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Abstract

Epilepsy is a neurological disorder characterized by excessive neuronal activity in the brain
that manifests as spontaneous seizures. Mesial temporal lobe epilepsy (MTLE) is the most
common form of focal epilepsy involving seizures that originate from the hippocampus and
parahippocampal structures. Seizures occurring in MTLE patients and in experimental models
mimicking this neurological disorder can be classified based on their onset pattern, into low-
voltage, fast (LVF) and hypersynchronous (HYP) onset seizures. Experimental evidence
suggests that LVF-onset seizures mainly result from the synchronous activity of GABA
releasing cells while HYP-onset seizures tend to rely on glutamatergic signaling as well.
However, despite many advances made in understanding the pathophysiology of epileptic
disorders, seizures remain poorly controlled in approximately one third of MTLE patients.
Therefore, my graduate studies were focused on deciphering the contributions of different cell
populations to epileptiform activity in the in vitro 4-aminopyridine (4AP) model using the
powerful optogenetic technique. The main findings of my studies are summarized below.
First, I tested the hypothesis that synchronous activation of GABA releasing parvalbumin
(PV)-positive interneurons can initiate seizures with an LVF onset pattern similar to those
occurring spontaneously in the 4AP model by employing optogenetic stimulation of PV-
interneurons in the entorhinal cortex of slices obtained from mice constitutively expressing
ChR2 in all PV cells in the brain. These experiments demonstrated the involvement of
interneuronal networks in the initiation of LVF-onset seizures.

Second, I compared the role of PV-interneurons and somatostatin (SOM)-interneurons in the
initiation of LVF discharges. For this comparison, I confirmed the contribution of PV

interneurons to LVF discharges using a novel strain of mice with a PV-Cre background in



which we expressed the enhanced ChR2 opsin, ChETA, using a stereotaxic virus injection
procedure. I then used the same procedure in a different transgenic line to obtain mice
expressing the ChETA opsin in SOM-interneurons of the entorhinal cortex. Here, I
demonstrated that the same optogenetic stimulation pattern targeted to either interneuron
subtype can similarly lead to seizures with an LVF onset pattern.

Third, to test the hypothesis that distinct patterns of seizure onset (HYP and LVF) rely on the
activity of different neuronal networks, I employed the optogenetic stimulation of calmodulin-
dependent protein kinase-positive (CaMKII) pyramidal cells of the entorhinal cortex in the in
vitro 4AP model. These results demonstrated that the glutamatergic network is mainly
responsible for the initiation of HYP onset seizures.

Finally, I wanted to explore the potential ability of optogenetic low-frequency stimulation
(LFS) to abate seizures in real-time. Therefore, I used the optogenetic stimulation of CaMKII-
positive principal cells and of PV- or SOM-positive interneurons at 1 Hz to compare, for the
first time, the effects induced by activation of these specific cell subtypes on 4AP-induced
ictal discharges generated from the entorhinal cortex of the transgenic mouse in an in vitro
brain slice preparation. We found that 1 Hz stimulation of any of these cell types reduced the
frequency and duration of ictal discharges.

Collectively, my results demonstrate that (i) under similar experimental conditions, the
initiation of LVF and of HYP onset seizures in the entorhinal cortex depends on the
preponderant involvement of interneuronal and principal cell networks, respectively, and that
(i) optogenetic LFS of either interneurons or principal cells can control 4AP-induced

ictogenesis in vitro.
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Résumé

L’épilepsie est un désordre neurologique caractérisé par une activité neuronale excessive qui
se manifeste par des crises. L’épilepsie temporale mésiale (ETM) est la forme la plus
commune d’épilepsie focale et inclut des crises dont 1’origine se situe dans I’hippocampe et
les structures parahippocampiques. Les crises survenant chez les patients atteints d’ETM et
dans les modéles expérimentaux imitant ce désordre neurologique peuvent étre classées en
deux groupes basés sur ’activité EEG lors de leur initiation, soit les crises a bas voltage haute
fréquence (ou « low-voltage fast onset », LVF) et les crises hypersynchrones (HYP). Des
¢tudes en laboratoire suggerent que les crises LVF résulteraient de 1’activité synchrone des
neurones GABAergiques tandis que les crises HYP proviendraient de 1’activité des neurones
glutamatergiques. Cependant, malgré les avancées réalisées dans [’é¢tude de Ila
pathophysiologie des désordres épileptiques, les crises demeurent peu controlées chez
approximativement un tiers des patients atteints d’ETM. Lors de mes études graduées, j’ai
tent¢ de mieux comprendre, a 1’aide de I’optogénétique, la contribution des différentes
populations de cellules a D’activité épileptiforme induite in vitro par la 4-aminopyridine
(4AP). Les principaux résultats de mes études sont résumés ci-dessous.

Premic¢rement, en employant la stimulation optogénétique des interneurones du cortex
entorhinal provenant de tranches de souris exprimant la protéine Channelrodopsine-2 (ChR2)
dans les cellules positives a la parvalbumine (PV), j’ai testé 1’hypothése selon laquelle
I’activité synchrone des interneurones PV GABAergiques génere des décharges ictales LVF
similaires a celles qui surviennent dans le modéle a la 4AP. Ces travaux ont montré

I’implication des réseaux d’interneurones dans I’initiation des décharges ictales de type LVF.
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Deuxieémement, j’ai comparé le role des interneurones PV et des interneurones positifs a la
somatostatine (SOM) dans D’initiation des décharges ictales de type LVF. J’ai d’abord
confirmé la contribution des interneurones PV lors de I’initiation des décharges de type LVF
en utilisant une nouvelle souche de souris PV-Cre dans lesquelles nous avons fait exprimer
une nouvelle variante de 1’opsine ChR2 (ChETA) en utilisant une procédure d’injection
stéréotaxique de virus. J’ai ensuite utilis¢é la méme procédure mais dans une lignée
transgénique différente de souris exprimant I’opsine ChETA dans les interneurones SOM du
cortex entorhinal. J’ai montré, en utilisant la méme méthode de stimulation optogénétique,
que I’activation d’un type ou I’autre d’interneurone induit des décharges ictales de type LVF.
Troisiémement, j’ai testé dans le modele a la 4AP I’hypothése selon laquelle les décharges
ictales de type LVF et HYP dépendent de I’activité de réseaux neuronaux différents en
employant la stimulation optogénétique des cellules pyramidales positives a la protéine kinase
calmoduline-dépendante (CaMKII) dans le cortex entorhinal. Les résultats obtenus ont montré
que le réseau glutamatergique est principalement impliqué lors de I’initiation des décharges
ictales de type HYP.

Enfin, j’ai voulu explorer la capacité de la stimulation optogénétique a basse fréquence
(« low-frequency stimulation ») a bloquer 1’occurrence de décharges ictales. J’ai alors
appliqué une stimulation optogénétique a 1 Hz des cellules pyramidales CAMKII et des
interneurones PV et SOM afin de comparer, pour la premicre fois, les effets induits par
I’activation en in vitro de ces trois types de cellules sur les décharges ictales induites par la
4AP dans des tranches du cortex entorhinal provenant de souris transgéniques. Nous avons
découvert que la stimulation a 1 Hz de ’'un ou Dl'autre type de ces cellules induit une

diminution de la fréquence et de la durée des décharges ictales.



xiii
Dans I’ensemble, mes résultats montrent (i) qu’en conditions expérimentales, 1’initiation des
décharges ictales LVF et HYP dans le cortex entorhinal dépend respectivement de
I’implication des réseaux d’interneurones et de neurones pyramidaux et (ii) que la stimulation

optogénétique a basse fréquence des réseaux d’interneurones ou de neurones pyramidaux peut

contrdler I’occurrence des décharges ictales induites par la 4AP en in vitro.
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Chapter 1: Introduction

In chapter 1, a brief introduction to epilepsy and in particular to mesial temporal lobe epilepsy
is provided; this is followed by the fundamentals of epileptiform synchronization with a
particular emphasis on mechanisms of ictogenesis. In this chapter, the related articles are

reviewed and a broad overview of the contents of this thesis can be found.

1.1. Temporal Lobe Epilepsy

According to the world health organization, about one percent of the world population has
some form of epilepsy (Engel et al., 2008). Epilepsy is a neurological disorder characterized
by excessive neuronal activity in the brain that manifests as spontaneous seizures. Seizures
present different characteristics depending on the brain regions involved in their generation.
Based on these characteristics, they can be classified into two groups: generalized or focal
epilepsies (Engel, 2005).

Mesial temporal lobe epilepsy (MTLE) is the most common form of focal epilepsy involving
seizures that originate from the hippocampus and parahippocampal structures such as the
amygdala and the rhinal cortices (Gloor, 1997). Most of our current knowledge on the
pathophysiology of this disease is based on animal models that reproduce a sequence of
events similar to what is seen in MTLE patients. These events include an initial status
epilepticus followed by a seizure-free latent period of variable duration, which is associated
with reorganization of neural networks and changes in cellular excitability (a process called
‘epileptogenesis’) (Pitkdnen and Sutula, 2002). Following this latent period, spontaneously
recurring seizures emerge, which identify the start of the chronic period (Curia et al., 2008;

Engel, 2001; Gloor, 1990; Lévesque and Avoli, 2013).



In the past century, researchers have used various tools to study epileptic networks, which has
led to considerable improvements in the treatment of epilepsy and in the development of
antiepileptic drugs (see for review: Brodie, 2010). However, almost two thirds of MTLE
patients do not respond to antiepileptic drugs that are currently available. Due to this
refractoriness and the unpredictable nature of the disease, the quality of life of these patients
is quite low as they report problems with memory, socialization, and fear of leaving their
home (Wiebe et al., 2001).

If antiepileptic drugs do not provide sufficient seizure control and a seizure onset zone can be
reliably identified, surgical removal of the epileptogenic zone can be performed (Blume and
Parrent, 2006; Wiebe, 2004). Unfortunately, in spite of the progress made in diagnostic
techniques, in one third of surgical resections, patients do not become seizure free. In these
cases, an alternative approach for treating patients with intractable epilepsy rests on
stimulation that can be delivered through either transcranial magnetic or deep-brain electrical
procedures (Fisher and Velasco, 2014). However, electrical stimulation is nonspecific and
targets all cell types, making it difficult to identify the key cells involved in the generation of
seizures (a process called ‘ictogenesis’) as well as to control unwanted effects of a global
stimulation.

What is evident is that we do not yet have a full understanding of the conditions required for
seizures to start, propagate, or stop. Thus, it is of paramount importance to shine light on the
mechanisms underlying both ictogenesis and epileptogenesis to prevent the occurrence of
seizures and to develop new treatments for controlling them. One possible mechanism that

could account for epileptiform discharges is attributed to abnormally enhanced excitability



and pathological neuronal synchronization, which is referred to as hypersynchronous activity.

This concept is further discussed in the next section.

1.2. Epileptiform Synchronization

Coordinated neural activity, be it between neurons, within local networks or between limbic
structures is a hallmark of a healthy brain and supports physiological states such as cognitive
functions and sleep (Buzsaki and Draguhn, 2004). Neuronal synchronization depends on
chemical and electrical synaptic as well as ephaptic interactions (Timofeev et al., 2012).
These interactions, which range from milliseconds to hours, can occur locally to generate
local field potentials or over long intracerebral distances to contribute to EEG synchronization
(Jiruska et al., 2013). In the abnormal brain, the coordination of neuronal activity becomes
pathological and constitutes an important mechanistic role in epileptic disorders including
MTLE.

Pathological neuronal synchronization has been studied extensively in seizure-prone limbic
structures, and specifically, it has been shown that seizure occurrence could be a consequence
of alterations in glutamatergic and GABAergic neurotransmission, i.e., an imbalance between
excitatory and inhibitory synaptic transmission (Huberfeld et al., 2011). Other studies have
however suggested that seizures arise from the synchronization of a large neuronal population
by inhibitory interneurons (Avoli and de Curtis, 2011a; de Curtis and Avoli, 2016;
Gnatkovsky et al., 2008).

In the epileptic brain, synchronization can become pathological via several synaptic
mechanisms. One such mechanism involves divergent connections of CA3 pyramidal cells

onto local pyramidal cells producing hypersynchronous depolarizations (Jefferys et al.,



2012a). Under specific conditions, pyramidal cells can fire bursts of action potentials,
recruiting a critical number of neurons to produce epileptiform activity (Traub and Wong,
1982). Overtime, synchronous pathways and excessive cell loss leads to sprouting of new
connections that may strengthen these synaptic networks in the chronic epileptic brain (Chen
et al., 2013).

A second synaptic mechanism involves a network of inhibitory neurons that can contribute to
ictogenesis by entraining populations of excitatory neurons to generate hypersynchronous
activity (Mann and Mody, 2008). Furthermore, synchronous activity of interneuonal networks
can lead to an accumulation of intracellular chloride and a subsequent increased extrusion of
chloride and potassium into the extracellular space (Viitanen et al., 2010). In this manner,
excessive interneuronal activity can lead to an increase in extracellular potassium
concentrations that can depolarize principal cells and recruit them into seizure activity
(McNamara, 1994). Alternatively, synchronous interneuronal activity can constrain the
activity of principal cells into specific time windows. Recovery from such strong
hyperpolarizing inhibition causes rebound excitation which generates epileptiform discharges
(Jeftferys et al., 2012a).

Epileptiform activity, however, has been shown to persist under conditions that block synaptic
transmission (low extracellular Ca’") suggesting that non-synaptic mechanisms may also
contribute to these events (Jefferys and Haas, 1982). For example, gap junctions can
synchronize pairs of interneurons promoting synchronous firing of interneuronal populations
(Beierlein et al., 2000). Also, neuronal activity generates electric fields that can modulate
neuronal excitability in coupled neurons. Such ephaptic interactions may result in

hypersynchronous activity (Jefferys, 1995).



To study these and other mechanisms, epileptiform synchronization may be experimentally
induced via several pharmacological manipulations: (i) blocking GABAergic inhibition (using
drugs such as bicuculline or picrotoxin); (ii) enhancing glutamatergic excitation (using low-
Mg®" artificial cerebrospinal fluid); (iii) increasing intrinsic excitability (using low-Ca*
artificial cerebrospinal fluid); or (iv) enhancing both excitatory and inhibitory transmission
(using the K channel blocker 4-aminopyridine (4AP)) (Avoli, 1996; Stanton et al., 1987;
Swartzwelder et al., 1988). These manipulations can be used in vitro and in vivo to induce
epileptiform activity to study interictal spikes, ictal discharges, and high frequency

oscillations (HFOs), which are described in the following sections.

1.3. Interictal Spikes

Interictal spikes or discharges are brief hypersynchronous events (de Curtis and Avanzini,
2001) that occur between seizures on the EEG of patients with partial epileptic disorders as
well as in animal models of epilepsy. The role of these epileptiform events remains elusive as
they are not associated with any detectable clinical symptoms. However, they have been
shown to impair memory consolidation by disrupting communication between the
hippocampus and the prefrontal cortex (Gelinas et al., 2016). Furthermore, seemingly
contradictory interactions with ictal discharges have been reported for interictal events in the
literature. Specifically, while it has been suggested that interictal discharges herald the onset
of ictal events (Ayala et al., 1973), it has also been reported that they can interfere with the
occurrence of ictal events (Engel and Ackermann, 1980). Despite this ambiguity, it has been
widely accepted that interictal spikes are an important biomarker of epilepsy and can be used

reliably for diagnostic purposes (Wirrell, 2010).



Animal models of limbic seizures that are electrographically close to those seen in MTLE
patients have allowed researchers to closely examine these interictal events to shine light on
their contributions to seizures (Jensen and Yaari, 1988). In particular, studying these interictal
discharges in brain slices in vitro during bath application of the potassium channel blocker
4AP has revealed two distinct types of discharges. The first type of interictal discharges are
long-lasting ‘slow’ events, they have a low rate of occurrence, appear in all limbic areas,
initiate at various sites, and spread slowly to other regions (Perreault and Avoli, 1992;
Voskuyl and Albus, 1985). The second type are ‘fast’ discharges, they have a higher rate of
occurrence, originate in the hippocampus, and can propagate to other seizure-prone areas
more quickly (Benini et al., 2003). Pharmacological manipulations have suggested that slow
interictal discharges reflect the postsynaptic response of principal cells to GABA released by
interneurons (cf. Capogna et al., 1993) while fast interictal discharges depend on the activity
of non-NMDA glutamatergic receptors (Perreault and Avoli, 1991).

The contradicting views on the contribution of interictal discharges to ictal events may be
explained in light of these electrophysiologically and pharmacologically different types of
interictal events. Indeed, findings obtained in the in vitro 4AP model indicate that ictal onset
is characterized by one or more events that share similar features with the slow interictal
discharges described above (Avoli and de Curtis, 2011a). In addition, it has been shown that
both isolated slow interictal discharges and those preceding ictal discharges are accompanied
by transient elevations in extracellular potassium concentrations that are GABA, receptor
dependent (Avoli et al., 1996a; Morris et al., 1996). These studies were also in line with

previous findings obtained from guinea-pig hippocampal slices (Barolet and Morris, 1991).



Contrarily, it has been shown that fast interictal discharges can control the propensity of
parahippocampal structures to generate ictal discharges (Swartzwelder et al., 1987). This
process was elegantly demonstrated by Barbarosie and Avoli (1997) in slices bathed in 4AP
or Mg*"-free medium where ictal discharges eventually disappear from the entorhinal cortex
(EC) while fast interictal events persist for several hours. Subsequent cutting of the Schaffer
collateral, which abolishes the spread of hippocampal fast interictal discharges to the EC,
restores the ictal activity in the latter region suggesting that these fast events control limbic
seizures.

Experimental evidence suggests that the propensity of fast interictal discharges to control
ictogenesis rests on their ability to hamper the transient elevations in extracellular potassium
associated with slow interictal discharges which were shown to contribute to ictal onset
(Avoli et al., 1996b). Fast interictal discharges thus may limit excessive levels of
synchronization by down-regulating GABA release and the associated elevations in
extracellular potassium during the slow interictal events, thereby controlling ictogenesis. This
hypothesis is supported by experiments where parahippocampal structures are stimulated
electrically at frequencies similar to that of fast interictal discharges (approximately 1 Hz) to
control ictal discharge occurrence in the target structures (Avoli et al., 2013a). These findings
also support the ability of low frequency stimulation to reduce seizures in epileptic patients

(Yamamoto et al., 2006).

1.4. Ictal Discharges

Seizures are characterized by prolonged periods of hypersynchronous activity that disrupt

normal brain function. The electrographic counterpart of a seizure consists of a series of fast



EEG transients that can vary in amplitude and origin, and are easily distinguished from
background activity and from interictal spikes. Seizure-like events can also be recorded in in
vitro models where they are referred to as “ictal discharges”. Ictal discharges recorded from
epileptic patients, as well as from in vivo and in vitro animal models are remarkably similar in
terms of their electrographic patterns. However, despite the availability of such models and of
pharmacological and surgical interventions, how the brain transitions between physiological
and pathological states remains obscure.

Studies addressing the progression of seizures demonstrate that neuronal synchrony changes
as the seizure progresses. Specifically, during the pre-ictal phase, a decrease in
synchronization between brain structures has been reported (Mormann et al., 2003) followed
by a subsequent increase in synchrony between brain regions in the moments leading up to a
seizure (Bartolomei et al., 2004). Seizures then evolve into a phase of sustained oscillatory
activity of high frequency (‘tonic’ phase) which is characterized by the uncoupling of brain
regions involved in its generation (Bartolomei et al., 2004). The seizure then progresses into
rhythmic bursting discharges of higher amplitude and lower frequency (‘clonic’ phase) where
synchronicity increases once again between structures (Schindler et al., 2007).
Hypersynchronous neuronal activity at seizure termination is then followed by a period of
spontaneous electrical activity (‘postictal depression”).

Seizures in MTLE patients studied with intracranial electrodes reveal various EEG features
(Perucca et al., 2014). Evidence obtained from these patients in the last decade indicates the
existence of two predominant patterns of seizure-onset, namely low-voltage fast (LVF) onset
seizures and hypersynchronous (HYP) onset seizures (Ogren et al., 2009; Velasco et al.,

2000). Similar seizure onset types occur in animal models of MTLE both in vivo (Bragin et



al., 2005a; Grasse et al., 2013; Lévesque et al., 2012a; Salami et al., 2015a) and in vitro
(Avoli et al., 1996a; Boido et al., 2014; Derchansky et al., 2008; Kohling et al., 2016;
Lopantsev and Avoli, 1998; Zhang et al., 2012). LVF seizures are characterized at onset by
the occurrence of a positive- or negative-going spike followed by low amplitude activity in
the gamma range whereas HYP seizures are characterized at onset by a pattern of focal (pre-
ictal) spiking at a frequency of approximately 1-2 Hz.

LVF and HYP seizures are thought to depend on the activity of distinct neural networks.
Indeed, evidence obtained using animal models of MTLE have revealed that LVF seizures
more often originate from the hippocampus and EC and they frequently propagate to other
limbic and paralimbic structures (Bragin et al., 2005a). On the other hand, HYP onset seizures
initiate predominantly from the hippocampus and tend to remain focal (Bragin et al., 1999a;
Velasco et al., 2000b). In agreement with this hypothesis, patients with HYP seizures show
patterns of atrophy that are consistent with hippocampal sclerosis whereas LVF seizures are
linked to a more diffuse and bilateral distribution of nonspecific atrophy (Ogren et al., 2009).
Overall, evidence obtained from epileptic patients indicate that these two seizure-onset
patterns should reflect different histopathological conditions, which supports the involvement
of different types of neuronal networks and mechanisms.

Acutely, LVF seizures can also be triggered in vivo with the systemic administration of
substances that enhance GABAergic transmission (Lévesque et al., 2013a); while HYP
seizures are recorded under conditions of GABA, receptor blockade (Salami et al., 2015a).
Electrographic activity closely resembling LVF- and HYP-onset seizures recorded in patients
and in in vivo animal models can also be reproduced in brain slices in vitro. In the in vitro

4AP model where GABA, receptor signaling is enhanced, mostly LVF-onset seizures are
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recorded (Avoli and de Curtis, 2011a). Intracellular recordings from principal neurons have
shown that these ictal events are initiated by a long-lasting GABAergic potential that reflects
the synchronous activity of interneurons (Avoli and de Curtis, 2011). These findings are
supported by studies that show a blockade of both interneuron synchrony and ictal discharge
occurrence under conditions of GABA, receptor antagonism (Avoli et al., 1996a).
Conversely, HYP discharges can be recorded from hippocampal tissue perfused with medium
containing low Mg”™ (Derchansky et al., 2008; Zhang et al., 2012) as well as from the
perirhinal cortex under 4AP administration (Kohling et al., 2016). This pattern of ictal
discharge has been linked to repeated firing of principal cells at onset which persist under
conditions of GABAg receptor antagonism (Bragin et al., 2005a; Kohling et al., 2016;

Lévesque et al., 2012a).

1.5. High Frequency Oscillations

HFOs are sinusoid-like field potentials that can occur in the limbic structures and neocortex
during slow-wave sleep, consummatory behaviour and immobility (Buzsadki et al., 1992;
Ylinen et al., 1995). These oscillations are essential to normal brain function as they
contribute to cognitive processes such as encoding information, sensorimotor integration and
memory consolidation by coordinating neuronal activity locally and in spatially distinct
structures (Engel and da Silva, 2012). However, HFOs have also been detected in the EEG of
patients with MTLE and in animal models mimicking this condition at the transition from
interictal to ictal activity (Jacobs et al., 2009; Zijlmans et al., 2009). Since these oscillations

originate from various neuronal populations, analysis of the relationship between HFOs and
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seizure onset can reveal significant information regarding cellular mechanisms underlying
ictogenesis.

HFOs have recently attracted much attention as a potential marker for excessive neuronal
excitability (Jefferys et al., 2012b). HFOs are thought to reflect the activity of dysfunctional
neural networks as they are recorded in regions of ictogenesis (Jacobs et al., 2012; Jefferys et
al., 2012a, 2012b; Zijlmans et al., 2009). In addition, both clinical and experimental studies
support the view that HFOs are better markers than interictal spikes to identify seizure onset
zones (Jacobs et al., 2008, 2012; Jefferys et al., 2012a, 2012b; Jiruska et al., 2010a, 2010b;
Urrestarazu et al.,, 2007). Two types of oscillations have been identified in the EEG of
epileptic patients and in animal models of MTLE: ripples (80-200 Hz) and fast ripples (250-
500 Hz). Ripples can be recorded in both physiological and pathological conditions (Bragin et
al., 1999; Chrobak and Buzsaki, 1996) whereas fast ripples are only recorded in pathological
conditions (Bragin et al., 1999; Buzséki et al., 1992).

Excitatory and inhibitory synaptic interactions, intrinsic membrane oscillations, kinetics of
intrinsic neuronal currents, out-of-phase firing in neuronal clusters, interneuronal coupling
through gap junctions, and ephaptic interactions have been considered and continue to be
investigated as underlying mechanisms of both physiological and pathological HFOs (Buzsaki
and Chrobak, 1995; Jefferys et al., 2012c; Menendez de la Prida and Trevelyan, 2011; Ylinen
et al., 1995). The exact role played by these mechanisms in generating pathologic HFOs
remains undefined but it has been suggested that ripples reflect summated inhibitory
postsynaptic potentials generated by principal cells in response to inhibitory interneuron firing
(Buzsaki and Chrobak, 1995; Ylinen et al., 1995); in contrast, fast ripples are thought to

reflect the synchronous firing of principal neurons (Bragin et al., 2011; Dzhala and Staley,
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2004; Engel et al., 2009a) or the out-of-phase burst firing of principal cells in the
hippocampus (Foffani et al., 2007; Ibarz et al., 2010).

The analysis of HFO patterns during spontaneous HYP and LVF seizures in the pilocarpine
and kainic acid model of MTLE has suggested that these two patterns of seizure onset may
rely on distinct mechanisms of initiation (Bragin et al., 2005a; Lévesque et al., 2012a).
Indeed, it was shown that LVF seizures were mainly associated to activity in the ripple
frequency range (Lévesque et al., 2012), thus suggesting that they may rely on the activity of
interneuronal networks. In line with this hypothesis, Panuccio et al. (2012) have shown high
rates of ripples along with the virtual absence of fast ripples during ictal-like events generated
by piriform cortex networks following the administration of 4AP. HYP seizures may instead
rely on the activity of principal cells of the glutamatergic networks since they were associated

to fast ripples (Bragin et al., 2005; Lévesque et al., 2012).

1.6. Role of Limbic Structures in MTLE

Historically, research in MTLE has focused mainly on the contributions of the hippocampus
proper while parahippocampal structures were largely ignored. Some of this evidence include:
(1) the fact that the most obvious and consistent neuropathological alterations in this disorder
are shown to be associated with this structure (Bliimcke et al., 2002); (ii) that EEG recordings
often point to the hippocampus as the seizure onset zone (Wieser, 1993); (iii) that satisfactory
seizure relief can be attained by the surgical resection of the hippocampus (Spencer and
Spencer, 1994). Despite these findings, recent studies have led to the realization that other

structures within the limbic system also play major roles in MTLE. The pathogenicity of
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medial temporal structures in MTLE was thus progressively recognized and surgical resection
evolved accordingly (Spencer and Spencer, 1994).

Cellular, molecular, and pharmacological studies performed over the last few decades have
led to remarkable progress in identifying the mechanisms and structures underlying
epileptiform synchronization (Behr et al., 2014). Much of this evidence was obtained in vitro
using brain slices comprising the hippocampus and parahippocampal structures including the
EC (Avoli, 2013). For example, it has been shown that reciprocal anatomical connections
from the hippocampus to the EC allow the control rather than reinforcement of epileptiform
activity in the latter region (Barbarosie and Avoli, 1997). Furthermore, in patients and in
animal models in vivo, both EC and CA3 regions are often associated with the seizure onset
zone (Lévesque et al., 2012a) and since ictal discharges can be consistently recorded in the
EC of tissue obtained from adult rodents, we focused our studies on this particular region. To
understand the importance of the EC in epileptogenesis and ictogenesis, we must first look at
the anatomical organization of this structure.

The EC is located in the anterior parahippocampal gyrus and is an important gateway between
the hippocampus and the sensory cortex (Amaral et al., 1987). In the normal brain, this
structure plays an important role in memory function, as it is both an input and an output
region for the hippocampus (Sewards and Sewards, 2003). Anatomically, the EC is made up
of six layers, which is separated by layer IV into superficial layers (I-IIT) and deep layers (V-
VI) (Insausti et al., 1995). This limbic structure can also be divided into lateral and medial
entorhinal cortices based on cell organization, morphology, and physiology as well as
projections to and from neighboring structures (Uva et al., 2004). The main inputs of the EC

come from the hippocampus and piriform cortex while it projects back to the hippocampus as
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well as to the perirhinal, auditory, somatosensory, and visual cortices making it ideally placed
to contribute to seizure propagation (Jones and Lambert, 1990; Vismer et al., 2015).

The EC is often involved in limbic seizures in MTLE patients (Gloor, 1997). Volumetric
analysis studies have shown a correlation between reductions in EC and hippocampal
volumes with the progression and duration of epilepsy (Bonilha et al., 2003). Furthermore,
neuronal loss and gliosis have been documented in the EC of MTLE patients (Jung et al.,
2009) and in animal models mimicking this disorder (Scholl et al., 2013). One study
quantifying cell loss in the EC found that glutamatergic neurons of layer III are mostly
affected rather than GABAergic interneurons (Drexel et al., 2012; Du et al., 1995). Contrarily,
Kumar and Buckmaster found a major reduction in GABAergic interneurons and synapses
(2006). Thus, it remains unclear whether a reduction in the inhibitory tone might be
responsible for hyperexcitability in this structure. Regardless of the cell population affected,
neuronal loss results in reorganization and rewiring, which can lead to increased excitability
and epileptiform activity (Vismer et al., 2015). To investigate the contributions of various cell

population of the EC to ictogenesis, we turned to the powerful optogenetic technique.

1.7. Optogenetic Technique

Optogenetics (combining ‘optics’ and ‘genetics’) is a novel biotechnology that goes beyond
the limitations of traditional techniques and has revolutionized neuroscience, including
epilepsy research, by allowing both temporal and spatial precision. This technique allows
researchers to “bidirectionally” (i.e. depolarize or hyperpolarize) manipulate cellular systems
to study the functional neuroanatomy in the brain, to examine the neural circuits, and to

determine the etiology of neurological disorders such as epilepsy.
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The technique involves introducing a light-sensitive protein, the opsin, to a specific cell type
using viral gene delivery or transgenic technology. In the first method, the genetic construct is
injected in a transgenic animal where Cre is expressed in a particular cell type that will drive
opsin expression. In the latter method, the opsin is expressed in a particular cell type
throughout the brain and this expression is maintained in the animals that are inbred. The
targeted neuron then expresses the light-sensitive gene, which can be activated by optical
illumination. Upon illumination, the ion channels undergo conformational change and allow
specific ions to depolarize or hyperpolarize the cell. The discovery of opsins was crucial for
the development of this technique. These are the light-sensitive channels that stimulate cells
upon illumination. One class of opsins, used to depolarize target cells, includes
channelrhodopsin-2 (ChR2) and its variants which are non-selective cation transporters
(Nagel et al., 2002). The second class of opsins, used to hyperpolarize target cells, includes
halorhodopsin-2 (i.e., a chloride pump), archaerhodopsin-3 (i.e., a proton pump), and their
variants (Boyden et al., 2005; Deisseroth, 2015). The activity of particular cell populations
can thus be bidirectionally and rapidly modulated in a given circuit.

The currently available options for the treatment of epilepsy are summarized here: (i) anti-
epileptic drugs that must be taken regularly to provide non-specific seizure control for
approximately one third of patients (Duncan et al., 2006); (ii) surgical treatments involving
the resection of the seizure onset zone, if a single region can be identified, can render two
thirds of the pharmaco-resistant patients seizure-free (Wiebe et al., 2001); (iii) deep-brain
stimulation for modulating epileptiform activity in particular in MTLE patients (Nune et al.,
2015). However, despite the temporal and spatial control offered by electrical or magnetic

low-frequency stimulation (LFS), these procedures lack cell-specificity thus presumably
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limiting their anti-ictogenic efficacy. This drawback can now be addressed using optogenetic
techniques (Yizhar et al., 2011) that have been recently employed as potential therapeutic
tools for controlling seizures (Bui et al., 2015; Wykes et al., 2015).

Although the application of optogenetic techniques in epilepsy research is a newly emerging
field, exciting results have already been reported regarding the roles of specific cell types in
ictogenesis and epileptogenesis as well as interventions that allow on-demand seizure control
(Bui et al., 2015; Choy et al., 2016; Wykes et al., 2015). Overall, there are two approaches
used in this context. One is to employ the optogenetic inhibition of excitatory principal cells
expressing halorhodopsin; experiments using this approach have revealed attenuation of
epileptiform activity in vivo (Krook-Magnuson et al., 2013) and in in vitro (Tennesen et al.,
2009) preparations. The second strategy is to increase the activity of inhibitory interneurons
expressing ChR2; optogenetic activation of hippocampal interneurons has been shown to
attenuate seizures in vivo (Krook-Magnuson et al., 2013), while low-frequency activation of
GABAergic cells in the CA3 hippocampal subfield controls 4AP-induced ictal discharges in
vitro (Ladas et al., 2015; Ledri et al., 2014).

Optogenetic seizure control shows a promising future for improved therapeutic approaches to
treat epilepsy. However, there will be many challenges to overcome before the technique can
be applied in the clinic. In the meanwhile, it can serve as a powerful tool for deciphering
mechanisms of ictogenesis thus aiding to understand the etiology of the disease and to

develop more effective drugs.
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1.8. Research Rationale & Objectives

Largely driven by the enormous physical and social impact epilepsy has on the lives of those
afflicted, much research in the last few decades has been dedicated to unveiling the
mechanisms underlying ictogenesis and epileptogenesis. Contrary to the common view that
considers decreased inhibition as the primary contributor to ictogenesis, many studies have
demonstrated that GABAergic mechanisms (in addition to glutamatergic mechanisms) can
actively contribute to pathological oscillations and thus to epileptiform activity. My graduate
studies were focused on deciphering the contributions of different cell populations to

epileptiform activity in the in vitro 4AP model using optogenetic approaches.

1.8.1. Objective 1: Contribution of PV cells to LVF onset seizures

It has been suggested that the GABAergic network is mainly responsible for the initiation of
LVF onset seizures in vivo (Lévesque et al., 2012a). In the limbic system, there are two main
classes of interneurons that innervate principal cells differently. Regular-spiking somatostatin
(SOM)-expressing cells target the dendritic region whereas fast-spiking parvalbumin (PV)-
expressing interneurons innervate the perisomatic compartments of pyramidal cells (DeFelipe
et al., 2013; Freund and Buzsaki, 1996).

The first aim of my studies, elaborated in Chapter 2 of this thesis, was to test the hypothesis
that synchronous activation of GABA releasing PV-positive interneurons (DeFelipe et al.,
2013) can initiate seizures with an LVF onset pattern similar to those occurring spontaneously
in the 4AP model by employing optogenetic control of PV-interneurons in the EC of brain
slices obtained from mice constitutively expressing ChR2 in all PV cells in the brain. I also

examined the pattern of HFO’s during these events to test the hypothesis that ripple rates
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predominate at the onset of LVF discharges. As a final component to this first investigation, I
pharmacologically blocked GABAergic and glutamatergic neurotransmission in separate

experiments to test the effects of PV-interneuron stimulation under such conditions.

1.8.2. Objective 2: Contribution of GABAergic cells to ictogenesis

Since previous studies have shown that GABA application to the dendrites induces
depolarizing responses while its application to the soma results in hyperpolarization (Alger
and Nicoll, 1982; Andersen et al., 1980; Misgeld et al., 1986; Perreault and Avoli, 1991), we
anticipated differences in the ability of somatic-targeting PV and dendritic-targeting SOM
interneurons to trigger ictal discharges in the EC network. In addition, PV interneurons
innervate twice as many principal cells as other interneurons and receive more local excitatory
input (Krook-Magnuson et al., 2013), therefore we expected these cells to play more
preponderant roles compared to other interneuron types in triggering ictal discharges.
Therefore, in my next set of experiments, outlined in Chapter 3, I compared the role of PV-
interneurons and SOM-interneurons in the initiation of LVF discharges. For this comparison,
I confirmed the contribution of PV interneurons to LVF discharges using a novel strain of
mice with a PV-Cre background in which we expressed the enhanced ChR2 opsin, ChETA,
using a stereotaxic virus injection procedure. I then used the same procedure in a different

transgenic line to obtain mice expressing the ChETA opsin in SOM-interneurons of the EC.

1.8.3. Objective 3: Contribution of glutamatergic cells to HYP onset seizures
It has been suggested that the glutamatergic network is mainly responsible for the initiation of

HYP onset seizures in vivo and in vitro (Kohling et al., 2016; Lévesque et al., 2012a; Zhang et
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al., 2012). In Chapter 3, I aimed to further test the hypothesis that distinct patterns of seizure
onset (HYP and LVF) rely on the activity of different neuronal networks using the
optogenetic control of calcium/calmodulin-dependent protein kinase II-positive (CaMKII)
principal cells of the EC in the in vitro 4AP model. I also examined the pattern of HFOs
during these events to test the hypothesis that fast ripple rates predominate at the onset of
HYP discharges. Lastly, I pharmacologically blocked GABAergic and glutamatergic
neurotransmission in separate experiments to test the effects of pyramidal cell activation

under such conditions.

1.8.4. Objective 4: Optogenetic low-frequency stimulation

Having investigated the contributions of different cell populations to the onset of two
common seizure-onset patterns observed in MTLE, I wanted to explore the ability of
optogenetic LFS to abate seizures in real-time. The rationale for such intervention is
supported by experimental evidence obtained from in vivo rodent models of MTLE where
LFS of the ventral hippocampal commissure was shown to reduce seizure frequency (Kile et
al., 2010; Rashid et al., 2012). Therefore, in the final part of my thesis, described in detail in
Chapter 4, I used the optogenetic stimulation of CaMKII-positive principal cells and of PV-
or SOM-positive interneurons at 1 Hz to compare, for the first time, the effects induced by
activation of these specific cell subtypes on 4AP-induced ictal discharges generated from the

EC of the transgenic mouse in an in vitro brain slice preparation.
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Chapter 2: Interneuron activity leads to initiation of low-

voltage fast-onset seizures

Shiri Z, Manseau F, Lévesque M, Williams S, Avoli M. Annals of Neurology, 2015,

77:541-546.

Seizures in temporal lobe epilepsy can be classified as hypersynchronous and low-voltage fast
according to their onset patterns. Several in vitro and in vivo studies have suggested that low-
voltage fast onset seizures result from the synchronization of GABAergic networks. We
wanted to test this hypothesis using the temporal and spatial precision of the optogenetic
technique in vitro by comparing the onset patterns of ictal-like discharges induced by 4-
aminopyridine administration and those triggered by optogenetic stimulation of parvalbumin-
positive interneurons in the entorhinal cortex. This work was published in 2015 in Annals of
Neurology as a manuscript entitled “Interneuron activity leads to initiation of low-voltage

fast-onset seizures”.
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2.1. Abstract

Seizures in temporal lobe epilepsy can be classified as hypersynchronous and low-voltage fast
according to their onset patterns. Experimental evidence suggests that low-voltage fast-onset
seizures mainly result from the synchronous activity of GABA releasing cells. In this study,
we tested this hypothesis using the optogenetic control of parvalbumin-positive interneurons
in the entorhinal cortex, in the in vitro 4-aminopyridine model. We found that both
spontaneous and optogenetically-induced seizures had similar low-voltage fast-onset patterns.
In addition, both types of seizures presented with higher ripple than fast ripple rates. Our data
demonstrate the involvement of interneuronal networks in the initiation of low-voltage fast-

onset seizures.

2.2. Introduction

Patients with temporal lobe epilepsy (TLE) present with two distinct patterns of seizure-onset
that have been termed low-voltage fast (LVF) and hypersynchronous (HYP) (Ogren et al.,
2009b; Velasco et al., 2000b). Similar seizure onset types occur in animal models of TLE
(Bragin et al., 2005a; Lévesque et al., 2012b). LVF seizures usually initiate with one or two
interictal-like (hereafter referred to as ‘interictal’) spikes followed by low amplitude, high
frequency activity whereas HYP onset is characterized by a series of (pre-ictal) focal spikes
occurring at approximately 2 Hz. LVF and HYP seizures are thought to depend on the activity
of distinct neural networks, and it has been shown that LVF ictal-like (hereafter referred to as
‘ictal’) discharges induced in vitro by the K* channel blocker 4-aminopyridine (4AP) are (i)
initiated by spikes that may reflect the firing of GABA releasing cells, and (ii) sustained by

GABA receptor signaling (Avoli and de Curtis, 2011a). LVF seizures recorded in models of
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temporal lobe epilepsy are also preferentially linked to ripples (i.e., high frequency
oscillations at 80-200 Hz) (Lévesque et al., 2012b; Panuccio et al., 2012); ripples are thought
to reflect IPSP populations generated by principal glutamatergic neurons entrained by
networks of synchronously active interneurons (Aivar et al., 2014; Jefferys et al., 2012d).
Moreover, modeling studies have suggested that LVF seizures are linked to the abnormal and
continuous generation of IPSPs by inhibitory interneurons that impinge on principal cells
(Wendling et al., 2002). We have therefore tested here the hypothesis that activation of
GABA releasing parvalbumin (PV)-positive interneurons (DeFelipe et al., 2013) can initiate
LVF seizures similar to those occurring spontaneously by employing the optogenetic control

of PV-interneurons of the entorhinal cortex (EC) in the in vitro 4AP model.

2.3. Materials and Methods

2.3.1. Animals

We used 21 slices from 14 mice (30-39 days old) expressing Channelrhodopsin-2 (ChR2) in
parvalbumin-expressing neurons. These animals were generated by breeding PV-Cre and
R26-hChR2-EYFP homozygote mice (Jackson Laboratory: 008069 and 012569). Mice were
deeply anesthetized with inhaled isoflurane and decapitated. Brains were quickly removed
and immersed in ice-cold slicing solution containing (in mM): 252 sucrose, 10 glucose, 26
NaHCO;, 2 KCI, 1.25 KH,PO4, 10 MgCl,, and 0.1 CaCl, (pH 7.3, oxygenated with 95%
0,/5% CO;). Horizontal sections (400 um) containing the EC were cut using a vibratome
(VT1000S, Leica) and kept for at least 1 hour prior to experimentation in a slice saver filled
with artificial cerebrospinal fluid (ACSF) of the following composition (in mM): (125 NaCl,

25 glucose, 26 NaHCO3, 2 KCI, 1.25 NaH,PO4, 2 MgCl,, and 1.2 CaCl,). All procedures
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were performed according to protocols and guidelines approved by the McGill University

Animal Care Committee and Canadian Council on Animal Care.

2.3.2. LFP, patch-clamp, and photostimulation

Slices were transferred to a submerged chamber with continuous perfusion of oxygenated
ACSF (KCI and CaCl; adjusted to 4.5 and 2 mM, respectively) (30 °C, 10 mL/min) and local
field potentials (LFPs) were recorded using ACSF-filled microelectrodes (1-2 MQ) positioned
in the EC superficial layers. Signals were recorded with a differential AC amplifier (AM
systems), filtered online (0.1-500 Hz), digitized with a Digidata 1440a (Axon Instruments)
and sampled at 5 kHz using the pClamp software (Axon Instruments). In a subset of
experiments (n = 3), whole-cell patch-clamp recordings were performed on visually identified
interneurons in the EC. Patch electrodes (3—-6MQ) were filled with intrapipette solution
containing the following (in mM): 144 K-gluconate, 3 MgCl,, 10 HEPES, 0.2 EGTA, 2
Na,ATP, and 0.3 GTP, pH7.3 (285-295 mOsm). Signals were amplified using a Multiclamp
700B patch-clamp amplifier (Molecular Devices), sampled at 20 kHz, and filtered at 10 kHz.
For ChR2 excitation, blue light (473 nm, intensity 35 mW) was delivered through a custom-
made LED system, where the LED (Luxeon) was coupled to a 3 mm wide optical-fiber
(Edmund Optics) placed above the recording region. Light pulses (1 sec or 2 sec duration)
were delivered at 0.2 Hz for 30 sec with a 130 sec interval between trains. The temperature of
the bath was constantly monitored throughout the experiments and no change was observed
during the stimulation. 4AP (150 uM) was bath applied in all experiments and in some slices

(n = 5) we simultaneously added the GABA 4 receptor antagonist picrotoxin (50 uM), and the
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GABAg receptor antagonist CGP55845 (4 uM) to the superfusing ACSF. All reagents were

obtained from Sigma-Aldrich Canada, Ltd.

2.3.3. Analysis of high-frequency oscillations

LFPs were first low-pass filtered at 500 Hz and then down-sampled to 2000 Hz to prevent
aliasing. A multiparametric algorithm was then used to identify oscillations in each frequency
range, using routines based on standardized MATLAB signal processing functions
(Mathworks). For each ictal discharge, raw LFP recordings were bandpass filtered in the 80—
200 Hz and in the 250-500 Hz frequency range using a finite impulse response filter; zero-
phase digital filtering was used to avoid phase distortion. A 10 sec artifact-free period (5040
sec before ictal discharge onset) was selected as a reference for signal normalization. LFPs
were thus normalized using their own reference period. To be considered as a high-frequency
oscillation (HFO) candidate, oscillatory events in each frequency band had to show at least
four consecutive cycles having an amplitude of 4 standard deviations above the mean of the
reference period. The time lag between two consecutive cycles had to be between 5 msec and
12.5 msec for ripples and 2 msec and 4 msec for fast ripples. Furthermore, special care was
taken to avoid the detection of false HFOs which may be caused by the filtering of sharp
spikes.(Bénar et al., 2010) Rates of HFO (ripples, fast ripples) were computed based on 9
spontaneous and 10 evoked ictal discharges and compared using nonparametric Wilcoxon
rank-sum tests followed by Bonferroni-Holm corrections for multiple comparisons. Statistical
tests were performed in MATLAB using the Statistics Toolbox; the level of significance was

set to p < 0.05.
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2.4. Results

We analyzed a total of 255 ictal events that were recorded from the EC (n = 19 slices). Of
these events, 138 occurred spontaneously, 77 were triggered by a train of 1 sec pulses and 40
were triggered by a train of 2 sec pulses. Both stimuli of 1 sec and 2 sec duration were equally
successful (48%; data not shown) in triggering ictal events and were thus pooled together for
analysis. Representative examples of spontaneous and evoked ictal events are shown in Figure
1A and B, respectively. In control experiments, the interval between spontaneous ictal
discharges was 208.26 + 11.39 s on average. We were able to trigger similar events at a
shorter interval of 138.63 £ 5.75 s under the same conditions with optogenetic stimulation (p
< 0.01). When the onset of an optically-induced ictal discharge was expanded (asterisk), the
pattern was typical of an LVF seizure with one or two interictal spikes (arrow) leading to the
ictal discharge. The same LVF pattern could be observed at the onset of spontaneous ictal
discharges.

To ensure that the evoked discharges are dependent on interneuron activation only, we
simultaneously bath applied the GABA receptor antagonist Picrotoxin (50 uM), and GABAg
receptor antagonist CGP55845 (4 puM). This pharmacological manipulation effectively
abolished all spontaneous and light-induced ictal discharges (n = 5; Figure 1C). Under such
GABA receptor-suppressing conditions, spontaneous rhythmic discharges (duration = 1-2 s)
occured for the entire length of the recording (approx. 20 mins) and were not driven by the
optogenetic stimulation (example expanded on right). As reported in previous studies (Avoli
and de Curtis, 2011a), these presumptive glutamatergic epileptiform events were different

from the interictal discharges recorded under 4AP conditions (example expanded on left).
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Next, we wanted to test whether direct activation of PV-interneurons recorded in whole-cell
configuration triggers ictal discharges in nearby field recordings. First, we set out to
characterize the cells expressing the Channelrhodopsin (n = 3). Whole-cell current clamp
recordings revealed typical firing activity of fast-spiking PV-interneurons (Figure 2A). Using
optogenetic stimulation, we were able to repeatedly activate these interneurons (Figure 2B)
and trigger ictal discharges with an LVF onset pattern (Figure 2C). These cells remained
viable following optogenetic stimulation as they consistently responded to stimuli over time
(Figure 2B).

We also examined the rate and pattern of HFO occurrence throughout the ictal discharges
recorded in the EC (Figure 3A). Ripple rates were higher than fast ripple rates throughout
both spontaneous and light-triggered ictal discharges as expected for an LVF discharge (p <
0.01) (Lévesque et al., 2012b). HFO rates were highest at the onset of the event in both
spontaneous and stimulated ictal discharges and gradually decreased throughout the event

(Figure 3B and C).

2.5. Discussion

The involvement of interneurons in the initiation of ictal discharges has been suggested based
on in vivo (Grasse et al., 2013) and in vitro (Dzhala and Staley, 2003; Gnatkovsky et al.,
2008; Zhang et al., 2012) results. Here, we show that GABA release due to the optogenetic
activation of PV-interneurons could lead to LVF ictal discharges in vitro. First, we discovered
that during bath application of 4AP, EC neuronal networks generate ictal discharges that are
characterized by a LVF onset pattern and can occur both spontaneously or be triggered by

PV-interneuron activation. Second, we triggered similar events in the whole-cell
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configuration by optically activating PV-interneurons. Finally, we identified patterns of HFO
occurrence that were similar during both types of ictal events and were predominated by
ripple rates.

Our group has previously shown that the systemic administration of 4AP in vivo (Lévesque et
al., 2013a) and its bath application in vitro (Avoli et al., 2013b) induce LVF type seizures
with similar morphological features. Lévesque et al. (2013a) also reported that in vivo 4AP
treatment induces sustained and rhythmic runs of theta oscillations that are thought to play a
role in ictogenesis (Butuzova and Kitchigina, 2008). These theta oscillations are presumably
caused by GABAergic inputs to pyramidal cells as they are abolished by the GABA receptor
antagonist, picrotoxin (Buzsaki, 2002). Other electrophysiological data have revealed a long-
lasting GABAergic potential that reflects the synchronous activity of interneurons at the onset
of LVF ictal discharges (Avoli and de Curtis, 2011a). Therefore, our study demonstrates that
GABAergic mechanisms are responsible for LVF seizures since we could trigger ictal
discharges with LVF onset patterns (similar to what is occurring spontaneously) by locally
and transiently activating PV-positive EC interneurons.

It has been previously reported that in LVF seizures, the transition from interictal to ictal
activity is characterized by higher ripple rates at seizure onset (Lévesque et al., 2012b).
Indeed, we found higher ripple rates at the onset of both spontaneous and optogenetically-
induced ictal discharges during 4AP application. Although the exact mechanisms underlying
the generation of ripples is not known, it has been suggested that ripples reflect summated
IPSPs generated by principal cells in response to the inhibitory action of interneurons.

Therefore, our findings further highlight the involvement of interneuronal networks in
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initiating LVF-onset seizures, which are then, at least partially, maintained by the persistent
firing of principal cells.

Our findings clearly identify the pivotal involvement of GABAergic interneurons in the
initiation and maintenance of LVF seizures in the limbic system. Additional studies should
investigate whether activating glutamatergic principal cells in the EC leads to HYP onset
seizures. Combining these results could help identify more efficacious antiepileptic strategies

aimed specifically at targeting GABAergic or glutamatergic neuronal networks excitability.
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Figure 2.1. LVF ictal discharges can occur spontaneously or be triggered by optogenetic
activation of PV-interneurons. A: Spontaneous ictal discharges occurring during bath
application of 4AP; one of the events is further expanded to show the onset pattern (asterisk).
B: Ictal discharges evoked by 1 sec light pulses during bath application of 4AP; one of the
events is further expanded to compare the onset patterns (asterisk). Note that in both A and B,
the ictal discharge is preceded by a negative-going interictal field potential (arrows). C:
Changes induced by concomitant bath application of picrotoxin and CGP55845 on the ictal
discharge evoked by a train of 1 sec light pulses (4AP, 150 uM panel). Note that under
control conditions, the first light pulse induces a positive-going monospike (expanded
example) that is followed by ictal synchronization while during GABA, and GABAg receptor
antagonism both ictal discharge and the ability of light pulses to drive interictal events are
abolished. Under these conditions, negative-going polyspikes (expanded example) occur
regardless of the light pulses for at least 20 mins (maximum time recorded); note the different

vertical scales in the expanded samples.
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Figure 2.2. Optogenetic activation of PV-interneurons in the whole-cell configuration
triggers LVF ictal discharges. A: Electrophysiological characterization of an EC fast-
spiking PV-interneuron during injection of hyperpolarizing and depolarizing current pulses
(Vi = -70 mV; intracellular current pulses: 600 msec: -200 and 160 pA). B: Responses to 1
sec light pulses recorded from the same cell at four different time points. Note that similar
action potential discharges are generated over time. C: Optogenetic activation of this
interneuron (and of the concomitant LVF ictal discharge) by a train of 1 sec light pulses; note
the arrows pointing to the pulse-induced depolarizations during the ictal discharge. The onset

of the ictal event is expanded below to further reveal the LVF pattern.
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Figure 2.3. Similar patterns of HFOs characterize spontaneous and light-triggered ictal
discharges. A: Ictal discharge stimulated by a train of 1 sec light pulses and expanded onset
illustrating wide-band recording and filtered traces of associated ripples and fast ripples that
are highlighted in gray. B and C: Average rate of ripples (R) and fast ripples (FR) in the 40
sec preceding, during, and 10 sec following spontaneous (n = 9 events) and stimulated (n = 10
events) ictal discharges, respectively. The duration of the ictal discharges was normalized
with 0 representing their start and 100 representing their end. Note that ripple rates are higher
than fast ripple rates throughout spontaneous and stimulated ictal discharges as well as that
both types of HFO are characterized by highest rates at the onset of the event and gradually

decrease throughout the event; ** indicates p < 0.01.
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Chapter 3: Activation of specific neuronal networks leads

to different seizure onset types

Shiri Z, Manseau F, Lévesque M, Williams S, Avoli M. Annals of Neurology, 2016,

79:354-365.

Seizures in temporal lobe epilepsy can be classified as hypersynchronous and low-voltage fast
according to their onset patterns. It has been suggested that low-voltage fast onset seizures are
initiated by GABAergic mechanisms while glutamatergic networks are responsible for
hypersynchronous onset seizures. In the previous chapter, we demonstrated the contribution
of parvalbumin-positive interneurons to low-voltage fast-onset discharges in the entorhinal
cortex. In this next study, we wanted to first compare the ability of somatic-targeting
parvalbumin-positive and dendritic-targeting somatostatin-positive interneurons to contribute
to low-voltage fast-onset seizures. Then we targeted the optogenetic stimulation to
calcium/calmodulin-dependent protein kinase II-positive principal cells in entorhinal cortex to
investigate their ability to trigger hypersynchronous discharges in the 4-aminopyridine model
in vitro. This work was published in 2016 in Annals of Neurology as a manuscript entitled

“Activation of specific neuronal networks leads to different seizure onset types”.
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3.1. Abstract

Objective: Ictal events occurring in temporal lobe epilepsy patients and in experimental
models mimicking this neurological disorder can be classified based on their onset pattern,
into low-voltage, fast and hypersynchronous onset seizures. It has been suggested that the
low-voltage, fast onset pattern is mainly contributed by interneuronal (GABAergic) signalling
while the hypersynchronous onset involves the activation of principal (glutamatergic) cells.
Methods: Here, we tested this hypothesis using the optogenetic control of parvalbumin-
positive or somatostatin-positive interneurons and of calmodulin-dependent, protein kinase-
positive, principal cells in the mouse entorhinal cortex in the in vitro 4-aminopyridine model
of epileptiform synchronization.

Results: We found that during 4-aminopyridine application, both spontaneous seizure-like
events and those induced by optogenetic activation of interneurons displayed low-voltage, fast
onset patterns that were associated with a higher occurrence of ripples than of fast ripples. In
contrast, seizures induced by the optogenetic activation of principal cells had a
hypersynchronous onset pattern with fast ripple rates that were higher than those of ripples.
Interpretation: Our results firmly establish that under a similar experimental condition (i.e.,
bath application of 4-aminopyridine), the initiation of low-voltage, fast and of
hypersynchronous onset seizures in the entorhinal cortex depends on the preponderant
involvement of interneuronal and principal cell networks, respectively.

Keywords: Seizure onset pattern; interneurons; principal cells; high-frequency oscillations.
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3.2. Introduction

Seizures in patients presenting with temporal lobe epilepsy (TLE) are mainly characterized by
two distinct electrographic onset patterns defined as low-voltage fast (LVF) and
hypersynchronous (HYP) (Ogren et al., 2009a; Velasco et al., 2000a). LVF seizures are
characterized at onset by the occurrence of a sentinel spike followed by low amplitude, high
frequency activity whereas the initiation of HYP seizures coincides with a series of focal (so-
called pre-ictal) spiking at a frequency of approximately 2 Hz (Perucca et al., 2014). LVF and
HYP seizures may mirror the activity of distinct limbic structures (Bragin et al., 2009).
Accordingly, Velasco et al. (2000a) have reported that LVF seizures rest on the activity of
hippocampal and parahippocampal networks whereas HYP seizures originate from local
circuits in the hippocampal formation. In addition, TLE patients presenting with HYP seizures
have histopathological patterns of atrophy that are consistent with hippocampal sclerosis
whereas LVF seizures are linked to a more diffuse and bilateral distribution of atrophy (Ogren
et al., 2009a). Finally, in animal models of TLE, LVF seizures more often initiate in
parahippocampal structures while HYP seizure onset may be limited to the hippocampus
(Bragin et al., 1999b; Lévesque et al., 2012b).

Recently, the analysis of high-frequency oscillations (HFOs) (ripples: 80-200 Hz, fast ripples:
250-500 Hz) during spontaneous HYP and LVF seizures in the pilocarpine and kainic acid
model of TLE has suggested that these two seizure onset patterns may rely on distinct
mechanisms of initiation. LVF seizures were found to be mainly associated with HFOs in the
ripple frequency range (80-200 Hz), thus suggesting the predominant involvement of
interneuronal (inhibitory) networks; in contrast, HYP seizures were mostly accompanied by

fast ripple (250-500 Hz) occurrence thus highlighting the potential role of principal
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(glutamatergic) networks (Bragin et al., 2005b; Lévesque et al., 2012b). Indeed, evidence
obtained to date suggest that pathologic HFOs in the ripple band should represent population
inhibitory postsynaptic potentials (IPSPs) generated by principal neurons entrained by
synchronously active interneuron networks while those in the fast ripple band reflect the
synchronous firing of abnormally active principal cells, and thus are not dependent on
inhibitory processes (Engel et al., 2009b; Jefferys et al., 2012¢; Ylinen et al., 1995).

It has been demonstrated that 4-aminopyridine (4AP) application induces LVF onset
discharges in several limbic and para-limbic structures maintained in vitro (Avoli and de
Curtis, 2011a). In addition, systemic injection of 4AP in vivo has been shown to induce LVF
onset pattern seizures (Lévesque et al., 2013b; Salami et al., 2015b). Finally, we have found
that optogenetic activation of parvalbumin (PV)-positive interneurons of entorhinal cortex
(EC) in a constitutive model of channelrhodopsin-2 (ChR2) expression lead to the initiation of
in vitro LVF seizures in the limbic system (Shiri et al., 2015). Therefore, in this study, we
aimed to test the hypothesis that distinct (i.e., LVF and HYP) patterns of seizure onset rely on
the activity of different neuronal networks in the in vitro 4AP model using the optogenetic
control of PV-positive and somatostatin (SOM)-positive interneurons as well as of
calmodulin-dependent protein kinase (CaMKII)-positive principal cells in the EC of mice

where an enhanced ChR2 opsin was transcranially and locally injected.

3.3. Materials and Methods

3.3.1. Animals
All procedures were performed according to protocols and guidelines of the Canadian Council

on Animal Care (http://ccac.ca/en/standards/guidelines) and were approved by the McGill
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University Animal Care Committee. PV-Cre (Jackson Laboratory, B6;129P2-
Pvalb™ 94y stock number 008069), SOM-Cre (Jackson Laboratory, Ssttm2.1(cre)Zjh/J,
stock number 013044) and CaMKII-Cre (Jackson Laboratory, B6.Cg-Tg(Camk2a-cre)T29-
1Stl/J, stock number 005359) homozygote mouse colonies were bred and maintained in house

in order to generate pups that were used in this study.

3.3.2. Stereotaxic virus injections

Four PV-Cre, seven SOM-Cre, and eight CaMKII-Cre male or female pups were anesthetized
at P15 using isoflurane and positioned in a stereotaxic frame (Stoelting). AAVdj-ChETA-
eYFP virus (UNC Vector Core) was delivered in the EC (0.6 pL at a rate of 0.06 uL/min).
Injection coordinates were: anteroposterior -4.00 mm from bregma, lateral +/- 3.60 mm,
dorsoventral -4.00 mm. The transverse sinus was used as a point of reference, and the
injection needle was inserted with a 2° anteroposterior angle. After completion of the surgery,

pups were returned to their home cage.

3.3.3. Slice preparation

Mice were deeply anesthetized with inhaled isoflurane and decapitated at P30-40. Brains were
quickly removed and immersed in ice-cold slicing solution containing (in mM): 25.2 sucrose,
10 glucose, 26 NaHCO3, 2.5 KCl, 1.25 KH,PO4, 4 MgCl,, and 0.1 CaCl, (pH 7.3, oxygenated
with 95% 0,/5% CO,). Horizontal brain sections (thickness = 400 pm) containing the EC
were cut using a vibratome (VT1000S, Leica) and incubated for one hour or more in a slice
saver filled with artificial cerebrospinal fluid (ACSF) of the following composition (in mM):

125 NacCl, 25 glucose, 26 NaHCOs, 2 KCI, 1.25 NaH,PO4, 2 MgCl,, and 1.2 CaCl,.
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3.3.4. Electrophysiological recordings and photostimulation

Slices were transferred to a submerged chamber where they were continuously perfused with
oxygenated ACSF (KCl and CaCl, adjusted to 4.5 and 2 mM, respectively) (30 °C, 10-15
mL/min). Field potentials were recorded using ACSF-filled microelectrodes (1-2 MQ)
positioned in the EC in the presence of 4AP. Signals were recorded with a differential AC
amplifier (AM systems), filtered online (0.1-500 Hz), digitized with a Digidata 1440a
(Molecular Devices) and sampled at 5 kHz using the pClamp software (Molecular Devices).
In a subset of experiments, whole-cell patch-clamp recordings were performed on visually
identified neurons from EC slices. Patch electrodes (2-3MQ) were filled with a solution
containing the following (in mM): 144 K-gluconate, 3 MgCl,, 10 HEPES, 0.2 EGTA, 2
Na,ATP, and 0.3 GTP, pH7.3 (285-295 mOsm). Signals were amplified using a Multiclamp
700B patch-clamp amplifier (Molecular Devices), sampled at 20 kHz, and filtered at 10 kHz.
For ChR2 excitation, blue light (473 nm, intensity 35 mW) was delivered through a custom-
made LED system, where the LED (Luxeon) was coupled to a 3 mm or 1 mm wide fiber-optic
for field or whole-cell recording experiments, respectively, (Edmund Optics) and was placed
above the recording region. For optogenetic activation of PV- and SOM-positive interneurons,
light pulses (1 s duration) were delivered at 0.2 Hz for 30 s with a 150 s interval between
trains. For optogenetic activation of CaMKII-positive principal cells, light pulses (20 ms
duration) were delivered at 2 Hz for 30 s with a 150 s interval between trains. All reagents

were obtained from Sigma-Aldrich and were bath applied.
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3.3.5. Analysis of HFOs

Field potentials were first low-pass filtered at 500 Hz and then down-sampled to 2000 Hz. For
each ictal discharge, raw field potential signals were band-pass filtered in the 80-200 Hz and
in the 250-500 Hz frequency range for identification of ripples and fast ripples, respectively;
a more thorough description of this procedure is provided in Salami et al. (2015b) Rates of
ripples and fast ripples were computed using average values obtained from all ictal
discharges. The ictal period was arbitrarily divided in three equal parts, and rates of ripples
and fast ripples in each part were compared using nonparametric Wilcoxon rank-sum tests
followed by Bonferroni-Holm corrections for multiple comparisons. This allowed us to
evaluate whether ripples or fast ripples predominated at specific moments of the ictal period.
Statistical tests were performed in Matlab 7.11.0 (Mathworks) using the Statistics Toolbox.

The level of significance was set to p < 0.05.

3.4. Results

3.4.1. Optogenetic activation of PV-positive interneurons leads to LVF onset seizures

We analysed a total of 182 ictal events recorded from the EC of PV-Cre mice transcranially
injected with the enhanced ChR2 opsin, ChETA (n = 6 slices). Of these events, 142 occurred
spontaneously and 40 were triggered using a 30 s train of 1 s light pulses at 0.2 Hz.
Representative examples of spontaneous and light-triggered events are shown in Figure 1.
When the onset of a spontanecous ictal-like event was expanded, a LVF onset pattern
consistently initiated by an isolated spike became evident (Fig 1A; arrow). A similar LVF
onset pattern was observed when the ictal events were triggered by optogenetic activation of

PV-interneurons (Fig 1B; arrow). Spontaneously occurring events lasted 47.74 + 1.34 s, a
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duration that was similar to what was found for the optogenetically induced events (i.e., 45.57
+ 2.23 s) (Fig 1C) but spontaneous ictal discharges occurred every 156.61 + 9.81 s, while
during optogenetic PV-cell stimulation, we could reduce their interval of occurrence to 138.13
+4.89 s (p <0.05; Fig 1D).

As shown in Figure 2, we also performed patch clamp recordings of fast-spiking, PV-positive
interneurons in the whole-cell mode (n = 3). First, we characterized the patched cell by
injecting intracellular depolarizing current pulses to reveal the typical firing activity of a fast-
spiking PV-positive interneuron (Fig 2A) (DeFelipe et al., 2013). These interneurons reliably
responded to optogenetic stimulation over time (Fig 2B). Moreover, as illustrated in Figure
2C (see also expanded trace), fast-spiking PV-positive interneurons generated a barrage of
action potentials (delay of initial depolarization = 5.43 + 0.51 ms; average spike frequency =
155.68 + 10.99 Hz; average duration of barrage = 0.83 + 0.06 s) in response to the optogenetic
stimulus as well as in coincidence with the initial spike; then, they depolarized progressively
undergoing a “firing depolarizing block” during the initial part of the LVF ictal discharge (n =
11 events). Later, during the subsequent “tonic” electrographic phase of the ictal discharge,
these interneurons could resume action potential firing that occurred synchronously with each
“clonic” field potential transient.

To ensure that the responses evoked by optogenetic stimuli were dependent on the release of
GABA subsequent to interneuron discharge, we simultaneously blocked GABA, and GABAg
receptors using picrotoxin (50 pM) and CGP55845 (4 uM), respectively. Under these
pharmacological conditions, all spontaneous and stimulated ictal-like events as well as light-
induced interictal events were abolished (n = 3 slices; data not shown but see (Shiri et al.,

2015)).
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3.4.2. Optogenetic activation of SOM-positive interneurons leads to LVF onset seizures

Next, we established whether the ability of interneuron activation to drive ictal discharges is
linked exclusively to fast-spiking interneurons, or whether ictal discharges could also be
triggered by activating regular-spiking SOM-positive interneurons. We analyzed a total of
224 ictal discharges recorded from the EC of Som-Cre mice that had been transcranially
injected with ChETA (n = 11 slices). Of these events, 170 occurred spontaneously and 54
were stimulated by a 30 s train of 1 s light pulses at 0.2 Hz; this protocol was similar to the
one employed in the PV-positive interneuron experiments. As illustrated in Fig 3A (arrow),
the onset of an expanded spontaneous ictal-like event was characterized, in these experiments
as well, by the occurrence of an isolated spike leading to an LVF onset pattern. Interestingly,
the same pattern of field activity occurred at the onset of ictal events when they were
triggered by activation of SOM-interneurons (Fig 3B; arrow). In these experiments,
spontaneous ictal discharges lasted 64.39 + 1.86 s and optogenetically-induced events had
duration of 60.52 £+ 2.30 s (Fig 3C). Spontaneous ictal discharges occurred regularly (every
130.31 £ 6.35 s) but could be driven at a more frequent rate during optogenetic stimulation of
SOM-cells, i.e., every 105.42 + 5.51 s (p < 0.05; Fig 3D). In these experiments as well,
concomitant application of GABAs and GABAp receptor antagonists abolished all
spontaneous and induced ictal-like events (n = 3 slices; Fig 3E). Under these conditions,
presumptive glutamatergic field bursts occurred for the entire length of the recording but did

not appear to follow the stimulation pattern (see expanded region).
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3.4.3. Optogenetic activation of CaMKII-positive principal cells leads to HYP onset
seizures

In this set of experiments we analysed a total of 293 ictal events that were recorded from the
EC of brain slices expressing ChETA in CaMKII-positive principal cells. Of these ictal
discharges, 141 occurred spontaneously while 152 events were triggered by a 30 s train of 20
ms light pulses at 2 Hz. Representative examples of spontaneous and light-triggered events
are shown in Figure 4A and B. When the onset of a spontaneous ictal event was expanded, an
LVF onset - which was preceded by a typical isolated spike - could be identified (Fig 4A;
arrow). In contrast, the onset of ictal discharges triggered by principal cell activation was
characterized by repeated spiking and thus resembled a HYP onset pattern (Fig 4B; arrow).
We found that spontaneous ictal discharges lasted 44.95 + 1.82 s whereas those induced by
light pulses were significantly shorter (37.07 £ 0.72 s; p < 0.01) (Fig 4C). During 4AP
application, ictal discharges occurred spontaneously every 121.16 + 6.49 s but were driven at
higher frequency by light stimulation (i.e., 111.23 + 1.70 s; p < 0.05) (Fig 4D).
CaMKII-positive cells were also recorded in the whole-cell mode (n = 5) to analyze their
electrophysiological properties, their responses to light stimuli and their activity during ictal
discharges. As illustrated in Fig 5A, these neurons responded to injection of depolarizing
current pulses by generating repetitive action potential firing with some degree of adaptation
as reported for regular-spiking, principal cells in the EC (de Guzman et al., 2008) and in
several cortical structures (McCormick et al., 1985; Schwartzkroin, 1975). We also found that
these recorded neurons reliably responded to optogenetic stimulation with a short burst of
action potentials when tested at different time points during the experiment (delay of initial

depolarization = 6.37 + 0.14 ms; Fig 5B). In the absence of optogenetic stimulation,
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spontaneous, 4AP-induced ictal events with LVF onset patterns in the field recording were
characterized intracellularly by a period of action potential quiescence at ictal onset while
firing resumed during the late tonic phase of the discharge (n = 12 events; Fig 5C; see
expanded onset). In contrast, as illustrated in Fig 5D, principal cell firing occurred in
coincidence with the preictal spikes that were characteristic of optogenetically-induced HYP
onset ictal discharges (duration of bursts = 0.27 s; n = 15 events; see expanded onset).

To further establish the contribution of principal glutamatergic cells to the evoked discharges,
we simultaneously blocked the NMDA and non-NMDA receptors using 3-((R)-2-
Carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP) (5 puM) and 6-Cyano-7-
nitroquinoxaline-2,3-dione (CNQX) (5 pM) in experiments in which we stimulated
interneurons (n = 3; Fig 6A) or principal cells (n = 3; Fig 6B). Under these conditions, all
spontaneous and stimulated ictal events were abolished; however, interneuron stimulation
continued to evoke presumably GABAergic discharges while principal cell stimulation failed
to induce such events. In the latter case, spontanecous GABAergic discharges could be

recorded independently of the stimulation (Fig 6B; arrow).

3.4.4. HFOs associated with LVF and HYP onset seizures

Finally, we quantified the rate and pattern of HFO occurrence throughout the ictal discharges
recorded in the EC (Fig 7). This analysis showed that ripple rates were higher than fast ripple
rates (p < 0.01) at the onset of all spontancous LVF onset ictal events as reported for LVF
seizures recorded in vivo in the pilocarpine model of TLE (Lévesque et al., 2012b) and in the
acute 4AP model (Salami et al., 2015b). A similar pattern of HFO distribution was associated

with LVF onset seizures triggered by the activation of PV- and SOM-positive interneurons
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and interestingly, this pattern was still observed in 4AP-induced spontaneous LVF seizures in
CaMKII-Cre pups. These results therefore suggest that activation of interneuronal networks
can trigger seizure-like events resembling human LVF seizures. In contrast, ictal discharges
triggered by the activation of principal cells revealed higher fast ripple rates at seizure onset
(p < 0.01) as reported to occur in HYP onset seizures occurring in vivo (Lévesque et al.,

2012b; Salami et al., 2015b).

3.5. Discussion

The main findings of our study can be summarized as follows: (i) spontaneous ictal events
recorded in vitro from the EC during 4AP application are characterized by an LVF onset
pattern; (ii) similar LVF onset ictal discharges can be triggered by optical activation of PV-
and SOM-positive interneurons; (iii) in contrast, ictal discharges triggered by CaMKII-
pyramidal cell stimulation are associated with a HYP onset pattern; and (iv) specific HFO
patterns characterized these two types of seizure onset as ripples predominated at the onset of

LVF seizures while fast ripple rates were higher at the onset of HYP seizures.

3.5.1. Activation of the inhibitory or excitatory network can lead to ictal discharges

It is well established that 4AP blocks Kv1 channels thus increasing action potential duration
in both excitatory and inhibitory neurons (Zhang and McBain, 1995), which leads to
epileptiform activity (Smart et al., 1998). We have shown here that the EC networks under
4AP treatment can be activated by opsin stimulation in either interneurons or principal cells.
However, we also discovered that activation of each specific cell population leads to ictal

discharges with a different onset pattern. Namely, seizure-like events with an LVF onset
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pattern can be triggered by interneuronal network activity; while triggering discharges with a
HYP onset pattern requires synchronous activation of glutamatergic principal cells as
previously suggested by in vivo studies (Bragin et al., 2005b; Lévesque et al., 2012b). These
results have not been reported in other in vitro models.

Several studies performed in the 1970s and 1980s have proposed that the initiation of focal
seizures depends on weakening or failure of inhibition, a process that should lead to an
uncontrolled increase in glutamatergic excitation (Ben-Ari et al., 1979; Ayala et al., 1970).
However, subsequent in vitro and in vivo experiments have shown that GABAergic
interneurons are not simply responsible for providing inhibitory control on brain networks
(Freund and Buzsaki, 1996); rather, GABAergic inhibitory signals can, paradoxically, favour
seizure initiation (Avoli et al., 1996a; Gnatkovsky et al., 2008; Grasse et al., 2013; Schevon et
al., 2012; Truccolo et al., 2011). Strong recruitment of interneurons, and the consequent
activation of postsynaptic GABA4 receptors, can indeed lead to epileptiform synchronization
and ictogenesis via several mechanisms that result from intracellular CI" accumulation and
include: (i) a positive shift in CI" reversal potential that makes GABA, receptor signalling
excitatory (Khalilov et al., 2005); and (ii) an increase in extracellular [K'] that is caused by
the activity of potassium chloride cotransporter-2 (KCC2) which extrudes both Cl" and K"
from the intraneuronal compartements (Viitanen et al., 2010). In addition, it has been reported
that excessive interneuron firing can result in depolarization block (Ziburkus et al., 2006) and
perhaps synchronize neuronal populations through rebound excitation (Gnatkovsky et al.,
2008; Jefferys et al., 2012d). Therefore, excessive activation of interneurons can very well be
sufficient to disrupt the excitation/inhibition balance within the neuronal network thus

triggering ictal-like discharges.
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3.5.2. Optogenetic activation of PV- and SOM-positive interneurons triggers LVF onset
seizures

We have recently reported that PV interneuron activation in a constitutive model of ChR2
expression triggered LVF onset ictal discharges (Shiri et al., 2015). Here, we have confirmed
the contribution of PV interneurons to LVF discharges using a novel strain with a PV-Cre
background in which we provided the enhanced ChR2 opsin, ChETA, using a stereotaxic
virus injection procedure. In addition, as recently reported by Yekhlef ez al., (2015), we found
that the optogenetic activation of SOM interneurons in EC is also sufficient to trigger LVF
onset events.

Since previous studies have shown that GABA application to the dendrites induces
depolarizing responses while its application to the soma results in hyperpolarization, (Alger
and Nicoll, 1982; Andersen et al., 1980; Misgeld et al., 1986; Perreault and Avoli, 1991) we
anticipated differences in the ability of somatic-targeting PV and dendritic-targeting SOM
interneurons to trigger ictal discharges in the EC network. In addition, PV interneurons
innervate twice as many principal cells as other interneurons and receive more local excitatory
input, (Krook-Magnuson et al., 2013) therefore we expected these cells to play more
preponderant roles compared to other interneuron types in triggering of ictal discharges.
However, we found that activation of either fast-spiking PV cells or non-fast-spiking SOM
cells are equally effective in triggering ictal discharges with a LVF onset pattern. This may be
partially explained by the fact that SOM interneurons are extensively coupled via gap
junctions and fire more readily in response to convulsive agents like 4AP (Lillis et al., 2012).

Also, CI" accumulation is greater and faster in smaller dendritic compartments in comparison
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to larger somas, thus allowing GABAergic activity to become depolarizing (Ellender et al.,
2014). Finally, activation of both PV and SOM interneurons leads to the release of GABA
which has been shown to result in an increase in extracellular [K'] regardless of target

compartments (Barolet and Morris, 1991).

3.5.3. Optogenetic activation of CaMKII-positive neurons triggers HYP onset seizures

It has been proposed that LVF and HYP seizures depend on the activity of distinct neural
networks (Bragin et al., 2009; Lévesque et al., 2012b; Memarian et al., 2015). Accordingly,
we have recently reported that systemic injection of the GABA, receptor antagonist
picrotoxin in vivo induces seizures characterized by a HYP onset pattern while seizures
induced by 4AP in these experiments are most often characterized by an LVF seizure onset
pattern (Salami et al., 2015b). This evidence is in line with in vitro work performed on human
tissue where it was shown that pyramidal cell firing and therefore, glutamatergic mechanisms
herald the onset of HYP seizures (Huberfeld et al., 2011). Indeed, we have shown here that
repetitive optogenetic activation of CaMKII-positive principal cells in the EC is sufficient to
switch the 4AP-induced LVF onset discharges to HYP onset discharges.

In line with the in vivo observations reported in the pilocarpine TLE model (Lévesque et al.,
2012b), we found that LVF onset discharges lasted longer than HYP onset discharges. The
cellular and pharmacological mechanisms responsible for such different duration remain to be
elucidated; however, it has been proposed that this could result from the fact that HYP onset
discharges often arise from the hippocampal region whereas LVF onset discharges often start
in parahippocampal regions including the EC (Bragin et al., 2009; Memarian et al., 2015;

Velasco et al., 2000a). Our data, obtained from the same structure, suggest that the
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involvement of glutamatergic signalling results in shorter periods of epileptiform
synchronization. Further studies are, however, needed to confirm this hypothesis.

It is worthy to note that LVF and HYP are not the only two seizure onset patterns identified in
TLE (Alarcon et al., 1995; Pacia and Ebersole, 1997; Perucca et al., 2014; Wetjen et al.,
2009). We also recorded spontancous ictal events that did not clearly fall in either of these
two categories; these ictal discharges were however rare and were thus excluded from our
analysis as we were interested in the mechanisms underlying LVF and HYP seizure onset

patterns.

3.5.4. High-frequency oscillations associated with LVF and HYP onset seizures

Evidence obtained from in vitro (Khosravani et al., 2005) and in vivo (Bragin et al., 2005b;
Lévesque et al., 2012b) animal models as well as from epileptic patients (Zijlmans et al.,
2009) indicate that HFO rate of occurrence increases shortly before the appearance of ictal
activity and remains high throughout. Ripples occur when inhibitory interneurons entrain
pyramidal cells and other interneurons into a rhythmic pattern of firing (Ylinen et al., 1995).
Indeed, we found that optogenetic stimulation of interneurons that triggered LVF onset
discharges were associated with higher ripple rates at onset. Fast ripples on the other hand are
thought to rely on population spikes arising from hypersynchronous firing of small groups of
principal neurons (Jiruska et al., 2010c). As expected, we found higher fast ripple rates at the
onset of ictal discharges with a HYP pattern triggered by optogenetic activation of CaMKII-
positive principal cells in the EC. Our results therefore suggest that HFOs in different
frequency bands during distinct seizure onset patterns reflect dynamic processes that may rest

on the functional organization of specific types of neuronal clusters (Bragin et al., 1999b;
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Engel et al., 2009b; Lévesque et al., 2012b). However further investigation is required to
confirm these presumptions since oscillatory frequency alone is not sufficient to distinguish

between different pathological HFOs (Menendez de la Prida and Trevelyan, 2011).

3.6. Conclusions

Our results demonstrate the contribution of two types of GABAergic interneurons to LVF
onset discharges. We also discovered the ability to switch 4AP-induced LVF onset discharges
to HYP discharges by optogenetic activation of a local pool of principal glutamatergic cells in
EC. These findings can provide insight for clinicians to delineate better therapeutic targets in
the treatment of TLE depending on seizure onset patterns and the associated HFOs.
Additional studies should investigate the effect of optogenetic inhibition of these interneurons

or principal cells in modulating ictal discharge progression.
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3.7. Figures
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Figure 3.1. LVF ictal discharges can occur spontaneously or be triggered by optogenetic
activation of PV-interneurons. A: Spontancous ictal discharges occurring during bath
application of 4AP; one event is further expanded to show the onset pattern (asterisk). B: Ictal
discharges evoked by 1 s light pulses at 0.2 Hz during bath application of 4AP; one of these
events is further expanded to compare the onset patterns (asterisk). Note that in both A and B,
the ictal discharge is preceded by one or two negative-going interictal field potentials
(arrows). C and D: Quantification of the duration and interval of occurrence of the

spontaneous and stimulated ictal events recorded in these experiments (* indicates p < 0.05).
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Figure 3.2
A C
20 mvV 50 mV
-70 mV
Field
05s 0.1 mV
B
I O T0s
J I
50 mV
) |“ " A
J I
‘M | WWWWWMWWWW] 0.1 mV
T e =

1s

Figure 3.2. Optogenetic activation of PV-interneurons in the whole-cell configuration
triggers LVF ictal discharges. A: Electrophysiological characterization of an EC fast-
spiking PV-interneuron during injection of hyperpolarizing and depolarizing current pulses
(membrane potential (Vm) = -70 mV; parameters of the intracellular current pulses = 600 ms,
-200 and 160 pA; membrane resistance (Ry) = 121 MQ; access resistance (R,) = 36 MQ). B:
Responses generated by the same cell as in A to 1 s light pulses delivered at three-minute
intervals. Note that similar action potential discharges are generated over time. C:
Optogenetic activation of this interneuron (and of the concomitant LVF ictal discharge) by a
train of 1 s light pulses at 0.2 Hz. The onset of the ictal event is expanded below to further

reveal the LVF pattern.
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Figure 3.3
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Figure 3.3. LVF ictal discharges can also be triggered by optogenetic activation of SOM-
interneurons. A: Spontaneous ictal discharges occurring during bath application of 4AP; one
of the events is further expanded to show the onset pattern (asterisk). B: Ictal discharges
evoked by a 30 s train of 1 s light pulses at 0.2 Hz during bath application of 4AP; one of the
events is further expanded to compare the onset patterns (asterisk). Note that in both A and B,
ictal discharges are preceded by one or two negative-going interictal field potential (arrows).
C and D: Duration and interval of occurrence of spontaneous and stimulated ictal events are
quantified (* indicates p < 0.05). Note that we were able to trigger ictal discharges at higher
frequencies that what occurs spontaneously. E: Example 4AP-induced interictal discharges
and ictal discharge triggered by trains of 1 s light pulses; bath application of 50 uM picrotoxin
and 4 uM CGP55845 blocked all ictal discharges and responses to stimuli (see expanded

example).
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Figure 3.4. HYP ictal discharges can be triggered by optogenetic activation of CaMKII-
principal neurons. A: Spontaneous ictal discharges occurring during bath application of
4AP; one of the events is further expanded to show the onset pattern (asterisk). B: Ictal
discharges evoked by 20 ms light pulses at 2 Hz during bath application of 4AP; one of these
events is further expanded to compare the onset pattern (asterisk). Note that in B, the ictal
discharge is preceded by repeated spiking that are characteristic of HYP seizure onset (one of
these spikes is indicated by an arrow). C and D: Plots of the duration and interval of
occurrence of spontaneous and stimulated ictal events. Note that the stimulated HYP onset
discharges were shorter than the spontanecous LVF discharges (* indicates p < 0.05; **

indicates p <0.01).
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Figure 3.5. Optogenetic activation of CaMKII-principal cells in the whole-cell
configuration triggers HYP ictal discharges. A: Electrophysiological characterization of an
EC CaMKII-neuron during injection of hyperpolarizing and depolarizing current pulses (Vm
= -70 mV; characteristics of the intracellular current pulses = 600 ms: -200 and 160 pA; R, =
87 MQ; R, = 26 MQ). B: Successive responses to 20 ms light pulses recorded from the same
cell at three-minute intervals. Note that similar action potential discharges are generated over
time. C: Firing pattern of a principal cell during a 4AP-induced spontaneous LVF onset ictal
discharge. Note that the principal cell is quiescent at the onset of the LVF discharge. D:
Optogenetic activation of a CaMKII-positive neuron (and of the concomitant HYP ictal
discharge) by a train of 20 ms light pulses at 2 Hz. The onset of the ictal event is expanded

below to further reveal the HYP pattern.
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Figure 3.6. Blockade of glutamatergic neurotransmission abolishes both spontaneously
occurring and optogenetic-induced ictal events. A: Example of an ictal discharge induced
by a train of 1 s light pulses at 0.2 Hz that activate PV-positive interneurons in the EC during
bath application of 4AP; a light-induced interictal discharge is expanded on the right
(asterisk). Note that bath application of 5 uM CPP and 5 uM CNQX block all ictal discharges
while light-driven presumptive GABAergic interictal event could be still evoked. B: Example
of an ictal discharge induced by a train of 20 ms light pulses at 1 Hz activating CaMKII-
positive principal cells in the EC during bath application of 4AP; part of the trace is further
expanded to show the direct responses to stimuli (asterisk). In this experiment as well, bath
application of 5 uM CPP and 5 uM CNQX abolishes spontaneous and light-induced ictal
discharges; under these condition, spontancous GABAergic discharges could however be
recorded (arrow). Note that the small deflections in the field potential trace coinciding with

stimuli are stimulation artefacts.
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Figure 3.7. Specific patterns of HFOs characterize LVF and HYP onset ictal discharges.
Average rate of ripples (R) and fast ripples (FR) are plotted over time for spontancous 4AP-
induced (left) and optogenetically stimulated (right) ictal discharges in PV, SOM, and
CaMKII slices (n = 10 events for each plot). Wideband recordings of spontaneous and
stimulated ictal discharges were filtered to detect HFOs throughout the event from the onset
(0 % Progression) to the end of the ictal discharge (100% progression). Note that ripple rates
predominate in the LVF onset discharges; whereas fast ripple rates are higher at the onset of

HYP discharges triggered by CaMKII-cell stimulation (* indicates p <0.01).
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Chapter 4: Optogenetic low-frequency stimulation of

specific neuronal populations abates ictogenesis

Shiri Z, Lévesque M, Frédéric Manseau, Guillaume Etter, Williams S, Avoli M. Journal

of Neuroscience, submitted.

In Chapters 2 and 3, I investigated the contributions of different cell populations to the onset
of common seizure patterns observed in mesial temporal lobe epilepsy. For the final study
included in my thesis, I wanted to slightly shift gears and explore the ability of optogenetic
low-frequency stimulation to abate seizures in real-time. The rationale for such intervention is
supported by experimental evidence obtained from in vivo rodent models of mesial temporal
lobe epilepsy where low-frequency stimulation of the ventral hippocampal commissure was
shown reduce seizure frequency. Therefore, here we used the optogenetic stimulation of
calcium/calmodulin-dependent protein kinase II-positive principal cells and of parvalbumin-
or somatostatin-positive interneurons at 1 Hz to compare, for the first time, the effects
induced by activation of these specific cell subtypes on 4-aminopyridine-induced ictal
discharges generated from the entorhinal cortex in an in vitro brain slice preparation. This
work has been submitted to Journal of Neuroscience as a manuscript entitled “Optogenetic

low-frequency stimulation of specific neuronal populations abates ictogenesis”.
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4.1. Abstract

Despite many advances made in understanding the pathophysiology of epileptic disorders,
seizures remain poorly controlled in approximately one third of mesial temporal lobe epilepsy
patients. Here, we established the efficacy of cell type-specific low-frequency stimulation
(LFS) in controlling ictogenesis in the mouse entorhinal cortex (EC) in an in vitro brain slice
preparation. Specifically, we used 1 Hz optogenetic stimulation of Ca**/calmodulin-dependent
protein kinase II-positive principal cells as well as of parvalbumin- or somatostatin-positive
interneurons to study the effects of such repetitive activation on epileptiform discharges
induced by 4-aminopyridine. We found that 1 Hz stimulation of any of these cell types
reduced the frequency and duration of ictal discharges in some trials, while completely
blocking them in others. The field responses evoked by the stimulation of each cell type
revealed that their duration and amplitude were higher when principal cells were targeted.
Furthermore, following a short period of silence ranging from 67 to 135 s, ictal discharges
were re-established with similar duration and frequency as before stimulation; however, this
period of silence was longer following principal cell stimulation compared to parvalbumin- or
somatostatin-positive interneuron stimulation. Our results show that LFS of either excitatory
or inhibitory cell networks in EC are effective in controlling ictogenesis. Although
optogenetic stimulation of either cell type significantly reduced the occurrence of ictal
discharges, principal cell stimulation resulted in a more prolonged suppression of ictogenesis

and thus, it may constitute a better approach for controlling seizures.
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4.2. Introduction

Mesial temporal lobe epilepsy is the most common form of focal epilepsy in adulthood and
involves seizures arising from limbic structures such as the hippocampus and the rhinal
cortices (Gloor, 1997). It is also one of the most refractory forms of epilepsy since up to 75%
of patients do not achieve adequate seizure control through medication (Jallon, 1997);
therefore, costly, at times impractical, surgical resection of the epileptic tissue remains the
only therapeutic alternative in these cases (Blume and Parrent, 2006; Wiebe, 2004). An
alternative approach for treating patients with intractable epilepsy rests on low-frequency
stimulation (LFS) that can be delivered through either transcranial magnetic or deep-brain
electrical procedures (Fisher and Velasco, 2014). The rationale for such intervention is
supported by experimental evidence obtained from in vivo rodent models of mesial temporal
lobe epilepsy where LFS of the ventral hippocampal commissure reduces seizure frequency
(Kile et al., 2010; Rashid et al., 2012).

It is also known that CA3-driven interictal activity controls the entorhinal cortex (EC)
propensity to generate ictal discharges in vitro (Barbarosie and Avoli, 1997; Bragdon et al.,
1992). In addition, when inputs from the CA3 are removed by cutting the Schaffer collaterals,
electrical stimuli delivered in the subiculum at frequencies similar to those of CA3-driven
interictal discharges decrease epileptiform synchronization in the EC (Barbarosie and Avoli,
1997); indeed, it has been shown that 1 Hz stimulation frequency exhibits maximal efficacy in
reducing ictogenesis in the EC (D’Arcangelo et al., 2005). However, despite the temporal and
spatial control offered by electrical or magnetic LFS, these procedures lack cell-specificity
thus presumably limiting their anti-ictogenic efficacy. This drawback can now be addressed

using optogenetic techniques (Yizhar et al., 2011) that have been recently employed as
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potential therapeutic tools for controlling seizures (Bui et al., 2015; Wykes et al., 2015).
Overall, there are two approaches used in this context. One is to employ the optogenetic
inhibition of excitatory principal cells expressing halorhodopsin; experiments using this
approach have revealed attenuation of epileptiform activity in vivo (Krook-Magnuson et al.,
2013) and in vitro (Tennesen et al., 2009) preparations. The second strategy is to increase the
activity of inhibitory interneurons expressing channelrhodopsin-2 (Kokaia et al., 2013);
optogenetic activation of hippocampal interneurons has been shown to attenuate seizures in
vivo (Krook-Magnuson et al., 2013), while low-frequency activation of GABAergic cells in
the CA3 hippocampal subfield controls 4-aminopyridine (4AP)-induced ictal discharges in
vitro (Ladas et al., 2015; Ledri et al., 2014).

It remains to be established whether low frequency activation of principal cells results in
attenuation or strengthening of ictal synchronization. Also, most of the studies reviewed
above focused on the effects of optogenetic stimulation on epileptiform activity in the
hippocampus, and thus it is unknown whether optogenetic activation of specific neuron
subtypes in parahippocampal structures such as the EC can control epileptiform
synchronization as well. The EC is an epileptogenic area that is highly interconnected with the
hippocampus (Canto et al., 2008; Gloor, 1997; Rutecki et al., 1989). Therefore, in this study
we used optogenetic stimulation of Ca®"/calmodulin-dependent protein kinase II (CaMKII)-
positive principal cells and of parvalbumin (PV)- or somatostatin (SOM)- positive
interneurons at 1 Hz to compare, for the first time, the effects induced by activation of these
specific cell subtypes on 4AP-induced ictal discharges generated from the transgenic mouse

EC in an in vitro brain slice preparation.
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4.3. Materials and Methods

4.3.1. Animals

All procedures were performed according to protocols and guidelines of the Canadian Council
on Animal Care and were approved by the McGill University Animal Care Committee.
CaMKII-Cre (Jackson Laboratory, B6.Cg-Tg(Camk2a-cre)T29-1Stl/J, stock number 005359),
PV-Cre (Jackson Laboratory, B6;129P2-pvalb™’ (erodrbryy - stock number 008069), and SOM-
Cre (Jackson Laboratory, Ssttm?2.1(cre)Zjh/], stock number 013044) homozygote mouse
colonies were bred and maintained in house in order to generate pups that were used in this

study.

4.3.2. Stereotaxic virus injections

Six CaMKII-Cre, seven PV-Cre, and four SOM-Cre male or female pups were anesthetized at
P15 using isoflurane and positioned in a stereotaxic frame (Stoelting). AAVdj-ChETA-eYFP
virus (UNC Vector Core) was delivered in the EC (0.6 uL at a rate of 0.06 uL/min). Injection
coordinates were: AP -4.00 mm , ML +/- 3.60 mm, DV -4.00 mm. The transverse sinus was
used as a point of reference, and the injection needle was inserted with a 2° anteroposterior
angle. After completion of the surgery, pups were given a single injection of carprofen (20
mg/kg, SC) and placed on a heat pad for 30 minutes to allow recovery. Pups were then

returned to their home cage.

4.3.3. Slice preparation
Mice were deeply anesthetized with inhaled isoflurane and decapitated at P30-40. Brains were

quickly removed and immersed in ice-cold slicing solution containing (in mM): 25.2 sucrose,
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10 glucose, 26 NaHCO3, 2.5 KCl1, 1.25 KH,PO4, 4 MgCl,, and 0.1 CaCl, (pH 7.3, oxygenated
with 95% 0,/5% CO,). Horizontal brain slices (thickness = 400 um) containing the EC were
cut using a vibratome (VT1000S, Leica) and incubated for one hour or more at room
temperature in a slice saver filled with oxygenated artificial cerebrospinal fluid (aCSF) of the
following composition (in mM): 125 NacCl, 25 glucose, 26 NaHCO3, 2 KCl, 1.25 NaH,PO4, 2

MgCl,, and 1.2 CaCl,.

4.3.4. Electrophysiological recordings and photostimulation

Brain slices were transferred to a submerged chamber where they were perfused with
oxygenated aCSF (KCI and CaCl, adjusted to 4.5 and 2 mM, respectively) at a rate of 10-15
mL/min atn 30 °C. Field potentials were recorded with aCSF-filled microelectrodes (1-2 MQ)
positioned in the EC deep layers in the presence of 4AP. Signals were recorded with a
differential AC amplifier (AM systems), filtered online (0.1-500 Hz), digitized with a
Digidata 1440a (Molecular Devices) and sampled at 5 kHz using the pClamp software
(Molecular Devices). For ChETA excitation, blue light (473 nm, intensity 35 mW) was
delivered through a custom-made LED (Luxeon) system coupled to a 3 mm wide fiber optic
(Edmund Optics), placed above the recorded area. For optogenetic activation of CaMKII-
positive principal cells and PV- or SOM- positive cells, light pulses (1 ms duration) were
delivered at 1 Hz for 180 s with a 220 s interval between stimulating protocols. Reagents were

obtained from Sigma-Aldrich.
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4.3.5. Data analysis

Rate of ictal discharges were computed based on the number of ictal discharges (per min) that
occurred during 1 Hz stimulation compared to the number of ictal discharges (per min) that
occurred during periods of no stimulation. Ictal recovery time was measured from the end of
the last optogenetic pulse to the start of the next ictal discharge. To quantify the responses to
optogenetic pulses, we measured the delay, amplitude, and duration of each response. The
delay of each response was measured from the time the LED was on until the time the first
deflection from baseline occurred. The negligible artifacts that occurred during the 1 ms pulse
were not considered in the response onset. The amplitude of each response was measured as
the peak minus the trough of the resulting waveform. The duration of the response was

measured from the first deflection from baseline until the return to baseline.

4.4. Results

As described in Shiri et al. (2016), 4AP application in slices obtained from the three types of
transgenic mice induced spontaneous epileptiform activity with similar electrographic
characteristics. The average intervals of spontaneous ictal discharge occurrence were 110.23 +
6.24, 153.46 + 9.51, and 145.43 = 11.14 s in CaMKII, PV, and SOM mice, respectively (not
significantly different). Furthermore, the average duration of ictal discharges obtained from
approximately 140 events per transgenic type were 52.85 + 1.58, 56.45 + 1.31, and 55.67 +

1.02 s in CaMKII, PV, and SOM mice, respectively (not significantly different).
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4.4.1. Optogenetic activation of CaMKII-positive neurons

First, we used brain slices (n = 7) obtained from transgenic mice expressing the ChETA opsin
in CaMKII-positive principle cells in the EC; spontaneous ictal discharges were recorded in
all experiments during continuous perfusion with 4AP-containing aCSF (Figure 1Aa).
Optogenetic stimulation of CaMKII-positive principal cells using 1 ms light pulses at 1 Hz for
180 s disrupted this ictal activity and significantly reduced its rate of occurrence from 0.31 +
0.06 to 0.11 £+ 0.03 discharges per min (60% reduction; p < 0.05; Figure 1B). In 51% of the
optogenetic stimulation trials (n = 21), an initial ictal discharge of shorter duration (p < 0.01;
Figure 1C) was elicited and was followed by stimulation-induced field potentials (Figure
1Ab). In the remaining recordings (n = 20), 1 Hz stimulation of principal cells was effective
in blocking ictal discharges for the entire duration of the session (Figure 1Ac). It should be
emphasized that partial or full blockade of ictal discharges during stimulation of CaMKII-
positive principal cells could occur in different sessions performed in the same slice.
Following termination of this stimulation paradigm, ictal activity recovered to control (pre-
stimulation) conditions within 135.35 + 12.49 s in both outcomes with similar duration, rate

of occurrence, and electrographic pattern (Figures 1A and 4).

4.4.2. Optogenetic activation of PV-positive interneurons

Next, we used brain slices (n = 7) obtained from transgenic mice expressing the opsin in PV-
positive interneurons in the EC. As illustrated in Figure 2, optogenetic stimulation of PV-
positive interneurons using the same stimulation paradigm as for principal cell stimulation (1
ms light pulses at 1 Hz for 180 s) significantly reduced the rate of spontanecous ictal

discharges from 0.25 = 0.01 to 0.12 + 0.01 discharges per min (51% reduction; p < 0.01;
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Figure 2B). PV-positive interneuron stimulation resulted in ictal discharges of shorter
duration (p < 0.01; Figure 2C) followed by direct responses to optogenetic stimulation in 17%
of trials (n = 4; Figure 2Ab). In 83% of trials (n = 19), optogenetic stimulation of PV-
interneurons only elicited brief field potentials while blocking ictal events for the duration of
the recording (Figure 2Ac). Ictal activity in this series of experiments recovered within 67.93

+ 6.90 s (Figure 4) with a similar rate of occurrence and a shorter duration (p < 0.05).

4.4.3. Optogenetic activation of SOM-positive interneurons

In a final set of experiments, we used slices (n = 6) obtained from transgenic mice expressing
the opsin in SOM-positive interneurons in the EC. Optogenetic stimulation of SOM-positive
interneurons using 1 ms light pulses at 1 Hz for 180 s significantly reduced the rate of 4AP-
induced ictal discharges from 0.34 + 0.04 to 0.16 + 0.03 discharges per min (49% reduction; p
< 0.01; Figure 3B). In all successful trials (n = 15), 1 Hz stimulation of SOM-interneurons
was effective in blocking ictal discharges for the entire duration of the recording (Figure
3Ab). Following this stimulation paradigm, ictal activity recovered on average within 70.45 +
23.50 s and with a similar duration and pattern of occurrence as seen before stimulation
(Figure 3A and 4). As illustrated in Figure 4, ictal discharges reappeared significantly earlier
following PV-interneuron (p < 0.01) and SOM-interneuron (p < 0.05) stimulation compared

to principal cell stimulation.

4.4.4. Characterization of field responses to optogenetic stimulation
To examine the electrographic properties of the field potentials evoked by the different

optogenetic stimulation procedures, we superimposed 180 consecutive responses per group
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(grey traces; Figure 5A). The average delay of the responses from stimulation onset was
comparable in each group (Figure 5B). The average field potential amplitude was highest (p <
0.01) in the CaMKII group at 0.41 £ 0.02 mV and lowest (p < 0.01) in the SOM group at 0.02
+ 0.00 mV (Figure 5C). The average durations of the responses were 0.20 = 0.01 s in the
CaMKII group, 0.26 £ 0.02 s in the PV group (p < 0.01), and 0.19 £ 0.02 s in the SOM group

(Figure 5C).

4.5. Discussion

We used an optogenetic approach of LFS in the EC to investigate the role of local interneuron
subtypes and for the first time, of principal cells, in the process of stimulus-induced
suppression of ictogenesis during application of 4AP. The main findings of our study can be
summarized as follows: (i) 4AP-induced ictal discharges had similar features in slices
obtained from the three transgenic mice used in this study; (ii) using the same experimental
parameters, optogenetic LFS of CaMKII-positive principal cells and PV- or SOM-positive
interneurons in EC significantly reduced the rate of 4AP-induced ictal discharges; (iii)
optogenetic stimulation applied to principal cells had a longer lasting effect in suppressing
ictal discharges once stimulation was aborted.

Evidence obtained from rodent models of temporal lobe epilepsy have shown that LFS can
reduce both excitability and seizure frequency (Barbarosie and Avoli, 1997; D’ Arcangelo et
al., 2005; Kile et al., 2010; Rashid et al., 2012). However, it remained unclear whether this
effect could be attributed to excitatory or inhibitory neurons or other cells of the central

nervous system, as electric stimuli do not discriminate between different cell types. Using



74

optogenetic stimulation, we showed that activation of either principal cells or interneurons is
effective in disrupting synchronicity and reducing seizure activity in the 4AP model in vitro.
We have found here that 4AP-induced ictogenicity in EC is depressed by repetitive
stimulation of interneurons using 1 ms pulses at 1 Hz. These results are in line with other in
vitro studies where it was shown that electrical stimuli (Barbarosie and Avoli, 1997;
Barbarosie et al., 2002; Benini et al., 2003) and optogenetic stimuli (Krook-Magnuson et al.,
2013; Ladas et al., 2015; Ledri et al., 2014) delivered at low frequencies can reduce and block
ictal discharge generation. The novel finding of our study however, is that low frequency
stimulation of principal cells in the EC is also effective in temporarily blocking ictal
discharges. This finding is rather surprising as other studies have previously shown that
inhibition of excitatory cells in the hippocampus results in an anti-ictogenic action (Krook-
Magnuson et al., 2013; Tennesen et al., 2009). Specifically, Tennesen et al. (2009)
demonstrated that selective hyperpolarization of CaMKII-positive neurons in the
hippocampus is effective in attenuating stimulation-train induced bursting. The differences
observed in these studies and ours may be attributed to the different models of
hyperexcitability used and the different structures being studied.

It may seem untenable that repeated stimulation of both principal cells and interneurons can
play a protective role against ictal discharge generation. However, the common feature in
these experiments is that we are increasing neuronal spatial synchrony by stimulating at low
frequencies and thus protecting against ictogenesis (Schindler et al., 2007; Timofeev and
Steriade, 2004). Selective activation of interneuron subtypes or principal cells induces
rebound or direct excitatory bursting in the principal cell network thus causing entrainment

and consequently an overall suppression of hyperactivity (Ladas et al., 2015). Furthermore,
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previous studies have shown that repetitive stimulation can restrain ictal discharge generation
in EC by clamping GABA-mediated potentials that lead to large elevations in extracellular
potassium levels which can then initiate ictal discharges (Barbarosie et al., 2002; Eng and
Kocsis, 1987). This hypothesis is supported by experiments that showed elevations in
extracellular potassium induced by electrical stimulation delivered at 0.5 Hz is significantly
lower than those induced by stimuli delivered at or lower than 0.1 Hz (Avoli et al., 2013a).
These transient increases in extracellular potassium due to GABA, receptor activation can be
reproduced theoretically with any of the three procedures used in this study, either directly
(through interneuron stimulation) or indirectly (through principal cell stimulation).

Our results show that recovery of spontaneous 4AP-induced ictal discharges took longer in
experiments where the optogenetic stimulation targeted principal cells rather than
interneurons. This may be due to the morphology of interneurons and the large pool of local
principal cells that they target (Vereczki et al., 2016) which presumably causes a larger
rebound activation and synchronization in the target excitatory cells. This orchestrated
synchronization could explain why ictal discharges recover sooner in experiments where
interneurons are the target of stimulation.

In conclusion, we have discovered that LFS of specific cell populations, principal cells or
interneuron subtypes, can reliably shorten or delay seizures in vitro presumably by disrupting
synchronicity. It remains unclear whether these stimulation paradigms can control ictogenesis
when applied to other in vitro models and more importantly whether low-frequency
optogenetic stimulation can modulate ictogenesis and epileptogenesis in models in vivo.

However, our work suggests that optogenetic LFS targeting a single cell population at a time
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can address the limitations of classic LFS techniques and may thus constitute a more reliable

means for controlling seizures in patients that present with focal seizures.
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Figure 4.1. Optogenetic activation of CaMKII-positive principal cells reduces ictal
discharges. A: (a) Spontaneous ictal discharges can be recorded from the EC following 4AP
administration (Control). A series of 200 s protocols were applied sequentially where we
stimulated CaMKII cells using 1 ms pulses at 1 Hz for 180 s (Stim) followed by gap-free
recordings of similar duration where we recorded the post-stimulus 4AP-induced network
activity (Post-stim); (b) in 51% of stimulation trials, a brief ictal discharge was elicited
followed by stimulation-induced field potentials (n = 21). The gap between the stimulation
and post-stimulation recordings was 4 s; (c) in 49% of stimulation trials, ictal discharges were
completely blocked (n = 20). The gap between the stimulation and post-stimulation
recordings was 3 s. In both (b) and (c), the network fully recovers once the optogenetic
stimulation is aborted and can generate ictal discharges once again. B: The rate of ictal
discharges was 0.31 £+ 0.06 discharges per min in the control and post-stim recordings and
0.11 £ 0.03 discharges per min in the stim recordings. C: The duration of ictal discharges in
control and post-stim conditions were 51.94 + 2.63 s and 46.08 + 2.42 s respectively. The
duration of ictal discharges that occurred during stim were significantly shorter at 34.13 +

2.21 s (* signifies p < 0.05; ** signifies p < 0.01).
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Figure 4.2. Optogenetic activation of PV-positive interneurons reduces ictal activity. A:
(a) Spontaneous (Control) ictal discharges recorded from the EC are shown. A series of 200 s
protocols were applied sequentially where we stimulated PV cells using 1 ms pulses at 1 Hz
for 180 s (Stim) followed by gap-free recordings of similar duration where we recorded the
post-stimulus 4AP-induced network activity (Post-stim); (b) in 17% of stimulation trials, a
brief ictal discharge was elicited (n = 4). The gap between the stimulation and post-
stimulation recordings was 3 s; (¢) in 83% of stimulation trials, ictal discharges were
completely blocked (n = 19). The gap between the stimulation and post-stimulation
recordings was 3 s. In both (b) and (c), the network fully recovers once the optogenetic
stimulation is aborted and can generate ictal discharges once again. B: The rate of ictal
discharges was 0.25 £+ 0.01 discharges per min in the control and post-stim recordings and
0.12 £ 0.01 discharges per min in the stim recordings. C: The duration of ictal discharges was
72.55 £3.78 s in control, 24.67 £ 1.20 s in stim, and 57.40 + 5.03 s in post-stim conditions (*

signifies p < 0.05; ** signifies p < 0.01).
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Figure 4.3. Optogenetic activation of SOM-positive interneurons reduces ictal activity.
A: (a) Spontaneous (Control) ictal discharges recorded from the EC are shown. A series of
200 s protocols were applied sequentially where we stimulated SOM cells using 1 ms pulses
at 1 Hz for 180 s (Stim) followed by gap-free recordings of similar duration where we
recorded the post-stimulus 4AP-induced network activity (Post-stim); (b) in all stimulation
trials, ictal discharges were completely blocked (n = 15). The gap between the stimulation and
post-stimulation recordings was 4 s. Following stimulation, the network fully recovers and
can generate ictal discharges once again. B: The rate of ictal discharges was 0.34 + 0.04
discharges per min in the control and post-stim recordings and 0.17 &+ 0.03 discharges per min
in the stim recordings. C: The duration of ictal discharges was 70.40 £+ 4.49 s in control and

71.35 £ 3.44 s in post-stim conditions (** signifies p < 0.01).
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Figure 4.4
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Figure 4.4. Recovery of ictal discharges. Bar graph depicting the average amount of time
taken for ictal discharges to reappear following repetitive optogenetic stimulation of CaMKII,
PV, or SOM neurons. Note that ictal discharges recovered significantly sooner when

interneurons were the target of stimulation (* signifies p < 0.05; ** signifies p <0.01).
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Figure 4.5. LFP transients evoked by optogenetic stimulation. A: Overlap (grey traces)
and average (black trace) of 180 consecutive field responses to (a) CaMKII-cell stimulation,
(b) PV-cell stimulation, and (¢) SOM-cell stimulation using 1 ms light pulses. B: Bar graph
showing the average delay of the field responses measured from the onset of the light pulses.
C: Bar graph showing the amplitude of field responses evoked by 1 ms light pulses in each
group. D: Bar graphs showing the duration of optogenetically induced field responses in each

group (** signifies p < 0.01).



86

Chapter S: General Discussion

In this final chapter, I will summarize the main findings reported in my thesis. First, I will
discuss the significance of my findings as well as the limitations of the experiments that I

have performed. Second, I will define possible directions for future studies.

5.1. Summary of the findings
Contrary to the common, original view that considers a decrease or loss of inhibition as the
primary contributor to ictogenesis, many studies have repeatedly demonstrated that
GABAergic mechanisms in addition to glutamatergic mechanisms can actively contribute to
pathological oscillations and epileptiform activity. Indeed, there is a growing body of
evidence that distinct cellular mechanisms and brain regions mediate different seizure onset
patterns. My graduate studies were focused on deciphering the contributions of different cell
populations to epileptiform activity in the in vitro 4AP model using the powerful optogenetic
technique. The main findings of my studies can be summarized as follows:

1. In Chapter 2 of this manuscript, I showed that GABA release due to the optogenetic
activation of PV-interneurons leads to LVF ictal discharges in vitro. First, I demonstrated
that during bath application of 4AP, EC neuronal networks generate ictal discharges that
are characterized in field recordings by an LVF onset pattern and can occur both
spontaneously or be triggered by PV-interneuron activation. Second, I triggered similar
events in the whole-cell configuration by optically activating PV-interneurons. Third, I
identified patterns of HFO occurrence that were similar during both types of ictal events

and were predominated by ripple rates. Finally, I showed that under conditions of
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GABAergic neurotransmission blockade, PV-interneuron stimulation could no longer
generate ictal discharges.

In Chapter 3 of my dissertation, I compared the role of somatic-targeting PV-interneurons
and dendritic-targeting SOM-interneurons in the initiation of LVF onset ictal discharges
(Freund and Buzséki, 1996). Interestingly, I found that optogenetic stimulation of either
interneuron subtype using the same stimulation paradigm can trigger ictal discharges with
LVF onset pattern features. In contrast, ictal discharges triggered by optogenetic
stimulation of CaMKII-positive principal cells in the same experimental conditions
presented with a HYP onset pattern. Furthermore, whole-cell recordings of a principal cell
during 4AP-induced LVF discharges show a brief period of quiescence at ictal onset
followed by increased cell firing; in contrast, robust principal cell firing can be recorded at
the onset of optogenetically-induced HYP discharges. Finally, I discovered that ripple
rates are higher than fast ripple rates at the onset of both spontaneous and optogenetically-
induced LVF onset events while fast ripple rates predominate at the onset of
optogenetically-induced HYP onset ictal discharges.

For the final study of my graduate work, elaborated in Chapter 4 of this thesis, I used an
optogenetic approach of LFS in the EC to investigate the role of local interneuron
subtypes and for the first time, of principal cells, in the process of stimulus-induced
suppression of ictogenesis during application of 4AP. Indeed, I found that using the same
experimental parameters, optogenetic LFS of CaMKII-positive principal cells, PV- or
SOM-positive interneurons in EC significantly reduced the rate of 4AP-induced ictal

discharges. Interestingly, optogenetic stimulation applied to principal cells had a longer
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lasting effect in suppressing ictal discharges once stimulation was aborted, as ictal
discharges took longer to recur in these experiments.
Collectively, my results demonstrate that under similar experimental conditions (i.e. during
4AP application): (i) the initiation of LVF and of HYP onset seizures in the EC depends on
the preponderant involvement of interneuronal and principal cell networks, respectively, and
that (ii) optogenetic LFS of either interneurons or principal cells can control 4AP-induced

ictogenesis in vitro.

5.2. GABAergic network and LVF onset discharges

Ictogenesis has classically been attributed to a shift in the balance between excitatory and
inhibitory neuronal activity towards more excitation. However, the mechanisms that underlie
this transition to seizure are not well understood. Several studies performed in the 1970s and
1980s have proposed that the initiation of focal seizures depends on weakening or failure of
inhibition, a process that should lead to an uncontrolled increase in glutamatergic excitation
(Ben-Ari et al., 1979; Avoli and Krnjevi¢, 2016; Ayala et al., 1970; Krnjevi¢ et al., 1970).
However, subsequent in vitro and in vivo experiments have shown that GABAergic
interneurons are not simply responsible for providing inhibitory control on brain networks
(Freund and Buzséki, 1996); rather, GABAergic inhibitory signals can, paradoxically, favor
seizure initiation (Avoli et al., 1996a; Gnatkovsky et al., 2008; Grasse et al., 2013; Schevon et
al., 2012; Truccolo et al., 2011).

Evidence gathered in the last three decades suggests that an interplay between principal cells
and interneurons is key in the emergence of seizures. Indeed, simultaneous whole-cell

recordings of excitatory and inhibitory neurons obtained from rat hippocampal slices in vitro
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(Ziburkus et al., 2006) and single unit recordings in vivo (Toyoda et al., 2015) have shown
that both cell types are active at specific time points throughout seizures. However, these
patterns of activity may differ between ictal discharges with different onset patterns and this
should be considered when administering anti-epileptic drugs (de Curtis and Gnatkovsky,
2009).

Our group has previously shown that the systemic administration of 4AP in vivo (Lévesque et
al., 2013a) and its bath application in vitro (Avoli et al., 2013b) induce LVF type seizures
with similar morphological features. Lévesque et al. (2013a) also reported that in vivo, 4AP
treatment induces sustained and rhythmic runs of theta oscillations that are thought to play a
role in ictogenesis (Butuzova and Kitchigina, 2008). These theta oscillations are presumably
caused by GABAergic inputs to pyramidal cells as they are abolished by the GABA, receptor
antagonist, picrotoxin (Buzsaki, 2002). Electrophysiological data have also revealed a long-
lasting GABAergic potential that reflects the synchronous activity of interneurons at the onset
of LVF ictal discharges (Avoli and de Curtis, 2011a).

In Chapters 2 and 3, we showed that GABA release due to the local optogenetic activation of
PV or SOM-interneurons in the EC could trigger LVF ictal discharges with similar features as
those occurring spontaneously in the presence of 4AP. Strong recruitment of interneurons,
and the subsequent activation of postsynaptic GABA receptors, can thus lead to epileptiform
synchronization and ictogenesis via several mechanisms that result from intracellular CI'
accumulation and include: (i) a positive shift in CI” reversal potential that makes GABAA
receptor signaling excitatory (Khalilov et al., 2005); and (ii) an increase in extracellular [K']
that is caused by the activity of potassium chloride cotransporter-2 which extrudes both CI’

and K" from the intraneuronal compartments (Viitanen et al., 2010). In addition, it has been
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reported that excessive interneuron firing can result in depolarization block (Ziburkus et al.,
2006) and perhaps synchronize neuronal populations through rebound excitation (Gnatkovsky
et al., 2008; Jefferys et al., 2012d). Therefore, excessive activation of interneurons can very
well be sufficient to disrupt the excitation/inhibition balance within the neuronal network thus

triggering ictal-like discharges.

5.3. Glutamatergic network and HYP onset discharges

It has been proposed that LVF and HYP seizures depend on the activity of distinct neural
networks (Bragin et al., 2009; Lévesque et al., 2012b; Memarian et al., 2015). Accordingly, it
has been recently reported that systemic injection of the GABA, receptor antagonist
picrotoxin in vivo induces seizures characterized by a HYP onset pattern while seizures
induced by 4AP in these experiments are most often characterized by an LVF seizure onset
pattern (Salami et al., 2015b). This evidence is in line with in vitro work performed on human
tissue where it was shown that pyramidal cell firing and therefore, glutamatergic mechanisms
herald the onset of HYP seizures (Huberfeld et al., 2011).

The development of optogenetic techniques has allowed researchers to drive specific cell
populations with the aim of studying their contributions to seizure initiation in real-time.
Indeed, recent work has shown that repetitive optogenetic stimulation of hippocampal
CaMKII-positive neurons can evoke seizure-like after-discharges in an anesthetized rat model
(Osawa et al., 2013; Weitz et al., 2015). As elaborated in Chapter 3, I have demonstrated that
repetitive optogenetic activation of CaMKII-positive principal cells in the EC is sufficient to

switch the 4AP-induced LVF onset discharges to HYP onset events supporting the hypothesis
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that glutamatergic mechanisms are largely at work in the emergence of these seizure onset
types.

My findings thus clearly identify the pivotal involvement of GABAergic interneurons in the
initiation and maintenance of LVF seizures and of glutamatergic neurons in the initiation and
maintenance of HYP seizures in the limbic system. This information can be of utmost
importance in designing more reliable and better-adapted treatments for controlling seizures
in MTLE patients, as these two patterns of ictal onset constitute the majority of patterns
detected in these patients. It is important to note that HYP onset events make up a very small
proportion of spontaneous ictal discharges detected in the in vitro 4AP model (but see
Kohling et al., 2016), which can potentially limit the translatability of my findings as they are
obtained from this very model. However, the broader implication of the study is to
demonstrate, using the powerful optogenetic technique, the existence of different mechanisms
underlying different ictal onset patterns which have been suggested based on various models
of ictogenesis and epileptogenesis. Future studies of these phenomena should pay closer
attention to the type(s) of ictal onset pattern(s) generated by the model being used so the

results can be interpreted in a clinically meaningful manner.

5.4. Optogenetic LFS hinders ictogenesis

Evidence obtained from rodent models of temporal lobe epilepsy have shown that LFS can
reduce both excitability and seizure frequency (Barbarosie and Avoli, 1997; D’ Arcangelo et
al., 2005; Kile et al., 2010; Rashid et al., 2012). However, it remained unclear whether this
effect could be attributed to excitatory or inhibitory neurons or other cells of the central

nervous system, as electric stimuli do not discriminate between different cell types. As



92

described in Chapter 4, I used a novel optogenetic method of low-frequency stimulation in the
EC to investigate the role of cortical principal cells or interneurons in disrupting synchronicity
and reducing seizure activity in the 4AP model in vitro. This approach was used as an
analogue to the classical electrical stimulation techniques used to control ictogenesis, with the
advantage of cell-type specificity to allow a closer examination of the mechanisms involved
in LFS-mediated network suppression.

Using this approach, I found that 4AP-induced ictogenicity in EC is depressed by repetitive
stimulation of interneurons using 1 ms pulses at 1 Hz. These results are in line with previous
in vitro studies where it was shown that electrical stimuli (Barbarosie and Avoli, 1997;
Barbarosie et al., 2002; Benini et al., 2003) and optogenetic stimuli in different limbic areas
(Krook-Magnuson et al., 2013; Ladas et al., 2015; Ledri et al., 2014) delivered at low
frequencies can reduce and block ictal discharge generation. The novel finding of my study
however, is that low frequency stimulation of principal cells in the EC is also effective in
temporarily blocking ictal discharges.

It may seem untenable that repeated stimulation of both principal cells and interneurons can
play a protective role against ictal discharge generation. However, the common feature in
these experiments is that we are increasing neuronal spatial synchrony by stimulating at low
frequencies and thus protecting against ictogenesis (Schindler et al., 2007; Timofeev and
Steriade, 2004). Selective activation of interneuron subtypes or principal cells induces
rebound or direct excitatory bursting in the principal cell network thus causing entrainment
and consequently an overall suppression of hyperactivity (Ladas et al., 2015). Furthermore,
previous studies have shown that repetitive stimulation can restrain ictal discharge generation

in EC by clamping GABA-mediated potentials that lead to large elevations in extracellular
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potassium levels which can then initiate ictal discharges (Barbarosie et al., 2002; Eng and
Kocsis, 1987). These transient increases in extracellular potassium due to GABA, receptor
activation can be reproduced theoretically with any of the three procedures used in this study,
either directly (through interneuron stimulation) or indirectly (through principal cell
stimulation).

I have discovered that LFS of specific cell populations, principal cells or interneuron
subtypes, can reliably shorten or delay seizures in vitro presumably by disrupting
synchronicity. It remains unclear whether these stimulation paradigms can control ictogenesis
when applied to other in vitro models and more importantly whether low-frequency
optogenetic stimulation can modulate ictogenesis and epileptogenesis in in vivo models.
However, this work suggests that optogenetic LFS targeting a single cell population at a time
can address the limitations of classic LFS techniques and may thus constitute a more reliable

means for controlling seizures in patients that present with focal seizures.

5.5. Concluding remarks

My findings clearly identify the pivotal involvement of GABAergic interneurons in the
initiation and maintenance of LVF seizures and glutamatergic neurons in the initiation and
maintenance of HYP seizures in the limbic system. Furthermore, using a different stimulation
paradigm in the same model, I demonstrated the ability of optogenetic LFS of either
interneurons or principal cells to control ictogenesis and to reduce the overall rate of ictal
discharges. Combining these results could help identify more efficacious antiepileptic
strategies aimed specifically at targeting GABAergic or glutamatergic neuronal networks. In

MTLE, seizure activity starts in a restricted region of the brain before evolving to the
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convulsive stage where the seizure manifests itself. This delayed progression provides a time
window for intervention before seizure onset. If the early seizure activity is detected, one
could optogenetically manipulate principal cells or interneurons to balance the network in
real-time and thus to potentially prevent seizure generation.

The in vitro slice preparation is a powerful tool that allows electrophysiologists to study
specific circuits and brain networks while controlling various experimental parameters,
visualizing brain structures, and applying pharmacological agents. In this way, experiments
conducted in brain slices allow a researcher to think outside the box and freely manipulate a
relatively steady setup. However, the brain slice preparation is undeniably oversimplified and
cannot be directly compared to in vivo models. First, the brain network under study is
incomplete and many projections are severed in this configuration. Second, slicing procedures
can be damaging to the tissue. Third, the artificial cerebrospinal fluid used to maintain these
slices in vitro do not mimic all the components of the natural milieu of the brain. Therefore,
the results obtained using this model and those presented in this thesis need to be confirmed in
other in vitro models, or better yet, in in vivo models using an intact brain in its natural
environment.

Nevertheless, my findings have helped clarify the mechanisms and neural connections
involved in generating different patterns of ictal activity and can aid in establishing better
treatments for epilepsy. In addition, paying attention to seizure onset patterns can potentially
lead to more efficacious anti-epileptic drugs and thus reduce the amount of trial and error
involved in this process. Alternatively, in the long run, the identification of optogenetic
stimulation protocols capable of influencing ictogenesis and epileptogenesis represents a new

window to the treatment of epilepsy. Although translating these results to humans is presently
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a distant reality, on-going advancements in the development of optogenetic approaches

suggests that such strategies might not be unlikely in the future.
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