neurons show a range
of spike frequency adaptation. Magnitude of current pulses injected include —1.0, 0, and +0.6 nA in a and —1.0, 0, and +0.8 nA in b and c.

ments). For time-delay measurements, the onset of the field potential/
intracellular signals was determined as the time of the earliest deflec-
tion of the baseline recording (e.g., Fig. 2Ca, inset). Measurements in
the text are expressed as means * SE, and n indicates the number of
slices or neurons studied under each specific protocol. Data were
compared with the Student’s r-test and were considered statistically
significant if P < 0.05.

Neuronal labeling

Electrodes for intracellular labeling were filled with 2% neurobiotin
dissolved in 2 M K-acetate. Intracellular injection of neurobiotin was
accomplished by passing pulses of depolarizing current (0.5-1 nA, 3.3
Hz, 150 ms) through the recording electrode for 2—-10 min. Neurobi-
otin injection did not have any appreciable effect on RMP, R;, and
evoked action potential properties (cf. Xi and Xu 1996). Only one
neuron was filled in each slice. After the electrophysiological char-
acterization of these neurons, slices were removed from the recording
chamber and fixed in 4% paraformaldehyde and 100 mM phosphate-
buffered solution overnight at 4°C. Slices were rinsed in PBS, and the
endogenous peroxidase activity extinguished by incubating them in

0.1% phenylhydrazine for 20 min. After several rinses in PBS, the
slices were incubated for 2 h in 1% Triton X-100 and then in
vectastain ABC reagent comprising the avidin-biotinylated horserad-
ish peroxidase complex in PBS for =4 h. After a wash in PBS, the
sections were reacted with 0.5% 3,3’-diaminobenzidine tetrahydro-
chloride and 0.003% hydrogen peroxide in PBS, mounted on slides,
dehydrated, and covered (Kita and Armstrong 1991). The intracellu-
larly stained neurons were photographed using the Nomarski optics or
a Zeiss Axiophot microscope. Neurobiotin and vectastain ABC were
obtained from Vector Laboratories.

RESULTS

Intrinsic electrophysiological properties and morphology of
lateral amygdala neurons

Intracellular recordings were carried out in the LA of brain
slices obtained from pilocarpine-treated rats (n = 83 cells from
66 slices) and age-matched NECs (n = 54 cells from 41 slices).
Morphological identification with intracellular injection of
neurobiotin was also carried out in some neurons (n = 17 and
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TABLE 1. Intrinsic and regular firing properties of LA neurons in
NEC and pilocarpine-treated rats

2147

TABLE 2. Spontaneous synaptic activity recorded at rest from LA
neurons in NEC and pilocarpine-treated rats

NEC (46) Pilocarpine (68) NEC Neurons  Pilocarpine  Neurons
RMP, mV =707+ 1.0 -71.9 =09 Spontaneous Bursting
Ri, MO 46.6 £ 1.3 477+ 1.2 Activity* 14
APA, mV 985+ 13 99.3 0.9 Duration, ms 786 + 514
APD, ms 1.5 £0.03 1.6 = 0.03 Rate of occurrence, s 13.1 = 10.7
AR* 91+18 13.5+30 Depolarizing PSPs 26 33
Amplitude, mV 1.71 £ 033 2.73 £ 0.05
Values are RMP, resting membrane potential; Ri, input resistance; APA, Rate of occurrence, s 0.72 = 0.04 1.02 + 0.07

action potential amplitude; APD, action potential duration at half amplitude;
AR, adaptation ratio; NEC, nonepileptic control. *AR values were calculated
for n = 30 cells from each group. Values are mean * SE. Number in
parentheses represents neurons.

11 in pilocarpine and NEC slices, respectively). Based on a
gross visual examination of cell body shape and dendrite
distribution, three main types of principal spiny neurons could
be distinguished in both epileptic and NEC tissue: I) stellate-
like elements (8/17 and 6/11 of pilocarpine and NEC neurons,
respectively; Fig. 1Ba); 2) bipolar-shaped cells (2/17 and 0/11
of pilocarpine and NEC neurons, respectively; Fig. 1Bb); and
3) pyramidal-like neurons (7/17 and 5/11 of pilocarpine and
NEC cells, respectively; Fig. 1Bc).

Analysis of the intrinsic properties of cells recorded in the
two types of tissue revealed no significant differences in RMP,
Ri, APD, and APA (Table 1). Moreover, as previously reported
by other investigators (Faber et al. 2001; Faulkner and Brown
1999), the regular firing characteristics of LA neurons con-
sisted of a spectrum of different spike adaptations (Fig. 1,
Ca-Cc). The range of adaptation ratios (AR, see METHODS)
varied between 1.1 and 69.0 in pilocarpine and between 1.3
and 43.5 in NEC neurons, with no significant difference in the
AR distribution between the two groups (P = 0.2). Thus no
disparity in the expression of the different modalities of repet-
itive firing could be identified between NEC and pilocarpine-
treated neurons.

Spontaneous synaptic activity in LA of pilocarpine-treated
rats is altered

Field potential recordings obtained during application of
normal ACSF from the LA and the PC of NEC slices (n = 41)
showed the absence of any spontaneous activity (Fig. 24a,
bottom). Moreover, when analyzed with intracellular record-
ings, all neurons from this group exhibited at RMP depolariz-
ing PSPs with amplitudes of 1.71 = 0.03 mV (range = 0.5-8.4
mV, n = 26) and rates of occurrence of 0.72 * 0.04 s (range =
0.01-13.5 5, n = 26; Fig. 2Aq, arrows; Table 2). In addition,
spontaneous hyperpolarizing PSPs (sIPSPs; amplitude:
—3.4 = 0.2 mV,; rate of occurrence: 18 *+ 5 s, range = 0.2-140
s, n = 14) could be recorded in 53% of NEC LA neurons (n =

Hyperpolarizing PSPs 14 16
Amplitude, mV -34x02 -30x01
Rate of occurrence, s 180+ 5.0 220+ 40

Values are mean * SE. LA, lateral amygdala; NEC, nonepileptic controls;
PSP, postsynaptic potentials. *These events were only observed in a subset of
pilocarpine-treated tissue but never in NEC. **Indicates values significantly
different (P < 0.05) from NEC.

25/47; Fig. 2Aa,*; Table 2). Steady hyperpolarization and
depolarization of the membrane potential altered the amplitude
of these two types of spontaneous activities without influencing
their rate of occurrence, thereby confirming their synaptic
nature (Fig. 24b).

Spontaneous field activity was also absent from the majority
of pilocarpine-treated slices [n = 52/66; Fig. 2B, pilocarpine-
treated tissue (no field activity)]. As in NEC tissue, neurons
recorded intracellularly from pilocarpine-treated slices also
exhibited spontaneous depolarizing PSPs with amplitudes of
2.73 + 0.05 mV (range = 0.7-16.6 mV, n = 33) and rates of
occurrence of 1.02 = 0.07 s (range = 0.01-21.8s, n = 33; Fig.
2B, arrows, inset; Table 2). Distribution analysis revealed that,
although there was no significant difference between the two
groups in their rate of occurrence, depolarizing PSPs recorded
from pilocarpine-treated slices skewed toward larger ampli-
tudes (Fig. 3A; P < 0.001; Table 2). Furthermore, in contrast
to the NEC group, an appreciably lower proportion (31%) of
cells (n = 21/68) in the epileptic group displayed sIPSPs at
RMP (amplitude: —3.0 = 0.1 mV,; rate of occurrence: 22 *
4 s, range = 1-210 s, n = 16; Fig. 3B, RMP; Table 2). This
difference in the expression of sIPSPs between the two exper-
imental groups was evident even when neurons were depolar-
ized to approximately —60 mV to unmask any reversed inhib-
itory potentials (Fig. 3B, depolarized MP). Thus these results
suggest that pilocarpine-treated LA cells display subtle differ-
ences in synaptic activity. These alterations include the pres-
ence of larger amplitude depolarizing PSPs (Figs. 2, A and B,
and 3A) and reduced incidence of sIPSPs (Fig. 3B).

In addition to these differences, more significant changes
were observed in 21% of slices from the pilocarpine-treated
group [n = 14/66; Figs. 2Ca and 3Da, pilocarpine-treated
tissue (with field activity)]. In these slices, spontaneous field
activity (duration: 786 * 514 ms, range: 190-2,100 ms; rate of

FIG. 2. Spontaneous synaptic activity in nonepileptic control (NEC) and pilocarpine-treated tissue. Aa: simultaneous field [LA,, deep perirhinal cortex (PCy)]
and intracellular recording (—72 mV) in NEC tissue reveals 1) depolarizing postsynaptic potentials (PSPs) indicated by arrows and 2) robust spontaneous
hyperpolarizing inhibitory PSPs (sIPSP) indicated by asterisks. Ab: spontaneous synaptic activity recorded during depolarization and hyperpolarization of
membrane potential by steady current injection of +0.2, +0.1, —0.1, and —0.2 nA (from top to bottom). Note the larger amplitude and biphasic nature of sIPSPs
at more depolarized levels (—61 to —76 mV). B: simultaneous field (LA, PC,) and intracellular activity (—76 mV) recorded in majority of pilocarpine-treated
tissue. Note absence of field activity (LA, PC;) and presence of large depolarizing PSPs indicated by arrows in the intracellular trace. Expansion of these events
is depicted in the right top inset. Ca: simultaneous field (LA, PC,) and intracellular activity (—60 mV) recorded in a subset of pilocarpine-treated slices reveals
robust network activity (LA, PC;). Expansion of an event shows initiation in LA (arrow) and spread to PC (right top inset). Cb: steady hyperpolarization and
depolarization of membrane potential with current injections of +0.2, —0.2, and —0.8 nA (from fop to bottom) alters amplitude of underlying excitatory PSPs

(EPSPs; arrow), thereby confirming the synaptic nature of the event.
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LATERAL AMYGDALA AND TEMPORAL LOBE EPILEPSY

occurrence: 13.1 = 10.7 s, 7-41 s; Table 2) could be recorded
in the LA, and at times could spread to the deep layers of the
PC (n = 3; Fig. 2Ca). Intracellularly, this network activity
corresponded to robust neuronal firing at RMP (n = 14 cells),
and in the majority of these cells (n = 11/14), no sIPSPs could
be recorded (Figs. 2Ca and 3Da, control). The increasing
amplitude of the underlying excitatory postsynaptic potential
with hyperpolarization of the membrane potential confirmed
the synaptic nature of these events (Fig. 2Cb, arrows).

Pharmacology of spontaneous activity

The NMDA receptor antagonist CPP reduced the fre-
quency of occurrence of spontaneous depolarizing PSPs in
both NEC (n = 7) and pilocarpine-treated tissue (n = 4).
Further treatment with the non-NMDA receptor antagonist
CNQX abolished these PSPs (n = 10 and 11 in pilocarpine
and NEC slices, respectively) without affecting the occur-
rence of hyperpolarizing sIPSPs that were often biphasic
(Fig. 3C, +CPP+CNQX, inset) and reduced by the GABA ,
receptor antagonist picrotoxin (n = 4, data not shown).
CPP+CNQX application to pilocarpine-treated slices exhib-
iting spontaneous field events completely abolished this
network activity (Fig. 3Da, + CPP+CNQX) and uncovered
biphasic sIPSPs (Fig. 3, Da and Db) that were diminished
with picrotoxin addition.

Evidence for alterations in inhibitory networks of LA

The incidence of sSIPSPs at RMP was lower in LA neurons
recorded from pilocarpine-treated slices compared with
those of the NEC group (Fig. 3B, RMP). This difference was
also evident even when the membrane potential was depo-
larized to approximately —60 mV to unmask any reversed
sIPSPs (Fig. 3B, depolarized MP). This observation sug-
gested that altered inhibition occurred in the LA of pilo-
carpine-treated animals.

To isolate and assess the activity of local inhibitory networks
within the LA of NEC and pilocarpine-treated rats, we ana-
lyzed the intracellular responses of LA neurons to single-shock
stimulation in the presence of glutamatergic antagonists
(CPP+CNQX). As reported by previous studies (Heinbockel
and Pape 1999), these “monosynaptic” stimulus-evoked IPSPs
in the NEC group (n = 13) were biphasic in nature, with an
carly GABA, receptor—mediated component (Fig. 44, NEC,
early) and a late GABAj receptor component (Fig. 44, NEC,
late). Similar observations were made in the pilocarpine group
(n = 13, pilocarpine-treated), thereby suggesting that postsyn-
aptic GABA, and GABAjy receptor mechanisms remained
intact. However, comparison of the reversal potentials of the
early IPSP component revealed a significantly (P < 0.002)
more depolarized value in pilocarpine-treated neurons
(—65.9 = 1.5 mV, n = 13) than NEC cells (—74.5 =+ 0.7 mV,
n = 13; Fig. 4B, early phase). Peak conductance of the early
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IPSP component was also different (P < 0.05) between the two
groups, with a lower peak conductance in the pilocarpine-
treated tissue (7.3 * 1.1 nS, n = 15) compared with NEC
(12.1 = 1.6 nS, n = 15; Fig. 4C).

Similar assessment of the late GABAj receptor-mediated
component of the IPSP revealed no difference in reversal
potentials between pilocarpine-treated (—95.7 * 1.9 mV,
n = 13) and NEC cells (—93.3 = 2.0 mV, n = 11; Fig. 4B,
late phase). However, the peak conductance of this late IPSP
component was slightly lower in pilocarpine (2.2 * 0.4 nS,
n = 14) versus NEC neurons (4.6 *+ 0.7 nS, n = 11; Fig. 4C,
late phase). Altogether, these results indicate that alterations
in postsynaptic GABAergic mechanisms, specifically in
GABA, receptor-mediated inhibition, occur in the LA of
epileptic rats.

Functional changes also involve presynaptic alterations

To determine whether modifications in presynaptic mecha-
nisms occurred in the LA of pilocarpine-treated rats, we
delivered paired stimuli (100-us duration; <350-pA intensity)
at intervals of 50-1,600 ms with a stimulating electrode placed
within 500 pm from the recording electrode. Recordings were
carried out with QX-314-filled microelectrodes in the pres-
ence of CPP+CNQX. In addition to its well-known effects on
voltage-gated sodium channels (Connors and Prince 1982),
QX-314 blocks GABAy receptors (Nathan et al. 1990), thus
allowing the isolation of the fast GABA, receptor-mediated
component of the IPSP. Furthermore, because of the ability of
this lidocaine derivative to attenuate /, (Perkins and Wong
1995), the corresponding IPSPs could be assessed more easily
in their reversed form at hyperpolarized membrane potentials
(Fig. 5, A and B).

In NEC slices, paired-pulse stimulation protocols revealed a
marked depression in the amplitude of the second stimulus-
induced IPSP (P2) with respect to the first (P1) at interstimulus
intervals between 50 and 1,000 ms (Fig. 5, A and C; n = 10).
The second IPSP amplitudes recovered to initial values at
intervals of =1,200 ms (Fig. 5C). In contrast, paired IPSPs in
LA neurons recorded from pilocarpine-treated tissue tended to
exhibit a less pronounced depression at interstimulus intervals
between 50 and 1,600 ms compared with NEC, thereby sug-
gesting a failure in presynaptic GABAergic interneuron auto-
receptors (Fig. 5, B and C; n = 10). The difference between
NEC and pilocarpine-treated groups was statistically different
(P < 0.05) at interstimulus intervals between 200 and 1,000 ms
(Fig. 5C, *).

Presynaptic GABAy receptors have been shown to contrib-
ute to the paired-pulse depression of GABA , receptor-medi-
ated IPSCs induced in the LA by paired stimulation of cortical
and thalamic inputs in the presence of glutamatergic transmis-
sion (Szinyei et al. 2000). To determine whether the same was
true for the monosynaptic IPSPs induced in our experimental

FIG. 3. Distribution and pharmacology of spontaneous activity. A: distribution histogram of the amplitude of depolarizing PSP events pooled from
pilocarpine-treated (n = 33 neurons, 1,000 events) and NEC (n = 26 neurons, 1,000 events) groups at resting levels. Note that in pilocarpine-treated tissue, these
events distribute at higher amplitudes. B: histogram comparing incidence of hyperpolarizing sIPSPs in NEC (n = 47 cells) vs. pilocarpine-treated tissue (n =
68 cells) at resting levels (RMP) and more depolarized membrane potentials (depolarized MP). Note lower incidence of sIPSPs in pilocarpine-treated tissue. C:
bath application of glutamatergic antagonists (+CPP+CNQX) to NEC tissue abolishes depolarizing PSPs but does not affect sIPSPs. Bottom insets: expansion
of sIPSP events. Da: in pilocarpine-treated tissue exhibiting field activity in LA (controt), bath application of glutamatergic antagonists (+ CPP+CNQX)
abolishes spontaneously occurring network bursting (expansion in bottom left) and uncovers biphasic sIPSPs (expansion in botrom right inset). Db: depolarizing
the membrane to —56 mV with a steady current injection of +0.5 nA increases amplitude of these sIPSPs.
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FIG. 4. GABA ,-mediated component of evoked IPSP in pilocarpine-treated tissue exhibits a more depolarized reversal potential and a smaller peak
conductance. A: comparison of the monosynaptic IPSPs evoked in the presence of CPP+CNQX in NEC and pilocarpine-treated tissue at membrane potentials
set to different levels by intracellular current injection (—0.6 to +0.6 nA in NEC and —0.8 to +0.6 nA in pilocarpine-treated). Note biphasic nature of these
IPSPs (early and late components). Also note that reversal potential of early component (arrow) is more depolarized in NEC vs. pilocarpine-treated tissue.
Triangles indicate stimulus artifact. B: histogram comparing reversal potential of early and late IPSP components in NEC vs. pilocarpine-treated group.
*Significance at P < 0.002. C: histogram comparing peak conductance of early and late [PSP components in NEC vs. pilocarpine-treated group. *Significance

at P < 0.05; n represents number of neurons. Error bars: means ~ SE.

paradigm (i.e., in the absence of glutamatergic transmission),
the effect of the GABAy receptor antagonist CGP 55845A on
the magnitude of the IPSP paired-pulse depression (PPD) was
tested at an interstimulus interval yielding maximal depressant
effects (400 ms). In NEC tissue, CGP 55845A increased the
P2/P1 ratio by 24.7 *+ 4.7% in 6 of 12 neurons (Fig. 5D). On
the other hand, PPD in pilocarpine-treated cells tended to be
less affected by GABAp receptor antagonism, which increased
the P2/P1 ratio in only three of nine neurons by 11.7 * 0.9%
(Fig. 5D). The difference in the extent of PPD attenuation by
CGP 55845A was marginally significant between the NEC
(24.7 £ 4.7%, n = 6) and pilocarpine-treated cells (11.7 *=
0.9%, n = 3) at P = 0.05. Altogether, these results suggest that
presynaptic GABAg receptors may contribute to controlling

J Neurophysiol - VOL 95

neurotransmitter release from LA interneurons and point to-
ward the possibility of altered presynaptic GABAy receptor—-

mediated mechanisms

DISCUSSION

in chronically epileptic animals.

In this study, we sought to identify the functional changes
that occur within the LA using the pilocarpine rodent model of
TLE. The results obtained show that aiterations in LA network
excitability occur in chronically epileptic rats. Specifically, LA

neurons exhibit larger
polarizing sIPSPs than

PSPs and a lower incidence of hyper-
those observed in NEC animals. More-

over, in contrast to NEC, a subset of slices from the pilocarpine
group displayed intense network bursting in LA. Finally, in
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FIG. 5. Pilocarpine-treated tissue exhibits a less pronounced paired-pulse depression of monosynaptically evoked IPSPs. A: intracellular recording from a
hyperpolarized LA neuron (—105 mV, —0.4 nA injected current) in NEC tissue showing paired IPSPs (P1 and P2) at interstimulus intervals of (a) 200 and (b)
600 ms. Note marked depression of P2 relative to P1 at both intervals. B: intracellular recording from a hyperpolarized LA cell (—102 mV, —0.8 nA injected
current) in pilocarpine-treated tissue showing paired IPSPs (P1 and P2) at interstimulus intervals of (a) 200 and (b) 600 ms. Note that at both intervals, there
is less paired-pulse depression (PPD) of the 2nd response with respect to the 1st. C: plot of P2/P1 ratios for interstimulus intervals between 50 and 1,600 ms.
Note that pilocarpine-treated tissue exhibsits less PPD than NEC. *Interstimulus intervals at which the 2 groups were significantly different from each other (P <
0.05). D effect of CGP 55845A on the normalized P2/P1 ratio in NEC (n = 6) and pilocarpine-treated tissue (n = 3). Note the less pronounced effect of GABAy
receptor antagonism in the pilocarpine-treated group (P = 0.05). n represents number of neurons. Error bars: means * SE.

addition to the lower incidence of sIPSPs observed in the Synaptic alterations in LA of epileptic rats

epileptic group, we provide for the first time evidence for both Because of the overwhelming body of clinical evidence
postsynaptic and, presumably, presynaptic modifications in implicating the amygdala in the initiation and spread of limbic
GABA receptor-mediated mechanisms. seizures, various studies have sought to identify the cellular
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and network mechanisms underlying the role of this nucleated
structure in epileptogenesis. In vitro studies have shown that, in
the presence of convulsive agents, synaptic recruitment of
amygdalar neurons through both excitatory and inhibitory
mechanisms endows it with the ability to generate epileptic
discharges and participate in epileptiform synchronization of
limbic networks (Benini et al. 2003; Gean 1990; Gean and
Shinnick-Gallagher 1988; Klueva et al. 2003; Stoop and
Pralong 2000). Furthermore, studies carried out in the BLA of
kindled (Gean et al. 1989; Mangan et al. 2000; Rainnie et al.
1992; Shoji et al. 1998) and kainate-treated rodents (Smith and
Dudek 1997) have shown that, in addition to cellular loss and
gliosis, permanent changes in synaptic transmission render this
amygdaloid region epileptic. We report here similar results in
the LA of pilocarpine-treated rats where spontaneous NMDA/
non-NMDA-—sensitive epileptiform bursting and large ampli-
tude depolarizing PSPs occurred.

Interestingly, a reduced incidence of sIPSPs was also evi-
dent in pilocarpine-treated tissue compared with nonepileptic
controls, thereby suggesting that alterations in inhibitory mech-
anisms had also taken place. This finding is relevant consider-
ing the extensive immunohistochemical and electrophysiolog-
ical data showing that the amygdala is rich in GABAergic cells
and that inhibitory processes play an underlining role in con-
trolling the excitability of the LA (Pitkanen and Amaral 1994;
Smith et al. 1998). For instance, stimulation of various affer-
ents in vivo results in mainly inhibitory responses within the
LA (Le Gal La Salle 1976; Lang and Pare 1997, 1998).
Furthermore, as shown here and by other investigators, in vitro
stimulation of LA networks yields biphasic IPSP responses that
are mediated by GABA , and GABAg receptors (Danober and
Pape 1998; Martina et al. 2001; Sugita et al. 1992). Moreover,
we found that the majority of LA neurons in NEC tissue exhibit
robust spontaneously occurring IPSPs that are resistant to
glutamatergic antagonists but are sensitive to GABA, receptor
antagonism, thus further substantiating a significant role for
inhibitory networks within this nucleus.

Histological examination of epileptic tissue has shown a
reduction of GABAergic neurons within the LA (Tuunanen
1996, 1997), possibly accounting for the reduced incidence of
sIPSPs observed in our pilocarpine-treated tissue. It is note-
worthy to mention that, in contrast to studies reporting a
complete loss of sSIPSPs in the BLA of epileptic animals (Gean
et al. 1989; Rainnie et al. 1992), we have shown here that
inhibitory inputs onto principal cells are not completely lost in
the LA of pilocarpine-treated tissue. This is evident by the
continued presence of sIPSPs in epileptic tissue, albeit in a
smaller proportion of cells. Our findings are in line with
previous reports that show a partial loss of interneurons within
the LA of chronically epileptic rats, with some studies even
reporting >50% of surviving interneurons (Tuunanen et al.
1996, 1997). Finally, decreased dendritic branching of surviv-
ing principal cells in the epileptic amygdala (Aliashkevich et
al. 2003) also raises the possibility that interneurons make
fewer contacts onto pyramidal cells and could perhaps contrib-
ute to the reduced incidence of sIPSPs in pilocarpine-treated
slices. Hence, our findings suggest that, in epileptic rats,
alterations in both excitatory and inhibitory synaptic transmis-
sion contribute to the hyperexcitability of LA neuronal net-
works.

R. BENINI AND M. AVOLI

Altered postsynaptic GABA, receptor-mediated inhibition

To further assess the changes in inhibitory inputs onto LA
principal cells, IPSPs induced in the presence of glutamatergic
antagonists were studied in pilocarpine-treated and NEC tissue.
Interestingly, we were able to record biphasic IPSPs in the LA
of both types of tissue, thereby indicating that GABA, and
GABAg receptor-mediated mechanisms were present in the
epileptic group. However, notable differences were observed in
the reversal potential of the fast component of the IPSP.
Specifically, the reversal potential of this GABA, receptor—
mediated component was found to be significantly more depo-
larized in the pilocarpine-treated tissue compared with NECs.
In fact, the reversal potential in the epileptic tissue was more
positive than the mean resting membrane potential by ~6 mV.
Altogether, this signifies that postsynaptic GABA, receptor—
mediated potentials have a greater chance to be depolarizing at
resting levels in the pilocarpine-treated group compared with
NECs where the reversal potential is more negative than RMP.

GABA generally tends to induce hyperpolarization of neu-
rons in the adult brain. However, there are several instances
such as in the developing juvenile brain (Ben Ari et al. 1989)
or in the adult brain under high-frequency stimulation (Lamsa
and Taira 2003; Voipio and Kaila 2000) where depolarizing
effects of GABA are known to occur. Furthermore, the
excitatory actions of GABA have also been documented under
pathological conditions such as epilepsy (Cohen et al. 2002),
pain (Coull et al. 2003), and ischemia (Schwartz-Bloom and
Sah 2001). Several mechanisms have been proposed to account
for this polarity switch in GABA action including modified
Cl™ gradients caused by a decreased expression of the K*/C1™
cotransporter KCC2 (Rivera et al. 1999) and deafferentiation
(Vale and Sanes 2000). Thus the more depolarized reversal
potential and the lower peak conductance of the GABA,-
mediated IPSP denotes an excitatory effect of GABA in the LA
of pilocarpine-treated tissue. These changes may potentiatly
reduce the hyperpolarizing effect of inhibitory inputs onto
principal cells, bring LA neurons closer to firing threshold, and
consequently facilitate epileptiform synchronization.

Reduced presynaptic depression of GABA release

Alterations in presynaptic release of neurotransmitters are
known to contribute to hyperexcitability of different neuronal
networks (Asprodini et al. 1992; Behr et al. 2002; Jarvie et al.
1990; Kamphuis et al. 1990). In this study, we used paired-
pulse stimulation protocols in the absence of glutamatergic
transmission to indirectly assess whether there were any
changes in the release of GABA from LA intereurons of
epileptic rats. Interneuronal inputs onto pyramidal celis gener-
ally show a frequency-dependent depression (Gupta et al.
2000). A pronounced depression in the second IPSP compared
with the first would indicate that presynaptic autoreceptors are
at play in controlling the release of GABA. Alternatively,
additional mechanisms could include a depletion in the pre-
synaptic vesicle pool (von Gersdorff and Borst 2002), presyn-
aptic metabotropic receptors (Cartmell and Schoepp 2000), or
even postsynaptic effects such as desensitization of receptors
(Jones and Westbrooke 1996) and shifts in CI™ gradients
(Kaila 1994; Thompson and Gahwiler 1989). Interestingly, we
found in NEC tissue a pronounced PPD of GABA ,-mediated
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responses that was partially reduced by GABAg receptor
antagonism. This evidence suggests that these G protein-
linked receptors might play a role in controlling neurotrans-
mitter release from LA interneurons (Miller 1998).

In contrast, we found in pilocarpine-treated tissue a depres-
sion in the paired IPSP ratio that was less pronounced and less
affected by GABA; receptor antagonism compared with NEC.
Altogether, these observations suggest that presynaptic
GABAy receptors might be less efficient in controlling the
release of GABA from LA interneurons of epileptic rodents. At
first glance, these results are by themselves peculiar because
less PPD in an excitatory network may imply more excitation,
but in an inhibitory context may mean more inhibition caused
by increased GABA at the synapse, specifically at high-fre-
quency stimulation. However, the reduced PPD combined with
the data suggesting a depolarizing effect of GABA could
conceivably lead to hyperexcitability of LA neuronal networks
in epileptic tissue.

In conclusion, until recently, most electrophysiological as-
sessments of the amygdala and specifically of the BLA were
carried out in coronal slices in which connections with other
limbic structures are not maintained (Gean et al. 1989; Mangan
et al. 2000; Rainnie et al. 1992; Shoji et al. 1998; Smith and
Dudek 1997). However, the advent of the combined horizontal
slice preparation (Stoop and Pralong 2000; von Bohlen und
Halbach and Albrecht 2002) has enabled evaluation of the
amygdala’s participation in intralimbic synchronization of ep-
ileptiform activity (Benini et al. 2003; Klueva et al. 2003;
Stoop and Pralong 2000). The LA is heavily interconnected
with hippocampal and parahippocampal structures that are
highly implicated in TLE, and it is of crucial importance to
determine what significance the alterations presented in this
study have on the interactions of the LA with other structures
like the perirhinal and entorhinal cortices.
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