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Abstract

The neocortex is the site of origin of several forms of acquired epilepsy. Here we provide a brief
review of experimental models that were recently developed to study neocortical epileptogenesis
as well as some major results obtained with these methods. Most of neocortical seizures appear to
be nocturnal and it is known that neuronal activities reveal high levels of synchrony during slow-
wave sleep. Therefore, we start the review with a description of mechanisms of neuronal
synchronization and major forms of synchronized normal and pathological activities. Then, we
describe three experimental models of seizures and epileptogenesis: ketamine-xylazine anesthesia
as feline seizure triggered factor, cortical undercut as cortical penetrating wound model and
neocortical kindling. Besides specific technical details describing these models we also provide
major features of pathological brain activities recorded during epileptogenesis and seizures. The
most common feature of all models of neocortical epileptogenesis is the increased duration of
network silent states that up-regulates neuronal excitability and eventually leads to epilepsy.

Keywords
Epilepsy; epileptogenesis; seizure; trauma; kindling; undercut

1. Introduction

The term epilepsy is used to define over 40 different types of neurological pathologies
resulting from different etiologies. They usually are all characterized by the occurrence of
unprovoked recurrent seizures, which consists in a period of abnormal (paroxysmal) brain
electrical activity. Epilepsy is either genetically determined or acquired (secondary). The
causes of acquired epilepsies are multiple (stroke, cortical trauma, brain tumor, infections,
...) and the recurring seizures are typically primarily focal (Timofeev et al., 2014). The
common feature of acquired epilepsies is neuronal death leading to deafferentation. Brain
activities could be roughly described using simple words such as activity, silence, excitation,
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and inhibition. During normal brain activities there is a balance between activity and silence
and also between excitation and inhibition. If for any reason the balance is shifted, some
homeostatic plasticity occurs to reestablish the balance. Deafferentation increases overall
silence in the involved neuronal network. This triggers up-regulation of neuronal
excitability. If deafferentation is large it would lead to uncontrolled up-regulation of
neuronal excitability and epilepsy. A period between initial insult and development of
epilepsy is called epileptogenesis and its exact mechanisms remain largely unknown,
therefore, there is no effective treatment of epileptogenesis. Over the past several years, our
studies aim to understand the network mechanisms of epileptogenesis in order to develop
effective treatment of epileptogenesis and therefore, to prevent the development of epilepsy.

1.1 Neuronal synchronization

Neuronal synchronization is achieved via different mechanisms: chemical synaptic
transmission, electrical synaptic transmission, ephaptic and non-specific interactions such as
alterations in the extracellular ionic balance (reviewed in (Timofeev et al., 2012)). Chemical
transmission occurs when an action potential is fired by the presynaptic neuron, invading the
nerve terminal, allowing calcium to enter in the synaptic terminal, which will trigger the
release of synaptic vesicle containing neurotransmitter, and finally causing depolarization or
hyperpolarization of the postsynaptic neuron (Eccles, 1964; Katz and Miledi, 1968).

Electrical synapses use a spike-independent mechanism of communication between neurons
connected via gap junctions allowing a direct flux of ions between them (Carlen et al., 2000;
Dermietzel and Spray, 1993; Perez Velazquez and Carlen, 2000). When cells are connected
by gap junctions, any change in the membrane potential in one cell will trigger a current
flow in the other one leading to corresponding changes. In the neocortex, GABA-releasing
interneurons (Galarreta and Hestrin, 1999; Gibson et al., 1999) and glial cells (Mugnaini,
1986) are interconnected by gap junctions. However as gap junctions have relatively high
resistances, they act as low pass filters (Galarreta and Hestrin, 2001), therefore they are best
situated to transmit to coupled neurons low frequency oscillations, but not fast processes,
like action potentials.

Ephaptic interactions refer to influences produced by local electric fields. The extracellular
currents produced by the activity of neurons constituting the local field potential might
directly influence the electrical properties of surrounding neurons (Frohlich and
McCormick, 2010; Jefferys, 1995). Although these influences are relatively weak, they
might affect the neuronal excitability by exerting a global influence and may provide a
significant impact when the network is already quite synchronized such as during slow-wave
sleep or during a seizure. Normal neuronal activity leads to the opening of different ionic
channels and produce short-term changes in the extracellular ionic composition. The most
affected ion concentrations are for those that have a lower extracellular concentration such
as calcium and potassium. For example, during a normal slow oscillation, the dominant type
of activity observed during slow-wave sleep and under some anesthetics (see section 2), the
extracellular calcium concentration varies from 1.2 mM during silent states to 1.0 mM
during active states (Crochet et al., 2005; Massimini and Amzica, 2001), this can strongly
impact the chemical synaptic transmission (Crochet et al., 2005). On the contrary, low
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calcium concentration promotes the opening of hemichannels (Thimm et al., 2005), which
increases the electrical coupling. The changes in the extracellular milieu are even more
dramatic during seizures as extracellular potassium concentration can reach up to 7-18 mM
(Amzica et al., 2002; Moody et al., 1974; Prince et al., 1973) and the extracellular calcium
concentration can decrease to as low as 0.4-0.7 mM (Amzica et al., 2002; Heinemann et al.,
1977; Pumain and Heinemann, 1981; Pumain et al., 1983). These changes dramatically
reduce the synaptic excitability and almost abolish any synaptic response (Seigneur and
Timofeev, 2011). With the same levels of neuronal activity, the extent of changes in
extracellular ionic concentrations should depend on extracellular space. The brain
extracellular space during wake is smaller than during sleep or anesthesia (Xie et al., 2013)
therefore, synchronous neuronal activity during wake should produce major changes in local
ionic concentration.

At least two types of neuronal synchronization can be considered, local synchronization,
which mediates generation of the local field potential and rely on all types of transmission,
and long-range synchronization which is measured using distant recording electrodes and
mainly relies on chemical synaptic transmission.

1.2 Disbalance in the excitation/inhibition ratio leading to seizures

1.3 Focal vs

During normal brain activities, the central nervous system maintains the homeostasis
between the excitation and the inhibition. Under anesthesia they are balanced (Haider et al.,
2006; Shu et al., 2003), while during natural states of vigilance the inhibitory activities
dominate (Haider et al., 2013; Rudolph et al., 2007). Epileptiform activities are the result of
a shift in the balance of excitation and inhibition (Dichter and Ayala, 1987; Galarreta and
Hestrin, 1998; Nelson and Turrigiano, 1998; Tasker and Dudek, 1991; Timofeev and
Steriade, 2004). The most known procedure to induce epileptiform discharges consists in
blocking inhibition by using GABAergic antagonist (Bicuculline, penicillin, ...), however a
disbalance in the other direction: decreased excitation (or increased inhibition) as
epileptogenic factor was much less investigated. The model of trauma-induced epilepsy that
will be described in the main body of this review is a model in which the excitation is
decreased as multiple glutamatergic thalamocortical fibers are severed by the undercut
(Topolnik et al., 2003b). The undercut is a procedure in which the white matter is cut
underneath a given cortical area using a custom-made knife (see section 4.1). The model of
ketamine-xylazine anesthesia leading to paroxysmal activities in cats could also be
considered as a model in which the excitation is decreased, as ketamine is an NMDA
receptor antagonist. The third model that will be described in this review is kindling which
could result from a disbalance toward excitation through hebbian synaptic plasticity. These
three models will be discussed in more details in the following sections.

generalized seizures

In the case of genetically determined epilepsies, the altered genes are usually present in
every cells of the body therefore increasing the probability of generating generalized
seizures. In acquired epilepsies, seizures are primarily focal but may become secondarily
generalized (Timofeev et al., 2014). Focal seizures are also sometimes called partial seizures
and might be further subdivided into simple or complex partial seizures depending whether
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the consciousness is impaired or not, respectively. Generalized seizures include absence
(also called petit-mal seizures), myoclonic, clonic, tonic, tonic-clonic (also called grand-mal
seizures), and atonic seizures.

1.4 Spike-wave, polyspike wave, and fast runs

Neocortical epilepsy is generated cortically, is focal and is mainly nocturnal (Timofeev,
2011). These seizures are usually composed of spike-wave/polyspike-wave (SW/PSW)
electrographic discharges at 1.0-2.5 Hz and fast runs (runs of fast EEG spikes) at 7-16 Hz,
which develop without discontinuity from the slow oscillation (< 1 Hz) (Boucetta et al.,
2008; Steriade and Amzica, 1994; Steriade et al., 1998a; Steriade and Contreras, 1995;
Timofeev, 2010; Timofeev et al., 2014; Timofeev et al., 2002).

Just prior to the onset of seizure, ripples which are waxing-and-waning very fast oscillations
(80-200 Hz) can be observed at the focus (Grenier et al., 2001, 2003). The use of a gap
junction blocker such as halothane anesthetic gas prevents the occurrence of ripples and
stops neocortical seizures, suggesting that electrical gap junctions play a critical role in the
generation of these rhythms. Following the appearance of ripples, the SW/PSW complexes
occur at 1-2.5 Hz and they are often accompanied by fast runs (7-16 Hz) (Timofeev and
Steriade, 2004).

1.4.1 Mechanisms of spike-wave complexes—The cortically generated seizures that
arise without any discontinuity from the slow oscillation are accompanied by the generation
of large amplitude field potentials SW/PSW complexes, which suggests the presence of
enhanced local synchrony (Timofeev and Steriade, 2004). The precise measurements during
SW/PSW complexes suggested that long-range synchrony recorded on a wave-by-wave
basis is rather loose (Boucetta et al., 2008; Derchansky et al., 2006; Meeren et al., 2002;
Timofeev and Steriade, 2004). During the SW complexes, the correlation of field potentials
varies between 0.3 to 0.8 and each cycle would propagate at a speed of 100 mm/s in vivo
and 10 mm/s in vitro (McCormick and Contreras, 2001; Steriade, 2003).

During the spike component, cortical neurons are depolarized and fire action potentials
whereas during the wave component cortical neurons are hyperpolarized and silent
(Timofeev, 2010). Just prior to and during the initial segment of a seizure, neocortical
neurons firing increases and then it decreases toward the end of the seizure (Bazhenov et al.,
2004). Any intense neuronal firing will lead to an increase in the extracellular potassium
concentration and a decrease in the extracellular calcium concentration (Heinemann et al.,
1977), which will change neuronal excitability (Boucetta et al., 2013; Seigneur and
Timofeev, 2011) and would be an important factor in the generation of paroxysmal activities
(Somjen, 2002). For example, during the spike component, fast-spiking presumed inhibitory
interneurons fire high-frequency action potential trains and due to the high extracellular
potassium concentration during seizure (Heinemann et al., 1977), the reversal potential of
chloride-dependent IPSPs becomes depolarized (Cohen et al., 2002; Payne et al., 2003;
Timofeev et al., 2002).

The strong depolarization will lead to an activation of high-threshold intrinsic currents such
as the high-threshold calcium and the persistent sodium currents which will further
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contribute to the neuronal depolarization (Timofeev, 2010; Timofeev et al., 2004; Timofeev
and Steriade, 2004). However, the increased neuronal activity will lead to an increase in the
intracellular calcium and sodium concentrations, which in turn will activate both sodium-
and calcium-activated potassium currents that will hyperpolarize neurons and contribute to
the wave component of spike-wave complexes (Timofeev, 2010; Timofeev et al., 2004;
Timofeev and Steriade, 2004). This hyperpolarization then contribute to the activation of
hyperpolarization-activated depolarizing current (I,) in a subset of neurons that will lead
them to depolarize up to the firing threshold and initiate the next paroxysmal cycle
(Timofeev, 2010; Timofeev et al., 2004; Timofeev and Steriade, 2004). Due to the dramatic
decrease in the extracellular calcium concentration during paroxysmal activities (Heinemann
etal., 1977; Pumain et al., 1983), chemical synaptic transmissions are strongly impaired but
electrical synaptic transmission via gap-junction increases contributing to the local network
synchronization (Jefferys, 1995).

1.4.2 Mechanisms of fast runs—*Fast runs are also referred to runs of fast EEG spikes
that occur at 7-16 Hz and accompany most of neocortical SW/PSW complexes. They last
about 5 seconds on average but the range of their duration can vary from 1 to 30 seconds
(Boucetta et al., 2008). The onset and offset of fast runs occur almost simultaneously in
different recording sites, however during fast runs the different recording sites (even closely
located) behave in a quasi-independent manner with low or even asynchronous patterns of
coherence between them. Four different types of synchronization could be observed during
fast runs, (1) synchronous and in phase, this pattern was observed in approximately 20% of
cases; (2) synchronous with phase shift, this pattern was the most commonly observed
(about 50% of cases); (3) patchy consisting in repeated phase/phase shift transitions, this
pattern was observed in about 10% of cases; (4) non-synchronous (occurring in about 20%
of cases), with slightly different frequencies in different recording sites or without the
oscillatory activity in one of the recorded sites (Boucetta et al., 2008). Runs of fast EEG
spikes likely originate in neocortex. This conclusion is based on two facts: (a)
thalamocortical neurons do not show oscillatory activities during cortical fast runs and (b)
fast runs can be easily triggered in isolated neocortical slabs (Timofeev et al., 1998). The
firing of fast-spiking neurons (presumed-interneurons) is strongly reduced when not
completely abolished during fast runs suggesting that inhibitory interneurons do not play
any significant role in the generation of fast runs (Boucetta et al., 2008; Timofeev et al.,
2002; Timofeev and Steriade, 2004). However, bursting neurons, both intrinsically-bursting
and fast-rhythmic bursting neurons fire more action potentials than any other type of
neurons during fast runs suggesting they might play an important role in the generation of
these EEG spikes (Boucetta et al., 2008). The intrinsically-bursting neurons appear more
suited to play a major role in the generation of these fast runs as upon depolarization, they
generate burst of action potentials recurring at 5-15 Hz (Agmon and Connors, 1989;
Connors and Gutnick, 1990) similar to the frequency of fast runs (7-16 Hz), while fast-
rhythmic bursting neurons display bursts recurring at 20-50 Hz, but mainly at 30-40 Hz
(Gray and McCormick, 1996; Steriade et al., 1998b). Intrinsically-bursting neurons were
also shown to be depolarized and to fire earlier than other neuronal types during fast runs
(Boucetta et al., 2008).
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2. The slow oscillation (< 1 Hz)

In humans, sleep occupies about a third of their life and is composed of rapid-eye-
movements (REM) sleep (also called paradoxical sleep) and of non-REM sleep. The non-
REM sleep is then subdivided into three stages and the stage 3 (S3) is often referred to as
slow-wave sleep. The hallmark of this sleep stage is the presence of large amplitude slow
waves in the field potential (Blake and Gerard, 1937) and in cortical neurons (Steriade et al.,
19934, b; Steriade et al., 2001; Timofeev et al., 2001). Slow-wave sleep is characterized by a
high network synchrony as virtually all cortical neurons are simultaneously active during
network active state (with some delay) and virtually all cortical neurons enter the silent state
simultaneously (Chauvette et al., 2010; Chen et al., 2012; Sheroziya and Timofeev, 2014;
Volgushev et al., 2006). The slow oscillation has a cortical origin as it can be recorded in
cortical slices (Sanchez-Vives et al., 2008; Sanchez-Vives and McCormick, 2000; Sanchez-
Vives et al., 2007), in isolated cortical preparations in vivo (Timofeev et al., 2000) and in
decorticated animals the thalamus does not display slow oscillation (Timofeev and Steriade,
1996). However the thalamus is likely playing a role of modulator of the slow oscillation
(Crunelli and Hughes, 2010; David et al., 2013; Hughes et al., 2002; Lemieux et al., 2014).
Layer 5 neurons appear to be critical in the onset of active states and for the maintenance of
this rhythm (Beltramo et al., 2013; Chauvette et al., 2010; Crunelli and Hughes, 2010;
Hughes and Crunelli, 2013; Sanchez-Vives and McCormick, 2000; Wester and Contreras,
2012).

3. The ketamine-xylazine anesthesia model

Ketamine-xylazine anesthesia is often used as a model to study slow-wave sleep as it
reproduces the main characteristics on the natural slow oscillation (Chauvette et al., 2011,
Chauvette et al., 2012; Chauvette et al., 2007; Contreras and Steriade, 1995; Sharma et al.,
2010), however some differences exist such as an increased synchrony and correlation
between different cortical regions, an increased rhythmicity, and an increased amplitude of
the slow oscillation compared to slow-wave sleep (Chauvette et al., 2011). Using this
anesthesia as initial anesthetic in cats and using ketamine only as supplemental doses was
shown to induce spontaneous paroxysmal activities in about 20-30% of cats (Boucetta et al.,
2008; Steriade and Contreras, 1995). However using ketamine-xylazine for both the initial
anesthesia and the recall doses led to electrographic seizures in about 75% of cats (Boucetta
et al., 2008). Ketamine was also reported to induce seizures in dogs (Adami et al., 2013) and
rhesus macaque (Christe et al., 2013). However ketamine is used to stop refractory status
epilepticus in humans (Synowiec et al., 2013).

As mentioned earlier, neocortical seizures are mainly nocturnal and they develop without
discontinuity from the slow oscillation. Seizures occur much more often under ketamine-
xylazine anesthesia for which the slow oscillation is much more synchronized and more
rhythmic than during natural slow-wave sleep. The amplitude of spike-wave components
further increases as compared to the slow oscillation under ketamine-xylazine anesthesia
suggesting an enhanced local synchrony. The high incidence of SW/PSW seizures occurring
under ketamine-xylazine anesthesia was hypothesized to be due to the highly synchronized
activity in the corticothalamic system produced by this anesthetic (Timofeev and Steriade,
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2004). Thus the higher synchrony observed under ketamine-xylazine anesthesia might be the
reason for the high propensity of this type of anesthetic to induce seizures.

These seizures can be focal or generalized. Focal seizures can be recorded on a limited area,
but not in more distant recordings (Fig. 1a). Both SW/PSW electrographic discharges and
fast runs were recorded in the anterior and middle part of the suprasylvian gyrus of a cat
anesthetized with ketamine-xylazine and the seizure was not recorded in electrodes located
in the posterior suprasylvian gyrus (Fig. 1b,c). However, these intracellular recordings from
the posterior part revealed rhythmic EPSPs with the frequency of fast runs recorded in the
anterior part of the gyrus (Fig. 1d). Therefore distant locations received excitatory inputs
from the seizure focus but these EPSPs were not strong enough to entrain the distant
location into seizure, which could have developed into a generalized seizure. In another
example, using the same recording setup, a generalized seizure was recorded (Fig. 2a). As it
is often the case for seizures recorded under ketamine-xylazine anesthesia, the seizure was
composed of SW/PSW and fast runs (Fig. 2b, ¢). As observed before (Nita et al., 2008c;
Steriade et al., 1998a; Timofeev et al., 2002), we found that membrane potential deflection
induced by a negative current pulse was smaller during the silent phase of the PSW
component as compared to silent state during the normal slow oscillation (Fig. 2, intra-cell
3), suggesting a reduced neuronal input resistance during seizures.

3.1 Effects of the anesthetic

Ketamine is an N-methyl-D-aspartic acid (NMDA) blocker (MacDonald et al., 1991; Sinner
and Graf, 2008). Activation of NMDA receptors can contribute to the generation of
paroxysmal activities although their activation is not essential (Barkai et al., 1994; Traub et
al., 1996). Thus ketamine should reduce the occurrence of seizure, but the use of NMDA
blocker at low concentrations could elicit epileptiform discharges (Gorji and Speckmann,
2001; Midzyanovskaya et al., 2004). Xylazine is an agonist of alpha-2 adrenoreceptors
which are heavily present in the neocortex (Hedler et al., 1981; Nicholas et al., 1993) and at
low doses it would favor the occurrence of seizures (Joy et al., 1983). The higher incidence
of seizures (75% vs 20-30%) in animals receiving both ketamine and xylazine in recall
doses as compared to animals receiving only ketamine as recall doses (Boucetta et al., 2008)
suggests a leading role of xylazine in the generation of these seizures.

4. The trauma-induced epilepsy model

Traumatic brain injury (TBI) is a major risk factor for the development of epilepsy
(Annegers et al., 1998; Feeney and Walker, 1979; Temkin et al., 1995). Immediate seizures
(less than 24 hr after TBI) and early seizures (less than a week after TBI) are risk factors for
the development of later epilepsy (Temkin, 2003). A study revealed that adult patients with
moderate to severe head injury had a risk of about 86% to have recurrent seizure two years
after TBI (Haltiner et al., 1997). However, a population-based USA study on patients with
TBI for 3 years revealed the cumulative incidence of posttraumatic epilepsy was 4.4 per 100
persons for mild TBI, 7.6 per 100 persons for moderate TBI, and 13.6 per 100 persons for
severe TBI (Ferguson et al., 2010). Cortical trauma with penetrating wound leads to
paroxysmal activities in about 80% of patient within 24 hours and these seizures normally
stop within 48 hours (Dinner, 1993; Kollevold, 1976). Therefore, it appears that the main
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determinant of the risk for post-traumatic epilepsy is the original severity of the TBI
(Christensen, 2012). The trauma-induced epileptogenesis is an ensemble of latent processes
that leads to the development of epilepsy following the initial insult and its mechanisms are
largely unknown.

Post-war epidemiological studies revealed high incidences of recurring seizures in patients
10-20 years after penetrating cranial wounds ranging from 34 to 38% for world war I, world
war 1, and Korea war, about 53% for Vietnam war (Salazar et al., 1985), and about 75% for
Irag-Iran war (Eftekhar et al., 2009). The higher rate of epilepsy developed following brain
trauma in more recent wars was hypothesized to be due to a longer follow-up and to the
advancement in modern medicine which saves patients with so severe injuries that they
would probably have died in previous wars (Kazemi et al., 2012).

Trauma-induced epilepsy is poorly controlled by the currently available medication. Most
subjects with posttraumatic epilepsy receive anticonvulsants for their entire life (Raymont et
al., 2010). Early administration of anticonvulsant medication decreases the percentage of
early posttraumatic seizures but does not prevent chronic epilepsy (Chang and Lowenstein,
2003; D’ Ambrosio and Perucca, 2004; Eftekhar et al., 2009; Kazemi et al., 2012; Temkin et
al., 1999; Temkin et al., 1990).

4.1 Cortical undercut as a model of trauma-induced epileptogenesis

In the vast majority of brain-penetrating wounds, both the cortex and the white matter are
damaged. The overall hypothesis of our studies is that neuronal and white matter damage
induce some deafferentation that up-regulates neuronal excitability in damaged and
surrounding areas, which then become an epileptogenic factor. We used a model of partial
cortical deafferentation in two different species, namely cats and mice. In both preparations
the idea is to do very limited damage to the cortex itself, to transect the axons (the white
matter) underneath the cortex, and to study the mechanisms leading to the development of
epilepsy, therefore the epileptogenesis mechanisms.

4.1.1 Cortical undercut technique in cats—We used the cortical undercut as a model
of trauma-induced epileptogenesis, and for both practical and ethical reasons, we mainly
performed the cortical undercut in the associative cortical regions (areas 7 and 21) of the
cats. The surgery was performed in sterile conditions under general anesthesia and approved
by the animal care committee of Université Laval and in accordance with the guidelines
published in the Canadian Council on Animal Care and in the National Institutes of Health
guide for the care and use of laboratory animals. The details regarding the premedication
content, the anesthetic used, the surgical monitoring, and the general surgical procedures can
be found in our previous publications (Nita et al., 2006; Nita and Timofeev, 2007),as below
we provide only a detailed procedure on how to perform the undercut itself. To perform the
white matter cut underneath the cortex, a relatively large craniotomy (approximate
coordinate: lateral 6 to 12 mm, anteroposterior (AP) —10 to +10 mm) was performed to
expose most of the suprasylvian gyrus. A small dural opening was performed using a sterile
needle in the very posterior part of the suprasylvian gyrus (around AP: - 8), where the brain
curvature would allow an entry that is perpendicular to the surface at the entry point and
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that, when the custom-designed knife was advanced rostrally, it would be parallel to the
suprasylvian gyrus (Fig. 3a). Attention was paid to avoid any major blood vessel. The knife
was then entered from that opening and once slightly entered, the angle of the blade was
adjusted for a rostral penetration that was parallel to the gyrus surface (Fig. 3c). The knife
entry was made to cut the white matter at approximately 3—-4 mm below the cortical surface
and was then advanced rostrally for about 13-15 mm (Fig. 3b, c). The total length of the
blade of our custom-designed undercut device was 19 mm. Using this technique, the anterior
part of the suprasylvian gyrus remains relatively intact having a preserved intracortical
connectivity and both descending and ascending fibers being only partially damaged.
However, the posterior part of the suprasylvian gyrus has its white matter nearly completely
transected. This procedure therefore produced conditions of partial cortical deafferentation.
Following this undercut procedure, the dura was protected using quick drying silicone
elastomer (Kwik-Sil, World Precision Instruments, Sarasota, FL, USA) that prevents the
leakage of cerebrospinal fluid and tissue growth on the dura. Stainless steel screws were
inserted in the intact skull for anchoring (Fig. 3a), and the bone removed during the
procedure was reconstituted using dental acrylic glue.

Within the first 1-2 hours following the undercut the local field potential activity was
generally depressed in the undercut region, then, the amplitude of slow waves in the
undercut cortex was increased. Acute paroxysmal activities with an onset around the
undercut region developed in 40 % of cats and lasted for several hours (Topolnik et al.,
2003b). Both intrinsic and synaptic neuronal excitability was decreased within the undercut
cortex and it was significantly increased in areas surrounding the undercut cortex providing
neuronal substrate for seizure generation (Topolnik et al., 2003a).

The undercut procedure led to the development of recurrent seizures in chronic stages (1-5
weeks from the undercut) in more than 90 % of cats anesthetized with ketamine/xylazine
(Nita et al., 2006) and in about 65% of behaving cats (Nita et al., 2007). Moreover, the
undercut cortex often displays slow waves, an oscillation normally present only during non-
REM sleep, in all states of vigilance (Nita et al., 2007; Timofeev et al., 2013).

Paroxysmal activities appear first in electrodes surrounding the undercut, but not within the
undercut itself, and they typically start about one week after the undercut (Nita et al., 2006;
Nita and Timofeev, 2007; Nita et al., 2007). More and more areas start to be implicated in
the paroxysmal activities with time passing, and 1.5-4 months post-undercut, cats start to
display generalized (and behavioral) seizures (Nita and Timofeev, 2007; Nita et al., 2007)
(Fig. 4a). These seizures can be generalized or primarily focal (Fig. 4b) and secondarily
generalized (Fig. 4c).

4.1.2 Cortical undercut technique in mice—We recently started to use a technique of
trauma-induced epileptogenesis in mice using a custom-designed device similar to the one
developed recently (Xiong et al., 2011). Briefly, the device consisted in a small needle (25G,
1 1/2") inserted in a bigger needle (21G, 1") in which the smaller needle was folded at 90
degrees to form an “L” and was used as a knife (Fig 5a). The length of the needles was
adjusted so that no vertical movement could be done independently, but that the knife could
be rotated. Then an acrylic rectangle (for more stability on the skull) was glued to the bigger
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needle at about 1.2 mm from the knife (corresponding to the depth of the white matter in
mice measured from the bone surface). The length of the blade was about 2 mm (Fig. 5a).

The surgery was performed in sterile conditions under isoflurane (1-2 %) anesthesia and
approved by the animal care committee of Université Laval. A small craniotomy was
performed above the somatosensory cortex (approximate coordinate AP —=1.0 mm to —2.0
mm, lateral 0.5 mm to 1.5 mm). Contrary to the cats, the size of the craniotomy is crucial in
mice if one wants to perform histology at the end of the experiment. Both the cortex and the
white matter being much thinner than in cats and due to the proximity of the hippocampus in
mice, which is at a depth of approximately 1.2 mm, the undercut has to be performed at a
depth of 1-1.2 mm from the cortical surface. The cortex above the undercut then becomes
very fragile and could easily detach from the rest of the brain due to the presence of fibrin or
other reparation molecules when the experimenter wants to collect the brain post-mortem.
Thus the craniotomy has to be drilled as small as possible to allow seeing whether big blood
vessels are present or not and to allow the experimenter to enter the needle. The tip of the
blade was then entered through the dura perpendicular to the cortical surface, the handle of
device being parallel to the cortical surface and the acrylic rectangle being on top of the
handle. Once the folded part of the needle had entered completely in the brain, the device
handle was then raised at 90 degrees until the acrylic rectangle would touch the skull,
making the blade parallel to the cortical surface at a depth of 1-1.2 mm in the white matter.
The blade was then rotated by 90-135 degrees depending on the extent of deafferentation
desired and the undercut was performed at about 1-1.2 mm from the surface (Fig. 5b). The
blade was then rotated back to its original orientation; the handle was lowered to 0 degree
(parallel to the skull) making the blade perpendicular to the cortical surface. Finally the
blade was extracted from the brain. Therefore this procedure produced conditions of partial
cortical deafferentation in the mouse somatosensory cortex and following this undercut
procedure, the dura was protected using Kwik-Sil (World Precision Instruments, Sarasota,
FL, USA) and the skull was reconstituted using dental acrylic glue.

4.2 Trauma-induced epileptogenesis

The immediate reaction following the brain trauma is a dramatic reduction in the LFP
amplitude in areas with the cortical undercut (Topolnik et al., 2003b). With the
technological advancement, we were able to use wireless transmission in chronic conditions
and to start recordings immediately after the end of anesthesia which was not possible
before (Grand et al., 2013). We showed that these early seizures following the undercut
procedure were not ketamine/xylazine-dependent as paroxysmal activities were observed in
non-anesthetized cats few hours after the undercut procedures (Timofeev et al., 2013). As
for the cats, acute seizures can be observed shortly after the undercut procedure in mice. In
figure 6, we show an acute seizure lasting about 12 seconds (Fig. 6a) with a frequency of
about 2 Hz (Fig. 6b) recorded four hours after the undercut procedure in a mouse
anesthetized with ketamine-xylazine. As for cats, these seizures are not dependent on
ketamine-xylazine anesthesia as they can also be recorded in unanesthetized mice (Fig. 7).
These seizures can be focal (Fig. 7a) or generalized (not shown). That particular example
shows paroxysmal activities in the frontal cortex electrode, but not within the undercut and
was characterized by a low muscle tone (Fig. 7b).
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As we mentioned above in cat, a week to few weeks after the undercut procedure, some
paroxysmal activities start to appear in cortical region surrounding the undercut region, but
never within the undercut region itself (Nita et al., 2007). About one month following the
undercut procedure, paroxysmal activity started to be observed in progressively more
cortical regions, but still not within the undercut region (Nita et al., 2007). After 1.5-4
months, the seizures became progressively generalized implicating also the undercut region
(Nita et al., 2007; Timofeev et al., 2013). Behavioral seizures also started to appear with
generalized seizures in about 65% of cats (Nita et al., 2007). Seizures were sometimes
observed during waking state, were mainly present during slow-wave sleep, and were totally
absent during REM sleep (Nita et al., 2007). The activity within the undercut region was
also modified as slow waves, typical of slow-wave sleep, could be recorded during slow-
wave sleep, quiet wakefulness, and even during REM sleep (Nita et al., 2007; Timofeev et
al., 2010).

Interestingly, when mice started to display generalized (and behavioral) seizures in chronic
stages (Fig. 8a), the leading electrode for paroxysmal wave was usually the one being just
outside the undercut (Fig. 8b, see also Fig. 2.2 from (Timofeev et al., 2014)). In this
particular example, the beginning of the seizure was characterized by a low muscle tone
(Fig. 8b), while the body of the seizure was accompanied by an increased muscle tone (Fig.
8c). Another example of generalized seizure shows a higher-frequency seizure of about 12
Hz (Fig. 9b), which is also accompanied by an increased muscle tone (Fig. 9a).

4.3 Structural changes in trauma-induced epileptogenesis

The undercut procedure leads to some functional and structural changes. The procedure
implicating a transection of axons, some neurons will degenerate due to the axonal damage
while some others might survive via axonal sprouting. The neuronal deaths might affect the
thickness and the lamination of the cortex, and principal neurons and interneurons might be
affected differently as only the axons of projecting pyramidal neurons are severed. However
previous studies suggested that some interneurons might be sensitive to epilepsy. Chandelier
interneurons, an aspiny interneuron distinguished by its axon terminals forming a vertical
row of boutons that resemble a candlestick (Szentagothai and Arbib, 1974), are a major
source of pyramidal axon initial segment inhibition and each chandelier cell axon gives off
hundreds of terminals (DeFelipe et al., 1985; Freund et al., 1983). This type of interneurons
was found to be particularly affected by epilepsy (DeFelipe, 1999).

4.3.1 Neuronal degeneration—Although the axons of interneurons remained intact
during the undercut procedure, they appear to be especially sensitive to this procedure. A
very significant reduction in the number of GABAergic interneurons was found in both
superficial and deep cortical layers (Avramescu et al., 2009). Accordingly, neurons located
at the edge of the undercut were shown to have a severe loss of inhibitory synapses (Ribak
and Reiffenstein, 1982), which might be the cause for this region to be more prone to seizure
generation. A major loss of excitatory neurons was also observed in deep cortical layers
(>1.5 mm, mainly layer VVI) while only a moderate loss was observed for superficial layers
(Avramescu et al., 2009). The effect of these cell deaths was a significant reduction of about
a fourth of the cortical thickness, the presence of delamination, and a change in the
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orientation of deeper neurons (Avramescu et al., 2009; Ku$mierczak et al., 2015). The
survival of layer V neurons might appear surprising because their extracortically projecting
axons were strongly transected by the undercut, however these neurons have a strong
intracortical connectivity (Markram et al., 1997), which certainly help their survival. One of
the consequences of this delamination was a laminar shift in the generator of active states of
the slow oscillation with layer I1/111 neurons leading most of cycles as compared to layer V
neurons in normal conditions (Avramescu, 2008).

4.3.2 Axonal sprouting—The undercut preparation was also used in rats and guinea pigs,
and recordings from neocortical slices collected few weeks after the undercut procedure
showed the presence of epileptiform activities in cortical slices maintained in vitro
(Hoffman et al., 1994; Prince and Tseng, 1993; Salin et al., 1995). A number of studies
suggest the presence of local axonal sprouting. Neurons within this model of undercut were
shown to have a significant increase in the number of presumed synaptic boutons, axon
collaterals, and in the total length of their axons; especially for large layer V pyramidal
neurons (Salin et al., 1995). Using glutamate uncaging experiments, it was shown that layer
V pyramidal neurons and interneurons from the undercut had an increased number of sites
from which a synaptic event could be evoked (Jin et al., 2011; Jin et al., 2006). The study on
pyramidal layer V neurons also revealed that averaged EPSCs were of smaller amplitude as
compared to control cortex (Jin et al., 2006). Both pyramidal neurons and fast-spiking
interneurons from a slice with cortical undercut were shown to have reduced IPSCs and it
was suggested that interlaminar inhibition efficacy was reduced in the undercut cortex (Jin et
al., 2011). In vivo studies also revealed an increased connection probability within the
undercut cortex starting two weeks after the undercut procedure suggesting that axonal
sprouting had occurred (Avramescu and Timofeev, 2008). Recently we demonstrated the
presence of long-range intracortical axonal sprouting in the undercut model of
epileptogenesis. The sprouting occurs mainly from relatively intact regions of the undercut
towards more damaged ones and this leads to a reorientation of processes that becomes more
horizontal within the undercut as compared to the intact cortex (Kusmierczak et al., 2015).
The axonal sprouting is strongly correlated to the presence of synchronous neuronal
activities (Carmichael and Chesselet, 2002). This might lead the undercut region to a
pathological loop in which some synchronous activities leads to axonal sprouting, axonal
sprouting leads to an increased network synchronization leading to paroxysmal activities,
and the synchrony of paroxysmal activities reinforcing the axonal sprouting.

4.4 Homeostatic plasticity in trauma-induced epileptogenesis

Brain excitability is maintained at a normal level via homeostatic mechanisms. Pioneering
studies on homeostatic plasticity were performed in cell cultures for which an imposed
change in activity was compensated by a change in the opposite direction. For example,
silencing a cortical cell culture using TTX led to an upregulation of synaptic excitability and
increased mEPSCs amplitude, while increasing activity using bicuculline down-regulated
the excitatory synaptic efficacy and decreased mEPSCs amplitude (Murthy et al., 2001;
Turrigiano, 1999; Turrigiano et al., 1998; Watt et al., 2000). Interestingly, the blockage of
activity reduced the amplitude of mIPSCs, which corresponds to the opposite direction of
changes occurring in excitatory currents (Kilman et al., 2002). The intrinsic activity is also
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regulated through homeostatic mechanisms as a chronic blockage of activity leads to
enhanced sodium currents and decreased potassium currents, which results in an enhanced
responsiveness of pyramidal neurons to current injections (Desai et al., 1999).

In the undercut model of epileptogenesis, a large number of axons is severed, and that
creates conditions favorable for homeostatic up-regulation of neuronal excitability. A
computational model of large-scale neuronal network suggested that cortical deafferentation
triggered homeostatic up-regulation of neuronal excitability and that was a sufficient factor
of epileptogenesis (Frohlich et al., 2005; Frohlich et al., 2006; Houweling et al., 2005;
Volman et al., 2011). In vivo experiments showed that following cortical trauma, neuronal
intrinsic currents are also modified to increase the neuronal excitability. In the hours
following the trauma (acute condition), the number of intrinsically-bursting neurons was
shown to double within the undercut and in surrounding regions (Topolnik et al., 2003b).
The membrane potential of neurons in the undercut area was also more hyperpolarized
compared to intact cortex neurons and both the neuronal excitability and firing rate were
strongly reduced within the undercut (Topolnik et al., 2003a). However in chronic
conditions the changes were in opposite direction suggesting that some homeostatic
processes occurred. From two weeks following the undercut, the input resistance of neurons
was increased pointing to an increase in overall neuronal excitability (Avramescu and
Timofeev, 2008). The intrinsic excitability of neurons within the undercut cortex measured
as the instantaneous firing rate or as a number of action potentials elicited by a given current
pulse was increased starting from two weeks post-undercut (Avramescu and Timofeev,
2008). As we mentioned above, cortical undercut is associated with overall reduction of the
number of neurons. Therefore, the cortical network is unable to maintain long active states
and thus the duration of silent states increases. In agreement with homeostatic principals, an
increase in neuronal silence was associated with increase in the instantaneous firing rates of
spontaneous active network states (Avramescu and Timofeev, 2008). Excitatory synaptic
excitability was also affected by undercut. Starting from two weeks from the undercut, the
amplitude of single axon EPSPs was increased and their coefficient of variation was
decreased, but the properties of single axon IPSPSs were not affected by the undercut
(Avramescu and Timofeev, 2008). We conclude that homeostatic up-regulation of synaptic
excitability triggered by undercut was a sufficient factor of epileptogenesis (Timofeev,
2011; Timofeev et al., 2010). It appears that the extent of deafferentation is a factor in
triggering epileptogenesis. We recently investigated a modulation of synaptic excitability in
suprasylvian gyrus of cats, when the lateral posterior (LP) thalamic nucleus was inactivated
(Lemieux et al., 2014). It is known that thalamocortical synapses account for about 6% of
cortical synapses in a given cortical area (Ahmed et al., 1994). Our study showed that at
least within first 36 hours from thalamic inactivation, the synaptic excitability in target
cortical area was increased, but we did not detect any signs of paroxysmal activity (Lemieux
et al., 2014). This study is in agreement with human data showing that only moderate and
severe, but not mild cortical injury is an epileptogenic factor (Haltiner et al., 1997).

4.5 Age-dependency of trauma-induced epilepsy

We recently proposed that the development of trauma-induced epilepsy is age-dependent as
we observed the appearance of epilepsy following a cortical trauma in about 65% of cats of
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unknown age (most of them likely adult) (Nita et al., 2006; Nita and Timofeev, 2007; Nita et
al., 2007), but in none of adolescent cats (10-14 months old) (Timofeev et al., 2013). The
65% occurrence rate corresponds roughly to results coming from postwar epidemiological
studies (Eftekhar et al., 2009; Salazar et al., 1985). In children the rate of late epilepsy
following head trauma might be as low as 1% (Leviton and Cowan, 1981). In a more recent
study, although the rate was much higher than 1% following TBI, it was shown that children
are more prone to early seizures while adolescent and adult are more prone to late seizure
(Asikainen et al., 1999). In a population-based study, it was shown that people of 65 year of
age or more have a 2.5 time higher risk to have unprovoked seizure following head trauma
than people under 65 years old (Annegers et al., 1998). Another population-based study
performed in Denmark population revealed that the risk of developing epilepsy increased
with age following both mild or severe brain injuries and was the highest among people
older than 15 years at the time of the injury (Christensen et al., 2009). Based on these studies
and on our previous data, we hypothesized that young animals are equipped with a controller
of homeostatic up-regulation of activity that will control the extent of activity up-regulation
and keep it at a normal level, while this controller would be absent or not function properly
in adult animals leading to an uncontrolled upregulation of activity and finally to the
development of epilepsy. Experiments to test this hypothesis remain to be done and it will
likely be easier to perform them in mice, as they are easily available commercially at
different ages.

5. The kindling model

Kindling is the relatively permanent increased propensity to convulsions that follows
repeated electrical or chemical stimulation of certain areas of the brain even at intensities
that are initially too low to produce any behavioral response or convulsions. Once
established, the changes are so persistent that even the administration of a weak stimulus
will elicit a seizure (Goddard, 1967; Goddard et al., 1969; Kandratavicius et al., 2014).
Neocortical kindling is characterized by a higher threshold to elicit acute seizures, an
unstable seizure development, and for its difficulty to induce a generalized convulsive
seizure state (Majkowski et al., 1981; Okamoto, 1982). However, neocortical kindling has
been described in the visual (Baba, 1982; Ono et al., 1981; Wada et al., 1989),
somatosensory (Majkowski et al., 1981), motor (Fukushima et al., 1987), auditory
(\Valentine et al., 2004), and associative cortices of the cat (Nita et al., 2008a; Nita et al.,
2008b). Kindling was also demonstrated in different species including frogs, mice, gerbils,
rats, rabbits, cats, dogs, rhesus monkeys, and baboons (reviewed in (McNamara et al.,
1980)). The first afterdischarges induced by the kindling procedure usually produce
behavioral alterations that resemble partial seizures (class 1-3) (Racine, 1972a), but then
evolve in secondarily generalized seizure (class 4-5) Racine, 1972b).

5.1 Inducing neocortical kindling

The standard procedure we used to induce kindling was to deliver 50 Hz rectangular pulse-
train for 40-60 seconds at low current intensity (0.5 — 1.5 mA) through a coaxial bipolar
macroelectrodes (FHC Inc., USA) 3-5 times a day (Nita et al., 2008a; Nita et al., 2008b).
We found that these repetitive stimulations were not efficient to induce kindling or seizure
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activities when delivered during stable states of vigilance. However when this stimulation
paradigm was delivered during the first minute of transition from slow-wave sleep to wake it
was very efficient in inducing kindling (Fig. 10) (Nita et al., 2008a; Nita et al., 2008b).
Seizures appeared after 5-7 days of kindling and consisted in spike-wave complexes with a
frequency of 1-2 Hz followed by a postictal depression. These seizures were usually
generalized and could last few minutes. Following the postictal depression, some rhythmic
activities appeared with a frequency of about 1.5-2 Hz that we termed as "outlasting
activities” (Fig. 10) (Nita et al., 2008a; Nita et al., 2008b) and will be further described in a
section 5.3.

5.2 Structural changes

The progressive propensity to induce seizures or the lowering with time of the threshold to
induce seizures that is present during kindling suggests that some structural changes may
occur. However, a study on structural changes performed in rats receiving kindling
procedure in the anterior cortical regions revealed no changes in the dendritic branching
properties nor in the spine density in the implicated cortical region (Racine et al., 1975).
Few years later it was found that, at least in pyramidal neurons from layer 111 of the frontal
cortex, sex- and time-dependent changes could be observed following kindling procedure.
These included short lasting (less than a month) changes: a decreased spine density, length,
and branching for both apical and basal dendrites (Teskey et al., 1999). Kindling was also
shown to modify the cortical motor map in rats by almost doubling the cortical area able to
induce a forelimb movement and these changes were still present three weeks after the last
kindling session (Teskey et al., 2002). Measured in the primary auditory cortex, both the
mean firing rate and the bursts occurrence were reduced in kindled animals compared to
sham control or normal animals (Valentine et al., 2004). The tonotopic map of primary
auditory cortex was also substantially affected by kindling as a large extent of this area
became tuned to similar frequencies as compared to a normal caudo-rostral frequency
gradient in control animals and a higher degree of firing synchrony was observed in kindled
cats (Valentine et al., 2004). Some neuronal loss was shown to occur following hippocampal
kindling (Sayin et al., 2003), however whether such a phenomena occurs in neocortical
kindling remains to be investigated. Thus, although some structural changes could be
observed following neocortical kindling, these changes were not long-lasting and even if
some functional changes have been observed in motor and primary auditory cortices, the
structural changes underlying these functional changes remain to be demonstrated.

5.3 Outlasting activities

Outlasting activities refer to 1.5-2 Hz activities that follow acute seizures in the kindling
model of epilepsy (Fig. 10). Simultaneous field potential recordings performed in the
neocortex and the thalamus revealed that the neocortex is leading the activity during acute
seizure while during outlasting activities, the thalamus leads the cortex suggesting that the
thalamus plays a critical role in the emergence of these outlasting activities (Nita et al.,
2008a). In addition, during outlasting activities, thalamic neurons regularly display bursts
with the frequency of outlasting activities (Nita et al., 2008a). However, neither the
stimulation of a cholinergic structure (pedonculo-pontine tegmentum (PPT)) nor the
stimulation of a noradrenergic structure (locus coerulus) that are believed to depolarize
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thalamocortical cells and prevent low-threshold spike bursting (McCormick, 1992) were
able to block completely the occurrence of outlasting activities although their stimulation
decreased both the amplitude of outlasting activities and the burst occurrence in the
thalamus (Nita et al., 2008a). Therefore, the thalamus plays a major role in the regulation of
outlasting activities but this role is not exclusive. These activities could last up to two hours
and were clearly seen during wake, they were slightly reduced during slow-wave sleep, and
were completely abolished during REM sleep. As the kindling evolves, these outlasting
activities also evolve being focal when they start to appear and becoming more and more
generalized over the cortical surface as the daily stimulations progressed (Nita et al., 2008b).
At least during waking state, neocortical neurons displayed active and silent state during
outlasting activities although the silent states were not accompanied with a major
hyperpolarization as would be the case during slow-wave sleep (Fig. 11) (Nita et al., 2008b).
This likely occurred because the neuromodulatory brainstem systems were active, which
blocked potassium channels that normally hyperpolarize cortical neurons during sleep silent
states (Timofeev et al., 2001). Thus, the outlasting activities in the neocortical kindling
model of epileptogenesis increase the overall duration of the network silence, like in the
undercut model. This network silence should increase neuronal excitability. Although
detailed investigations of neuronal excitability in vivo in kindling model of epileptogenesis
are lacking, we previously have shown that cortical neurons displayed spike-doublets during
activities of slow oscillation, which appear to be built on the summation of successive
EPSPs and fast-prepotentials causing an increased dendritic excitation (Nita et al., 2008b).
Therefore, these outlasting activities might play a major role in the epileptogenesis
mechanisms following neocortical kindling.

6. Conclusions

We have described different approaches used to model neocortical seizures and
epileptogenesis. Ketamine-xylazine anesthesia in cats leads to the occurrence of seizure in a
large number of animals. These seizures can be focal or generalized and are usually
composed of SW/PSW components, often accompanied with fast runs of EEG/LFP spikes.
During these seizures, the extracellular milieu is modified by the increased neuronal activity
in such a way that the chemical synaptic transmission is impaired. During fast runs, a very
loose synchrony is observed in neighboring neurons very likely due to the very low
extracellular calcium concentration available for chemical synaptic transmission. During the
SW/PSW component, the LFPs and/or intracellular recordings reveal high amplitude
transitions, higher than those recorded during normal slow-wave sleep or during the slow
oscillation induced by anesthesia, which suggests a very high local synchrony among
cortical neurons during these events. High local synchrony and loose long-range synchrony
can be mediated by increased activity of gap junctions, ephaptic interactions or other non-
chemical synaptic mechanisms. The slow oscillation recorded under anesthesia is also of
higher amplitude as compared to slow-wave sleep, suggesting also a higher cortical
synchrony under anesthesia. The duration of silent states in the condition of this anesthesia
is longer than during slow-wave sleep. As most of cortical seizures are recorded during sleep
or at transitions from slow-wave sleep to wake and because cats anesthetized with ketamine-

J Neurosci Methods. Author manuscript; available in PMC 2017 February 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chauvette et al.

Page 17

xylazine anesthesia are prone to have seizures, it was suggested that more silence in the
intact cortical network, more seizure prone cortex is.

We then described two models of epileptogenesis: an undercut model of trauma-induced
epileptogenesis and a model of cortical kindling. We described in details our techniques to
perform a cortical undercut in cats and in mice. As the procedure is to cut the white matter
underlying a given cortical areas, the thalamus is very likely not implicated in the
mechanisms of epileptogenesis following cortical undercut. This model of cortical undercut
reproduces the main features of traumatic brain injuries leading to epilepsy in human
patients. Acute seizures can be observed in the first 48 hours, but the recurrent seizures
appear several weeks to month after the cortical undercut. Multiple mechanisms play a role
in the penetrating wound induced epileptogenesis. (a) Deafferentation increases the overall
silence in cortical network and thus up-regulates neuronal excitability. (b) There is a
neuronal death that affects GABAergic cells more than excitatory neurons; therefore, the
excitation/inhibition balance shifts toward excitation. (c) Axonal sprouting both long-range
and local is another source of overexcitability of traumatized cortex.

The kindling model of epileptogenesis was shown to develop some activities in the range of
1.5-2 Hz, which were termed outlasting activities. This particular type of activities has a
thalamic component as thalamocortical neurons revealed regular bursts of action potentials
with the frequency of these outlasting activities. However, the role of the thalamus is not
exclusive as neither PPT, nor locus coerulus stimulation was able to completely block this
activity in the cortex. Outlasting activities are composed of alternating periods of active and
silent states and they are present during both slow-wave sleep and waking state for up to two
hours: therefore, following neocortical kindling procedure, the overall silence of the cortical
network increases.

Neuronal silence is a common feature in all three described models of neocortical
epileptogenesis and seizures. We conclude that an increase in neuronal silence increases
neuronal excitability and makes the neocortex more prone to epilepsy.
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Highlights

« Epileptogenesis was studied in ketamine-xylazine anesthesia, trauma and
kindling

»  The common feature of described models is an increased network silence.

« Increased neuronal silence up-regulates neuronal excitability

» Increased neuronal excitability makes cortex more prone to epilepsy.
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Figure 1. Focal seizure recorded under ketamine-xylazine anesthesia
a. Simultaneous quadruple intracellular and one local field potential (LFP) recordings

performed in the suprasylvian gyrus of a cat anesthetized with ketamine-xylazine. The
position of each recording location is indicated in the inset. Note that the seizure is recorded
in the two anterior intracellular recordings as well as in the LFP recording, but not in the two
most posterior intracellular recordings. The seizure is composed of fast runs (b) and
polyspike-wave (c) that remain located in the anterior region of the suprasylvian gyrus. d.
Zoom-in on the LFP and one posterior intracellular recording shown in (b) showing that
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posterior recordings receive EPSPs with the frequency of anterior fast runs but they are not
contributing to the seizure.
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a Generalized seizure
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Figure 2. Generalized seizure recorded under ketamine-xylazine anesthesia
a. Simultaneous quadruple intracellular and one local field potential (LFP) recordings

performed in the suprasylvian gyrus of a cat anesthetized with ketamine-xylazine. The
position of each recording location is indicated in the inset. Note that the seizure is recorded
in all electrodes. The seizure is composed of fast runs (b) and polyspike-wave (c) that are
recorded in all electrodes. d. VVoltage deflection induced by a 0.5 nA negative current pulse
(100 ms) in intracellular recording #3 during silent state of the normal slow oscillation
(black) and during the silent phase of polyspike-wave seizure (grey).
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Figure 3. Undercut in cats
a. Picture of the undercut tool used to perform undercut in cats. The craniotomy was

performed above the supasylvian gyrus and stainless steel screws were used as anchor for
the dental acrylic to be applied. Coronal (b) and sagittal (c) sections of an undercut with
Nissl staining. Arrows indicate the undercut location. Note that the knife was entered using
the natural curvature of the brain doing minimal damage to the cortex, but cutting severely
the underlying white matter.
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a Seizure in chronic conditions
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Figure 4. Seizure in chronic conditions
a. Electrographic recordings of a seizure in chronic conditions. The location of recording

electrodes and of the undercut region (shaded area) are indicated in the inset. b. Recordings
from the accelerometer, EMG, and EOG shows rhythmic activities although none of the
local field potential electrodes captured this rhythmic activity suggesting that the seizure
was primarily focal. c. All recording electrodes display activities of the generalized seizure.
b and c are enlarged segments from a as indicated.
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a Undercut Device b

Y

Undercut

Figure 5. Undercut in mice
a. Pictures of the undercut tool used to perform undercut in mice. b. Coronal section of an

undercut with Nissl staining. The inset shows an expanded image of the undercut. Arrows
indicate the undercut location. Note that the knife was entered perpendicularly to the brain
surface, inserted up to the white matter, the handles was then raised by 90 degrees and
rotated by 90-135 degrees doing minimal damage to the cortex, but cutting severely the
underlying white matter without damaging the hippocampus.
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Figure 6. Acute seizure in ketamine-xylazine anesthetized mice following cortical undercut
a. Electrographic recordings of an acute seizure in a ketamine-xylazine anesthetized mouse

occuring four hours post-undercut. b. Enlarged segment from a as indicated. The electrodes
location (filled circles) and the undercut location (dotted line) are indicated in the inset. Note
that this seizure was recorded on all electrodes located in the left hemisphere but not in the
right hemisphere.
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Figure 7. Acute seizure in unanesthetized mice following cortical undercut
a. Electrographic recordings of an acute seizure in an unanesthetized mouse occuring two

hours post-undercut. b. Enlarged segment from a as indicated. Note that this seizure was not
associated with any increased muscle activity. The electrodes location (filled circles) and the
undercut location (dotted line) are indicated in the inset. Note that the highest amplitude of
paroxysmal activities is located in the frontal electrode.
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a Generalized seizure
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Figure 8. Generalized seizure in a mouse with undercut in chronic conditions
a. Electrographic recordings of a generalized seizure in a mouse with an undercut in the

somatosensory cortex. The inset shows a scheme of the electrodes (filled circles) and the
undercut location (dotted line). b. Enlarged segment from a showing the beginning of the
seizure with a frequency slightly above 1 Hz, and without any particular muscle activity. c.
The seizure evolved to reach 3—4 Hz and was accompanied by an increased muscle tone.
Note that the seizure was recorded in all electrodes.
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Figure 9. Generalized unclassified high-frequency seizure in a mouse with undercut in chronic
conditions
a. Electrographic recordings of a generalized seizure in a mouse with an undercut in the

somatosensory cortex. The inset shows a scheme of the electrodes (filled circles) and the
undercut location (dotted line). b. Enlarged segment from a showing an unclassified high-
frequency seizure. Note that the seizure was recorded in all electrodes.
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Figure 10. Generalization of outlasting activity discharges in a kindled cat (day 21)
Top panel, electrographic recording of a cat receiving kindling stimulation at transition from

slow-wave sleep (SWS) to waking state. The recordings show chronologically slow-wave
sleep (SWS), acute elicited seizure, focal and generalized outlasting activity (OA). Electrical
stimuli were applied ~10 s after the onset of wake state. Depicted field-potential recordings
were obtained from: 1. motor cortex (area 4 left); 2. motor cortex (area 4 right); 3. auditory
cortex (area 22 right); 4. auditory cortex (area 22 left); 5. primary visual cortex (area 17
left); 6. primary visual cortex (area 17 right); and 7. EMG. Bottom panels show expanded
recordings from the corresponding periods in the top panel. Reproduced with permission
from (Nita et al., 2008b).
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Figure 11. Intracellular oscillations during outlasting activities (OA) in a kindled cat (day 10)
during wake

Intracellular recording during OA occurring during wake in area 5. Electrodes were placed
in: 1. motor cortex (area 4 right); 2. posterior associative cortex (area 21 right); and 3. motor
cortex (area 4 left). Modified with permission from (Nita et al., 2008b).
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