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“Aut viam inveniam aut faciam”

1 will either find a way or I will make one.
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Preface

In this thesis, I describe the development of a novel neocortical optogenetic kindling model
of seizures and subsequent characterization of this model. Further work that I contributed to
such as a two-hit model which allows for accelerated seizure development and preliminary
experiments using ChR2 assisted circuit mapping, to investigate corresponding circuit

changes after seizure induction are also described.

The main novelty herein is the ability to target a defined cell population with light
in-vivo, without grossly damaging nearby tissue and induce seizures gradually over time in
initially healthy animals. Importantly, this is the only work to date to use optogenetics for
kindling and long-term monitoring in healthy awake behaving animals. Other work has relied
on induction of seizures using classical methods and/or genetic mutations or relying on acute
seizure induction. This model opens up new avenues of research into the study of
epileptogenesis such as the cell type specific contributions to plasticity that underlie the

transition from a healthy to a diseased state.
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Abstract

Epilepsy is a major neurological disorder that is under intense scientific and medical
investigation. The emergence of seizures is associated with other comorbidities and decreases
the quality of life of patients. In addition, around 30% of patients do not respond to standard
line of treatment using anti-epileptic drugs (AEDs). Furthermore, it is still unclear how
seizures arise in the otherwise healthy brain. Therefore, it is critical to have well developed

models where a causal understanding of epilepsy can emerge.

While the development of seizures has been studied in many animal models, such as
those using electrical induction, deciphering the results of such studies has been difficult due
to the uncertainty of the cell population being targeted as well as potential confounds like
brain damage from the procedure itself. The kindling model of epilepsy, an enduring
electrical induction model has been used over time to dissect the steps of seizure development
in animals that underlie epilepsy. We used the classical kindling model as a base to develop
novel models from and addressed the disadvantages associated with current induction

models.

This thesis describes the development of a novel optogenetic kindling model of
seizures along with a two-hit counterpart which can be used separately, as well circuit
analysis methods these models can be combined with to study epileptogenesis. Using a
combination of optogenetic stimulation and EEG recordings in awake freely moving animals,
we tested the hypothesis that activity alone from repeated stimulation eventually causes
seizures. The resulting seizures display several hallmarks features consistent with classical
kindling such as a decrease in seizure threshold, worsening seizure symptoms and an elevated

retention of seizure susceptibility in kindled animals. Using two-photon targeted paired



whole-cell recordings and ex-vivo optogenetic manipulation of cellular activity we found that
intrinsic excitability of cells from kindled brains did not differ from controls. To circumvent
the labour and time constraints imposed by our optogenetic kindling protocol, we developed a
two-hit model using rimonabant injections to test if CB1R blockade could accelerate
optokindled seizures. Finally, we ran proof of principle experiments using optogenetic
stimulation in acute slices that could serve as an alternative to paired recording for rapid

circuit mapping following seizures.

Taken together, our results demonstrate promoter-specific manipulation of
excitatory cell populations can give rise to seizures, a variant model for accelerating seizure
development and possible circuit mapping methodologies to dissect circuit changes following
seizures. | anticipate my findings may serve as the inspiration for future studies using
optogenetics and other modern techniques to probe potential mechanisms of seizure

development and increase the probability of developing novel treatment options.



Resumé

L'épilepsie est une maladie neurologique majeure qui fait 'objet d'intenses activités de
recherche scientifique et médicale. L'émergence des crises est associée a d'autres
comorbidités et diminue la qualité de vie des patients. En outre, environ 30% des patients ne
répondent pas a la ligne de traitement standard utilisant des DEA. Cependant, on ne sait
toujours pas comment les crises surviennent dans un cerveau par ailleurs sain. Par
conséquent, il est essentiel d'avoir des modeles bien développés d’ou peut émerger une

compréhension causale de I'épilepsie.

Alors que le développement de crises a été étudi¢ dans de nombreux modeles
animaux, tels que ceux utilisant l'induction ¢€lectrique, I’interprétation des résultats de ces
¢tudes a été difficile en raison de l'incertitude de la population cellulaire ciblée ainsi que
d’autres variables confusionnelles telles que les 1ésions potentielles associées a la procédure
elle-méme. Le modele de 1’allumage de I'épilepsie, un modele d'induction électrique durable,
a été utilisé au fil du temps pour disséquer les étapes du développement des crises chez les
animaux. Nous avons utilis¢ le modéle de I’allumage classique comme base pour développer

de nouveaux modeles et aborder les désavantages associés aux modeles d'induction actuels.

Cette these décrit le développement d'un nouveau modele de 1’allumage
optogénétique des crises d'épilepsie avec un homologue deux coups qui peut étre utilisé
séparément, ainsi que des méthodes d'analyse de circuit avec lesquelles ces modéles peuvent
étre combinés afin d’étudier 1'épileptogenese. En utilisant une combinaison de stimulation
optogénétique et d'enregistrements EEG chez des animaux éveillés se déplagant librement,
nous avons testé I'hypothese que I'activité seule montre que la stimulation répétée provoque

des crises. Les crises présentent plusieurs caractéristiques classiques de 1’allumage, comme



une diminution du seuil épileptique, une aggravation des symptomes de crises et une
rétention élevée de la susceptibilité aux crises chez les animaux modeles. En utilisant des
enregistrements de cellules-enti¢res en paires simultanément a de 1’imagerie a deux photons
et une manipulation optogénétique ex-vivo de l'activité cellulaire, nous avons trouvé que
l'excitabilité intrinséque des cellules provenant des cerveaux du I’allumage ne différait pas
des témoins. Pour contourner les contraintes de temps et de travail imposées par notre
protocole de I’allumage optogénétique, nous avons utilisé des injections de rimonabant pour
tester si la manipulation de CB1R pouvait accélérer les crises d'épilepsie optogénétique.
Enfin, nous avons effectué¢ des expériences de preuve de principe en utilisant la stimulation
optogénétique de tranches fraiches de cerveau qui pourrait servir d'alternative a

l'enregistrement en paires pour cartographier rapidement le circuit apres des crises.

Dans I’ensemble, nos résultats démontrent que la manipulation spécifique du promoteur dans
les populations de cellules excitatrices peut donner lieu a des crises, un modele pour accélérer
le développement des crises et des méthodes de cartographie des circuits pour disséquer les
changements de circuit suite a des crises. Je prévois que mes résultats pourraient servir
d'inspiration pour de futures études utilisant I'optogénétique et d'autres techniques modernes
pour sonder les mécanismes potentiels du développement des crises et augmenter la

probabilité de développer de nouvelles options de traitement.
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1 INTRODUCTION

1.1 Preamble to Chapter 1

In this chapter, a general introduction to the contents of this thesis is provided serving as a
literature review of the field. It is composed of a brief introduction to epilepsy, animal models
used to study it and the recent application of optogenetics to the study of seizures. Insights of
how we can deepen our understanding of underlying circuit mechanisms and consequences of
epileptogenesis using optogenetics are also discussed. Finally, I highlight what questions
future models must take into account to effectively transform classical electrical induction

models into optokindling models.

1.2 Epilepsy as a neurological disease

Epilepsy is widely recognized as a common neurological disorder affecting about 1% of the
global population (Brodie et al., 2009; Engel and Pedley, 2008). It is defined as a chronic
condition associated with at least one seizure and associated neurological, psychological as

well as cognitive consequences (Fisher et al., 2014). A seizure is defined as a transient
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occurrence of symptoms thought to result from aberrant neuronal activity in the brain (Kwan

etal., 2011).

Seizures do not usually occur as single episodes. Instead, it is widely believed that
once seizures arise, they are more likely to reoccur, giving rise to the idea of seizures
begetting seizures (Ben-Ari et al., 2008). Once a seizure arises, it can and does terminate
itself without any outside interference. However, if a seizure doesn’t self-terminate, it leads
into a state termed status epilepticus (SE) which is defined as any seizure lasting 5 minutes or
longer (Brophy et al., 2012). SE is the 2" most common neurological emergency carrying a
major risk for morbidity and mortality (Rossetti and Lowenstein, 2011). SE that persists
despite treatment with benzodiazepines and at least one anti-epileptic drug (AED) is termed
refractory and occurs in ~30% of patients with SE. Refractory SE carries short-term fatality
rates of 16 - 39% which is roughly three times higher than non-refractory SE (Rossetti and

Lowenstein, 2011).

Seizures can originate in different brain areas and have varying symptoms associated
with the area of initiation (Brodie et al., 2009; Kwan et al., 2011). Broadly, convulsive
seizures are associated with body movements while non-convulsive seizures such as absence
seizures are not. Epilepsy can also be crudely categorized into generalized or focal epilepsies,
even though epilepsies that start as focal may eventually generalize (Engel, 2005).
Furthermore, partial seizures which originate in a focal region of the cortex can be further
divided into simple partial seizures, which do not impair consciousness, and complex partial
seizures, which do. Both simple or complex partial seizures can spread to other cortical
networks and may result in secondary generalized tonic-clonic seizures, which are
characterized by widespread bilateral involvement of cortical regions and which are
accompanied by convulsions and loss of consciousness (Chang and Lowenstein, 2003).

Generalized seizures can be further classified as absence, tonic, or clonic depending on

2 Elvis Cela - IPN



impaired consciousness, stiffening of the extensor muscles, or rhythmic muscle contractions
of the upper trunk, respectively (Brodie et al., 2009b). In contrast, simple partial seizures
originating in motor cortex give rise to rhythmic movements of contralateral limbs whereas

those arising from sensory cortices give rise to visual or auditory hallucinations.

Seizure types can also be divided into those that arise from genetic predispositions and those
that are acquired. Genetic predispositions for developing seizures can arise as a result of
channelopathies, which are each associated with specific seizure types and probabilities of
having certain symptoms (Chang and Lowenstein, 2003; Glasscock et al., 2007). Other
examples include mutations in transcriptional regulators such as JAK-STAT (Grabenstatter et
al., 2014), proteins involved in cell growth such as mTOR (Way et al., 2012), or expansions
in non-coding regions (Ishiura et al., 2018). On the other hand, acquired epilepsy can arise for
many different reasons including: traumatic brain injury, infection, cancer, cerebrovascular

disorder, autoimmune disorder, and developmental malformation (Berkovic et al., 2006).

Although traumatic brain injury gives rise to epilepsy in 5% of cases, typically a considerable
period of time has to pass before the first seizures emerge (Herman, 2002). This latent period
of epileptogenesis is thought to be due structural reorganization and network rewiring,
although the details are poorly understood. For this reason, epileptogenesis is a central focus

of animal studies in efforts to improve treatment outcomes (Chauvette et al., 2015).

Of the focal epilepsies, lateral temporal lobe epilepsy (TLE), in which seizures
originate from the hippocampus and related structures, is the most common form and has
been well studied (Chang and Lowenstein, 2003). Other forms of focal epilepsy that involve
seizures which arise from different parts of the neocortex such as the frontal, sensorimotor,
frontotemporal, parietal or posterior cortex have also been well studied given their high

prevalence in humans (Manford et al., 1992). As an example, seizures arising from the motor
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cortex are mainly simple focal motor seizures with symptoms depending on the side and
spread of the area involved. Initially, they can involve clonic jerking of the affected muscle
groups but as the seizure becomes generalized and seizure spreads from the initial focus,
other parts of the body become involved in what is termed a Jacksonian march (Nathanson et

al., 1978; Ohara et al., 2004).

Once epilepsy has been diagnosed, there are several options for treatment with two
common avenues being surgical resection of diseased tissue and treatment with ASDs (Kwan
et al., 2011). ASD treatment is typically prescribed but unfortunately 30% of patients do not
respond to this type of treatment (Kwan et al., 2011). Furthermore, patients taking ASDs may
suffer from a plethora of side effects, such as drowsiness, dizziness, blurred vision and tremor
(Perucca and Gilliam, 2012). Factors that contribute to a poor prognosis include presence of
multiple seizure types, presence of generalized tonic-clonic seizures, and high seizure
frequency before treatment (Kwan and Brodie, 2000; Kwan et al., 2011). Limitations of
ASDs in managing seizures may arise from problems that plague many drugs, such as failure
of optimal dosage and reliance on drug serum concentrations in lieu of monitoring clinical
symptoms (Kwan et al., 2011). The lack of treatment specificity, along with the high
percentage of ASD non-responders who as a consequence suffer a lower quality of life,
necessitates a more advanced understanding of the basic mechanisms of epileptogenesis.
Importantly, treating seizures with ASDs does not generally undo the process of
epileptogenesis, as evidenced by the seizure remittance and relapse rates (Shorvon and
Goodridge, 2013). This is not surprising, since epileptogenesis presumably involves
structural and morphological changes that are unlikely to be reversed by ASDs. ASDs work
best in suppressing generation, propagation and severity of seizures themselves (Chen et al.,
2018b). Essentially, we need to better elucidate how seizures initially arise in the healthy

brain and establishing better animal models is the key to this.
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1.3 Animal models of epilepsy

1.3.1 Acquired models of chronic epilepsy

As discussed, one of the central issues that belies effective treatment of intractable epilepsy is

AEDs intended to prevent seizures may not be targeted to cure the underlying disease. Thus,

a major thrust of epilepsy research has been to recapitulate seizures and their associated

symptoms in animal models and study the progressions of disease over time. As a result, a

variety of animal models have been developed to study the different aspects of seizures and

epilepsy (Figure 1.1) (Ldscher, 1999).

Models of epilepsy or
epileptic seizures

Genetic animal models
(e.g. epileptic animal
strains)

Induction of seizures
in normal (non-
epileptic) animals

Animals with
spontaneous recurrent

Animals with reflex

Electrically induced

Chemically induced

. seizures seizures seizures
seilzures
e.g., epileptic dogs, e.g. DAB/2 mice, GEPR, e.g., MES test, e.g., s.c. PTZ test,
" rats with absences, — photosensitive kindling ~ kainate-, pilocarpine-

transgenic mice

baboons, gerbils

Figure 1.1 Overview of chronic animal models of epilepsy.
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An outline of animal models of epilepsy divided into those with pre-existing conditions
(genetic) or those in which seizure are elicited in initially healthy animals (induction)

(Loscher, 1999).

Animal models of seizures can be split up into those with acquired epilepsy which
include chemical and electrical induction as well as those of idiopathic/genetic origin
(Loscher, 1999). Two enduring groups of models used to study chronic epilepsy are genetic
and acquired, further subdivided into electrical or chemical induction (Lscher, 2002).
Genetic animal models can involve animals with spontaneous or induced mutations resulting
in recurrent seizures. For example, mutations in GluA4 AMPARs have been causally linked
to absence seizures (Paz et al., 2011). On the other hand, acquired electrical models, such as
kindling, rely on gradual development of seizures after repeated stimulation in initially

healthy animals (Loscher, 2011a).

In chemical induction models, proconvulsants such as pentylenetrazol, kainic acid,
or pilocarpine are injected into an animal to induce chronic seizures (Ldscher, 2002). These
chemicals act on receptors critically involved in synaptic transmission, thereby disturbing the
excitatory-inhibitory balance and resulting in seizures (Fisher, 1989). On the other hand, 4-
aminopyridine (4-AP) — another commonly used proconvulsant — acts mainly upon
voltage-activated potassium channels, where it promotes elevated action potential firing due
to faster recovery after inactivation (Storm, 1988), while kainic acid acts upon glutamate
receptors (Olney et al., 1974). Several widely used convulsants carry out their action through
antagonism of the GABA receptors (GABARS), thereby promoting excitability in the brain
(Fisher, 1989). However, chemical kindling may also be elicited by agents such as
cholinesterase agonists, opiates, local anaesthetics, neurotoxicants, as well as excitatory
amino acids (Cain, 1983; Gilbert, 1992; Mori and Wada, 1989; Stripling and Ellinwood,

1977).
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Administration of chemical convulsants can be intracerebral or systemic.
Subthreshold doses of chemical convulsants can be combined with electrical stimulation as
subconvulsive stimuli, or can be delivered alone repeatedly in a kindling paradigm (Cain,
1981). Finally, chemicals administered alone can cause status epilepticus if administered at
high enough doses (Clark et al., 1992). For example, Clark (1992) found that higher doses of
cocaine (65 mg/kg) were able to cause acute seizures whereas several subconvulsive doses

(40 mg/kg) were required to eventually elicit seizures.

What advantages does chemical kindling present over other animal model of
epilepsy? First, chemoconvulsants such as kainic acid preferentially target the hippocampus,
even when administered systemically, mimicking temporal lobe epilepsy (TLE) in humans
(Nadler et al., 1978). Secondly, chemical kindling results in structural changes that resemble
those in partial seizures, as seen with pilocarpine injections (Cavalheiro et al., 1991). Thirdly,
chemoconvulsants such as PTZ or strychnine can be used as acute seizure models to screen

ASD action without necessarily resulting in chronic epilepsy (Ldscher, 2011b).

There are also several drawbacks to using chemoconvulsants to study epilepsy. A
main disadvantage is the lack of control over timing from chemoconvulsants injection to first
seizure. Further, variability in drug metabolism and dissemination from injection site adds
uncertainty to the timing of the response and this is hard to control for. Finally, systemic
injection of drugs can have off-target effects with unintended consequences secondary to
seizure initiation. For example, kainic acid, which acts upon kainate receptors, has been used
to model TLE seizures but the receptor distribution is not limited to the limbic structures (Li

etal., 2001).

1.3.2 The electrical kindling model of epilepsy
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One model that has been particularly useful in furthering our understanding of chronic
epilepsy has been the electrical kindling model of epilepsy (Goddard, 1967). In this model,
healthy animals receive repeated electrical brain stimulation with what is initially a
subconvulsive stimulus but becomes convulsive over time. The classic procedure involved
delivering S0Hz rectangular pulse trains at low current intensity through bipolar
microelectrodes at repeated intervals (Goddard et al., 1969). Inter-trial intervals of 24 hours
or more were classically used to space kindling sessions, though later the minimum interval
of 1-2 hours was used without increasing the number of stimulations required (Goddard et al.,
1969; Racine et al., 1973). There is evidence that kindled seizures produce gradually

dissipating inhibition which may restrict the inter-trial interval (Mucha and Pinel, 1977).

Repeated induction of focal seizures through kindling is highly reliable and initially
expressed at the stimulated site. Stimulation efficacy was found to vary among stimulation
sites with amygdala requiring the fewest stimulations and increasing in kindling difficulty:
piriform cortex, entorhinal cortex, caudate putamen, hippocampus and neocortex (Figure 1.2)
(Goddard et al., 1969). The brain region-specific differences in response to kindling are
thought to arise in part from differential reactivity in stimulation sites themselves as well as
the areas that they connect to (Sato et al., 1990). The amygdala, for example, has strong
connections with motor areas and is able to generate interictal spikes early during kindling,
indicating that epileptogenesis may be taking place (Hopkins and Holstege, 1978; Racine et
al., 1988). Kindling efficacy can be further enhanced by bilateral instead of unilateral

stimulation (Kogure et al., 2000).
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Figure 1.2 Different brain regions have variable responses to kindling.
Variability in brain area susceptibility to kindling. Numbers represent mean number of trials

to first convulsion (Goddard et al., 1969).

The site of initial kindling also has an effect on subsequent secondary sites either
contralateral to the initial site, or in related brain structures. For example, in amygdala
kindling experiments it was found that the contralateral amygdala required fewer stimulations
before stage 5 seizures occurred (Goddard et al., 1969). One explanation for this is that
recurrent connections between the secondary and primary site become “sensitized” to
repeated stimulation (Racine, 1978). Recruitment of secondary brain areas after unilateral
kindling is not limited to contralateral areas. Often activity spreads from kindled primary
areas to other brain structures. For example, audiogenic kindling involves brainstem sites
during early stages but at later stages recruit secondary structures like amygdala and this
latter activation is required for expression of the eventual clonic seizures (Feng et al., 2001;
Sato et al., 1998). Interestingly, it is thought that regardless of kindled site, the piriform lobe

is one of the first regions to show activation after the primary brain structure is kindled and
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evidence suggests that this region may be even required for the eventual development of

generalized seizures (Clark et al., 1991; Dragunow, 1988; Sato et al., 1998).

Further enhancement of kindling outcomes in terms of seizure development and
efficacy can be achieved by performing bilateral instead of unilateral kindling of target brain
structures. In limbic kindling experiments, bilateral hippocampal stimulation doubled the
percentage of animals that successfully kindled (Kogure et al., 2000; Tsuchiya and Kogure,
2012). However, while bilateral stimulation can enhance kindling efficacy, kindling two
different non-symmetrical brain sites can decrease efficacy of responders. This phenomenon
of kindling antagonism was first demonstrated between the amygdala and the entorhinal
cortex in rats and has progressively been shown in other brain regions (Duchowny and
Burchfiel, 1981). It is thought that one site becomes dominant and suppresses the networks in
the other site, a process that may be facilitated by noradrenergic systems (Applegate and

Burchfiel, 1990).

Though initially defined in rodents, kindling has also been found to be effective in a
variety of animal species (Goddard et al., 1969; Morimoto et al., 1993; Wada et al., 1975).
The early behavioural responses of freezing in response to stimulation eventually progress to
generalized seizures with bilateral clonic activity (Racine, 1972b). Correspondingly, the
initial brief afterdischarge (AD) that follows stimulation becomes altered resulting in
increased duration amplitude and frequency with a decreased seizure threshold (Racine,
1972b). Also, kindled animals retain a reduced threshold for seizures over months, which has

been thought of as analogous to learning (Goddard et al., 1969) .

Initially, Goddard and colleagues stumbled upon the kindling model while they were
studying learning and found that brain areas have different propensity for kindling with some

areas being able to give rise to seizures much faster than others (Cain, 1982; Goddard, 1967).
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This initial study has led to many others which have in unison found kindling to describe
certain parts of seizure development well so that knowledge gleamed from this model can be
more broadly applied to our understanding of seizure development. However, some parts of
seizure emergence in human epilepsies cannot be adequately described by the kindling model

such as lack of spontaneous seizures (Bertram, 2007).

The relevance of kindling to human epilepsy continues to be debated even though
there are several similarities between kindling in animal models and the development of
seizures in humans. First, the progressive changes in the brain brought about by repeated
kindling mimic features observed in human epileptic brains and include increasing seizure
susceptibility, gradually worsening memory, and alterations in inhibitory circuits (Sayin et
al., 2003). In order to better understand the comorbidities of seizures in humans, researchers
have studied the side effects of kindling in animals, in particular, those of hippocampal
structures. They found that kindled rats develop long-lasting deficits in spatial memory
impairments (Gilbert et al., 2000; Hannesson et al., 2001) associated with cumulative
hippocampal sclerosis when probed through multiple assays (Kotloski et al., 2002). In
parallel, long-term studies of patients with temporal-lobe seizures have noticed adverse
consequences on cognitive functions such as IQ (Oyegbile et al., 2004). These memory and
behavioural dysfunctions in kindled rats are probably caused by repeated hippocampal circuit
reorganization leading to runaway pathological activity, a mechanism not unlike that in
temporal lobe seizures in humans (Corcoran and Moshé, 2005). Another use of the kindling
model closely tied with clinical outcomes is its utility as a tool for preclinical evaluation of
AEDs. For example, AEDs developed for TLE such as phenytoin and carbamazepine which
act on voltage-dependent Na* channels were found to elevate seizure thresholds in a limbic

kindling model (Morimoto et al., 1997).
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What advantages does electrical kindling present over other animal models of epilepsy? First,
electrical kindling allows precise focal activation of specific brain sites through anatomical
targeting with the stimulating electrode. Second, it allows for reliable development of chronic
seizures, as well as readily manipulated ictal and postictal periods. Lastly, behavioural
alterations during stimulations start focally and evolve into generalized seizures, mimicking

partial to complex seizure evolution in humans (Sato et al., 1990).

However, there are also several limitations to electrical kindling models. For example, using
electrical kindling to study chronic epilepsy can be labour and time-intensive. Kindling
typically also fails to capture a critical feature of epilepsy — recurrent spontaneous seizures
— unless the animal is “over-kindled” through a large number of sessions (Michael et al.,
1998; Pinel and Rovner, 1978). Finally, kindling is associated with injury and inflammation,
which has been linked to higher seizure rates, making the contribution of pathological activity

hard to distinguish from that of injury (Cavazos et al., 1994; Pitkénen et al., 2009a).

To sum up, both electrical and chemical induction models reproduce many of the steps in
seizure progression and related pathology underlying human epilepsies. However, because
the cell population that is perturbed is unclear and because of the tissue trauma associated
with the induction procedure, new approaches to study seizures are needed, e.g. using cell-
specific targeting and activity manipulation. As we shall see below, optogenetics provides an

indispensable tool here.

1.3.3 Cortical trauma-induced epilepsy models

It has long been recognized that traumatic brain injury (TBI) is a major risk factor for
developing epilepsy (Annegers et al., 1998). Studies have revealed that TBI increases the rate

of developing seizures in both early (within 24 hours of TBI) and as late as two years after
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initial TBI (Haltiner et al., 1997; Temkin, 2003). Further, it is known that cortical trauma can
lead to pathological activity in the majority of patients within 24 hours (Kollevold, 1976) and
incidence of posttraumatic TBI is related to the initial severity of injury (Ferguson et al.,

2010).

With this knowledge in mind, researchers have been able to produce trauma models
which recapitulate some of the changes thought to occur during injuries that may lead to
seizures. One common model that has been used for decades called the cortical undercut
model is used to mimic the damage in the cortex and white matter that occurs in many brain-
penetrating wounds (Prince and Tseng, 1993). In this model, it is thought that cortical
damage produces deafferentiation that lead to increases in local excitability as the inhibitory
constraints are reduced or removed which eventually produces seizures. The white matter
underneath the cortex is intact so as to limit the cortical damage and study the consequences

of partially isolating neocortex in epileptogenesis (Chauvette et al., 2016).

Other models used to study post-traumatic epilepsy depend on repeated injury to the
brain in a controlled manner such as fluid percussion injury (Pitkédnen et al., 2009b) and
controlled cortical impact (Feeney et al., 1981). Both of these models can give rise to
spontaneous seizures following injury though not as much is known about the underlying
acute or chronic changes in excitability as those that occur in the undercut model (Pitkanen

and Mclntosh, 2006).

1.4 Novel genetic and optical approaches to epilepsy

1.4.1 Methods for light-driven perturbation of neuronal activity

The cellular basis of seizure formation continues to evade researchers, in part owing to the

unknown populations that electrical kindling impinges upon. Therefore, a causal
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understanding of epileptogenesis necessitates genetic identification and manipulation of
activity in specific target neurons. Optogenetics can circumvent these drawbacks by allowing
genetic tagging and manipulation of activity in specified neuronal populations (Zemelman et
al., 2002). This technique allows light-driven activation or inactivation of neurons, by the
expression of light-gated ion channels such as Channelrhodopsin-2 (ChR2) or pumps such as
Halorhodopsin (NpHR), respectively (Boyden et al., 2005; Chow et al., 2010; Lima and
Miesenbock, 2005; Nagel et al., 2002; Yizhar et al., 2011) (Figure 1.4). The rhodopsin later
termed ChR2 was discovered in the algae Chlamydomonas reinhardtii, where it generates
photocurrents contributing to phototaxis (Harz and Hegemann, 1991). Aside from NpHR,
another widely used inhibitory opsin is Archaerhodopsin (Arch) which inhibits neuronal
activity through influx of H* compared to NpHR’s extrusion of Cl ions (Chow et al., 2010;

Nagel et al., 2002; Zhang et al., 2007).

Along with the first developed opsins used to activate and inhibit neurons, other variants
include but are not limited to: G-protein-coupled receptors (opto-XRs) (Airan et al., 2009),
vSWO/VLWO (Masseck et al., 2014), chloride channels (iC1C2, SwiChR) (Berndt et al.,
2014) and chloride channel variants (JAWS) (Chuong et al., 2014), as well as sodium pumps
(Inoue et al., 2013). Another approach has been to create a light-gated version of the
ionotropic glutamate receptor (iGluR), which shares the advantage of millisecond
manipulation of neuronal activity with optogenetics (Volgraf et al., 2006). Finally, reactive
oxygen species can be used to inhibit neurotransmission after coupling to a light absorption
by light-oxygen voltage domain (Shu et al., 2011). In summary, light-activated proteins open
up novel approaches to studying epilepsy by permitting control of genetically defined

neuronal populations, typically with millisecond precision.
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Figure 1.3 Optogenetic tools for activating (ChR) and silencing (HR) neurons

Channelrhodopsin (left) activates neurons through influx of non-specific cations (Na*, Ca*",

H*) while Halorhodopsin (right) deactivates neurons through influx of CI" ions

Modified from Yizhar et al. (2011)

1.4.2 Genetic targeting of opsins

One key advantage of optogenetics is modulation of activity in specific neurons, but how can
opsins be targeted to different neuronal populations? First, opsins can be delivered using
adeno-associated virus (AAV) or lentivirus containing a promoter targeting the cells of
interest (Dittgen et al., 2004; Ponnazhagan et al., 1997). Furthermore, the serotype of the
AAV itself can confer a degree of selectivity though specific tropism (Burger et al., 2004).
Secondly, opsins can be expressed in transgenic animals using a combination of the Cre/loxP
(Sauer, 1987) and/or Flp/Frt systems (Buchholz et al., 1998), which can add even more

specificity through selective promoters (Fitzsimons et al., 2002). Finally, specific cell
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populations can be targeted using monosynaptic and/or transsynaptic tracing techniques.
Retrograde tracing can be done using rabies virus (Chatterjee et al., 2018; Rancz et al., 2011)
or wheat germ agglutinin (Libbrecht et al., 2017) in combination with Cre-dependent ChR2
expression (Gradinaru et al., 2010). Anterograde tracing can be done using Herpes simplex
virus (Lo and Anderson, 2011) or certain AAV serotypes (Zingg et al., 2017). These
techniques can also be combined to improve spatial and/or temporal selectivity, by
employing intersectional targeting strategies. For example, Cre or Flp can be fused to an
estrogen receptor (ER) ligand-binding domain (LBD) that is only sensitive to synthetic 4-
hydroxytamoxifen (4-OHT). Upon 4-OHT administration, the ER-LBD translocated to the
nucleus where it can mediate recombination (Dymecki and Kim, 2007; Sjulson et al., 2016).

Thus, recombination can be temporally regulated by 4-OHT injection.

Acute Chronic
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Figure 1.4 Optogenetic manipulation of seizure propensity

(A) Optogenetics can be used to drive seizures acutely (Khoshkhoo et al., 2017) or to (B) put
a brake on already active seizures (Krook-Magnuson et al., 2013; Wykes et al., 2012a) as a
form of pro- or anti-convulsant, respectively. This latter approach has potential clinical
applications for interrupting ongoing seizures (Paz et al., 2013), whereas both are useful for

studying epilepsy.

16 Elvis Cela - IPN



(C) Seizures can also be gradually elicited over time via optogenetic kindling, or
optokindling (Cela et al., 2019). Optokindling is fundamentally distinct from directly driving
seizures by optogenetic stimulation, since optokindling requires long-lasting changes of
neuronal circuits (Cela et al., 2019), whereas direct optogenetic drive does not (Khoshkhoo et

al., 2017).

(D) It may also be possible to gradually decrease seizure propensity via optogenetic
dekindling. As far as we know, this remains to be experimentally demonstrated
optogenetically, but such findings have been reported with electrical stimulation (Bains et al.,
1999; Ozen and Teskey, 2009). The kindling and dekindling modes may both enable the
study of epileptogenesis, e.g. to test therapies that slow down or reverse the development of

seizures.

1.4.3 Putting a brake on seizures with optogenetics

Optogenetics has found multiple uses in neuroscience, including studying epilepsy where it
has been used to both halt and initiate seizures (Table 1.1) (Cela et al., 2019; Paz et al.,
2013). The majority of studies attempting to optogenetically abate seizures have used

classical animal models to induce epilepsy (Wang et al., 2017; Wykes et al., 2012a).

Interneurons (INs) play a central role in many types of epilepsy and different populations of
INs have been critically linked to both the initial seizure activity (Khoshkhoo et al., 2017)
and eventual generalization of seizures (Wang et al., 2017). In a handful of pioneering
studies, it was shown that spontaneous seizures in a TLE induction model can be controlled
by either stimulation of GABAergic cells or direct optogenetic inhibition of PCs in the
hippocampus (Krook-Magnuson et al., 2013; Ladas et al., 2015; Lu et al., 2016). Inhibiting

excitatory PCs using NpHR to stop or alleviate seizures has also been shown in hippocampus
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(Berglind et al., 2014; Krook-Magnuson et al., 2015; Sukhotinsky et al., 2013; Tonnesen et
al., 2009). Finally, it was found that stroke-induced seizures can be stopped using optogenetic

inhibition of thalamocortical neurons via NpHR (Paz et al., 2013).

However, inhibition is not always local. For example, it has been shown that TLE seizures
can be inhibited by optogenetically stimulating the cerebellum (Krook-Magnuson et al.,
2014). TLE seizure generalization is modulated differently by mossy and granule cells and
these seizures are correlated with decreased spatial discrimination performance, mirroring
similar deficits in human epilepsies (Bui et al., 2018). In another study, researchers used
inhibitory opsins to suppress PC activity and abort seizures in a tetanus-toxin-induced model
of neocortical epilepsy (Wykes et al., 2012a). High-frequency light stimulation was both
shown to inhibit 4-AP-induced seizures in-vivo and in-vitro (Chiang et al., 2014). Finally,
seizure suppression has also been achieved in dorsal raphe and superior colliculus,
highlighting the utility of optogenetics across several brain areas (Soper et al., 2016; Zhang et

al., 2018a).

Optogenetics has also been used to modulate seizures arising in genetic models where
animals have a predilection to developing seizures. In absence epilepsy models, both
activation of tonic spiking in thalamus and optogenetic stimulation of cerebellar neurons
abated seizures in vivo (Kros et al., 2015; Sorokin et al., 2017). Taken together, these studies
highlight different ways optogenetics can be used for seizure cessation, to potentially enable

therapeutic treatments.
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Figure 1.5 Optokindling leads to gradual seizure development over time

(A) Coronal M1 section immunostained for EYFP indicated ChR2 expression in layer 2/3
(L2/3), 5, and 6, though predominantly in L2/3. Inset shows close-up of L2/3 ChR2-

expressing PCs.

(B) To simultaneously activate ChR2 and acquire EEG, ferrules and recording screws were
implanted bilaterally above M1, without penetrating the cortex. Fiber optic cables were air-
coupled to 445-nm lasers. EEG signals were processed by an extracellular amplifier, but not
pre-amplified. A computer (not shown) TTL-gated the lasers and digitized amplified EEG

signals.
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(C) In each stimulation session, M1 was kindled with 15 bouts of 3-second-long 50-Hz bursts
of 5-ms 445-nm laser pulses, divided into three sweeps delivered once a minute. Sessions
were repeated at least 25 times every two days. The first session shows EEG responses to
light stimulation but no seizure (Top). Spectrogram shows directly light-driven response in

50-Hz band but no seizures (Bottom).

(D) The EEG recording at session 13 shows a prominent seizure (Top). Spectrogram reveals
both light-driven response in 50-Hz band as well as increased power in low-frequency bands

(Bottom).

Reproduced with permission after Figure 1 from Cela et al. (2019)

1.4.4 Promoting seizures with optogenetics

Optogenetics has also been used to study the initiation of seizures and contributions of
different cell types to seizure activity. Several studies have been able to induce seizures using
only light stimulation. For example, stimulation of ChR2-expressing cells in the hippocampus
led to seizure-like events (Osawa et al., 2013). Optogenetic stimulation of hippocampal PCs
can also give rise to progressively intense seizures (Berglind et al., 2018). High-frequency
optogenetic stimulation of PCs in dorsal or intermediate hippocampus give rise to different
behaviours such as face twitching or clonus providing an explanation for the heterogeneity of
seizure types seen in patients with hippocampal pathology (Weitz et al., 2015). Another study
found kindling-like effects after optogenetic stimulation of dentate gyrus, in the form of

increased in duration and severity of seizure responses (Krook-Magnuson et al., 2015).

PCs are not the only neurons participating in seizure activity, INs have been also implicated
on different aspects of seizure formation. For example, activation of PV INs can induce

seizures during the inter-ictal period but inhibit them during the ictal period (Assaf and
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Schiller, 2016). Further, optogenetic induction of seizures in neocortex revealed different
roles of distinct IN populations with VIP inhibition increasing seizure threshold and
somatostatin (SOM) and parvalbumin (PV) prolonging seizures during ictal activity
(Khoshkhoo et al., 2017). Indeed, INs may play a role in the transition to ictal events through
rebound excitation (Chang et al., 2018). Thus, seizure onset is not determined solely by PCs;
it is increasingly recognized that certain IN populations such as VIP play a key role

(Khoshkhoo et al., 2017).

Promoting seizures with optogenetics does not have to rely on light stimulation
alone. Indeed, several studies took advantage of the established electrical kindling protocol
and used it in parallel with light stimulation to investigate epileptogenesis (Berglind et al.,
2018; Wang et al., 2017). Using light stimulation alone eliminates the amount of damage
caused by the stimulating electrode during electrical kindling and allows optogenetic

targeting of diverse cell populations to study the breadth of epilepsies occurring.

While optogenetic stimulation alone has been proven sufficient in several cases (Cela et al.,
2019; Khoshkhoo et al., 2017; Osawa et al., 2013) many studies use a genetic model or
chemical proconvulsants in conjunction with optogenetics. For example, light stimulation of
somatosensory cortex of mice with genetic mutations increasing susceptibility to absence
epilepsy also initiates seizure events (Wagner et al., 2015). In addition, electrical kindling can
be combined with optogenetic stimulation to give rise to progressively worsening generalized
seizures (Wang et al., 2017). Another study exploring the graded development of seizures in
hippocampus following repeated light stimulation found progressively worsening and
eventual spread of seizure activity (Berglind et al., 2018). These studies showed that
optogenetic stimulation is sufficient to induce seizures, but more work remains to be done
using long-term stimulation as well as monitoring additional seizure properties in awake

behaving animals.
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Furthermore, several recent studies using optogenetics to investigate the contribution of
different neuronal population to seizures have reported conflicting results. In CA3 for
example, optogenetic activation of PV INs led to excitatory GABA transmission and a boost
of seizure activity (Ellender et al., 2014). In apparent contradiction, activation of GABA INs
in the subiculum delayed generalized seizures after TLE (Wang et al., 2017). In addition,
optogenetic PV IN activation leads to ictal discharges in-vitro (Shiri et al., 2015) as well as
during 4-AP application (Yekhlef et al., 2015). However, a previous study using ChR2 to
activate PV cells near the seizure focus led to cessation of seizures (Sessolo et al., 2015).
These conflicting results relied on optogenetics to highlight the complexity of IN contribution
to seizure dynamics and underscore the need for further study. Future studies would benefit
from looking at other IN types such as VIP and SOM to investigate the relative contribution

of different IN populations to seizure formation.

1.4.5 Optogenetic kindling models of epilepsy

Table 1.1 Optogenetic epilepsy studies

Studies to date using optogenetics either to interrupt (“Brake”), promote seizures (“Drive”) or
kindle (“Kindle”). DG denotes the Dentate gyrus, CA1 Cornu Ammonis subfield 1, CA3

Cornu Ammonis subfield 3, LCN lateral cerebellar nuclei, and MCN medial cerebellar nuclei.

Reference Brake | Drive | Kindle Area
Cela et al. (2019) v Motor

Cortex
Khoshkhoo et al. (2017) v Motor
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Wykes et al. (2012a)

Assaf and Schiller (2016)

Chang et al. (2018)

Berglind et al. (2014)

Berglind et al. (2018)

Bui et al. (2018)

Chen et al. (2018a)

Chiang et al. (2014)

Krook-Magnuson et al.

(2013)

Krook-Magnuson et al.

(2015)

Ladas et al. (2015)

Lu et al. (2016)

Osawa et al. (2013)

Sessolo et al. (2015)
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Motor

Somatosensory

Somatosensory

CA3

CA3

Dentate gyrus

CAl1+ DG

CA3

CAl

Dentate gyrus

Dentate gyrus

Dentate gyrus

CA3+DG

Temporal cortex

Hippocampus
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Entorhinal
Shiri et al. (2015)
cortex
Tonnesen et al. (2009) Hippocampus
Wang et al. (2017) Subiculum
Weitz et al. (2015) Hippocampus
Entorhinal
Yekhlef et al. (2015)
cortex
Krook-Magnuson et al.
Lateral
(2014) Cerebellum
Kros et al. (2015) LCN and MCN
Superior
Soper et al. (2016) Midbrain
colliculus
Paz et al. (2013) Ventrobasal
Thalamus
Sorokin et al. (2017) Ventrobasal

Multiple studies have shown that seizures can be acutely elicited with optogenetics (Table 1.1).
In light of this, is there a place for using optokindling? We argue that there are several key
advantages. Because optokindling allows graded development, increased severity of
electrographic and behavioral seizures over time, as well as long-term susceptibility of seizure

properties akin to long-term memory (Table 1.2) (Goddard, 1967; Teskey, 2001a), it is possible
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to use optokindling to study aspects of epileptogenesis rather than simply studying directly
driven seizures. These features make kindling a reliable animal model for the study of the

transition to seizures from a healthy brain over the long term (Sato et al., 1990).

Additionally, kindling can be combined with a second factor in a two-hit model of
seizures to examine synergistic effects (Berkovic et al., 2006). For example, the two-hit model
can be used to study how early-life seizures impinge on seizure propensity later in life (Koh et

al., 2001).

With these advantages in mind, we recently developed an optokindling model (Figure
1.5) in neocortex that replicated several hallmark features of electrical kindling such as gradual
seizure development as well as long-term seizure retention (Table 1.2) (Cela et al., 2019). With
optokindling, we were able to induce seizures whilst avoiding tissue damage, which might
otherwise confound interpretation of results (Pitkdnen et al., 2009a). We found that
optokindling can mimic the gradual development of seizures in epileptogenesis (Morrell,

1985).

Going forward, in order to effectively develop optogenetic variants to classical
kindling, classical changes accompanying kindling must be measured such as long-term
retention of seizure susceptibility, worsening electrographic and behavioral seizures, as well as
changes in seizure threshold and possible propagation of seizures (Table 1.2) (Goddard et al.,
1969; Teskey, 2001a). These variables are critical to differentiate optokindling models from

direct optogenetic drive of seizures (see also Table 1.1).

Furthermore, optogenetics also opens up new avenues of examining dekindling, or the
gradual decrease in seizure propensity, i.e. the opposite of epileptogenesis (Figure 1.4)
(Morrell, 1960; Salanova et al., 1996). With optogenetics, it may be possible to reverse the

synaptic changes occurring during epileptogenesis. Future studies also need to examine other
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brain areas aside from neocortex to ensure that the optokindling effect can be replicated
elsewhere in the brain as was done with electrical kindling (Cela et al., 2019; Goddard et al.,

1969).

Table 1.2 Criteria for kindling

Key properties of kindling, as outlined by Teskey (2001a).

Metric Description

1 | Electrogenic seizure severity | Kindling causes an increase in duration, amplitude,

frequency, and complexity of seizures.
2 | Behavioral seizure severity Behavioral seizures appear and increase in severity.

3 | Seizure threshold Seizure threshold is reduced, so that initially inert

stimulation may eventually elicit seizures.

4 | Seizure propagation Seizure eventually propagates from stimulation site to

distant brain regions.

1.4.6 Future directions in optogenetic applications to seizures

Over several decades, the field of epilepsy has benefited from multiple animal models of
epilepsy, as described above. More recently, optogenetics has been used to study epilepsy with
the goal of linking circuit properties to seizures in defined neuronal populations. Here, we have
discussed how optogenetics was used to both activate and inactivate target cells leading to

either prolonging or reducing seizure duration in several different brain regions (Table 1.1).
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However, several issues remain before optogenetics will likely gain widespread use in
epilepsy research. First the virus injection and ferrule implantation procedure that is required
for optogenetic activation is time consuming and labour intensive. This has already begun to
be addressed by near infrared (IR) versions of ChR2 which do not need ferrule implants for
light delivery and can instead be activated transcranially (Lin et al., 2013). These IR variants
also reduce the possibility of heat-induced light damage from prolonged stimulation (Christie
et al., 2013; Hososhima et al., 2015). Secondly, the EEG recording, which also requires time-
consuming implantation procedures, can be replaced by all-optical interrogation of neural
circuits using genetically encoded sensors for readout and optogenetic actuators for control of
cellular activity (Emiliani et al., 2015). Thirdly, the advantage of optogenetics in targeting
different neuronal populations is restricted by the specificity of factors such as promoters and

viral serotype.

As the genetic toolkit for exogenous protein expression continues to expand (Sjulson et
al., 2016), it will allow for the activity of neural circuits contributing to seizure formation to be
recorded and manipulated by light, which in turn will enable the development of novel epilepsy
models with improved spatiotemporal precision (Zhang et al., 2018b). This will likely be
particularly useful in closed-loop systems where real-time adjustment can be made based on

behaviour or ongoing brain activity, e.g. at the start of seizures to shut them down.

Optokindling is a particular subset of this genetic toolkit — studies such as ours (Cela
et al., 2019) will improve our understanding of circuit changes in epileptogenesis rather than
of acute seizure induction. This is important since long-term seizure development may closely
mimic certain aspects of human epilepsies that involve circuit alterations while acute seizures
models may be more useful to study circuits and seizure properties as such (Lillis et al., 2015;

Sutula, 2004).
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Optogenetics is not the only genetic neuronal activation system useful for the study of
epilepsy. Another system that has been used is pharmacogenetics using designer receptors
exclusively activated by designer drugs (DREADDS). DREADDS are G-coupled receptors and
can be used to inhibit (hMD4i receptor) or excite (hM3Dq receptor) cells (Pei et al., 2008) upon
addition of the drug clozapine N-oxide (CNO). DREADDS have been used to both halt and
initiate seizure development, e.g. seizure suppression in organotypic hippocampal slice
cultures (Avaliani et al., 2016), seizure blockade in amygdala-kindled mice (Wicker and
Forcelli, 2016), as well as silencing of pilocarpine-induced seizures in-vivo (Katzel et al.,

2014).

A recent study has highlighted the possibility of using optogenetics along with
pharmacogenetics to induce seizures with the former while abating their activity with the latter
(Berglind et al., 2018). DREADDs can be used to chronically inhibit or promote activity in
genetically defined neurons similar to optogenetics but while DREADDS can serve some of
the main properties of optogenetics in studying seizures, they have significant disadvantages.
First, DREADDS have reduced temporal specificity compared to optogenetics. Chronic
manipulation of activity levels imposed by DREADDS lack the millisecond-scale precision
mimicking synaptic transmission afforded by optogenetics. Second, the supposedly otherwise
inert agonist (CNO) can in fact be metabolized back to clozapine and have off-target effects
such as lowered seizure threshold, which could of course cloud the interpretation in epilepsy
studies (Manvich et al., 2018; Sajatovic and Meltzer, 1996). Optogenetics may thus prove to

be a better method of activity manipulation in epilepsy studies.

In conjunction with genetic methods for manipulating neuronal activity, the roles of
injury and inflammation can be explored using the two-hit model (Berkovic et al., 2006).
Optical induction models such as optokindling have a narrower focus on activity-dependent

plasticity, since — compared to their electric or chemical counterparts — they result in
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relatively little tissue damage or inflammation (Cela et al., 2019). It may in fact be possible to
optokindled transgenic mice without the need for viral injection or surgery (Cela et al., 2019),
thus bypassing injury and inflammation completely. This may make them especially useful for

discovering novel therapies, to halt or slow down pathological plasticity in epileptogenesis.

The application of optogenetic intervention in human epilepsies has been delayed
because several hurdles need to be overcome. For example, there are health concerns associated
with using viral vectors for gene delivery. Furthermore, the human brain is much larger than
that of rodents, which means much more powerful light sources are required to access deep
brain structures (Couzin and Kaiser, 2005; Delbeke et al., 2017). Furthermore, optogenetic
seizure interruption requires highly accurate real-time seizure detection, which is still a largely

unsolved issue (Dheer et al., 2017).

Although it remains unknown what precisely the future holds in store, what should be clear
from this review is that optogenetics is here to stay as a key tool to control activity in primary
epilepsy research as well as in future treatments. Recent optogenetic studies have already
revealed e.g. the differential IN population role in seizure initiation as well as different ways
of halting seizures depending on the brain area (Ellender et al., 2014; Khoshkhoo et al., 2017;
Paz et al., 2013). With optogenetics, more circuit components underlying seizures will be

dissected and novel therapeutic interventions will be discovered.

1.5 Mechanisms and consequences of epileptogenesis

1.5.1 General mechanisms of seizure generation

Epileptogenesis, or the process by which the brain become epileptic, is a critical but not well
understood part of the epilepsy literature. One difficulty arises from the fact that many single

processes which are thought to be important may work in synergy and it is not entirely clear
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how this can happen. It is known for example that the development of seizures is
accompanied by changes at the cellular level such as neuronal loss, gliosis and mossy fibre
sprouting (Houser, 1999; Sutula et al., 1992). Other changes that accompany seizures are

electrographic in nature instead of anatomical and will be discussed further below.

Under normal non-pathological circumstances, the brain maintains a balance
between the excitatory and inhibitory tone. Consequently, ictal events are believed to be the
result of the shift in balance between excitation and inhibition and this imbalance can be
reached in several ways (Chang and Lowenstein, 2003; Galarreta and Hestrin, 1998; Nelson
and Turrigiano, 1998). For example, an overall reduction of excitation is a major factor
accompanying lesion-dependent epilepsy (Timofeev et al., 2014). Since 80% of the neurons
in neocortex are excitatory, damage done during a focal lesion are largely responsible for

impinging on the excitatory network (Gabbott and Somogyi, 1986).

To better understand what roles excitation and inhibition play during seizure
development, investigators have conducted experiments which are focused on different.
properties of neurons and types of cell populations that may be impinged upon during
seizures. One of these properties has been intrinsic excitability and factors which have been
investigated in epileptic animals include resting membrane potential, input resistance, and
membrane time constant (Mody and Staley, 1994). There has been considerable controversy
with these findings with many studies comparing control and epileptic tissues to find no
differences in intrinsic properties (Avoli and Olivier, 1989; Prince and Wong, 1981). On the
other hand, some studies have shown these differences exist and confirmed the hypothesis
that passive membrane properties change in chronically epileptic tissue (Franck et al., 1988;
Mody et al., 1988; Prince and Tseng, 1993). This discrepancy may be explained at least in
part by the fact that most recording studies examine only “epileptic” principal neurons.

However, since the animal models used cannot distinguish between PCs that are affected, the
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variability in cell choice affects the measurement outcome. Furthermore, other mechanisms
that increase intrinsic excitability such as low Ca*" conditions or those that impinge on
overall synaptic transmission such as blocking K* channels can also produce ictal events
(Deisz, 2009). Further studies with more refined techniques comparing affected and non-

affected neurons may be necessary to resolve this controversy.

1.5.2 Morphological changes associated with epilepsy

In addition to synaptic level changes and ionic composition, local circuit arrangement can
contribute to the development and progression of seizures. In the hippocampus for example,
the recurrent excitatory connectivity is conducive to synaptic synchronization and spread of
seizures. CA3 PCs can fire bursts of action potentials and recruit the right number of neurons
to lead to ictal events (Traub, 1982). According to the Hebbian postulate, if repeated seizures
cause a brain to become more strongly interconnected through repeated co-activation of
neurons, as is hypothesized to occur in many types of epilepsy, then an increase in the
presence of efficacious synapses is one of the consequences of this prediction (Hebb, 1950).
Indeed, with repeated synchronized activity, these pathways can strengthen their connections
and sprout new ones as the brain advances from a healthy to a diseased state (Chen et al

2013).

Morphological changes accompanying epilepsy have been heavily studied in TLE
models of epilepsy. The prediction of Goddard, in which he hypothesized that kindling might
induce structural changes within neurons, were first supported by the findings of mossy fibre
sprouting in the dentate gyrus following repeated seizures (Cavazos et al., 1991; Goddard,

1967; Represa et al., 1989). Mossy fibre sprouting is also seen in humans with temporal lobe
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epilepsy and is thought to arise from repeated seizures as well (Sutula et al., 1988). Recurrent
excitation has been implicated for this mechanism since experiments in vitro have shown that
recurrent excitation emerges when inhibition is reduced or changes in the extracellular milieu
occur (Lynch and Sutula, 2000; Wuarin and Dudek, 1996). Seizure-induced recurrent

excitatory circuits may be necessary to allow propagation of seizures that would otherwise be

inhibited, thereby contributing to the progression of epilepsy.

In addition, hippocampal kindling is thought to lead to an overall decrease in the
number of synapses and it may lead to a shift toward the higher efficacy perforated over non-
perforated synapse which may account for some of the increases in electrophysiological
responses following kindling (Geinisman et al., 1988a,1992). Following neocortical kindling,
aside from similar changes as those observed in hippocampal kindling, there is a transient
increase in dendritic length and branches two days after which transitions into a decrease
three weeks later (Teskey et al., 2006). In addition, there is an increase in synapse density of
layer V local connections in kindled animals compared to controls (Teskey et al., 2006).
Finally, neocortical kindling is accompanied by a decrease of neuronal density, up to 30%

following several weeks of kindling (Teskey et al., 2006) .

The consequences on the brain from repeated seizures are not limited to
morphological changes visible in different cell types. Gross neuronal changes like apoptosis
and necrosis can also accompany seizures. Neuronal death in animal models of kindling can
be observed from the first seizure onset and additional repeated seizures can cause
widespread apoptosis as seen in hippocampal structures and neocortex, which mimics
classical human sclerosis of the hippocampus (Cavazos et al., 1994; Kotloski et al., 2002). As
mentioned previously, kindling-induced seizures can cause significant reductions in neuronal
numbers and this result has been replicated in several studies using electrical induction of

seizures (Cavazos and Sutula, 1990; Kotloski et al., 2002; Sloviter et al., 1996). The
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molecular mechanisms underlying seizure-induced apoptosis are not fully elucidated but are
thought to involve glutamate-mediated excitotoxicity resulting in intracellular calcium

overload and eventual apoptosis (Meldrum, 1993,2000).

1.5.3 Inhibitory circuits and their role in seizure formation

While neuronal network activity and synchronization across brain areas are a part of normal
brain operation, aberrant pathological firing may depend on similar mechanisms, at least
initially, to get the brain in a synchronous state. For example, INs such as those belonging to
the PV family are thought to play a critical role in synchronizing PC firing (Cobb et al.,
1995). However, pharmacological manipulations that block GABAergic inhibition such as
bicuculine or picrotoxin do not just block synchronization between PCs, they have the
capability to produce ictal and interictal events (Avoli, 1996; Stanton et al., 1987).
Furthermore, even though focal lesions may impinge heavily on the excitatory networks
which eventually lead to seizures, some INs are thought to be more sensitive to pathological

activity following local cortical lesions (Avramescu et al., 2009).

The kindling model of epilepsy also shows several changes associated with seizure
onset and generalization linked to INs. A reduction in IN number has been observed during
kindling-induced seizures, specifically cholecystokinin and GABA transporter 1-positive INs
(Sayin et al., 2003). It is particularly interesting that these two classes are affected since they
provide mainly axo-somatic and axo-axonic inhibition that directly affects AP propagation in
the axon hillock (Freund and Buzsaki, 1996). Following these changes are decreases in the
evoked inhibitory postsynaptic currents and overall reduction in inhibition (Sayin et al.,

2003). PV neurons are also reduced in human epileptic hippocampi examined post-mortem
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(During et al., 1995; Zhu et al., 1997) and their role as generators of the gamma rhythm has

become increasingly evident in recent times (Sohal et al., 2009).

Many studies have furthered our understanding of the consequences of inhibitory
circuit changes following seizures by studying the hippocampal circuitry in animals and
humans. In the hippocampus, a disconnection of inhibitory INs may occur in the CA1 region
after electrically-induced seizures (Mangan et al., 1995). In the same circuit, presynaptically,
the mossy fibres of granule cells appear to express a GABA-synthesizing enzyme after
seizures (Schwarzer and Sperk, 1995). Further experiments in human epileptic tissue have
demonstrated impairments in GABA transporter function in the hippocampus suggesting that
these transporters may dampen excitation under normal conditions but have a diminished role
in epileptic tissue (During et al., 1995). Investigators have further posited that the normally
inhibitory GABAA receptor may mediate excitatory transmission during seizures in response

to increased activity levels (Staley et al., 1995).

1.5.4 Excitatory circuits and their role in seizure formation

Early studies suggested that epilepsy, similar to learning, might involve similar cellular and
molecular mechanisms. For example, synaptic and circuit alterations in kindling also required
protein synthesis and if this process was blocked with inhibitors, secondary epileptogenesis
was also blocked (Morrell et al., 1975). Later studies showed that giving the protein synthesis
inhibitor anisomycin 15 minutes before high frequency stimulation to amygdala could block
potential kindling that would otherwise occur (Cain et al., 1980). In fact, evidence for what is
considered the modern candidate for memory, long-term potentiation (LTP) began to be
derived from studies on mirror foci and kindling, happening during the time LTP was

discovered. The similarities between kindling and LTP do not end there. It is well established
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that once a primary epileptogenic focus is active, it will provide high-frequency efferent
outflow to its targets (Wilder et al., 1968). While high frequency electrical stimulation can
induce LTP, increases in afferent activity after induced seizure foci can also induce LTP
(McNamara, 1994; Teyler and DiScenna, 1987). Finally, recent evidence has emerged
showing that kindling can occlude potential LTP in slices even after kindling has been

terminated (Esmaeilpour et al., 2017).

The emergence of seizures is associated with many changes in receptors that are
critical for excitatory neurotransmission in the brain. For example, repeated kindling induces
an increase in the NMDAR-dependent synaptic transmission that is long-lasting but not
permanent (Behr et al., 2001). Interestingly, kindling-induced seizures may tip the
excitation/inhibition balance further since NMDARs have been found to have enhanced
transmission (Kohr et al., 1993). Also, repeated seizures over time give rise to a novel
NMDAR that is less sensitive to agonists (Nadler et al., 1994). Thus, NMDARs play a critical
role in the initial seizure induction and but not persistence of seizure susceptibility at least

with respect to the kindling model of seizures.

Glutamate-activated EPSPs depend heavily on activation of AMPA receptors
(AMPARs). Studies from epileptic post-mortem tissue in humans have shown up-regulated
AMPARs (Hosford et al., 1991). Changes in AMPARSs can also occur after electrical kindling
(Kamphuis et al., 1994). During seizures, it is thought that AMPARSs may contribute not just
to shifting the excitatory/inhibitory balance but through cell death as well. For example, in
hippocampal CA4 neurons, AMPARs seem to switch to calcium permeable which increases
the probability of subsequent calcium induced excitotoxicity (Friedman et al., 1994). In other
parts of the hippocampus, different mechanisms may play a role in enhancing hyperactivity.
In granule cells, the altered AMPAR subunits show an enhanced response to agonists and

may result in increased excitatory tone (Kamphuis et al., 1994). Given several lines of
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evidence implicating the roles of AMPARs during ictogenesis, modulating the effect of
AMPAR activity may be a potential way of targeting AEDs. Indeed, blocking AMPARs and
NMDARs receptors retarded epileptogenesis in an animal TLE model of seizures (Schidlitzki

etal., 2017).

Metabotropic glutamate receptors (mGluRs), especially those belonging to group 1
have been recognized for decades as important contributors to epileptogenesis. Early studies
discovered that mGluR agonists could recruit the hippocampus in-vitro and in-vivo to
produce synchronized discharges (McDonald et al., 1993; Taylor et al., 1995). While addition
of mGluR agonists produced ictal-like discharges, their removal did not restore baseline
activity, suggesting that mGluRs are closely linked with network plasticity and initiation of
an epileptogenic process (Anwyl, 2009; Merlin and Wong, 1997). Indeed, it is now apparent
that mGluRs are critical for brain plasticity even in the absence of pathologic conditions and
exert their effects through second messengers such as phospholipases and extracellular

kinases (Niswender and Conn, 2010; Zhao et al., 2004).

As more studies have emerged from animal models of epilepsy, it has become more
apparent that seizures cannot be fully explained by failure of inhibition. It is increasingly
clear that there are several other changes that occur concurrently during and after seizure
emergence that are important for the transition from a healthy to an epileptic state. As an
example, second messengers have been increasingly looked at for their role in the
development of seizures. Following kindling, it is believed that there is a loss of intracellular
calcium-binding proteins such as calbindin and an increase in Ca?* current which may be
explained by increased Ca?" channel density on the cell membrane (Kohr et al., 1991;
Vreugdenhil and Wadman, 1992). However, these results do not completely rule out that
changes in second messenger systems are a result of and not a consequence of kindling

(Mody and Staley, 1994).
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1.5.5 Genetic pathways associated with epileptogenesis

The long-lasting consequences of seizures are a major stumbling block to effective treatment.
Thus, a major research effort is focused on identifying key genes that participate in the long-
term consequences of seizures. The lasting effects may be in part underlied by activation of
immediate early genes and neurotrophins such as BDNF and TrkB which contribute to long-
term circuit alterations (Binder et al., 1999; Elmer et al., 1996). Other genes that are altered
following excessive neuronal activity such as kindling-induced seizures are neuroactive
peptides, potassium channels, extracellular proteases, as well as glutamic acid decarboxylase
(GAD) (Iadarola et al., 1986; Qian et al., 1993; Rosen et al., 1992; Sonnenberg et al., 1991;
Tsaur et al., 1992). Notably, the genetic changes in protein or mRNA expression that
accompany kindling may be short lived but their gene products may nevertheless be able to
impart lasting changes on brain circuits (Mody, 1993). Some genetic and molecular changes
can be induced by minor hyperactive episodes, for example by ADs (Gall, 1992). Thus, even
in the earlier stages of kindling, the cascade of events eventually leading to generalized

seizures may have already begun.

Another heavily studied protein with regards to ictogenesis has been mTOR and its
downstream targets, which have been associated with multiple diseases involving
developmental brain malformations (Huang and Manning, 2008). Inactivating genes that
inhibit mTOR signalling causes mice to develop seizures after one month (Uhlmann et al.,
2002). On the other hand, excessive stimulation of the mTOR pathway causes disorganization
of cell layers and astrogliosis, amongst other changes, and these pathological changes as well
as the onset of seizures can be reversed by inhibiting the mTOR pathway (Uhlmann et al.,
2002; Zeng et al., 2008). In humans, mutations of mTOR pathway molecules such as

tuberous sclerosis complex 1 cause severe and intractable epilepsy as well as related focal
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cortical malformations (Wong, 2008). Thus, there are multiple genetic and molecular changes
that act in concert with structural changes and impinge upon the transition from a healthy and

epileptic state.

1.5.6 Contributions of glia to epileptogenesis

Changes in morphology and synaptic function of neurons are not the only factors that may
contribute to the development of seizures. Increasingly, glia have been found to play key
roles in the initial steps of seizure development and progression of epilepsy. Post-mortem
tissue analysis from patients with epilepsy have shown evidence of gliosis and activated
astrocytes; their role in neurotransmitter management may suggest how glia can contribute to
seizure-generation (Cohen-Gadol et al., 2004; Petroff et al., 2002). In animal models of
epilepsy, it was found that repeated kindling-induced seizures upregulate GFAP mRNA and
protein levels along with increasing glial proliferation and growth (Hansen et al., 1990;
Khurgel and vy, 1996). Aside from astrocytes, microglia can also be activated in epileptic
tissue in response to proconvulsant application or electrical stimulation (Borges et al., 2003).
Once activated, microglia may modulate several functions which can contribute to epilepsy
such as aberrant neurogenesis or a pronounced inflammatory response (De Simoni et al.,

2000; Luo et al., 2016).

Possible mechanisms of glial contribution to seizure formation include how glia
interact and can modify the extracellular space between neurons. It is known that seizure
activity is associated with an increase in extracellular K* concentration and a decrease in
extracellular Ca®" concentration (Somjen, 2009). As the seizure occurs, the extracellular
space surrounding cells actual closes (Amzica and Neckelmann, 1999). These changes alone

dramatically affect intrinsic excitability of neurons due to ionic redistribution. The increase in
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K" shifts the reversal potential to more depolarized values and enable Iy, currents to generate
action potentials (Timofeev et al., 2002). Yet another potential mechanism where glia could
impinge on the development of seizures is through glutamate uptake. Alteration in the glial
glutamate transporters EAAT1 and EAAT2 has been shown to be common in TLE (Seifert et
al., 2006). Meanwhile, inhibition of glial glutamate transporters leads to prolonged synaptic

currents and decreased threshold to seizures (Campbell and Hablitz, 2008).

Glia are also tightly involved with inflammation and may play a role in seizure
promotion through inflammatory pathways (Dong and Benveniste, 2001). For example,
febrile seizures, which are initiated by fever, are associated with increased levels of the
cytokine IL-1f (Dube 2005). IL-1p may also act in concert with other cytokines such as
TNFa to inhibit glutamate reuptake and promote hyperactivity (Bezzi et al., 2004; Ye and

Sontheimer, 1996).

Finally, glia may modulate epileptogenesis through metabolic by-products such as
ATP. ATP is broken down to adenosine which acts on presynaptic Al adenosine receptors
and can inhibit transmitter release (Pascual et al., 2005). Seizure induction results in
decreased circulating adenosine concentrations (Li et al., 2008). Correspondingly, the enzyme
that regulates adenosine phosphorylation, adenosine kinase, has generated increasing interest
as a potential therapeutic agent to prevent epileptogenesis (Boison, 2008). Taken together, it
is becoming increasingly clear that glia play important and non-overlapping roles in

epileptogenesis through several different pathways.

1.5.7 Brain-wide changes associated with epilepsy

Since performing kindling experiments in humans directly is not permissible, there are only

few reports of successful seizure generation after electrical stimulation (Monroe, 1982;
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Sramka et al., 1976). Early experiments were instrumental in laying the foundation for human
studies of epilepsy and uncovering the steps involved in seizure generation. One of the most
intensely studied consequences of kindling has been on the somatotopic organization upon
which movement representations are thought to be based on (Murphy et al., 1980; Penfield
and Rasmussen, 1950). Further experiments showed that once seizure severity reached tonic
clonic status, seizure activity could spread to adjacent muscle groups in the so-called
“Jacksonian march” (Murphy et al., 1980). These findings were supplemented by those of
Penfield who had discovered earlier the representation or somatotopic map within the human
precentral gyrus (Penfield and Rasmussen, 1950). Later, researchers were able to show that
movements in patients with epilepsy could be elicited from regions outside of the motor

cortex (Uematsu et al., 1992).

In animal kindling studies, one of the first findings supporting this human work
demonstrated that kindled animals showed an increase in the area of cortex from which
forelimb movements could be elicited (Teskey et al., 2002). Increasing stimulation intensity
during electrical kindling of cortex, also showed increasing number of forelimb muscle
recruitment compared to controls (Teskey et al., 2002). In addition to changes in
sensorimotor representation, neocortical kindling can also change tonotopic representation in
auditory cortex. Kindled animals have less precise tuning curves potentially resulting from
decreased thalamocortical input of stronger horizontal connections, giving rise to responses
over a broader frequency range (Valentine et al., 2004). Also, during spontaneous activity,
kindled animals show greater neuronal synchrony between neurons assayed with single-unit

recordings in primary auditory cortex (Valentine et al., 2004).
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1.6 Electrophysiological correlates of seizure development

1.6.1 HFOs

High-frequency oscillations (HFOs) are field potentials that are 80Hz or greater and last from
several to hundreds of milliseconds (Buzsaki et al., 1992). They are thought to play several
key roles in brain functions such as sleeping and waking cycles, cognitive processing, and
memory consolidation (Engel and da Silva, 2012). Studies have suggested that HFOs may
reflect inhibitory potentials from rhythmic IN firing (Cobb et al., 1995; D'Antuono et al.,
2005). HFOs can be broadly divided into two frequency ranges, ripples (80-200 Hz) and fast
ripples (250-500 Hz) (Bragin et al., 1999b; Buzsaki et al., 1992). Spontaneous ripple HFOs
can be seen in the neocortex, hippocampus and during non-pathological conditions. Cortical
HFOs are thought to be closely tied to sensory-evoked potentials (Jones and Barth, 1999;
Kandel and Buzsaki, 1997). Ripples have also been implicated as critical participants of

information transfer from hippocampus to neocortex during sleep (Buzsaki, 1996).

HFOs have also been found in animals and patients with epilepsy where the
dominant frequencies detected are 250-600 Hz (Jacobs et al., 2009b; Zijlmans et al., 2009).
Data thus far suggests that HFOs detected in pathological conditions may reflect bursts of
population spikes from abnormally synchronized PCs (Jefferys et al., 2012). In animal
models of chronic limbic epilepsy, fast ripples have been found only in rats that have
spontaneous seizures, thereby providing a plausible association between fast ripples and the

onset of spontaneous seizures (Bragin et al., 1999a; Bragin et al., 2000).

Several of the properties of HFOs in animals such as spectral frequency, duration
and association with seizure-onset zones are recapitulated in humans (Bragin et al., 1999a;

Staba et al., 2002). In patients with MTLE, it was found that higher rates of fast ripples
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detected were positively correlated with severity of sclerosis that was observed as well as
decreased densities of neurons in hippocampal circuitry (Ogren et al., 2009; Staba et al.,
2007). In addition, the number of HFO-generating zones within pathological tissue correlate
with seizure frequency and their power increases during the transition to hypersynchronous

seizures (Bragin et al., 2005; Bragin et al., 2003).

In fact, HFOs have received increased attention as a potential biomarker for seizure
activity (Schevon et al., 2009; Urrestarazu et al., 2007). For example, in TLE models, HFOs
are found in areas of the hippocampus and related limbic structures where ripples do not
occur under normal conditions (Bragin et al., 2004). Also, the rates of HFOs in pathologic
conditions were strongly linked to the area of seizure onset but not anatomical lesion,
suggesting that HFO generation may be a fundamental property of epileptogenesis (Jacobs et

al., 2009a; Staley et al., 2011).

1.6.2 Interictal spikes

Other electrophysiological correlates of seizure development are interictal discharges/spikes -
high-amplitude fast EEG transients typically followed by a slow wave that lasts several
hundreds of milliseconds (de Curtis and Avanzini, 2001). The slow wave is termed a
paroxysmal depolarizing shift (PDS) and is commonly observed when GABAa-mediated
inhibition is impaired (Schwartzkroin and Prince, 1980). Interictal spikes (ISs) include rapid
potentials that are designated as spikes (even faster than 50ms) and slower potentials between
50-200 ms duration termed sharp waves (Gotman, 1980). In the cortex, ISs can recur and
remain localized to one region or spread to another area that may involve secondary
subcortical structures (de Curtis and Avanzini, 2001). Amongst other mechanisms in the

neocortex that participate in PDS formation, calcium currents are thought to be critical and
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blocking these results in reduction or abolishment of PDS and ISs (Brown and Griffith,

1983; de Curtis et al., 1999; Wong and Prince, 1978).

In neocortex, it is believed that deep layers such as 4 and 5 are responsible for
promoting PDS and therefore IS generation (Chagnac-Amitai and Connors, 1989).
Furthermore, it was found that PDS can be initiated by the gradual summation of excitatory
inputs (Chamberlin et al., 1990). Since INs play a major role in synchronizing the firing of
INs and PCs, it has been proposed that they are responsible for the synchronization needed to
generate cortical ISs (Perreault and Avoli, 1992). Furthermore, it is thought that ISs may
characterize the change from latent to chronic epilepsy (Bortel et al., 2010). Also, ISs’ role
may depend on developmental stage. Studies in juvenile animals have shown that they may
play a role in axon guidance and the formation of initial axonal connections (Staley et al.,

2011).

ISs have been increasingly recognized as a prognostic tool for seizure development
and potential therapeutic target for clinical intervention. Studies have shown that the animals
that eventually develop epilepsy have an increase in frequency of ISs (Huneau et al., 2010).
ISs have also been detected in epileptic patients though there is still some controversy with
regards to their true meaning since they have also been detected to a lesser degree in healthy
subjects (Jabbari et al., 2000). In presurgical studies, using HFOs as markers for seizure
generating sites had a better surgical outcome than using ISs (Jacobs et al., 2010). Other
studies have suggested that the presence of HFOs with ISs was more sensitive in predicting

seizure-onset area than ISs alone (Jacobs et al., 2008).

This suggests that ISs may not predict as well as HFOs the extent of the epileptogenic region

targeted for surgical resection.

Elvis Cela - IPN 43



1.7 Rationale and aims of the thesis

Rationale

Current chronic animal models of epilepsy where seizures are induced are widely used and
allow examination of the first stages in the transition from a healthy to an epileptic brain. Yet
models of electrical induction like kindling suffer from a set of key problems. For example, it
has been difficult to disentangle the contribution of tissue damage from plasticity
mechanisms. Furthermore, the experimenter cannot readily control the subset of cells that are
activated with classical kindling, making it difficult to establish causal links between cell type
and pathological outcome. This lack of specificity may in turn contribute to less standardized

outcomes across labs.

Here we describe novel approaches using combinations of optical and genetic
methods for studying epileptogenesis. These approaches can circumvent some shortcomings
associated with the classical animal models and may thus increase the likelihood of
developing new treatment options. We aim to clarify the local circuit changes that are

associated with the transformation of the brain into an epileptic state.
Aim 1

The 1% aim of my PhD research was to develop a novel neocortical optogenetic
kindling model of epilepsy which addresses current shortcomings of electrical induction
models of epilepsy. The optogenetic model shares key features with electrical kindling
models such as: 1) repeated stimulation, while initially ineffective, eventually results in
seizures; (2) the severity and duration of these seizures increases over time; and finally, (3)
animals with seizures that are left unstimulated for a prolonged period display retention of
seizure potential when stimulation recommences. I describe this model in Chapter 2 and this

manuscript is published (Cela et al., 2019).
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Aim 2

The 2™ objective of my research was to optimize this kindling model by modifying
the rate of seizure occurrence to widen the suitability of the model. To this end, I used a two-
hit approach by injecting animal with the cannabinoid receptor type 1 (CB1R) blocker
rimonabant on top of the stimulation paradigm established in Aim 1 to accelerate seizure

development. These results are described in Chapter 3.
Aim 3

The 3 objective of my research was to develop methods of testing the
consequences of the novel optogenetic kindling model in neocortical circuits. To achieve this,
I used a combination of two-photon imaging and acute slice recordings combined with
optogenetic stimulation of presynaptic cells to characterize the intrinsic properties of cells in
the kindled cortex compared to healthy brains and lay the foundation for future studies. These

preliminary results are discussed in Chapter 4.

The findings presented in this Ph.D. thesis discuss a method to examine seizure
development in the initially heathy brain with cellular resolution (optokindling), a feat that
has only recently become possible. Furthermore, I modified optokindling to result in
accelerated seizure development by combining it with a CB1R blocker in a two-hit model of
epilepsy. Finally, in preliminary experiments, I used ChR2 mapping techniques in acute
slices as a potential means of investigating circuit changes following seizures. Taken
together, these findings may be important going forward to develop new therapeutic

strategies for intervention at critical points during epilepsy.
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2 AN OPTOGENETIC KINDLING
MODEL OF NEOCORTICAL
EPILEPSY

2.1 Preamble to Chapter 2

In Chapter 1, I outlined what features must constitute an optogenetic kindling model, and
how this differs from current seizure induction models. In Chapter 2 I describe the
development of a neocortical optogenetic kindling (optokindling) model that fulfils the
criteria outlined in Chapter 1. Using in-vivo EEG recording as well as behaviour monitoring
in awake behaving mice, I studied the gradual progression of seizures upon optogenetic light
stimulation. The optokindling model I developed allows for genetic targeting of neurons of
interest whilst limiting gross brain damage. The optokindling I describe in this chapter is the
first of its kind, to my understanding, to effectively encompass kindling properties in an

optogenetic model. The results in this chapter will also inform subsequent chapters.

Abstract:
Epileptogenesis is the gradual process by which the healthy brain develops epilepsy.

However, the neuronal circuit changes that underlie epileptogenesis are not well understood.
Unfortunately, current chemically or electrically induced epilepsy models suffer from lack of
cell specificity, so it is seldom known which cells were activated during epileptogenesis. We
therefore sought to develop an optogenetic kindling method (optokindling) in which
activatable cells are both genetically defined and fluorescently tagged. We briefly

optogenetically activated pyramidal cells (PCs) in motor cortex (M1) of awake behaving
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mice every two days and conducted a series of experiments to validate the effectiveness of
the model. Although initially inert, brief optogenetic stimuli eventually elicited seizures that
increased in number and severity with additional stimulation sessions. Seizures were
associated with long-lasting plasticity, but not with tissue damage or astrocyte reactivity.
Once optokindled, mice retained an elevated seizure susceptibility for several weeks in the
absence of additional stimulation, indicating a form of long-term sensitization. We conclude
that optokindling shares many features with classical kindling, with the added benefit that the
role of specific neuronal populations in epileptogenesis can be studied. Links between long-

term plasticity and epilepsy can thus be elucidated.

2.2 Introduction

In 1967, Graham Goddard published his influential paper (Goddard, 1967) on the kindling
model of epilepsy, where he described how brief daily high-frequency electrical stimulation
of specific sub-cortical brain areas eventually led to seizures in a subset of otherwise healthy
and non-epileptic animals. Because kindled animals retained a reduced threshold for seizures
in the long term, Goddard argued that the process was “analogous to learning,” (Goddard,
1967) as proposed by Donald Hebb (Hebb, 1949) and others (Markram et al., 2011),
suggesting that epilepsy could arise from pathological activity patterns that recruit learning
mechanisms in the healthy brain (Teskey, 2001b). Although it does not represent all forms of
epilepsy equally well, the classical kindling model is today widely accepted as a functional
epilepsy model in which pathological evoked activity gradually develops in otherwise healthy

brains (Morimoto et al., 2004).

Yet, the original kindling model suffers from a set of key problems. For example, it

has been difficult to disentangle the contribution of tissue damage from plasticity
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mechanisms (Cavazos et al., 1994). Furthermore, the experimenter cannot readily control the
subset of cells that are activated with classical kindling, making it difficult to establish causal
links between cell type and pathological outcome. This lack of specificity may in turn lead to

poorer standardization across labs.

To improve on these shortcomings, we developed an optogenetic kindling model
(optokindling) of epilepsy in neocortex. Optokindling shared several key features with the
classical kindling model of epilepsy (Goddard, 1967; Teskey, 2001b): (1) repeated
stimulation, while initially ineffective, eventually resulted in seizures; (2) the severity and
duration of these seizures increased over time; and finally, (3) animals with seizures that were
left unstimulated for a prolonged period displayed retention of seizure potential when
stimulation recommenced. Furthermore, it was robust and did not cause appreciable brain
damage or glial reactivity. Since the optically driven set of cells is genetically defined as well
as fluorescently tagged in our model, it enables the study of cell and circuit changes

associated with epileptogenesis.

2.3 Materials and Methods
Ethics

All procedures conformed to the standards and guidelines set in place the Canadian Council
on Animal Care (CACC) and the Montreal General Hospital Facility Animal Care
Committee (FACC), with the appropriate license. For surgeries, animals were anesthetized
with isoflurane (CDMYV Inc., St-Hyacinthe, QC, Canada). For collection of acute slices, mice
were anesthetized with Avertin (Sigma Aldrich, Oakville, ON, Canada) or isoflurane and
sacrificed once the hind-limb withdrawal reflex was lost. Every attempt was made to ensure

minimum discomfort of the animals
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2.3.1 Stereotaxic viral injections and EEG screw implantation

We targeted ChR2 to primary motor cortex (M1) of male C57BL/6J mice aged postnatal day
(P) 30-45 using bilateral stereotaxic injection of AAV-CaMKIla-hChR2-E123T/T159C-p2A-
EYFP (UNC Virus Core, North Carolina, USA), since two kindling sites are known to
function better than one (Teskey et al., 1999). Males were chosen solely instead of females
since the estrus cycle can affect seizure susceptibility (Curry, 1974). Virus from plasmid
constructs contributed by Karl Deisseroth was packaged by UNC Vector Core into serotype 5
AAVs. Using a stereotactic apparatus (Just for Mouse 5731, Stoelting Inc, Wood Dale, IL,
USA), we injected 1.2 uL of virus bilaterally, following previously described procedures
(Cardin et al., 2010). Injection coordinates relative to bregma were 1.1 mm anteroposterior,
1.5 mm mediolateral and 0.8 mm dorsoventral. We subsequently placed and cemented 1.25
mm ceramic ferrules (CFC-230, Thorlabs, Newton, NJ, USA) over the injected region of
each hemisphere at the same coordinates as injection. Ferrules contained 200-um-diameter
0.37-NA multimode fiber to allow light delivery. Coincident with viral injection and ferrule
placement, we also implanted recording and ground screws (1/8”, 000-120 thread,

90910A 600, McMaster-Carr, Elmhurst, Illinois, USA), which were stabilized with dental
cement (Lang Dental, Wheeling, IL, USA). Animals were evaluated for correct placement
with EYFP staining (see below). The coordinates for recording screws typically centered
around £3 mm mediolateral, -0.6 mm anteroposterior while the reference screws were placed
at £3 mm ML and -4mm AP. The screws had conductive wire soldered on and were
connected to gold-plated jacks (64-132, Warner Instruments, Hamden, CT, USA; or
33X1880, Newark Electronics, Pointe Claire, QC, Canada) for EEG recordings. We used a

separate ground reference screw for the left and right hemisphere.
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2.3.2 In-vivo recordings and optogenetic stimulation

Animals were given 21 days to recover from surgery after which, they were habituated for
three days to the recording setup before commencing stimulation sessions. The recording
cage consisted of a 30 cm diameter wide and 40 cm tall Plexiglas cylinder covered with
copper mesh and with a copper bottom. To reduce noise by serving as a Faraday cage, the
copper plate and mesh of the cage were connected to the amplifier chassis ground. Two 445-
nm blue lasers (Monopower-455-150-MM-TEC, Alphalas GmbH, Germany) on kinematic V-
clamp post mounts (C1513/M, Thorlabs, Newton, NJ, USA) for ease of alignment, were air
coupled (aspheric FC/PC fiber port PAF-X-18-PC-A with HCP mounting bracket, Thorlabs,
Newton, NJ, USA) to two two-meter-long fiber-optic patch cords (M83L01, Thorlabs,
Newton, NJ, USA), coupled to 1.25-mm bilaterally head-mounted ceramic ferrules
(CFLC230-10, Thorlabs, Newton, NJ, USA). The light power exiting the fiber was ~50 mW;
it was measured before and after every stimulation session to ensure it remained stable. EEGs
were collected at 2-10 kHz with an extracellular amplifier (Model 1700, AM Systems,
Sequim, WA, USA) and were digitized on a PCI-6221 board (National Instruments, Austin,
TX, USA) using in-house software running in Igor Pro 6.37 (Wavemetrics Inc., Lake
Oswego, OR, USA) on a desktop computer (Micro Tower Desktop PC SL-DK-H61MX-ID,
SuperLogics, Natick, MA) running Windows XP SP7. This computer also episodically TTL-
gated the two 445-nm lasers. Animal behavior was recorded with two cameras, one above the
recording setup, and one to the side (Logitech C525 webcam, Tiger Direct.ca Inc., Calgary,
AB, Canada). Video was acquired using iSpy software (Version 6.7.9,
https://www.ispyconnect.com) running on the EEG acquisition computer. To score severity
of seizures from these videos, we used a modified Racine scale (Table 2.1). If behavior

seemed to straddle two Racine stages, the score was taken as the intermediate value, e.g. 4.5
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if between 4 and 5. As a form of verification, the Racine score was determined independently
of the automated seizure detection. We did not categorize paw movement due to direct
optogenetic activation as clonus, since it is a trivial and direct consequence of activation of

motor programs that is unrelated to epilepsy.

Mice were stimulated every two days with the same protocol lasting approximately
33 minutes. Stimulation sessions were numbered sequentially starting at one. Each session
consisted of an initial 10-minute-long baseline period, a three-minute-long induction, and a
second 20-minute-long baseline. Baseline stimulation consisted of two 10-ms 445-nm laser
pulses delivered at 30 Hz every 10 seconds. The induction period consisted of five bouts of
three seconds of 50-Hz stimulation at 50% duty cycle and three second inter-bout interval,
repeated three times once a minute (Figure 2.1). We categorized frequency bands as follows
(e.g. Figure 2.9): delta (0-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-30 Hz), gamma

(30-80 Hz), ripples (80-250 Hz), and fast ripples (250-500 Hz).

We employed two types of control animals. In EYFP controls, EYFP alone was
expressed using AAVS5- CaMKlIloa-EYFP (UNC Virus Core, North Carolina, USA), and the
stimulation during baseline and induction was as described above. In ChR2 controls, the
same ChR2 construct as stimulated animals was expressed, but the 50-Hz stimulation was

omitted from the induction period; the baseline stimulation pattern was as above.

In rekindling experiments, mice were not stimulated for 36 days after the last of the
initial 25 kindling sessions. Once stimulation was resumed, mice were stimulated every two
days, as before. The first session after the 36-day-long pause was considered rekindling

session one, with subsequent sessions were numbered sequentially.

2.3.3 Immunohistological analysis
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Mice were anesthetized with a cocktail consisting of (in mg/mL) 50 Ketamine, 5 Xylazine, 1
Acepromazine (CDMYV Inc., St-Hyacinthe, QC, Canada) and transcardially perfused with 0.1
M phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (PFA, P6148, Sigma
Aldrich, Oakville, ON, Canada). Brains were incubated in 4% PFA overnight, and then stored
for two additional days in a 30% (w/v) sucrose solution. Next, brains were mounted in O.C.T.
media (25608-930, VWR, Montreal, QC, Canada) using a bath of 100% EtOH and dry ice.
Using a cryostat, embedded brains were sectioned at 50 um thickness through the primary
and secondary motor cortices and sections were placed in a 0.01 M phosphate-buffered saline
solution. Sections underwent a twenty-minute wash in 0.01 M phosphate-buffered saline with
1% Triton-X (X100, Sigma Aldrich, Oakville, ON, Canada) followed by a ninety-minute
wash in 0.01 M phosphate-buffered saline with 0.3% Triton-X and 10% normal donkey
serum (NDS) (566640, Sigma Aldrich, Oakville, ON, Canada). All antibody incubations were

performed in 0.01 M phosphate-buffered solution with 0.3% Triton-X and 1% NDS.

Sections were incubated overnight at 4°C in the primary antibodies: rabbit anti-
cleaved caspase-3 (1:500, Cell Signaling, Danvers, MA, USA), mouse anti-NeuN (1:500,
Millipore, Billerica, MA, USA), rabbit anti-NeuN (1:500, Abcam, Cambridge, MA, USA),
chicken anti-GFP (1:1000, Abcam, Cambridge, MA, USA), mouse anti-GFAP (1:500,
Millipore, Billerica, MA, USA) and guinea pig anti-GFAP (1:500, Synaptic Systems,
Gottingen, Germany). Twenty-four hours later, tissue underwent three 15-min washes in 0.01
M phosphate-buffered saline with 0.3% Triton-X and 1% NDS, followed by a 90-min
incubation in the Alexa Fluor donkey secondary antibodies at 1:1000 (anti-rabbit 405, anti-
mouse 568, anti-rabbit 568, anti-chicken 488, anti-mouse 647, and anti-guinea pig 647) (Life

Technologies, Burlington, ON, Canada).

Next, the tissue underwent three twenty-minute washes in 0.01 M phosphate-

buffered saline with 0.3% Triton-X and 1% NDS. Following this procedure, coronal slices
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were mounted using coverslips with a 40 pl bolus of ProLong Gold Antifade mount (P10144,
Life Technologies, Burlington, ON, Canada). Sections were imaged using a Fluoview
FV1000 confocal laser scanning microscope and Fluoview software (Olympus Canada,
Richmond Hill, ON, Canada). Analysis of antibody-labelled slices was performed manually
using ImageJ(Schneider et al., 2012) and Igor Pro (Wavemetrics Inc., Lake Oswego, OR,
USA). For GFAP, ~6 sections with two measurements each, covering all six cortical layers,
were analysed per animal. M1 was compared to a non-labelled cortical region. For NeuN,
four or five sections were analysed with 7-8 measurements per animal. M1 cell counts were

carried out across the six cortical layers.

2.3.4 Automated electrographic seizure detection

To independently detect seizures offline, a simple automatic seizure detection software
algorithm was developed. Although this approach had the disadvantage of missing the
occasional seizure that was detected by inspection, it was preferred because it was unbiased
and — as opposed to manual inspection —invariably gave the same results when rerun on the

same EEG sweeps. We manually inspected all automatically detected electrographic seizures.

EEG Fourier power traces were first converted to z-score sweeps. For z-scoring purposes, the
background power levels were determined from the median of at least 64 one-second-long
EEG segments recorded in the absence of laser stimulation. The median was used to
automatically exclude the occasional movement artifact, because such artifacts resulted in

massive responses that typically saturated the amplifier for about a second at a time.

To detect electrographic seizures, a combined threshold and duration criterion was applied. If
power exceeded z-score 4 for longer than 4 seconds, then this event was deemed a seizure.

EYFP and ChR2 control animals were used to determine these threshold values, whereby
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which no seizures were detected in the control mice. We estimated a false negative rate of
~9% by direct inspection of EEGs. Z-scores above 100 were always rejected as movement
artifacts. The z-score threshold crossing was taken as the start of an electrographic seizure.
Seizure duration was automatically determined from seizure start to the first z-score
downstroke threshold crossing. No attempt was made to merge events separated by a brief
time of relative inactivity, so automatically detected electrographic seizures were likely

underestimated both in terms of number and duration.

2.3.5 In-vitro acute slice experiments

Mice were anesthetized by an intraperitoneal injection of an Avertin solution (10 g 2,2,2-
tribromoethyl alcohol, Sigma Aldrich T4,840-2, mixed with 10 ml of tert-amyl alcohol,
Sigma Aldrich 24,048-6) at 500 mg/kg body weight. The animals were then perfused
transcardially with an ice-cold (4°C) oxygenated N-methyl-d-glucamine (NMDG) solution
containing (in mM: 93 NMDG, 93 HCI, 2.5 KCI, 1.2 NaH>PO4, 30 NaHCO3, 20 HEPES, 25
glucose, 5 sodium ascorbate, 3 sodium pyruvate, 10 MgSO4and 0.5 CaCl, bubbled with 95%
02/5% CO» (Ting et al., 2014). After decapitation, the brain was removed and placed into the
same cold NMDG solution. Coronal 300-pum-thick acute brain slices were prepared on a
Campden Instruments 5000 mz-2 vibratome (Loughborough, UK) using ceramic blades
(Lafayette Instrument, Lafayette, IN, USA). The brain slices were then kept at 33°C in
oxygenated NMDG solution for 10 minutes, after which they were transferred to an
incubation solution (containing in mM: 125 NaCl, 2.5 KCl, 1 MgCl,, 1.25 NaH,POg4, 2
CaCly, 26 NaHCOs3 and 25 glucose, bubbled with 95% 02/5% CO.) and kept for 1 hour
before recording. Neurons were patched with pipettes (4-6 MQ) filled with a gluconate-based

current-clamp solution containing (in mM): 5 KCl, 115 K-gluconate, 10 K-HEPES, 4 Mg-

54 Elvis Cela - IPN



ATP, 0.3 Na-GTP, 10 Naz-phosphocreatine and 0.02-0.04 Alexa Fluor 594, adjusted to pH
7.2-7.4 with KOH and to 310 mOsm with sucrose. Patch pipettes were pulled from medium-
wall capillaries using a P-1000 electrode puller (Sutter Instruments, Novato, CA, USA).
Whole-cell recordings were obtained using BVC-700A (Dagan Corporation, Minneapolis,
MN, USA). Voltage signals were digitized at 10 kHz using PCI-6229 boards (National
Instruments, Austin, TX, USA) and custom software (Sjostrom et al., 2001) running in Igor
Pro (Wavemetrics Inc., Lake Oswego, OR, USA). L2/3 PCs were targeted for recording using
a 2PLSM rig custom-built from a SliceScope (Scientifica, Uckfield, UK) as previously
described (Buchanan et al., 2012). A MaiTai BB laser (Spectraphysics, Santa Clara, CA,

USA) tuned to 900-920 nm was used to generate GFP/Alexa 594 fluorescence.

To characterize ChR2 responses to light, we relied on the imaging and
electrophysiology platform described above, with an additional 445-nm blue laser (eBay.ca,
seller: newgazer) guided onto the same light path as the 2-photon beam and controlled with
two galvanometric mirrors (Cambridge Technologies, Bedford, MA, USA). The laser was
controlled by the same program running electrophysiological acquisition running home-made

software in Igor Pro.

2.3.6 Measurement of light scattering in cortical tissue

To measure light scattering properties in cortical tissue, we dissected whole brains from P30-
45 mice and placed them on top of plain microscope slides (12-550-A3, Fisher Scientific,
Nepean, ON, Canada). Next, we mounted the same 1.25-mm ferrule and the same 445-nm
laser used for stimulation on the stereotax we performed our surgeries on. After, we mounted
the sensor from a Thorlabs power meter (PM100D meter, S121C sensor, Thorlabs, Newton,

NJ, USA) directly below the slide. We descended the ferrule into the brain in 100 pm
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increments while measuring the power that was able to reach the sensor. We took 3

measurements at each depth and repeated the experiment with two different brains.

2.3.7 Statistics

The results are reported as the mean = SEM. Significance levels are denoted using asterisks
(* p<0.05, ** p<0.01, *** p <0.001). Unless otherwise stated, we used Student’s ¢ test for
equal means for all pairwise comparisons. If an equality of variances F test gave p < 0.05, we
employed the unequal variances 7 test. Individual data sets were tested using a one-sample ¢
test. For multiple comparisons, pairwise comparisons were carried out if one-way ANOVA
suggested this at the p < 0.05 significance level. Equal or unequal variances ANOVA was
used depending on Bartlett’s test for equal variances. Wilcoxon-Mann-Whitney’s non-
parametric test was always used in parallel to the ¢ test, with similar outcome. Multiple
pairwise comparisons were corrected post hoc using Bonferroni-Dunn’s method. Statistical
tests were performed in Igor Pro unless otherwise stated. For circular statistics (Figure 2.10),
we used the circstat toolbox in MATLAB in conjunction with the Watson U? test (Mardia

and Jupp, 2000).

2.4 Results

2.4.1 Establishing an optogenetic kindling approach

To create an optogenetic variant of Goddard’s classical kindling model of epilepsy (Goddard,
1967), we expressed the high-efficiency E123T/T159C ChR2 variant (Berndt et al., 2011) in
primary motor cortex (M1) PCs using the CaMKIla promoter, by bilateral stereotaxic

injection of adeno-associated virus (AAV) in male P30-45 C57BL/6 mice (see Methods). We
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verified ChR2 expression by 2-photon laser-scanning microscopy (2PLSM) of the enhanced
yellow fluorescent protein (EYFP) tag. This revealed dense expression in layer 2/3 (L2/3),
sparse expression in L5 and L6, and no appreciable label in L1 or white matter (Figure 2.1),

consistent with published expression patterns of the CaMKIla promoter (Cardin et al., 2009).

We were concerned that the 445-nm laser light might not penetrate the entire cortical
thickness, possibly leading to inefficient or unpredictable kindling. To investigate if light was
delivered to subgranular layers in sufficient amounts to activate ChR2, we measured the
transmission of light through neocortical tissue ex vivo (see Methods). We found that the
penetration profile was consistent with previous reports (Aravanis et al., 2007) (Figure 2.7).
As a rule of thumb, light intensity must reach >1 mW/mm? to ensure suprathreshold
activation (Boyden et al., 2005). With dual 120-mW lasers and power loss through the fiber
optic cable typically measured to <50% (data not shown), we used this profile (Figure 2.7) to
estimate ~8 mW/mm? at the L6/white-matter boundary, well above the intensity limit for
suprathreshold activation. Furthermore, we note that the bulk of ChR2-expressing PCs were
considerably closer to the pial surface (Figure 2.1), thus affording us a substantial safety

margin.

We next wanted to verify that we could drive neocortical neurons at frequencies
sufficient for kindling (Cain, 1982). To do so, we used whole-cell recordings in acute slices
(see Methods) to explore the frequency dynamics of the high-efficiency E123T/T159C ChR2
variant (Berndt et al., 2011) that we used. We found that recorded L5 PCs followed 50-Hz
light pulse trains with 90% fidelity (Figure 2.8), which should be more than adequate for
binding neocortical PCs together by long-term potentiation (LTP) (Sjostrom et al., 2001) as
well as for kindling (Cain, 1982). Taken together, our findings established that it should be

possible to substitute optogenetic for electrical stimulation in the kindling model of epilepsy.
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2.4.2 Optogenetic and classical kindling share several hallmark features

We next kindled animals every two days with a brief laser stimulation paradigm (Figure 2.1).
To quantify epileptogenesis, we recorded EEG with bilaterally implanted screws (Figure 2.1)
and behavior with dual cameras, one placed above the animal, and one to the side. Inspired
by classical in-vitro LTP experiments (Abrahamsson et al., 2016; Sjostrom et al., 2001), we
also recorded EEG baseline responses before and after the kindling (Figure 2.1). This
enabled us to look for long-term changes in amplitude and temporal dynamics of EEG

responses (Figure 2.1; also see below and Figure 2.5).

Evoked seizures were quite apparent, both in terms of behavior and EEG (Figure
2.1). We were worried, however, about experimenter bias associated with manual scoring of
seizures. To avoid this, seizures were always automatically detected from EEG sweeps using
a simple in-house software algorithm (Figure 2.9). Briefly, EEG spectral power was
converted to z-score, and events exceeding a baseline-noise-determined z-score threshold for
at least four seconds were automatically categorized as seizures (see Methods). Properties
such as seizure numbers and seizure duration were assessed using this automated analysis.
Our custom software also enabled visual inspection by decomposing EEG signals into
different frequency bands (Figure 2.9). Using our automated seizure detection in
combination with our optogenetic kindling approach, we obtained evoked seizures in 9 out of
12 animals (Figure 2.2). As with classical electrical kindling(Teskey, 2001b), we never

found spontaneous seizures.

To verify that the evoked seizures were specific for both laser stimulation and for
ChR2 expression, we carried out two control experiments. First, we injected mice with ChR2-
carrying AAV as before, but 50 Hz induction was omitted (Figure 2.2). Second, we injected

mice with AAV carrying only EYFP (but no ChR2) and carried out induction as before
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(Figure 2.2). As expected, no seizures were detected in either control group (Figure 2.2).
These control experiments furthermore verified the specificity of our automatic seizure

detection algorithm (Figure 2.9).

We next explored if optogenetic kindling shared properties with classical kindling
(Goddard, 1967). Using a modified version of the Racine scale (Racine, 1972c) to score
behavior during the 3-minute-long induction period (see Methods and Figure 2.1), we found
that severity increased over sessions (Figure 2.2). In initial sessions, seizures were not
detected, but they gradually emerged after several sessions (Figure 2.2). With each session
that passed, detected seizures increased in duration and were elicited after shorter periods of
light stimulation (Figure 2.2). It was not clear that seizure severity saturated in our
experiments. Our optogenetic kindling approach thus shared several hallmark features with
its classical counterpart (Teskey, 2001b), including a gradual emergence in combination with

increased seizure severity and duration, as well as lowered seizure threshold.

It has been reported that seizure susceptibility has a circadian dependency (Quigg et
al., 2000), preferentially striking during inactivity. We found no correlation between the
incidence of evoked seizures and circadian time, or between seizure duration and circadian
time. However, we did find a weak correlation between the time to seizure and circadian time

(Figure 2.10), consistent with a lowered seizure threshold at night (Quigg et al., 2000).

2.4.3 Optogenetically kindled mice retain a long-term susceptibility to
seizures

A key feature of Goddard’s original model was that kindled animals retained a reduced

threshold for seizures in the long term, which was interpreted as a form of memory (Goddard,

1967). We tested if this was true in our optogenetic model as well. After successful kindling
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in a subset of animals, we halted stimulation for 36 days. We then reinitiated stimulation for a
second rekindling period. We pairwise compared rekindled animals with their naive and

kindled selves.

We found that seizures elicited in rekindled sessions were more severe than in
kindled sessions and also occurred sooner (Figure 2.3). However, seizure duration and
threshold did not change after rekindling compared to kindled mice (Figure 2.3). Taken
together, optogenetically kindled animals retained a reduced threshold for seizures in the long

term, as in classical kindling (Goddard, 1967; Morimoto et al., 2004; Teskey, 2001b).

2.4.4 Seizures developed in the absence of gross brain damage and
glial reactivity

Models of induced seizures are typically associated with injury, which has been linked to
higher seizure rates (Pitkdnen et al., 2009a). The contribution of pathological activity and
plasticity to epileptogenesis is therefore difficult to disentangle from that of injury. To assess
the amount of tissue injury in our optogenetic kindling produced, we looked for cell loss and
reactive astrocytes using NeuN and GFAP staining, respectively (see Methods and Figure
2.4). To visualize the region of ChR2-expressing cells, we stained for EYFP. We compared
three categories of animals: optogenetically kindled animals with seizures, ChR2-expressing
animals that were not kindled, and laser-stimulated animals that did not express ChR2 (the
same three cohorts as in Figure 2.2). In comparing these three groups, we could not detect
any differences in astrocytic reactivity or in cell counts (Figure 2.4). In conclusion,
pathological activity, but not injury, was the key causative agent in our optogenetic epilepsy

model. We cannot, however, exclude minor or subtle contributions from injury.
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2.4.5 Epileptogenesis is associated with long-term changes in EEG
dynamics

Since Hebbian plasticity is intrinsically unstable (Turrigiano, 2017), we hypothesized that
epileptogenesis might be driven by synaptic plasticity. If so, laser-light-evoked EEG
responses should undergo long-lasting strengthening. To investigate if there were changes
associated with the high-frequency induction stimulation, we compared EEG responses
during the baseline periods after and before the induction (see Figure 2.1). To see if there
were long-lasting changes that were maintained longer than the two-day spacing of sessions,

we explored EEG responses during the pre-induction baseline period across all sessions.

We found that the first EEG response due to a paired-pulse laser stimulus was not
potentiated (Figure 2.5), in disagreement with our hypothesis that classical Hebbian
plasticity might underlie epileptogenesis in our optogenetic kindling model. The second EEG
response, however, was strikingly potentiated within each session (Figure 2.5), as previously
reported for hippocampal kindling (Wierenga and Wadman, 1999). This potentiation of the
second response gradually waned across sessions as amplitude seemed to saturate (Figure

2.5).

Our results indicated that, although there is long-term plasticity of laser-evoked EEG
responses, these probably did not correspond to Hebbian plasticity, since the second but not
the first response due to a paired-pulse stimulus was potentiated. Perhaps long-term
alterations of EEG dynamics were due to changes in synaptic short-term dynamics. Another
not mutually exclusive possibility is a reduced inhibitory drive (Wierenga and Wadman,

1999).
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2.4.6 High-frequency power peaks before lower frequency power in
seizures

It has previously been reported that high-frequency oscillations often precede neocortical
seizure onset (Worrell et al., 2004). Visual inspection of seizure bands indicated that this
could be the case in our model (Figure 2.9). If so, then the delta frequency peak in seizures
should generally be preceded by a peak in the high-frequency ripple range. Indeed, we found
that high-frequency power peaked more than six seconds before low-frequency power by

several seconds (Figure 2.6).

2.4.7 Postictal depression of EEG power follows optogenetically induced
seizures

It has been reported that EEG power is typically temporarily reduced following seizures, a
notion known as postictal depression (Khoshkhoo et al., 2017). In keeping with previous
models of epilepsy!'®, we found a period of reduced EEG power following seizures. During
this postictal period, EEG power was reduced by ~34% compared with preictal periods (see

Figure 2.11).

2.4.8 Evoked seizures do not affect EEG power in the long term

We next investigated how different frequency bands were individually altered by the kindling
protocol over tens of minutes to days (Figure 2.12). We found that, after the induction
(Figure 2.1), delta and theta band powers increased in power for many tens of minutes, while
high- ripple and fast ripple band power decreased (Figure 2.12). This effect was not long

lasting, however, as it did not persist across stimulation sessions — no changes in the power
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of any frequency band was observed when comparing the baseline period before induction
across sessions (Figure 2.12). This result was in contrast to that found with evoked EEG

responses (Figure 2.6), which were modified in the long term, across stimulation sessions.

Taken together, our findings reveal a complex set of changes in intrinsic and evoked
EEG dynamics, acting on different time scales. Although postictal depression of intrinsic
EEG power followed immediately after optogenetically induced seizures (Figure 2.11), as
previously shown (Khoshkhoo et al., 2017), this outcome depended on which frequency
bands were analysed and for how long (Figure 2.12). Only the second of paired laser-evoked

EEG responses were potentiated in the long term, across different sessions (Figure 2.5).

2.5 Discussion

2.5.1 Optogenetic and classical electrical kindling share key properties

Based on the classical kindling model (Goddard, 1967), we developed a robust neocortical
optogenetic kindling model of epilepsy. Our optogenetic model recapitulated several
hallmark features of its classical counterpart (Teskey, 2001b). First, a majority of animals
developed seizures, in line with electrical kindling studies showing robust seizure
development (Goddard et al., 1969; Wada et al., 1989). Second, seizures emerged gradually
over several stimulation sessions. Similar to electrical kindling, optogenetic kindling required
more than ten sessions before first seizure and more than twenty sessions for the development
of generalized seizures (Lothman and Williamson, 1994; Wada et al., 1989). Some reports do
show maximal behavioral responses resulting from kindling much earlier, but there is still
variability in this response (Racine, 1975). This is intriguing, given that electrical kindling
stimulates a more diverse population of cells than our optogenetic kindling protocol. Third,

once seizure began occurring, they happened regularly and increased in severity across
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sessions. In addition, the light threshold necessary for evoking seizures decreased (Teskey,
2001b). Finally, there was a long-term retention of seizure susceptibility in kindled animals.
After a 36-day-long pause in stimulation, seizures were similar to those in kindled animals,
suggesting that animals did not immediately ‘reset’ to the unkindled state once repeated
stimulation sessions were halted. These findings are consistent with previous reports on the
hallmark features of electrical kindling (Dennison et al., 1995; Goddard et al., 1969; Wada et

al., 1974).

As a proof of principle, we used our optogenetic model to demonstrate several
findings previously found in epileptic models. First, we found evidence that high-frequency
oscillations precede low-frequency activity in seizures (Worrell et al., 2004). Second, we
observed that postictal depression of intrinsic EEG power was associated with seizures, as
previously shown in neocortex (Khoshkhoo et al., 2017). Finally, we found that
epileptogenesis was associated with a graded change in evoked EEG dynamics, as previously

found in local field potentials of kindled hippocampus (Wierenga and Wadman, 1999).

2.5.2 Advantages of optogenetic kindling

Our optogenetic kindling model has several advantages compared to its classical electric
counterpart. First, seizures developed in the absence of gross brain damage, providing an
experimental epileptogenesis paradigm with improved specificity for plasticity and for
pathological activity. Although the initial viral injection presumably resulted in some degree
of injury, we were not able to detect any many weeks afterwards. Importantly, viral injections
with a control EYFP-AAYV also did not result in any animals with seizures. If injury was still
a concern, it could be addressed by working with ChR2-expressing transgenic mouse lines.

Craniotomy can also be avoided by activating ChR2 through the skull (Cardin et al., 2010;
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Lin et al., 2013). We do concede however that several reports of classical kindling also failed

to find gross tissue damage (Pitkénen et al., 2009a).

Second, optogenetic kindling enables cell-type-specific recruitment. This is an
important feature since neuronal plasticity depends on synapse type (Larsen and Sjostrom,
2015), so kindling is expected to be cell-type dependent. Indeed, directly optogenetically
driven seizures have been shown to depend critically on cell type (Khoshkhoo et al., 2017).
Furthermore, indiscriminate activation of several types of local neurons and fibers is one of
the setbacks of electrical kindling. Although we did not notice any obvious difference with
specific activation of PCs, is highly unlikely that e.g. repeatedly activating INs would have
resulted in kindling, since their output is negative. In the future, elucidating this cell-type

dependence will help clarify the circuit mechanisms that underpin epileptogenesis.

2.5.3 Current limitations of optokindling

Our optogenetic kindling model also comes with some disadvantages, such as the absence of
spontaneous seizures, which could reasonably be seen as a lack of realism. However, these
have not been observed with classical electrical kindling either — unless the animal is over-
kindled through hundreds of sessions (Michael et al., 1998) — so this result is in keeping
with the prior literature. We do not know why there are no spontaneous seizures in our
optogenetic model, but this means our model system provides an ideal starting point for

investigating the fundamental question of what is required to achieve spontaneous seizures.

Another disadvantage is that our optogenetic paradigm is quite time consuming. To
enable us to monitor the gradual emergence of seizures, we spaced stimulation sessions by
two days. We were also motivated by a concern that too closely spaced stimulation sessions

might lower the efficacy of epileptogenesis (Goddard et al., 1969; Racine, 1972a). Although
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this approach provided gradual emergence of evoked seizures, which was desirable for
studying epileptogenesis, the long delay between sessions required more than 50 days of
repeated spaced stimulation, which may not be ideal for all applications. This disadvantage is
shared with the classical electrical kindling model. In preliminary experiments, however, we
found that optogenetic kindling can be achieved within five days with a stronger induction

protocol (McFarlan, Sampalli, Cela, Sjostrom CAN 2018 poster 1-G-144).

2.5.4 The role of plasticity in epileptogenesis

We demonstrated that due to repeated pathological activation of a relatively small cluster of
pyramidal neurons in motor cortex, local circuits undergo plastic changes that lead to the
appearance of generalized seizures. This circuit plasticity appeared to happen in the absence
of gross brain damage and inflammation, further implicating plasticity mechanisms as key
causative agents. Although all investigated EEG frequency bands were unaffected across
sessions, we found long-term alterations of evoked EEG dynamics, additionally supporting
the interpretation that plasticity at least partially underpinned the seizure-promoting circuit
changes. However, since the amplitudes of evoked EEG responses were unaffected, this did
not appear to be a form of Hebbian plasticity (Hebb, 1949). Although we were inspired by
classical LTP protocols in designing our optogenetic paradigm, our study did not directly
address how Hebbian LTP related to epileptogenesis (Morimoto et al., 2004; Teskey, 2001b),
which would have required testing if kindling occluded subsequent LTP induction
(Abrahamsson et al., 2016; Sjostrom et al., 2001). There were, however, marked changes in
short-term dynamics of evoked EEG responses, which could have been due to alterations in
synaptic short-term plasticity, or to reduced inhibitory feedback (Wierenga and Wadman,

1999). Plasticity was thus linked to epileptogenesis in our model, although the specific nature
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of this plasticity remains to be uncovered. This link is consistent with Goddard’s
interpretation of the long-lasting increased susceptibility to seizures as a form of memory
(Goddard, 1967), since plasticity has been postulated to underlie learning (Hebb, 1949;

Markram et al., 2011).

2.5.5 Future directions

To our knowledge, our model is the first to systematically use optogenetics for neocortical
kindling of awake behaving and otherwise healthy animals. One recent hippocampal study
demonstrated the graded development of seizures using optogenetics (Berglind et al., 2018),
but it did not explore if the elevated seizure susceptibility was retained in the long term like
in the original kindling model (Goddard, 1967), nor was it possible to evaluate the behavioral
component since the mice were sedated. There have also been several studies using
optogenetics to halt (Krook-Magnuson et al., 2013; Paz et al., 2012; Sukhotinsky et al., 2013;
Wykes et al., 2012a) and initiate seizures in hippocampus (Krook-Magnuson et al., 2015;
Osawa et al., 2013) as well as cortex (Khoshkhoo et al., 2017; Wagner et al., 2015). Although
these studies demonstrated optogenetically elicited seizures, they did not show kindling, e.g.
no gradual change in seizure threshold or severity were demonstrated, which is essential for
providing a link to plasticity. Also, these studies relied on optogenetic stimulation either in
combination with classical induction models (Wang et al., 2017; Wykes et al., 2012a) or with
pre-existing disease phenotypes (Wagner et al., 2015), thus making it difficult to disentangle
the role of plasticity from that of injury and inflammation in seizure development. However,

with optokindling, it is possible to isolate the distinct role of plasticity in epileptogenesis.

More generally, it is with optogenetics possible to circumvent several shortcomings

associated with other seizure induction models, e.g. unknown cell identity and cell cluster
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size. Future studies with optokindling may explore cell type specific contributions to
epileptogenesis, or microcircuit plasticity associated with epileptogenesis, in addition to the
roles of injury and inflammation in the two-hit model. Because of its more specific focus on
plasticity, we believe optokindling will be useful for finding therapeutic treatments, to halt or

slow down pathological plasticity in epileptogenesis.

2.6 Figures
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Figure 2.1 Optokindling via simultaneous EEG recording and ChR2 stimulation in

awake freely-behaving animals.
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(A) Coronal M1 section immunostained for EYFP indicated ChR2 expression in L.2/3, 5, and

6, though predominantly in L2/3. Inset shows close-up of L2/3 ChR2-expressing PCs.

(B) To simultaneously activate ChR2 and acquire EEG, ferrules and recording screws were
implanted bilaterally above M1, without penetrating the cortex. Fiber optic cables were air-
coupled to 445-nm lasers. EEG signals were processed by an extracellular amplifier, but not
pre-amplified. A computer (not shown) TTL-gated the lasers and digitized amplified EEG

signals.

(C) In each stimulation session, M1 was kindled (during “Induction”) with 15 bouts of 3-
second-long 50-Hz bursts of 5-ms 445-nm laser pulses, divided into three sweeps delivered
once a minute. Sessions were repeated at least 25 times every 48 hours. In this sample session
from a non-naive animal, a prominent electrographic seizure was evoked in the first induction
sweep. EEG responses to 30-Hz paired-pulse laser stimuli were recorded for 10 minutes
before and 20 minutes after the kindling induction. Inset: Paired-pulse EEG responses before

(red) and after (blue) indicated a change in EEG dynamics but not amplitude.
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Figure 2.2 Optokindling and classical kindling share hallmark seizure features

(A) Optokindling required both laser stimulation and ChR2 expression. The number of

stimulated ChR2-expressing animals that developed electrographic seizures (9 of 12 animals)

was higher than unstimulated ChR2 controls (0 of 4) and stimulated no-ChR2 controls (0 of

5) (Fisher’s exact test, p = 0.001).

(B) The behavioral seizure severity, as measured by a modified Racine score(Racine, 1972¢),

increased over sessions (Spearman’s rank correlation test, tho = 0.957, p <0.001, n =12

animals).

(C) An increasing number of electrographic seizures developed in stimulated ChR2-

expressing animals (Spearman’s rank correlation test, rho = 0.862, p < 0.001, n = 30 seizures

from 9 animals).
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(D) Once seizures arose, seizure duration gradually increased over sessions (r = 0.674, p <
0.001, n = 30 seizures from 9 animals). Open circles represent individual seizures, whereas
closed circles are averages over the one session before and after. Linear fits are made to the

entire data set.

(E) Seizure threshold, measured as time to electrographic seizure onset from start of

induction, decreased across sessions (r = -0.478, p = 0.008, n = 30 seizures from 9 animals;

symbols as in D). Gray boxes denote the three 50-Hz induction epochs. Linear fits were made

to the individual data points, not binned data.
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Figure 2.3 Kindled animals retained a long-term increase in seizure susceptibility

(A) Rekindled mice had more severe behavioral seizures compared to naive animals
(Kruskal-Wallis test, p < 0.001, n = 5 rekindled animals, n = 5 naive animals). Racine scores
from the eight rekindling sessions (blue) were compared with the first eight sessions in naive

animals (red).
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(B) Rekindled animals (“rek”) had more severe behavioral seizures than naive animals

(“kin”; Student’s paired ¢ test, p = 0.009, n = 5 animals).

(C) Electrographic seizures in rekindled animals occurred in earlier sessions than in naive

mice (Mann-Whitney’s U = 183.5, p <0.001, n = 4 animals).

(D) Electrographic seizures in rekindled mice occurred after fewer sessions than in naive

animals (Student’s paired ¢ test, p = 0.003, n = 4 animals).

(E) Electrographic seizure duration was indistinguishable between kindled and rekindled

animals (Student’s paired ¢ test, p = 0.43, n = 4 animals).

(F) The seizure threshold, as measured by time to electrographic seizure onset after start of
light stimulation (see Figure 2.1), was not different in kindled and rekindled mice (Student’s

paired ¢ test, p = 0.86, n = 4 animals).
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Figure 2.4 Immunohistology revealed no astrocytic reactivity or neuronal loss

(A) Sample coronal slices from an optogenetically kindled animal stained for EYFP to tag
ChR2-expressing cells (“ChR2”), GFAP to label for astrocytic reactivity (“GFAP”), and

NeuN to assess neuronal cell body counts (“NeuN”).

(B) Astrocytic reactivity, as indicated by upregulated GFAP expression, was
indistinguishable between animals with evoked seizures (“ChR2 stim”, n = 59 sections) and
the two control groups (“no stim ChR2”, n = 42; “stim no ChR2”, n = 19; one-way ANOVA,

p=0.11).
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(C) Neuronal cell density did not differ between the three animal cohorts (“ChR2 stim”, n =

23, “no stim ChR2”, n = 14 and “stim no ChR2”, n = 13, one-way ANOVA, p =0.10;

compare Figure 2.4A).
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Figure 2.5 Evoked EEG responses exhibited long-term plasticity

(A) Example first and second EEG responses due to paired-pulse laser stimulation averaged

during baseline periods before and after induction in one session.

(B) Ensemble EEG response amplitude averaged across all sessions in one animal showed a

within-session potentiation of the second but not the first response.
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(C) The magnitude of plasticity of the first EEG response remained unaffected across
sessions and animals (left, p = 0.32, n = 9 stim ChR2 animals vs. n =4 no stim ChR2
animals, Friedman test). The pre-induction baseline first response remained at the same
amplitude across sessions and animals (right, responses normalized to the first two sessions
indicated by vertical dashed lines, p = 0.99, stim ChR2 vs. no stim ChR2, Friedman test).

Red: stim ChR2, gray: no stim ChR2.

(D) The magnitude of plasticity of the second EEG response remained elevated across
sessions and animals (left, p < 0.001, stim ChR2 vs. no stim ChR2, Friedman test), although
waned in the first five sessions. The pre-induction baseline second response remained
potentiated across sessions and animals (right, normalized as in C, p < 0.001, stim ChR2 vs.
no stim ChR2, Friedman test), although seemed to saturate, perhaps as plasticity waned (left).

Blue: stim ChR2, gray: no stim ChR2.
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Figure 2.6 High-frequency oscillations peak before low-frequency oscillations

(A) Sample EEG trace illustrating an optogenetically evoked electrographic seizure, with
automatically detected seizure start and end indicated by vertical dashed lines (see Methods).
Note that seizure begins with rapid oscillations and ends with slow oscillations. Laser-light

stimulation bouts are indicated in blue.

(B) Wigner transform of electrographic seizure in (A) showing graded decay in high-

frequency components as well as a gradual increase in low-frequency power.

(C) FFT power z-score traces for delta (red, 4-8 Hz) and ripple bands (blue, 80-250 Hz)
derived from the EEG trace in (A) shows how high-frequency oscillations peak (blue arrow)

before their low-frequency counterparts (red arrow).
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(D) Peak power of high frequencies occurred earlier compared with that of low frequencies
(6.4 £ 1 sec, n =51 seizures from 9 animals, p < 0.001, ¢ test for difference of mean
compared to time zero). Data points indicate the difference between the low and high
frequency peak times for individual seizures. Box plot shows first quartile, median, and third

quartile with whiskers denoting one standard deviation from the mean
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Figure 2.7 Laser light at 445 nm penetrated the neocortical thickness

(A) The Kubelka-Munk model of light transmission through diffuse scattering media
(Kubelka, 1948; Mobley and Vo-Dinh, 2003) fit our acquired transmission data well (scatter

coefficient § = 5.09/mm, Chi? = 0.0013; n = 2 measurements per data point).

(B) Normalized light intensity as a function of the tissue depth, z, was also well fit by
Kubelka-Munk’s equation (scatter coefficient S = 4.35/mm, Chi-squared = 0.013). This
treatment accounts for geometric loss and scattering of light for a 200-um-diameter 0.37-NA

multimode fiber (Aravanis et al., 2007).
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Figure 2.8 ChR2-expressing PCs can be reliably driven at 50 Hz

(A) Representative spike trains in response to 50, 20 and 10 Hz light stimulation (blue lines)

recorded from PCs in current clamp.

B) Spiking was reliably evoked at stimulation frequencies up to 50 Hz (n =4 cells, 89% +
(B) Spiking y q p ( ,

7% fidelity).

(C) Percent responses from (B) with extra spikes. Responses with one or more extra spikes
per stimulus were counted once per response. Percentage was calculated as number of
responses out of the total that had extra spikes in response to light stimulation per given

frequency (n = 4 cells).
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Figure 2.9 Automatic electrographic seizure detection.

(A) EEG of representative optogenetically-evoked seizure with light stimulation depicted in

blue. Seizure is evoked after several bouts of light stimulation.

(B) Corresponding z-score values from seizure in (A) showing duration of seizure between
dashed lines (horizontal and vertical) used in detection algorithm for identifying seizures.

Criteria for detection of the seizure in (A) was met both in duration and amplitude.

(C) Wigner transform of trace in (A) showing prominent power signature at S0Hz as well as

increases in lower power amplitudes as seizure emerges.

(D) Filtering of trace in (A) shows frequency bands from delta to fast ripples.
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Figure 2.10 Seizure threshold depended weakly on circadian time

(A) Incidence of evoked seizures was not correlated with circadian time (Watson’s Two
Sample U? test, p = 0.70, n = 51 seizures from 9 animals). Kindling and rekindling seizures

were pooled.
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(B) Seizure duration was not correlated with stimulation time (Circular-linear correlation, r> =

0.009, p =0.62, n = 51 seizures from 9 animals).

(C) Time to seizure from light onset — a measure of seizure threshold (Figure 2.2) — was

weakly correlated with stimulation time (Circular-linear correlation, r>~0.076, p=0.03,n=9

animals).
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Figure 2.11 Post-ictal depression followed optogenetically elicited seizures

(A) Sample preictal EEG trace (Ai) from a laser-stimulated ChR2-expressing animal was of
considerably larger power (Aii) than the corresponding postictal EEG (Ai right, Aii right).

Dashed lines in Aii indicate zero power level.

(B) Average EEG power was lower after (0.75 £ 0.06, n = 51 seizures from 9 animals)
compared with before seizures (1.14 + 0.06, Wilcoxon signed rank test, p < 0.001). EEG

postictal and preictal power was measured 200 seconds after and before evoked seizures.
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Figure 2.12 Frequency dynamics change within but not across sessions

(A) Representative EEG traces showing periods before, during and after induction in an

optogenetically-kindled, ChR2-expressing animal.

(B) Normalized power of different frequency bands over one stimulation session in one
animal corresponding to the EEG shown in (A). Induction period where 50Hz stimulation

was applied is shaded in grey.

(C) To look for plasticity in the frequency dynamics, we measured the power of each band
over the stimulation period (excluding the induction) and compared the normalized power
after induction with that before (as in Figure 2.12), but across all sessions (analogous to
Figure 2.5). On average, normalized power of delta, theta and fast ripples was elevated after
induction while ripple power was reduced n = 9 animals, 25 sessions/animal, One-way
ANOVA, delta p < 0.001; theta p < 0.001; ripples p < 0.001, fast ripples p = 0.007),

indicating a form of frequency band plasticity within sessions.
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(D) To see if the plasticity in frequency dynamics persisted across sessions, we measured the
power of each frequency band in the baseline period before induction, averaged across
sessions, and normalized to the power of each session to enable cross-animal comparison
(analogous to Figure 2.5). Normalized power did not change across sessions for any
frequency band (n = 9 animals, One-way ANOVA, delta, beta, ripples, gamma, fast ripples p

=0.99; alpha p = 0.78; theta p = 0.16), arguing against this possibility.

Table 2.1 The modified Racine scale used to score seizures

We used a modified variant of Racine’s scale (Haas et al., 1990; Racine, 1972b) to score

evoked seizure behavior in parallel movies recorded with two cameras (see Methods).

Racine score Description of behavior

1 Mouth and facial movements

2 Head nodding

3 Unilateral forelimb clonus

4 Bilateral forelimb clonus with rearing
5 Rearing and falling

6 Wild running, jumping, vocalizations
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3 CB1R BLOCKADE
ACCELERATES SEIZURES
DURING NEOCORTICAL
OPTOKINDLING

3.1 Preamble to Chapter 3

In Chapter 2 I built and characterized an optokindling model allowing seizure induction in
initially healthy mice using repeated light stimulation over long time periods. The
optokindling model recapitulated several key features of kindling such as long-term seizure
retention and threshold reduction over time. However, while the model was highly effective
(75% of mice eventually developed seizures), it took an average of ~13 session of stimulation
before seizures emerged. Thus, I sought to reduce the labour and time constraints associated
with optokindling. In this chapter, I explore how to accelerate seizure induction by combining
optokindling with CBIR blockade in a two-hit model of seizures. Taken together, these

experiments supplement and expand the utility of the optokindling model.
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3.2 Abstract

Current chemically and electrically induced epilepsy models suffer from tissue damage and
lack of cell specificity. Our recently developed optokindling model (Cela et al., 2019)
circumvents these challenges but takes requires long-term continuous stimulation. We

therefore sought to modify the current kindling protocol.

We wanted to test the possibility of using a two-hit approach in conjunction with our
optokindling model. Thus, we employed co-administration of the cannabinoid-1 receptor
(CBIR) antagonist rimonabant to animals before optogenetic stimulations to accelerate

seizure development.

To induce seizures, Channelrhodopsin-2 (ChR2) expressing neocortical PCs of
awake behaving C57BL/6 mice were briefly activated for at least 8 sessions every 48 hours.
Behavioral severity was manually Racine-scored from video recordings, while seizures were

automatically quantified offline from EEG.

Rimonabant injections accelerated seizure development and increased behavioral
severity of seizures. However, neither seizure threshold nor seizure duration changed over

sessions as with our original optokindling protocol.

To sum up, CB1R blockade can accelerate seizures in a two-hit model combined

with optokindling.

3.3 Introduction

The electrical kindling model has been influential in scope and significance of discoveries of

the epileptic brain (Goddard, 1967). However, it is associated with gross tissue damage and
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the identity of stimulated cells is unknown (Pitkénen et al., 2009a). These factors have
prevented the model from being utilized to investigate circuit properties during seizure
formation at a neuronal level. We recently developed an optogenetic alternative that
circumvents these problems and is able to effectively mirror several key properties of
kindling. Nonetheless, this optokindling model has similar disadvantages as electrical
kindling in labour and time costs required to prepare fully kindled animals. To circumvent the
original time and labour constraints of electrical kindling, investigators have taken different

approaches (Loscher, 2011b).

One approach to accelerate seizure development through kindling has been to take
advantage of the multiple factors contributing to seizure generation which can act together in
synchrony (Ldscher, 2011b). As an example, in two-hit models of seizures, an initial seizure
generating insult is paired with a second acquired or experimental factor that results in
accelerated seizure generation (Berkovic et al., 2006). One potential factor that can accelerate
seizures is modifying the activity of the CB1R. Indeed, CB1R has been well studied in
context of epilepsy and it’s known that knocking it out or reducing its activity both results in
lowered seizure threshold and hyperexcitability (Marsicano et al., 2003; Vinogradova et al.,
2011). We took advantage of this fact to inject the CBIR antagonist rimonabant before

optokindling sessions.

In our experiments, rimonabant administration prior to optokindling accelerated
seizure development and may prove as a useful alternative to the original optokindling
protocol. Since the optically kindled neuronal identities are known, this two-hit approach
enables circuit and neuronal changes associated with seizures to be studied on a shorter time

scale than optokindling alone.
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3.4 Materials and methods

Ethics

All procedures conformed to the standards and guidelines set in place the Canadian Council
on Animal Care (CACC) and the Montreal General Hospital Facility Animal Care
Committee (FACC), with the appropriate license. For surgeries, animals were anesthetized
with isoflurane (CDMYV Inc., St-Hyacinthe, QC, Canada). For collection of acute slices, mice
were anesthetized with Avertin (Sigma Aldrich, Oakville, ON, Canada) or isoflurane and
sacrificed once the hind-limb withdrawal reflex was lost. Every attempt was made to ensure

minimum discomfort of the animals

3.4.1 Stereotaxic viral injections and EEG screw implantation

We targeted ChR2 to primary motor cortex (M1) of male C57BL/6J mice aged postnatal day
(P) 30-45 using bilateral stereotaxic injection of AAV-CaMKIla-hChR2-E123T/T159C-p2A-
EYFP (UNC Virus Core, North Carolina, USA), since two kindling sites are known to
function better than one (Teskey et al., 1999). Virus from plasmid constructs contributed by
Karl Deisseroth was packaged by UNC Vector Core into serotype 5 AAVs. Using a
stereotactic apparatus (Just for Mouse 5731, Stoelting Inc, Wood Dale, IL, USA ), we
injected 1.2 puL of virus bilaterally, following previously described procedures(Cardin et al.,
2010). Injection coordinates relative to bregma were 1.1 mm anteroposterior, 1.5 mm
mediolateral and 0.8 mm dorsoventral. We subsequently placed and cemented 1.25 mm
ceramic ferrules (CFC-230, Thorlabs, Newton, NJ, USA) over the injected region of each
hemisphere at the same coordinates as injection. Coincident with viral injection and ferrule
placement, we also implanted recording and ground screws (1/8”, 000-120 thread,

90910A 600, McMaster-Carr, Elmhurst, Illinois, USA), which were stabilized with dental
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cement (Lang Dental, Wheeling, IL, USA). The coordinates for recording screws typically
centered around £3 mm mediolateral, -0.6 mm anteroposterior while the reference screws
were placed at £ 3 mm ML and -4mm AP. The screws had conductive wire soldered on and
were connected to gold-plated jacks (64-132, Warner Instruments, Hamden, CT, USA; or
33X1880, Newark Electronics, Pointe Claire, QC, Canada) for EEG recordings. We used a

separate ground reference screw for the left and right hemisphere.

3.4.2 In-vivo recordings and optogenetic stimulation

Animals were given 21 days to recover from surgery after which, they were habituated for
three days to the recording setup before commencing stimulation sessions. The recording
cage consisted of a 30-cm diameter wide and 40-cm tall Plexiglas cylinder covered with
copper mesh and with a copper bottom. To reduce noise by serving as a Faraday cage, the
copper plate and mesh of the cage were connected to the amplifier chassis ground. Two 445-
nm blue lasers (Monopower-455-150-MM-TEC, Alphalas Gmbh, Germany) on kinematic V-
clamp post mounts (C1513/M, Thorlabs, Newton, NJ, USA) for ease of alignment, were air
coupled (aspheric FC/PC fiber port PAF-X-18-PC-A with HCP mounting bracket, Thorlabs,
Newton, NJ, USA) to two two-meter-long fiber-optic patch cords (M83L01, Thorlabs,
Newton, NJ, USA), coupled to 1.25-mm bilaterally head-mounted ceramic ferrules
(CFLC230-10, Thorlabs, Newton, NJ, USA). The light power exiting the fiber was ~50 mW;
it was measured before and after every stimulation session to ensure it remained stable. EEGs
were collected at 2-10 kHz with an extracellular amplifier (Model 1700, AM Systems,
Sequim, WA, USA) and were digitized on a PCI-6221 board (National Instruments, Austin,
TX, USA) using in-house software running in Igor Pro 6.37 (Wavemetrics Inc., Lake

Oswego, OR, USA) on a desktop computer (Micro Tower Desktop PC SL-DK-H61MX-ID,

Elvis Cela - IPN 89



SuperLogics, Natick, MA) running Windows XP SP7. This computer also episodically TTL-
gated the two 445-nm lasers. Animal behavior was recorded with two cameras, one above the
recording setup, and one to the side (Logitech C525 webcam, Tiger Direct.ca Inc., Calgary,
AB, Canada). Video was acquired using ISPY Connect software
(https://www.ispyconnect.com) running on the EEG acquisition computer. To score severity
of seizures from these videos, we used a modified Racine scale (Table 2.1). If behavior
seemed to straddle two Racine stages, the score was taken as the intermediate value, e.g. 4.5

if between 4 and 5.

Mice were stimulated every 48 hours with the same protocol lasting approximately
33 minutes. Stimulation sessions were numbered sequentially starting at one. Each session
consisted of an initial 10-minute-long baseline period, a three-minute-long induction, and a
second 20-minute-long baseline. Baseline stimulation consisted of two 10-ms 445-nm laser
pulses delivered at 30 Hz every 10 seconds. The induction period consisted of five bouts of
three seconds of 50-Hz stimulation at 50% duty cycle and three second inter-bout interval,

repeated three times once a minute (Figure 2.1).

3.4.3 Automated seizure detection

To independently detect seizures offline, a simple automatic seizure detection software
algorithm was developed. Although this approach had the disadvantage of missing the
occasional seizure that was detected by inspection, it was preferred because it was unbiased
and — as opposed to manual inspection —invariably gave the same results when rerun on the

same EEG sweeps.
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EEG Fourier power traces were first converted to z-score sweeps. For z-scoring
purposes, the background power levels were determined from the median of at least 64 one-
second-long EEG segments recorded in the absence of laser stimulation. The median was
used to automatically exclude the occasional and relatively rare movement artifact, because
such artifacts resulted in massive responses that typically saturated the amplifier for about a

second at a time.

To detect seizures, a combined threshold and duration criterion was applied. If
power exceeded z-score 4 for longer than 4 seconds, then this event was deemed a seizure.
EYFP and ChR2 control animals were used to determine these threshold values, whereby
which no seizures were detected in the control mice. Z-scores above 100 were always
rejected as movement artifacts. The start of a seizure was taken as the z-score threshold
crossing. Seizure duration was automatically determined from seizure start to the first z-score
downstroke threshold crossing. No attempt was made to merge nearby events separated by a
brief time of relative inactivity, so automatically detected seizures were likely underestimated

both in terms of number and duration.

3.4.4 Rimonabant injection

Rimonabant (Sigma-Aldrich, SML0800) was mixed with DMSO 0.03% (v/v) solution and

injected intraperitoneally 30 minutes before the onset of stimulation sessions. In control

animals, we injected DMSO 0.03% (v/v) alone without rimonabant. The final concentration

of the drug was 10mg/kg of body weight.
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3.4.5 Statistics

The results are reported as the mean = SEM. Significance levels are denoted using asterisks
(*p <0.05, **p < 0.01, ***p <0.001). Unless otherwise stated, we used Student’s # test for
equal means for all pairwise comparisons. If an equality of variances F test gave p < 0.05, we
employed the unequal variances 7 test. Individual data sets were tested using a one-sample ¢
test. For multiple comparisons, pairwise comparisons were carried out if one-way ANOVA
suggested this at the p < 0.05 significance level. Equal or unequal variances ANOVA was
used depending on Bartlett’s test for equal variances. Wilcoxon-Mann-Whitney’s non-
parametric test was always used in parallel to the ¢ test, with similar outcome. Multiple
pairwise comparisons were corrected post hoc using Bonferroni-Dunn’s method. Statistical

tests were performed in Igor Pro unless otherwise stated.

3.5 Results

To test the effects of rimonabant on seizure development, we injected rimonabant
intraperitoneally 30 minutes before optogenetic kindling (Figure 3.1). We measured the
number of sessions of stimulation required to elicit the first seizure and found that
rimonabant-injected animals had earlier seizure emergence compared to control animals with

seizures seen on the first session of stimulation (Figure 3.2).

Next, we quantified the effects of rimonabant on seizure severity over session by
Racine scores (n = 5 animals scored over 8 sessions). Rimonabant-injected animals had
higher Racine scores, indicating more behaviourally severe seizures, compared to

optokindled animals (Figure 3.2). Additionally, we measured seizure duration and seizure
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threshold in rimonabant-injected animals over sessions and found that neither changed.

(Figure 3.2)

Finally, to quantify changes in EEG dynamics we measured the differences in low-
frequency power in rimonabant treated (n=18 EEGs) compared to DMSO treated controls (n
= 5 EEGs) and found that rimonabant promotes higher powers of delta, theta and alpha

frequencies (Figure 3.3).

3.6 Discussion

Epileptogenesis is a complicated process that involves multiple possible concurrent changes
in synaptic and cellular functions (Semyanov et al., 2000; Sutula et al., 1988; Vezzani et al.,
1995). As a result, animal models of epilepsy often yield a set of variables that are
characteristic of the model but the saliency of these findings to seizure activity is not often
clear. It is widely accepted there are multiple paths to seizure generation which is part of the
reason delaying effective treatment options. Factors such as trauma, genetic predisposition
and cortical malformations can predispose patients to seizures at rates higher than the general
population (Annegers et al., 1996; Ferguson et al., 2010). Given the complexity of seizure
development, the animal models used to study seizures should allow for the potential of
exploring interactions amongst several contributing variables. This understanding has
manifested itself through the “two-hit hypothesis” which posits that models may be
manipulated to explore intersectional contributions to the epileptic brain (Hoffmann et al.,

2004; Serbanescu et al., 2004).

One of the key players both in normal LTD and factors of excitability has been the
CBI1 receptor. This receptor plays critical roles in brain plasticity under normal conditions but

has been increasingly found to promote hyperexcitability in the pathological brain as well
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(Sjostrom et al., 2003; Soltesz et al., 2015). Thus, we decided to test the two-hit hypothesis
using our previously published optokindling protocol whilst modifying the activity of the
CBIR receptor (Cela et al., 2019). We used IP injections of rimonabant, an inverse agonist of
CBI1Rs to test if injection into our optogenetically kindled animals would accelerate seizures.
Rimonabant’s proconvulsive properties are thought to arise by blocking depolarization-

induced suppression of inhibition (Armstrong et al., 2009).

Rimonabant was able to accelerate seizure emergence so that seizures emerged
earlier than with optogenetic kindling alone (Figure 3.2). This finding is corroborated by the
literature findings that CBIR antagonism and rimonabant specifically can promote seizures
either in conjunction with a second factor such as trauma or alone (Braakman et al., 2009;
Dudek et al., 2010; Marsicano et al., 2003; Nissinen et al., 2017). Rimonabant-induced
seizures also had worse severity, as measured through Racine score, than their
optogenetically-kindled counterparts (Figure 3.2). This in agreement with previous reports of
an audiogenic seizure model where clonus incidence increased following rimonabant

application (Vinogradova et al., 2011).

Since the severity of seizures was worse in rimonabant-injected animals than
optogenetically-kindled, we wondered whether there would be a reflection of this in the
power spectra as well. Furthermore, it was previously reported that other CB1R antagonists
can increase convulsive seizures as well as change the power spectra at low frequencies
(Perescis et al., 2017). These changes in lower frequency power may have behavioural
correlates such as theta power being associated with locomotion and active wakefulness
while alpha power dysfunction has been implicated in children with epilepsy (Coenen, 1975;

Hsu et al., 1994; Hsu et al., 2016; van Lier et al., 2003).
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While seizure onset was accelerated upon rimonabant administration, we found that
seizure duration did not change over session while seizure latency decreased. In an
audiogenic seizure model using rimonabant application in late sessions the reverse was
found, a change of seizure latency but not duration was reported (Vinogradova et al., 2011).
The discrepancy in the results may be due to the effect CB1R can mediate based on location
of seizure initiation In the brain as well as the differences in using a genetic model compared
to an acquired model (Ludanyi et al., 2008; van Rijn et al., 2010). The lack of change in
seizure duration may be due in part by the fact that rimonabant gives rise to seizures that are
all-or-none responses by promoting general hyperexcitability instead of relying on long-term
circuit changes and gradual emergence of seizures, as kindling is thought to rely on (Lynch
and Sutula, 2000). To sum up, we show that optokindling can be combined with other factors

such as rimonabant to act complementarily on seizure occurrence in a two-factor model

3.7 Figures

IP Injection Stimulation

30 mins

BRI

Figure 3.1 Rimonabant injection experimental paradigm.

Animals were injected with 10mg/kg rimonabant intraperitoneally and stimulated 30 minutes
after injection. Thereafter they were stimulated with the same optogenetic kindling protocol

outlined in Figure 2.1.
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Figure 3.2 Rimonabant accelerates seizure development and severity during optogenetic

kindling.

96

(A)Rimonabant-injected animals have their first seizure sooner than control animals
(Mann-Whitney’s U = 7.5, p = .001, n = 5 animals rimonabant, n =9 animals kindled).

(B) Rimonabant-injected animals have worse seizure severity than kindled animals
(Wilcoxon signed-rank test, n = 5 animals rimonabant, n = 9 animals kindling, p =
0.015).

(C) Seizure duration in rimonabant-injected animals does not change over sessions
(Spearman correlation, n = 5 animals, r =-0.147, p = 0.503).

(D) Seizure threshold in rimonabant-injected animals does not change over sessions

(Spearman correlation, n = 5 animals, r = -0.058, p = 0.791).
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Figure 3.3 Rimonabant promotes lower frequency power during induction period.

(A) Average power band spectra from EEGs of rimonabant injected animals (n = 18
EEGs) and DMSO treated controls (n = 5 EEGs) after outlier removal.

(B) Comparisons of delta (0 - 4Hz,), theta (4 - 8 Hz) and alpha (8 - 12 Hz) average power
spectra in EEGs of rimonabant injected animals and DMSO treated controls. Delta
power (n = 18 rimonabant EEGs, n = 5 DMSO ctrl, Wilcoxon rank test, p < 0.001)
theta power (n = 18 rimonabant EEGs, n = 5 DMSO ctrl, Wilcoxon rank test, p <
0.001) and alpha power (n= 18 rimonabant EEGs, n = 5 DMSO ctrl, Wilcoxon rank

test, p = 0.007) are significantly higher in rimonabant EEGs.
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4 METHODS FOR MEASURING
CIRCUIT CHANGES
ASSOCIATED WITH
OPTOKINDLING

4.1 Preamble to Chapter 4

In Chapters 2 and 3 I described the development of a novel optokindling protocol in
neocortex and ways it can be modified to accelerate seizure development. Next, I wanted to
explore potential methods that can be used to study the circuit changes following seizures ex-
vivo. The main technique lending itself to this analysis is paired whole-cell patch clam
recordings. However, even when using 4 electrodes where up to 12 connections can be tested
simultaneously, the low connectivity rate in cortex makes finding connections a labour-
intensive endeavour. Thus, I sought out alternatives. This chapter describes several
preliminary experiments extending the potential toolset of studying optokindling in rodent
animal models ex-vivo. The primary objective was to establish a foundation for future studies
to use circuit mapping methods in lieu of paired recording to investigate circuit consequences
following optokindling seizures. I present data from paired recordings in optokindled and

control animals and also from experiments performed with CRACM.
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4.2 Abstract

Epilepsy is a common neurological disorder whose cellular basis of pathology is not
completely understood. Our recent discovery of optokindling presents a model to address
circuit changes during seizures by allowing millisecond-precise activation of genetically
defined neurons. We used optokindling in naive mice to gradually drive seizures over the
long-term (up to 25 sessions). Next, we sought to decipher at the neuronal level the effects of
optokindling in M1 PCs, the primary target for optogenetic stimulation during optokindling.
We first used paired recordings to compare intrinsic properties between optokindled and
control animals. Next, we extended a proof-of-principle method for rapidly mapping circuit

rewiring following seizures based on previous studies.

Acute brain slices from Channelrhodopsin-2 (ChR2) expressing M1 PCs of kindled
and control mice were used for whole-cell patch clamp recording and optogenetic
stimulation. In secondary experiments, we used the same ChR2-expressing acute slices with
optogenetic illumination through the 4X objective using a 445-nm laser. Channelrhodopsin-
assisted circuit mapping (CRACM) to rapidly map out circuit rewiring following seizures

was carried out by moving the laser light in an 8 X 8 grid over the slice.

When performing paired recordings, we found no significant differences in several
measures of intrinsic properties in optokindled compared to control slices. During our
CRACM experiments we saw different efficiency of postsynaptic responses when comparing
different delivery methods for ChR2. Further analysis of neocortical PC cell types will have
to be performed to understand the complete circuit changes underpinning seizure

development.
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4.3 Introduction

Epilepsy is a common neurological disorder that involves gradual development of
pathological activity in the initially healthy brain. Repeated seizures are the central hallmark
of epilepsy and studies of how they arise have primarily focused on seizure generation in
animal models though these mechanisms have not been fully elucidated (Fisher et al., 2014).
This is in part due to the lack of understanding of the cellular underpinning of seizures due to
inability of current models to target specific neuronal populations. Current animal models,
while able to effectively induce seizures, are unable to decipher which neurons are impinged

in the seizure process.

However, in the last decade, new methods such as optogenetics, along with
developments in lasers and transgenic techniques have opened up the potential for new
studies capable of resolving mechanisms of seizure generation at the cellular level
(Khoshkhoo et al., 2017; Paz et al., 2013). Recently, we developed an optokindling model of
epilepsy able to gradually induce seizures in initially healthy animals following stimulation of
M1 PCs. Our optokindling protocol combines optical laser stimulation and ChR2 expression
in identifiable PCs tagged by the EYFP report (Cela et al., 2019). This model has opened up

avenues for exploring the dynamics of neuronal circuits during seizures.

The gold standard for examination of circuit dynamics, and more specifically,
synaptic properties, is paired patch clamp recordings. However, this procedure is technically
challenging since it requires the use of multiple recording electrodes and is laborious due to
the low connectivity (20%) of some neuronal types such as PC-PC connections (Ko et al.,
2011; Lefort et al., 2009). Given these disadvantages, methods have been developed which
allow faster mapping of synaptic inputs. For example, laser-scanning phototstimulation

(LSPS) where UV light is used to uncage glutamate on specific cells can be used (Callaway
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and Katz, 1993). Uncaging can be combined with two-photon excitation, which further
restricts stimulation to the XFP-tagged cells and is limited to the plane of excitation (Fino and
Yuste, 2011). More recently, LSPS has been combined with optogenetic stimulation which
allows millisecond activation of targeted ChR2-expressing cells using techniques such as
Channelrhodopsin-2-assisted circuit mapping (CRACM) (Brill et al., 2016; Petreanu et al.,
2007a; Petreanu et al., 2009). In CRACM, the laser travels in a grid like pattern to evoke
presynaptic activation in an acute slice while the postsynaptic cell is recorded in whole-cell
configuration. In summary, CRACM presents a viable mapping method for circuits between
presynaptic neurons defined by ChR2 expression and postsynaptic neurons that are patched.
Therefore, CRACM and LSPS/optogenetic methods be used in lieu of paired recording to

interrogate circuit changes following seizures.

Here, we used complementary approached to combine LSPS and optogenetic
stimulation in a modified CRACM technique. We combined postsynaptic voltage whole-cell
recordings in postsynaptic targeted cells with laser stimulation of presynaptic ChR2 GFP-
tagged cells to evaluate the potential of these methods to gauge circuit perturbations
following seizures. Second, we used paired recordings to characterize intrinsic properties and
connectivity of L2/3 cells in M1. We carried out experiments in optokindled and control
animals to evaluate potential circuit changes correlated with seizures. Our LSPS/optogenetics
experiments validated the potential of the method to rapidly map multiple presynaptic inputs
in affected slices. Using paired recordings, we showed no differences in intrinsic excitability
of optokindled compared to control slices. To sum up, we present a complementary approach
to circuit mapping using simultaneous laser stimulation of presynaptic ChR2-tagged cells

coupled to postsynaptic whole-cell patch recordings in acute slices.
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4.4 Materials and Methods

Ethics

All procedures conformed to the standards and guidelines set in place the Canadian Council
on Animal Care (CACC) and the Montreal General Hospital Facility Animal Care
Committee (FACC), with the appropriate license. For surgeries, animals were anesthetized
with isoflurane (CDMYV Inc., St-Hyacinthe, QC, Canada). For collection of acute slices, mice
were anesthetized with Avertin (Sigma Aldrich, Oakville, ON, Canada) or isoflurane and
sacrificed once the hind-limb withdrawal reflex was lost. Every attempt was made to ensure

minimum discomfort of the animals

4.4.1 Stereotaxic viral injections of ChR2

We targeted ChR2 to primary motor cortex (M1) of male C57BL/6J mice aged postnatal day
(P) 30-45 using bilateral stereotaxic injection of AAV-CaMKIla-hChR2-E123T/T159C-p2A-
EYFP (UNC Virus Core, North Carolina, USA), since two kindling sites are known to
function better than one (Teskey et al., 1999). Virus from plasmid constructs contributed by
Karl Deisseroth was packaged by UNC Vector Core into serotype 5 AAVs. Using a
stereotactic apparatus (Just for Mouse 5731, Stoelting Inc, Wood Dale, IL, USA), we injected
1.2 pL of virus bilaterally, following previously described procedures (Cardin et al., 2010).
Injection coordinates relative to bregma were 1.1 mm anteroposterior, 1.5 mm mediolateral

and 0.8 mm dorsoventral.
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4.4.2 In-vitro acute slice recordings

Mice were anesthetized by an intraperitoneal injection of an Avertin solution (10 g 2,2,2-
tribromoethyl alcohol, Sigma Aldrich T4,840-2, mixed with 10 ml of tert-amyl alcohol,
Sigma Aldrich 24,048-6) at 500 mg/kg body weight. The animals were then perfused
transcardially with an ice-cold (4°C) oxygenated N-methyl-d-glucamine (NMDG) solution
containing (in mM: 93 NMDG, 93 HCI, 2.5 KClI, 1.2 NaH>PO4, 30 NaHCO3, 20 HEPES, 25
glucose, 5 sodium ascorbate, 3 sodium pyruvate, 10 MgSO4and 0.5 CaCl, bubbled with 95%
02/5% CO2 (Ting et al., 2014). After decapitation, the brain was removed and placed into the
same cold NMDG solution. Coronal 300-pum-thick acute brain slices were prepared on a
Campden Instruments 5000 mz-2 vibratome (Loughborough, UK) using ceramic blades
(Lafayette Instrument, Lafayette, IN, USA). The brain slices were then kept at 33°C in
oxygenated NMDG solution for 10 minutes, after which they were transferred to an
incubation solution (containing in mM: 125 NaCl, 2.5 KCl, 1 MgCl,, 1.25 NaH,POg, 2
CaCly, 26 NaHCOs3 and 25 glucose, bubbled with 95% 0/5% CO.) and kept for 1 hour
before recording. Neurons were patched with pipettes (4-6 MQ) filled with a gluconate-based
current-clamp solution containing (in mM): 5 KCl, 115 K-gluconate, 10 K-HEPES, 4 Mg-
ATP, 0.3 Na-GTP, 10 Naz-phosphocreatine and 0.02-0.04 Alexa Fluor 594, adjusted to pH
7.2-7.4 with KOH and to 310 mOsm with sucrose. Patch pipettes were pulled from medium-
wall capillaries using a P-1000 electrode puller (Sutter Instruments, Novato, CA, USA).
Whole-cell recordings were obtained using BVC-700A (Dagan Corporation, Minneapolis,
MN, USA). Voltage signals were digitized at 10 kHz using PCI-6229 boards (National
Instruments, Austin, TX, USA) and custom software (Sjostrom et al., 2001) running in Igor
Pro (Wavemetrics Inc., Lake Oswego, OR, USA). L2/3 PCs were targeted for recording using

a 2PLSM rig custom-built from a SliceScope (Scientifica, Uckfield, UK) as previously
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described (Buchanan et al., 2012). A MaiTai BB laser (Spectraphysics, Santa Clara, CA,

USA) tuned to 900-920 nm was used to generate GFP/Alexa 594 fluorescence.

4.4.3 In utero electroporation

Animals were housed under standard conditions with free access to food and water on a
12h/12h light/dark cycle. In utero electroporation was based on already published techniques
(dal Maschio et al., 2012). Briefly, timed-pregnant female CD1 mice from Charles River
Laboratories (Senneville, Quebec) had surgeries performed on them corresponding to
embryonic day 15.5. Females were anesthetized with isoflurane and the uterine horns and
embryos were exposed after abdominal incision. A 3ul DNA plasmid containing Fast Green
dye (MilliporeSigma, Oakville, Ontario) (0.1% w/v) and the DNA construct pPCAG-ChR2-
YFP was injected into the ventricles of the embryo using a polished glass capillary. Next,
5x50ms 45 V pulses at 950ms intervals were applied using an ECM 830 square pulse
generator (BTX, Holliston MA). During the procedure, the embryos were periodically
flushed with 37°C sterile PBS. After placing the embryos back into the mother, the abdomen

was sutured, and the mothers were returned to their home cage until full recovery.

4.4.4 Optogenetic stimulation

To characterize ChR2 responses to light, we relied on the imaging and electrophysiology
platform described above, with an additional 445-nm blue laser (eBay.ca, seller: newgazer)
guided onto the same light path as the 2-photon beam and controlled with two galvanometric
mirrors (Cambridge Technologies, Bedford, MA, USA). The laser was controlled by the
same program running electrophysiological acquisition running home-made software in Igor

Pro.

104 Elvis Cela - IPN



4.4 5 Statistics

The results are reported as the mean = SEM. Significance levels are denoted using asterisks
(*p <0.05, **p < 0.01, ***p <0.001). Unless otherwise stated, we used Student’s # test for
equal means for all pairwise comparisons. If an equality of variances F test gave p < 0.05, we
employed the unequal variances 7 test. Individual data sets were tested using a one-sample ¢
test. For multiple comparisons, pairwise comparisons were carried out if one-way ANOVA
suggested this at the p < 0.05 significance level. Equal or unequal variances ANOVA was
used depending on Bartlett’s test for equal variances. Wilcoxon-Mann-Whitney’s non-
parametric test was always used in parallel to the ¢ test, with similar outcome. Multiple
pairwise comparisons were corrected post hoc using Bonferroni-Dunn’s method. Statistical

tests were performed in Igor Pro unless otherwise stated.

4.5 Results

4.5.1 Laser-scanning ChR2-assisted optogenetic circuit mapping

We obtained acute slices from optokindled and control animals expressing the high-
efficiency E123T/T159C ChR2 variant in M1 PCs under control of the CaMKIla promoter
(Cela et al., 2019). Using focal blue light (455-nm) illumination we excited ChR2-expressing
cells in a semi-random order over an 8-by-8 grid under the 4X objective corresponding to
roughly 1mm? of tissue (Figure 4.1B). The postsynaptic cell was whole-cell patch clamped
and no synaptic blockers were used. 8-by-8 colour coded grids were made corresponding to
the average of 20 responses (Figure 4.1C). Next we measured the relationship between
power intensity and mean response amplitude starting at 100% power (13mW) and found a

strong positive correlation (r = 0.994, p < 0.001) (Figure 4.2A). We also observed that
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stronger optogenetic stimulation was correlated with increased variance of the response in the
postsynaptic cell (r = 0.966, p = 0.002) (Figure 4.2B). The optogenetically-evoked responses
on the postsynaptic cell had low temporal jitter and latency in milliseconds between
presynaptic stimulation and response (Figure 4.3). Though all the data thus far was collected
from optokindled animals which had ChR2 virally expressed, we wondered if we can express
ChR2 using alternative methods. To achieve this, pCAG-ChR2-EYFP was injected in the
lateral ventricles using in-utero electroporation (IUE) at embryonic day 15.5 (E15.5). We
noticed that [UE-infected slices had lower overall GFP expression (data not shown) and when
measuring average optogenetically evoked-response, those from viral injected sliced had

~30% greater response amplitude (Figure 4.4).

4.5.2 Intrinsic cellular properties were not affected by optokindling

Repeated high-frequency firing can alter the excitability of cortical PCs (Cudmore and
Turrigiano, 2004). We therefore wondered if optokindling gave rise to changes in intrinsic
neuronal properties such as spike threshold, input resistance, or resting membrane potential.
To explore this possibility, we recorded in acute slices the spiking responses of L2/3 PCs to
gradually increasing current injections (Figure 4.5). We found, however, that none of the
intrinsic cellular properties that we investigated were affected by the repeated high-frequency
stimulation of optokindling. Kindling may also involve structural changes such as
connectivity differences in the long term. To explore if optokindling was associated with
connectivity changes, we compared number of connections in optokindled and control slices
recorded from L2/3 PC pairs (Figure 4.6). We found however no differences in connectivity

rates.
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4.6 Discussion

Epileptogenesis is thought to involve several changes in both morphology and structure that
are associated with seizure initiation, yet the exact circuit underpinnings have not been
resolved (Geinisman et al., 1988b; Teskey et al., 2006). Since animal models of seizures have
been unable to target specific neurons until recently, we took advantage of our published
optokindling model to evoke seizures through repeated PC stimulation (Cela et al., 2019). To
study circuit changes following seizures, we took two approaches: using optogenetic/LSPS in
optokindled and control slices as well as paired patch clamp recordings. We found no
differences in intrinsic properties between PCs in L2/3 of optokindled animals and controls.
Analysis of connectivity rates of PCs recorded from optokindled and control animals also
revealed no differences. Finally, we performed proof-of-principle experiments based on
CRACM as to demonstrate a means of mapping multiple presynaptic inputs following

seizures.

4.6.1 Circuit changes accompanying following optokindling

Disfunction in intrinsic properties are well understood to underlie several neurological
disorders including epilepsy (Beck and Yaari, 2008). The exact mechanisms in seizures are
not yet clear but it is believed to involve changes in the excitatory/inhibitory balance and
circuit dynamics (Shah et al., 2004). In our optokindling model, plasticity was linked to
epileptogenesis in, although the specific nature of this plasticity remains to be uncovered. Our
measurements of several intrinsic properties at the end of optokindling showed no difference
compared to non-stimulated animals, suggesting other changes in the circuits are necessary to

allow development of seizures, but it isn’t clear what they are. Our results were consistent
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with previous reports finding no differences in intrinsic properties in epileptic animals (Avoli
and Olivier, 1989; Prince and Wong, 1981). Subsequent studies impacting different cell
populations besides PCs may prove useful to uncover potential population-specific intrinsic
changes. Further analysis of connectivity rates from optokindled and control slices also
revealed no differences. Increased synaptic connectivity has been previously associated with
epilepsy but not connectivity rate per se (Chu et al., 2010). It could be that recording in adult
slices fails to capture the connectivity changes reported during developmental studies.
Another possibility is that the excitatory-inhibitory balance could be perturbed in cell types
that were not investigated such as interneurons. For example, enhanced intrinsic excitability
in basket cells can maintain excitatory-inhibitory balance (Campanac et al., 2013). Finally,
our optokindling protocol may be too mild to cause significant increases in functional

connectivity compared to traumatic brain injury protocols (Jin et al., 2006).

4.6.2 Proof of principle experiments using optogenetic circuit mapping

For decades there has been a considerable interest in mapping circuit reorganization
following seizures but due to the low hit rate for recording synaptically coupled PCs,
investigators have used alternatives such as focal glutamate microsimulation (Christian and
Dudek, 1988; Lynch and Sutula, 2000; Markram et al., 1997). We performed proof-of-
principle initial studies using laser-guided optogenetic stimulation of acute slices expressing
ChR2 in L2/3 and 5 inspired by the initial reports of CRACM and LSPS/optogenetics studies

(Brill et al., 2016; Petreanu et al., 2007b).

When comparing viral delivery and IUE to express ChR2 we noticed that virally
transfected slices had greater response across the slice (Figure 4.4). This is consistent with

previous reports using non-viral vectors introduced by IUE showing episomal expression
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may deteriorate during development (Waddington et al., 2005). Compared to IUE, AAVs can
integrate stably into the genome for longer lasting expression (Kaplitt et al., 1994). However,
a main strength of IUE is the ability to target specific populations of cells at the progenitor
stage (Matsuda and Cepko, 2007). Viral expression may also suffer from adverse immune
responses which are not a concern during IUE since the immune system is not yet mature
during injection (Taniguchi et al., 2012). Thus, these concerns must be balanced when

choosing a viable expression system.

The advantages of LSPS/optogenetic circuit mapping are that power can be
modulated on the fly to dilute responses (Figure 4.2), stimulation is temporally precise
(Figure 4.3), and a wide area of the cell can be covered simultaneously (Figure 4.1).
However, a main caveat is that ChR2 expression levels were not controlled for when
performing optogenetic stimulation. Taking averages of several cells partially solves this
problem but a better alternative is to quantify GFP expression and use the pixel intensity to
normalize the corresponding postsynaptic response to whilst keeping the laser power
constant. Therefore, future experiments will have to better control for variability in ChR2

expression.

4.6.3 Conclusions and future directions

To our knowledge, we have carried out the first LSPS/optogenetic experiments in
optokindled slices. Our experiments serve as proof of principle in extending
LSPS/optogenetics towards identifying circuit changes that are correlated with
epileptogenesis. In this study, we focused on experiments where ChR2 was expressed in PCs
though there are multiple possibilities for investigation of other neuronal cell types such as

INs. Indeed, INs may have different roles in the initiation and maintenance of seizures so
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investigating their roles during and after full optokindling may reveal different connectivity

states (Khoshkhoo et al., 2017; Wang et al., 2017).

Also, we looked at changes in postsynaptic responses at the end of optokindling
where generalized seizures had already been established (Cela et al., 2019). Given the gradual
evolution of seizure intensity through kindling sessions, it would be instructive to map the
epileptic circuit at different stages of kindling (Sutula, 2004). Research suggests that early
and late epileptogenesis may have different synaptic and morphological changes associated
with each stage and optogenetic circuit mapping can shed some light on these differences
(Morrell, 1985). To sum up, optokindling combined with optogenetic circuit mapping
together allow for rapid cell-specific dissection of microcircuit plasticity changes following

seizures and may open up new avenues for therapeutic treatment of epilepsy.

4.7 Figures
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Figure 4.1 Rapid mapping of multiple presynaptic inputs using ChR2-assisted

optogenetic stimulation.
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(A) Optogenetic laser stimulation of PCs in a ChR2-expressing slice. 2PLSM flattened
stack depicting whole-cell recording from PCs in L2/3 filled with Alexa-594 for
visualization (red). EYFP expression depicts ChR2-expressing cells (green).

(B) 8-by-8 grid matrix of the amplitude of responses recorded in the postsynaptic cell
after presynaptic stimulation of ChR2-expressing PCs in a grid like fashion across the
slice. Actual responses inside white dashed lines are represented in (C).

(C) Evoked responses used to construct the diagram in (B) showing a close-up of the two

central columns outlined by white dashed lines in the grid in (B).
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Figure 4.2 Characterization of CRACM responses through power level attenuation

(A)Power level was attenuated at the table using a half lambda plate and measurements
were taken at the objective. ChR2-expressing slices were stimulated at different
power levels and used to generate 8 by 8 grids. The matrices at each corresponding
power level are shown.

(B) The average intensity and sum of square of each grid consisting of 64 different
measurements was computed to arrive at a single value per matrix at each power
level. Both average values (r = 0.994, p <0.001) and sum of squares (r = 0.966, p =

0.002) increased significantly with power.
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Figure 4.3 AP firing is temporally precise during CRACM in-vitro

(A) Action potentials (APs) elicited using light stimulation during whole-cell current
clamp from L2/3 neurons in acute slices of M 1. Instance of light stimulation with a
445nm laser indicated by dashed blue lines.

(B) Latency to peak of AP (n= 12 cells, 12.07 £ 0.99 ms). Jitter was measured as
standard deviation of latency (n = 12 cells, 3.05 + 0.47 ms). Box plot shows inter-

quartile range, median and whiskers representing £ 1 st.dev.
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Figure 4.4 Comparison of in-utero electroporation (IUE) and virus injection for

CRACM

(A) Evoked responses recorded in M1 after optogenetic laser stimulation of PCs in a
ChR2-expressing slice after [IUE. The three central columns of an 8-by-8 grid are
shown for clarity. The evoked responses come from the postsynaptic cell which was
recorded in whole-cell current clamp during presynaptic stimulation.

(B) Evoked responses recorded in M1 after optogenetic laser stimulation of PCs in a

ChR2-expressing slice after viral injection. The three central columns of an 8-by-8
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grid are shown for clarity. The evoked responses come from the postsynaptic cell
which was recorded in whole-cell current clamp during presynaptic stimulation.

(C) 8-by-8 grid matrix of the integral of responses recorded in the postsynaptic cell after
presynaptic stimulation of ChR2-expressing PCs in a grid like fashion across the slice.
This grid was generated by measuring the integral inside dashed lines in (A). 20
responses were averaged to create each grid piece.

(D) 8-by-8 grid matrix of the integral of responses recorded in the postsynaptic cell after
presynaptic stimulation of ChR2-expressing PCs in a grid like fashion across the slice.
This grid was generated by measuring the integral inside dashed lines in (B). 20
responses were averaged to create each grid piece.

(E) Comparison of area under the curve (integral) of 64 responses recorded in IUE slices
compared to virus injected slices. Cells recorded from virus-injected slices had higher
average integral signals than IUE transfected slices (Wilcoxon signed rank test, virus
=2.06x 10%+1.62 x 10, IUE = 1.60 x 10 £ 3.07 x 107, n =64 responses, p <

0.001)
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Figure 4.5 Intrinsic properties were indistinguishable in optokindled and control

animals

(A) Sample flattened 2PLSM stack of Alexa-594- filled M1 L2/3 PCs. Scale bar: 20 um.

(B) Three sample voltage traces recorded in an M1 L2/3 PC in response to a series of current
pulses (rheobase sweep in black). The hyperpolarizing current was -100 pA, followed by a

total of 14 depolarizing pulses starting at 100 pA, spaced by 20 pA up to 200 pA, and by
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50 pA subsequently. From such sweeps, the intrinsic cellular properties were automatically

extracted, as previously described(Buchanan et al., 2012). Scale bar: 200 ms, 25 mV.

(C) Properties such as spike height, width, threshold (measured at inflexion point), and after-
hyperpolarization (AHP, measured 30 ms after the inflexion point(Bean, 2007)) were
automatically extracted (Buchanan et al., 2012) from the first action potential at rheobase (see

panel B). Scale bar: 20 ms, 20 mV.

(D) AHPs in PCs recorded in acute slices from kindled (“stim ChR2”, n =8 cells, n =3
animals) and control animals (“no stim ChR2”, compare Figure 2.2A, n= 17 cells, n =3
animals) were indistinguishable (p = 0.067). No differences were found for any of the other
intrinsic properties either: (E) resting membrane potential (Vies;, p = 0.133), (F) input
resistance (Rin, p = 0.566), (G) latency to spike at rheobase (p = 0.359), (H) spike threshold
(p =0.947), (D) firing rate/current slope (p = 0.191), (J) maximum voltage time derivative
(dv/dt, p = 0.637), (K) minimum voltage time derivative (p = 0.899), (L) spike height (p =
0.571), (M) hyperpolarization-activated current (In, measured as the sag at steady state due to
hyperpolarizing step, p = 0.982), (N) rheobase current (p = 0.063), or (O) spike half-width (p
= (0.793). Finally, series resistance (not shown, not compensated, measured from the fast
component of a double-exponential fit to a hyperpolarizing pulse) was also indistinguishable
(stim: ChR2: 25 MQ + 3 MQ vs. no stim ChR2: 23 MQ + 2 MQ, p = 0.647). Student’s ¢ test
was used throughout except panel N, where Wilcoxon’s rank test was applied since current

injections were distributed at discrete intervals.
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Figure 4.6 Connectivity rates in stimulated and control slices.

(A) 2PLSM flattened stack depicting paired whole-cell recording from PCs in L2/3 filled
with Alexa-594 for visualization. Connectivity is tested for pairs of at least two cells recorded

simultaneously.

(B) No difference in connectivity rates between stimulated and control slices was found.

(Fisher’s exact test, p = 0.24, n = 2/12 connections stimulated, n = 2/38 connections control)
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5 GENERAL DISCUSSION

5.1 Summary of the findings

The main findings can be summarized as follows:

118

. A novel optogenetic kindling model of epilepsy was established using repeated

activation of PCs through ChR2 activation in awake behaving animals (Cela et al.,
2019). Seizures emerged gradually and increased in number over time. In agreement
with classical kindling, seizure threshold decreased over sessions as seizure duration
increased (Racine, 1972a). Seizure occurrence could not be explained by gross brain
damage resulting from the experimental method as neuronal cell counts and astroglial

activation wasn’t different in control animals compared to stimulated.

. In a two-hit model, we combined rimonabant injections with our neocortical

optokindling protocol and found this accelerated seizure development with no change

in seizure properties such as duration and latency.

. Finally, we established the groundwork for and preformed preliminary experiments

outlining possible optogenetic circuit mapping methods to probe circuit alterations

following seizures.
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5.2 A novel optokindling model of epilepsy

The development of seizures has been studied through acquired and genetic animal models of
epilepsy. Acquired models, whereby seizures are induced by chemical proconvulsants or
repeated electrical activity, have endured for decades giving rise to a plethora of insights
about ictogenesis (Loscher, 2002). In particular, kindling, as an electrical induction model,

has been extensively employed in the literature since its initial discovery (Goddard, 1967).

However, the relatively unchanged acquired induction models also suffer from
common setbacks. Two examples of setbacks are the lack of cellular specificity in targeting
the model and additional damage that may accompany the model itself through the
experimental protocol. During classical kindling, electrical stimulation through a bipolar
electrode elicits a response in several different neuronal populations in proximity to the
electrode (Racine and Zaide, 1978). This prevents a dissection of the causal mechanisms of
seizures due to mixing multiple cell bodies and may explain some of the variability in the

model.

Recently novel techniques like optogenetics have made it possible to control
neuronal firing with millisecond precision whilst identifying cells through genetic tags.
Researchers are in the early stages of using these techniques and have been able to halt
seizures using inhibitory opsins or induce seizures using excitatory opsins (Khoshkhoo et al.,
2017; Osawa et al., 2013; Paz et al., 2013; Wykes et al., 2012b). However, these studies have
been in the context of an underlying genetic factor or seizures were elicited in a single session

precluding a temporal examination of seizure emergence.

Here we were able to take advantage of optogenetics and in-vivo recordings in

awake behaving animals to establish an optogenetic variant of the classical kindling paradigm
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(Cela et al., 2019). We find that repeated activation of a small subset of neurons in M1 every
48hrs is sufficient to gradually give rise to seizures. Additionally, these optogenetic kindling-
induced seizures share properties with classical kindling findings such as gradual lowered
threshold and increased seizure duration over sessions (Goddard et al., 1969). Also, we were
able to show that these seizures can arise without the presence of glial activation or gross
neuronal damage. Finally, we showed that S0Hz activation and ChR2 expression are both
necessary for seizure emergence. Taken together, our findings suggest that seizures can arise
from repeated stimulation of a small subset of PCs and highlight our optogenetic kindling
approach as a novel substitute to the classical model. Future studies in other cell populations
extending our results may be helpful to produce meaningful outcomes that may be applied in

a clinically beneficial manner.

5.3 CB1R blockade accelerates optokindled seizures

The path to seizure emergence and pathological activity is not a one-way street. There are
different ways in which the brain’s normal mechanisms of maintaining an excitatory-
inhibitory balance can be overcome (Avanzini et al., 2014). Indeed, it is widely understood
that a second insult added to an underlying factor such as traumatic brain injury can

accelerate seizure development (Pitkédnen et al., 2009a).

One of the critical factors that determines potential for seizure development is the
state of the existing plasticity in the brain before a second factor is added. It is well known for
example that multiple brain disorders such as TSC1 mutations which change brain plasticity
also have seizures as co-morbidities (Uhlmann et al., 2002). In this respect, it is vital that

mechanisms which have the potential to increase the hyperexcitability of the brain are well
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understood so the underlying mechanisms of seizure propensity are targeted for therapeutic

intervention (Brodie and Dichter, 1996).

The cannabinoid family of receptors, especially CBIR has been shown to be tightly
linked to plasticity with agonism of this receptor promoting LTD in normal brain plasticity
where it may work with other receptors (Sjostrom et al., 2003; Soltesz et al., 2015). In
contrast, in the pathologic epileptic brain, CB1R blockade or antagonism leads to a lowering
of the threshold to seizures and promotion of hyperexcitability (Marsicano et al., 2003;

Vinogradova et al., 2011).

Considering the role of CBIR in the healthy and diseased brain, we sought to understand
what would happen if CBIR antagonisms could be used as a second-hit to test its effects on

the gradual seizure development induced by our optokindling protocol (Cela et al., 2019).

We injected animals with the CB1R blocker rimonabant 30 minutes before
performing optogenetic kindling and carried out the rest of the stimulation unchanged to our
optogenetic kindling model. We found that CB1R blockade significantly accelerates
optogenetically-kindled seizures with seizures emerging from the first session of stimulation

compared to over a dozen sessions required to elicit seizures in our optogenetic model.

We confirmed the role of the CB1R blockade in our kindling model and show the potential of
this pathway to be used as a second-hit to add to existing animal models of seizures. Our
optokindling model allows for dissection of how nearby neurons that were unstimulated
directly or other neurons such as INs can be affected during the second hit. For example, it is
known that cholecystokinin INs express CB1Rs at high levels (>85%) and these are likely to
be directly affected by CB1R blockade (Katona et al., 1999). Another potential line of

investigation which we did not explore is the contribution of astrocytes to promoting

Elvis Cela - IPN 121



hyperexcitability upon rimonabant injection as they have known to possess CB1Rs and

interact closely with neurons (Navarrete and Araque, 2008).

5.4 Using cutting-edge methods for analysing circuit
perturbations following seizures

Epileptogenesis is a process of vital importance to understanding the consequences and
mechanisms of focal epilepsy. Vast improvements in animal models of epilepsy over the last
decades have allowed for accumulating insights about the disease, but the lack of cellular
targeting using acquired seizure models has resulted in difficulty tying experimental results to
specific cell populations. The lack of control of defined cell populations has precluded
insights about the contributions of distinct cell populations to seizures and consequently,
local circuit rearrangements. Although the animal models themselves can generate a state of

SE, the transition from a healthy to a pathological brain has not been fully studied.

In the last decade, rapid advances in optogenetics have allowed for millisecond
activation and deactivation of neuronal activity coupled to targeting of genetically-defined
cell populations (Paz et al., 2013). These advances along with those in laser technology and
genetically-encoded calcium indicators have recently allowed for exploration of the missing
link between seizure outcomes and their respective neuronal underpinnings (Khoshkhoo et
al., 2017). On the readout side, techniques such as CRACM and multiple whole-cell paired
recordings have allowed for mapping of connectivity differences in acute slices to examine

local-circuit plasticity (Petreanu et al., 2007a; Zhang et al., 2009).

We combined optogenetics and CRACM to carry out proof of principle experiments
in control and epileptic tissue following optogenetic kindling (Cela et al., 2019). First, using

paired recordings in control and epileptic acute slices of L5 cells in M1 we found no changes
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in several measures of intrinsic excitability of PCs between control and kindled slices. While
previous experiments have been unable to target the cells receiving direct stimulation,
intrinsic excitability following seizures has been previously reported to be unchanged in
several cases (Avoli and Olivier, 1989; Prince and Wong, 1981). Thus, while we were able to
record from cells that were directly stimulated by light, our findings agree with those of

previous studies.

We also used CRACM in ChR2-expressing slices to build connectivity maps of the
local circuit. We relied on ChR2 expression solely in PCs predominantly in layers 2/3 and 5.
Others have used CRACM as a subcellular mapping tool in neocortex or, more recently,
glutamate uncaging in seizure-prone animals (Brill et al., 2016; Petreanu et al., 2007a). We
put forth that CRACM applied to seizure studies allows for fast rates of circuit mapping and
has the advantage of genetically targeting cells. Our experiments serve as a foundation for
potential future studies where circuit dynamics can be rapidly examined following seizures in
different cell populations simultaneously. For example, the role of INs and PCs can be
examined simultaneously by expressing ChR2 using two different promoters. Furthermore,
since our optokindling model allows the gradual development of generalized seizures over

time, a “snapshot” of circuit plasticity can be taken throughout epileptogenesis.

5.5 Concluding remarks

The field of epilepsy has been rapidly expanding in recent years by take advantage of modern
techniques to study seizure development in animal models. The exact mechanisms
underpinning seizure development are still not fully clear and this is due to the complexity of
multiple types of epilepsy, the failure of some models to fully capture human symptoms and

the lack of cell-targeted tractable models. During my PhD I have focused on ameliorating the
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latter weakness of animal models and hope that the insights provided within can further
enrich our understanding of the processes of pathologic brain activity and provide inspiration

for future studies extending and developing these insights.

124 Elvis Cela - IPN



6 APPENDIX

6.1 445-nm laser power characterization
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Figure 6.1 Characterization of 445-nm laser used for optogenetic stimulation.

(A) Laser current was linearly correlated with output intensity (Least squares regression,

r=0.987). All stimulations were performed at max current amplitude to ensure

suprathreshold stimulation intensity required for ChR2 activation (> ImW/mm?).

(B) Laser power was measured over 10 seconds using 50 Hz stimulation with variable

pulse duration (10 ms, 100 ms, or 10 seconds). Power intensity decreases

exponentially but remains above 90% of initial power (for 10 and 100 ms pulse

widths) within 3 seconds and plateaus thereafter. Power was significantly different
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between the three pulse widths over 10 seconds (One-way ANOVA, 10ms vs 100

ms: p=0.99, 10 or 100 ms vs 10 seconds: p <0.001).

6.2 In-vivo optogenetic stimulation and EEG recording setup

I assembled the following set-up used for the central experiments of my PhD for in-vivo
optogenetic stimulation and EEG recordings. The platform was put together from scratch
using off-the-shelf components available widely. Further explanation of how simultaneous
acquisition and light stimulation was achieved, including parts used, can be found in the
Methods section of Chapter 2 (Section 2.3.2). Briefly, two 445 nm lasers are air-coupled to
fibreoptic adapters that connect to fibreoptic cables and subsequently the mouse’s head
during experiments. These lasers and fibreoptic cables are used for bihemispheric optogenetic
light stimulation. The animals are allowed to move freely around the cylindrical recording
cage where EEG signals are collected by the extracellular amplifier whilst being digitized by
NIDAQ boards (#6229, Austin, TX, USA). The simultaneous EEG acquisition and light
stimulation is controlled by the computer running Igor Pro v.6.34 software (Wavemetrics

Inc., Lake Oswego, OR, USA).
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Side view A

Laser control box #1
445 nm laser

Laser air coupler
Laser control box #2

Breadbord

= 445 nm laser #1

445 nm laser #1
« Laser control box #1

C

Oscilloscope

Extracellular
amplifier

Recording
cage

Figure 6.2 In-vivo optokindling platform for simultaneous ChR2 excitation and EEG

recording
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(A) Side view A showing both laser control boxes with one 445-nm laser visible mounted
to a breadboard. The laser air coupler collects the laser beam into an FC-PC fiber
optic cable using a large NA lens.

(B) Top view A showing both 445-nm lasers mounted on the breadboard.

(C) Side view B shows the Faraday cage where EEG recordings are performed as well as
the extracellular amplifier used during recordings. Side view C shows the
oscilloscope used to display EEG signals during acquisition as they are digitized by

the data acquisition board and stored on the computer.
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6.3 Dual acute slice recording and optogenetics setup for in-
vitro electrophysiology

A
Micromanipulator (with 3 axes)
Rod holder
Rod
Pressure tubing Headstage
Signal cable
Electrode holder
Grounding cable
Patch pipette
Baseplate / breadoard ACSF tube towards the chamber
Anti-vibration alr table
B
445-nm laser from
air table
Switchable B‘ﬁgm“"d'"g
ojective cable
Temperature Pressure tubing
probe Rod
Recording ACSF heater
chamber

Figure 6.3 In-vitro setup for electrophysiological acute slice recording and optogenetics

stimulation

Adapted from Lalanne et al. (2016).
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(A) Motorized micromanipulator with attached pipette for whole-cell patch clamp recording
experiments. The entire setup is placed on an anti-vibration table to minimize drift during

recording experiments.

(B) Top-down view of recording setup showing the 445-nm laser guided into the objective
for optogenetic stimulation experiments. The 445-nm laser is co-aligned with a two-photon
beam (not shown) which allows near-simultaneous imaging and stimulation of ChR2-

expressing cells.

6.4 Code

During my PhD I wrote code for several steps of seizure analysis such as peak-finding, array
manipulation as well as various automated calculations of central tendencies (mean, standard
deviation etc.) A selection of code I wrote is preserved on Github and available for public
use. All code is written in Igor Pro version 6.4 and older (Wavemetrics Inc., Lake Oswego,

OR, USA).

6.4.1 Assorted array manipulation functions

The code for the various functions is stored on Github at: https://github.com/ec10K/Seizure-

Analysis/blob/master/Array manipulation.ipf

6.4.2 Seizure analysis code

The code for seizure analysis is stored on Github at: https://github.com/ec10K/Seizure-

Analysis/blob/master/Seizure%?20functions.ipf
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