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Abstract

Malformations of cortical development (MCD) can lead to difficult-to-treat epilepsy in
children and adults. They are characterized by physical abnormal tissue in the neocortex;
however, it is often the area surrounding this malformation that is hyperexcitable.
Antiepileptic drugs can be used to reduce the frequency or severity of seizures, but they
do not target the relying cause of the epilepsy, only symptoms. | studied the effect of
established and newer antiepileptic drugs in a model of MCD: the focal freeze lesion
model (FFLM), that reproduces some of the characteristics of microgyria which is a
frequent form of MCD.

After noticing visually, a reduction in the volume of the hemisphere, | tested the
hypothesis that the freeze lesion led to a wider reduction in brain size, using magnetic
resonance imaging. | induced seizure-like events (SLE) using the potassium channel
blocker 4 amino-pyridine. | located the onset site of SLE using electrophysiology
combined with intrinsic optical imaging. This method also allowed to study the
propagation of seizure-like event in the slice. The analysis of this data led to the
identification of the onset site in the lesioned slices and in the two controls, contralateral
side, and sham-lesioned animals. | also analysed the electrophysiological parameters of
the SLE in the three groups. | performed experiments during which | bath applied one of
five antiepileptic drugs (AEDs) of different generations with different targets, and |

measured their impact on SLE duration, frequency, propagation, and onset-site.

| showed and quantified for the first time a reduction of the volume of the lesioned
hemisphere in the FFLM, limited to the neocortex. This could indicate a further
involvement of the “healthy” normo-typic neocortex in the pathology. | confirmed that the
perilesional area is the site of the initiation of spontaneous seizures. Taken together,
these results can influence the treatments of MCD, notably surgical as removing the

abnormal tissue would not be sufficient to prevent further seizures.

In this work, | described the mode of actions of all five AEDs in this model, confirming or
contradicting general knowledge on these molecules. | showed that the sodium channel
blockers carbamazepine and lacosamide suppressed SLE in this model but not
specifically in the lesioned slices. Zonisamide and acetazolamide which target
respectively calcium channels and the carbonic anhydrase had more contrasted effects,

reducing either the frequency or the propagation of SLE in the model. Both had no specific



effect on the lesioned slices though. These results indicated that these four drugs can be
efficient in MCD but that they do not target the abnormal networks. | also analysed the
modes of action of the antiepileptic drugs and described whether they acted by limiting
the initiation of SLE or by reducing the propagation of SLE. These data can be of great

clinical use and influence the choice of AED (or the combination) prescribed in patients.

Finally, 1 showed for the first time a specific effect of the sodium potassium chloride
cotransporter 1 (NKCC1) blocker bumetanide in adult lesioned neocortex, when it had no
effect in the controls. This result indicates the persistence of an immature cortical network
in this model and is an important contribution to the current discussion on the use of
NKCCL1 blockers in the treatment of MCD. | discuss here the possible clinical implications
of these results and their limitations.



Zusammenfassung

Malformationen der kortikalen Entwicklung (MCD) kénnen bei Kindern sowie
Erwachsenen zu schwer behandelbarer Epilepsie fihren. Sie sind durch
Gewebeanomalien im Neokortex erkennbar, wobei jedoch héaufig das perilasionelle
Gewebe Ubererregbar ist. Um die Haufigkeit oder Schwere von Anféllen zu verringen,
werden Antiepileptika eingesetzt. Diese zielen aber nicht auf die eigentliche Ursache der
Epilepsie ab, sondern nur auf das Symptom epileptischer Anfall. Ich habe die Wirkung
von etablierten und neueren Antiepileptika in einem Modell der MCD untersucht, dem
fokalen Freeze-Lasion Modell (FFLM). Dies bildet einige der Merkmale von Mikrogyrien,
einer haufigen Form von MCD, nach. Im FFLM habe Ich untersucht und aufgezeigt, dass
die Volumenreduktion in der lasioniellen Hemisphare grof3er als der eigentliche
Gewebeverlust ist, der bei der Nekrose durch die Kuhllasion auftritt. Dies konnte auf einen
weiteren Einfluss des "gesunden" normotypischen Neokortex an der Pathologie
hinweisen.  Mit  Hilfe  elektrophysiologischer  und intrinsischer  optischer
Signalaufzeichnungen bestatigte ich, dass die 4AP-induzierten Anfalle mehrheitlich im
normotypischen perilasionellen Bereich begannen.

Unterschiedliche Antiepileptika wurden in diesem Modell getestet, um 1. zu untersuchen,
ob eine oder mehrere der Substanzen eine spezifische Wirkung auf das Modell haben,
und um 2. ihre Wirkungsweise in diesem Modell zu untersuchen. Insbesondere bin ich
der Frage nachgegangen, ob die untersuchten Antiepileptika (AEDs) die Entstehung von
anfallsartigen Ereignissen (SLE, fur seizure-like events) unterdriicken oder die
Ausbreitung von SLE reduzieren. Ich wahlte etablierte und neuere AEDs mit
unterschiedlichen vermuteten Zielstrukturen und Wirkungsweisen aus, die
Natriumkanalblocker Carbamazepin und Lacosamid, den T-Typ-Kalziumkanalblocker
Zonisamid, den potenten Karbonanhydraseblocker Acetazolamid und schlie3lich den
Chlorid-Cotransporter NKCC1-Blocker Bumetanid.

Ich habe die Wirkungsweise aller funf AEDs in diesem Modell beschrieben und damit das
allgemeine Wissen uber diese Molekile bestatigt oder widerlegt. Carbamazepin und
Lacosamid blockierten die SLE in allen Gruppen erfolgreich. lhre Wirkung war nicht
l&sionsspezifisch. Zonisamid und Acetazolamid hatten intermediare Wirkungen, indem
sie die Haufigkeit oder Ausbreitung von SLE reduzierten, ohne sie vollstandig zu

blockieren, der Effekt war nicht lasionsspezifisch.
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Bumetanid blockierte die SLE in diesem Modell spezifisch, was das anormale
Vorhandensein von NKCC1 in diesem kortikalen Netzwerk adulter Nager aufzeigte. Der
NKCC1 ist normalerweise nur in unreifen neuronalen Netzwerken vorhanden und
beeinflusst Ecaea stark, indem er das GABA-Gleichgewicht in Richtung
desdepolarisierenden GABA verschiebt. Diese Ergebnisse deuten auf das Fortbestehen
eines unreifen Netzwerks in dem FFLM und damit auch bei MCD hin. Ich gehe in meiner
Arbeit auf die moglichen klinischen Implikationen dieser Ergebnisse und ihre Limitationen

ein.

11



1. Introduction

Around 50 million people worldwide suffer from epilepsy, one of the most prevalent
neurological disorders (1). A cumulative study including data from 128 million people
evaluated the global yearly incidence of epilepsy as more than 68 cases per 100 000

persons worldwide (2) the prevalence is 7 per 1,000 persons (3)

The disease is considered by the World Health Organization as one of the neurological
disorders that causes the heaviest burden on affected patients as they have to deal with
psychological, social, and cognitive consequences of the disease as well as the
neurological symptoms (1). Although epilepsy is primarily characterized by the presence
of epileptic seizures, all these aspects of the disease are now included in the updated
definition of epilepsy by the International League Against Epilepsy (2014). The
misconceptions and stigma around the disease can also impact the lives of patients

greatly.

In most patients, seizures can be prevented, or their frequency can be significantly
reduced by antiepileptic drugs (AEDs), however, almost a third of patients fail to respond

to available therapies.

Malformation of cortical development (MCD) are related with hard-to-treat epilepsy in

children and adults, as recent data from various Epilepsy centres still show (4-7).

MCD encompass a variety of pathologies defined by their clinical patterns and
macroscopic anatomical defects identified by magnetic resonance imaging including focal
cortical dysplasia, heterotopia, hemimegaencephaly, polymicrogyria (PMG) and others
(8). These lesions are the consequence of one or several events occurring during cortical
development. The development of the cortex or corticogenesis is a highly spatial- and
time-sensitive sequence of processes which can be regrouped into four partially
overlapping phases: progenitor division and neurogenesis, migration, neuritogenesis
(extension of axon and dendrites) and synaptogenesis (9). Any disruption of this highly
regulated processes can lead to MCD.

These malformations, in their most severe forms, can lead to a wide range of neurological
clinical expressions: autistic spectrum disorders, intellectual disabilities, failure to reach

developmental milestones and often epilepsy. The incidence of epilepsy is notably
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remarkably high in children with polymicrogyria, for which it was estimated that 80% of

children will develop epilepsy within their first five years (10).

The pathological process leading from the visually defined malformations to seizure

susceptibility is however still unclear.

1.1 The lack of complete understanding of the pathomechanisms limits the

ability to treat efficiently all patients with epilepsy.

In the last decades, a large number of AEDs have been developed, some with new
mechanisms of action, thus creating an almost infinite list of possible drug combination to
try on patients (11). Nevertheless, most AEDs target the main symptom of epilepsy, the
epileptic seizure, by preventing synchronous abnormal neuronal firing, but do not address

the disease's underlying causes.

Even though they have superior pharmacokinetics and side effect profiles, the efficacy of
the new AEDs is not greater than that of the previous generation of AEDs. A longitudinal
study, conducted in the same health care centre in Scotland over 30 years, showed that
the rate of seizure-free patients did not increase during the period, despite the introduction
of various new AEDs (12).

In patients with drug-resistant epilepsy (for which at least two appropriately chosen AEDs,
tolerated by the patient, have failed to achieve seizure freedom, ILAE’s definition 2010
Kwan et al., 2010b), the most effective course of action is often surgical resection of the
epileptic focus i.e., the seizure onset zone (14). However, seizure freedom in patients with
malformation of cortical development after surgery is difficult to achieve because the
epileptogenic foci can be multiple, and they are more difficult to define with precision
(15,16).

Even though some molecular targets have been identified for most AEDs used currently,
the exact modes of action of AEDs are not well understood. It is especially interesting to
study the pharmacodynamics of drug combinations from the perspective of mode of
inhibition (17).

In broad lines, AEDs can prevent seizures from starting, by diminishing the

hyperexcitability in the epileptogenic region, or they can limit the impact of the seizures
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by decreasing the propagation of the epileptic activity to other brain structures. Some

AEDs, however, appear to be able to do both, while other modes of action remain unclear.

The way to improve treatment in patients with difficult-to-treat epilepsies might be to refine
the panel of AEDs offered to specific subsets of patients, and/or to suggest drug
combinations based on a better comprehension of the pathomechanisms underlying

epilepsy as well as a better understanding of the mode of action of AEDs.

1.2 The focal freeze lesion model

The focal freeze lesion model (FFLM), first described by Dvorak and Feit (18), offers the
opportunity to investigate these mechanisms. In fact, the post-natal lesion replicates the
histopathological features of human 4-layered polymicrogyria (19) and epileptiform

events comparable to those observed in human adult cortical network can be induced.

In the neonatal FFLM, cold is applied to the surface of the scalp on the day of birth, which
creates a necrosis area in the neocortex below. The immature cortical network locally
destroyed by the cold, is quickly replaced by migrating neuroblasts. The new neurons
form by P7-P8 a four layered structure resembling a microgyrus (20,21), as seen in
patients with polymicrogyria. Eventually, field potential epileptiform activity is seen from
P12 (22). This delay has some similarities with the latency observed before the
development of epilepsy in MCD patients. In fact, the incidence of seizures in
polymicrogyyria is high in children with PMG under 5 years, however epilepsy can also
develop later, in adolescents and young adults (10,23,24).

However, this microgyrus-like lesion is not in itself epileptogenic. It has been shown that
a series of increasingly intense stimuli, in deep neocortical layers, evokes epileptiform
activity, specifically in the perilesional area (the normo-typic area directly surrounding the

lesion). Contrarily, stimulations inside the microgyrus had no effect (25).

There is no scarcity of neurons in layers Il-lll of the microgyrus, according to earlier
research on the FFLM (18,25), but there is a distinct reduction in the number of afferents
going to these levels, as compared to control cortex (26). On the other hand, the
perilesional area (around the lesion) is hyperinnervated by thalamo-cortical excitatory
afferents (26,27) and callosal afferents (28). Additionally, it has been shown that cortical
expression of the GABAAa receptor subunits a1, a 2, a 3, a 5, and y2 is significantly

reduced (29). This downregulation could be to compensate for the increase in excitatory
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drive on GABAergic neurons in the perilesional area (29). The combination of these

changes would explain the perilesional area's greater excitability.

SLE can be evoked in the perilesional area by stimulation, but they are not observed in
moving animals, and do not spontaneously occur (30). In some studies, spontaneous
seizures in these rats were reported, but only after a second hit with hypothermia at P10
(31) .

This hyperexcitability of the perilesional area is maintained in adults where it reaches “a
chronic state of hyperexcitability” in comparison to control mature neocortex were the

excitability of low (32).

To study the point of origin of seizures in relation to the lesion, in the absence of
stimulation, the threshold for occurrence of seizure-like events can be lowered in the
whole slice, by bath application of 4 aminopyridine (4AP). 4AP creates an overall increase
of excitability, therefore SLE occur regularly (33). This baseline of epileptic-like activity in

the slices is necessary to study the mode of action of the AEDs.

The scope of the semiology, i.e., the clinical symptoms, of an epileptic seizure, is a direct

conseqguence of the site of onset and of the extent of the seizure propagation in the brain.

1.3 The neurotransmitter GABA, role in cortical development and in the
pathomechanism in MCD

GABA is the main inhibitory neurotransmitter in the adult brain.

Some of the oldest AEDs modulate GABAergic transmission to reduce the excitability of
the network: benzodiazepines and barbiturates act on postsynaptic GABAAa receptors
(34).

In immature neurons, GABAergic transmission is depolarising (35) to promote
neurogenesis. The excitability of the immature cells facilitates neuronal proliferation,
migration, and synaptogenesis (36). At the end of the neurogenesis, a shift to

hyperpolarization occurs gradually in different brain structures(37).

The shift in Ecasa is induced by a decrease in the intracellular chloride concentration,
which is regulated by NKCC1 and KCC2 ion cotransporters. In the rat neocortex, NKCC1
MRNA expression is highest in the first day after birth and starts decreasing while KCC2
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MRNA increases. (38-41). In humans, the pattern of expression is similar, but the shift

happens during the embryonic period, at 35 weeks after conception (42).

The abnormal persistence of excitatory GABA function in adulthood has been suggested
as a mechanism contributing to epileptogenesis (43), and was observed in patients with

focal cortical dysplasia (44,45).

In the FFLM, NKCCL1 is overexpressed in the days following the freeze-lesion, while
KCC2 is downregulated (46), thus inducing GABAAa receptor-mediated Ca?* oscillation
(47). At the end of the second week of birth after the microgyrus has been formed, the
levels of expression of the cotransporters in the microgyrus were measured to be normal,
(46).

Yet, the abnormal presence of radial glia in adult freeze-lesioned rats (48) and the
maintained hyperexcitability in the perilesional area in adulthood (32) are elements in
favour of the persistence of immature neocortical network in the perilesional area in adult

rats.

1.4 Hypotheses

Whether an immature network persists in adult patients with MCD remains under debate,
| therefore decided to test this hypothesis by measuring the effect of the NKCC1 blocker
bumetanide in the FFLM of MCD in young adult animals.

| designed an experimental protocol that allowed the study of the effect of AEDs on the

initiation and on the propagation of the seizure activity in a model of MCD.

Finally, | tested whether AEDs are efficient in reducing the ictal activity in this model and
analyse if their mode of action involved a limitation of the initiation or/and a reduction of

the propagation of seizure-like events. The AEDs selected were:

- two established sodium channel blockers with hypothesized different molecular targets:

the second-generation AED carbamazepine and the third-generation AED lacosamide.
- the voltage-gated calcium channel blocker zonisamide
-the carbonic anhydrase blocker acetazolamide

- the NKCC1 blocker bumetanide
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2. Methods

2.1 Ethical statement.

The experimental protocol was designed in accordance with the guidelines of the
European Communities Council (2010/63/EU) relating to animal welfare and ethics of
animal experimentation. We also obtained approval from the local animal welfare
authority (Landesamt fur Gesundheit und Soziales Berlin, approval no. G0107/14) for all
experiments. As the experiments were conducted only on male pups, | collaborated with

other researchers who included our female pups in their experiments whenever possible.

2.2 Focal freeze lesion model.

| used the postnatal freeze lesion method described by Dvorak and Feit (18) and later
modified by Luhmann and Raabe (49) on male Wistar rat pups. | took the new-born rats

away from the mother and placed them under infrared light prior to the procedure.

| divided the pups randomly into two groups: treatment and sham. The randomization
process was carried out as follows: a naive person was asked to write down numbers for
the treatment group. | read the list of the selected only after | had attributed a number to

each pup.

| gave orally a drop of the analgesic Novalgin® (Sanofi-Aventis, Frankfurt Germany) to
each pup and then put them under deep anesthesia by hypothermia. We chose this

method of anesthesia for its high expected recovery rate in neonate rats.

After verifying the absence of paw withdrawal reflexes in the anesthetized pups, after
disinfection (Aseptoderm®, Dr Schumacher GmbH, Malsfeld, Germany), | made a 3-4
mm longitudinal incision on the skin of the right hemisphere, at approximatively 2 mm
lateral to the midline.

I applied a cylindrical copper rod (= 2 mm), cooled down by liquid nitrogen, on the exposed
scalp of the pup, in 3 consecutive positions, each for 10 s, thus creating a 3 mm long line
on the rostro-caudal axis. | carried out the same procedure on the sham-operated group,
except for the temperature of the rod which remained at room temperature. | then sutured

immediately after applying the rod on the scalp, and closed the skin incision with tissue
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glue (Histoacryl®, B.Braun, Melsungen, Germany). | returned the operated animals under

the infrared light for recovery. Within 5 minutes, all pups were awake and active.

Then, | firstly cleaned the pups with water (to remove any blood, glue, and disinfectant
smells), then | rubbed them with the mother faeces, before placing them back into the

cage. These steps were done to limit the risk of rejection by the mother.

The procedure took between 40 and 120 min (depending on the size of the litter) during
which the pups were away from the mother. | monitored the weight of the pups 5 times a
week for two weeks after surgery. Later, | handled the animals around once a week to
accustom them my presence before the experiments. In total, 104 Wistar Han rats, 39

sham-operated and 65 freeze-lesioned animals, were included in this study.

2.3 Magnetic resonance imaging.

| performed the MRI scan acquisition on young adult rats, at postnatal day 42 (treatment
group: n=9; sham group: n=3). For the scan acquisition, each animal was placed under
isoflurane anesthesia (3% isoflurane in 30% 02 / 70% N20) and kept warm with a heated
blanket into a rodent, inside a 7T-MRI Pharmascan 70/16 AS (Bruker BioSpin, Ettlingen,
Germany). | recorded their respiration rates (Small Animal Monitoring & Gating System,
SA Instruments, Stony Brook, New York, USA) and monitored it continuously during the

image acquisition.

| acquired coronal T2 weighted scans of the whole brain with a Turbo-Spin Echo
Sequence (TR/TE = 4200/36 ms, rare factor 8, 10 averages, 25 coronal slices, slice

thickness 0.75 mm, field of view 3.2x3.2 cm, matrix size 256x256, scan time 16 min).

| analysed the scans using Analyze 10.0 software (Analysedirect, Inc.; Lenexa USA): |
segmented brain areas (hemispheres, left and right hippocampi and neocortex) and

calculated the volume of each area.

During the MRI acquisition, | noticed two animals from the lesioned group, with

abnormally large brain damage. These two animals were excluded from the analysis.

2.4  Preparation of acute brain slices.

Treated and sham rats were sacrificed between the ages of 6 and 10 weeks by

decapitation after being sedated with isoflurane (3% isoflurane in 100% oxygen). The
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habituation by handling ensured that animals showed no signs of stress when | removed
them from the cages and during anaesthesia. | promptly extracted the brains and put
them in a carbogen-equilibrated (95% O2 and 5% CO2) cold slicing solution (NMDG-

aCSF; see details in the "Solutions and medicines" section).

| made a cut to isolate each hemisphere and prepared 400 pum thick coronal slices with a
vibratome (Leica VT1200S, Wetzlar, Germany). | moved the slices into a specially created
Haas-type interface chamber kept at 35°C and superfused (at a volume flow of around 2
ml/min) them with oxygenated aCSF (prewarmed at 35°C, details in “Solutions and

medicines”). Prior to recording, slices were given one hour to recuperate.

2.5 Electrophysiological recordings.

| filled two borosilicate glass micropipettes with 1 M NaCl (1.5 mm outer diameter, ~1 MQ;
Science Products GmbH, Hofheim, Germany) and placed them in layers Il/lll of the
somatosensory (SmS) and ectorhinal cortex (Ect) to allow for the continuous acquisition

of extracellular field potentials.

After amplification (100x) and 3 kHz low pass filtering by custom-designed amplifiers, the
signals were digitized and displayed at 10 kHz per channel using a CEDmicro1401

interface and Spike7 software (Cambridge Instruments, Cambridge, UK).

To induce seizure-like events (SLE), | added the non-specific potassium channel blocker
4-aminopyridine (4AP, Sigma-Aldrich, Munich, Germany, 100 M) to the bath. The
experimental protocol included three 60 min phases: “baseline recording”, “drug phase”,
and “washout phase”), see Figure 1. After 45 min of induction, the frequency and duration
of SLE reached a plateau. | therefore calculated baseline values during the last 15 min of
the “baseline phase” and used the final 20 min of each phase to assess the effects of

drug administration and washout.
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baseline drug wash

45 min 15 min 40 min 20 min 40 min 20 min
e

Anti-epileptic drug

T

Figure 1 Experimental protocol for electrophysiological and 10S recordings. One experiment
includes three phases of 60 min each. The darker rectangles at the end of each section indicate
the period used for analysis of the phase. 4AP induces SLEs during the baseline phase, then the
tested AED is applied for 60 min and washed out for another 60 min. Inset: one SLE defined by
a sharp drop of the field potential followed by a tonic phase, then a clonic phase during which the
frequency of ictal spikes decreases. Scale bars: 1 mV, 10 min; inset: 2 s (modified from Ragot et
al., 2021).

2.6 Intrinsic optical signal recordings (I0S).

A CCD camera (VC1910, Sanyo, Tokyo, Japan) mounted on a binocular X16 microscope
was used to capture optical signals (MS5, Leica, Wetzlar, Germany) during all
electrophysiological recordings. In order to acquire intrinsic optical signals, | deposited
the slices on a transparent membrane (0.4 um Millicell® culture plate inserts; Millipore,
Bedford MA, USA), and | placed a cold light source (KL 1500 Schott, Leica, Wetzlar,

Germany) directly below the chamber.

With the use of a frame-grabber board (pciGrabber-4plus, Phytec, Mainz, Germany),
320x240-pixel images were produced from the 8-bit video signals. | analysed these
pictures with a custom-made software and specially created ImageJ/FIJI macros. During
the whole experimental protocol, a loop of 10 sec was constantly recorded (at roughly 10
Hz) using a circular data buffer. When an SLE was detected in the electrophysiological
recordings, | manually began recording the optical signals. So, the sequence of images
for each SLE includes a baseline of 100 pictures before the start of the event and

approximately 500 pictures during the event itself.
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| calculated a single image's light transmittance as a relative change (AT/T) from baseline
transmittance (which is the average of the first 50 baseline images). For subsequent
analysis, | split all neocortical areas into region of interests (ROI) that each measured
10x10 pixels. In each slice, the total number of ROIs varied according to the size, position,

and shape of the slice.

Using ImageJ/FIJI and Matlab, | examined the light transmittance in each ROI separately
(Version R2014b The MathWorks, Inc., Natick, Massachusetts, United States). | regarded
changes that were less than 1% as noise and excluded them from the analysis. By
identifying the first ROI in which an increase in light transmittance beyond threshold was

measured, | identified the onset area for a specific SLE.

| then sorted the onset sites, using the Paxinos rat brain atlas (51), into the following five
anatomical regions: motor, somatosensory (SmS), auditory (Aud), ectorhinal (Ect), and
temporal (Temp) cortices. A second, naive person was asked to place the limits of the
areas on the picture of the slice, as control against a possible personal bias. | also
performed a post-hoc analysis of the two following parameters: optical signal time course
and maximum intensity during an event. These parameters were measured in the ROI

with the greatest increase in light transmittance for this SLE.

| determined the size of area affected by the propagation of the SLE (in cm?) by calculating
the absolute number of ROIs with an I0S change greater than 1%. In case the drug tested
fully blocked the SLE after 40 min of application, the affected area was calculated from
the SLE occurring 15-35 minutes after application rather than 40-60 minutes after

application.

2.7 Solutions and drugs.

The composition of the NMDG-aCSF used for slicing (52) was as follows (in mM): NMDG
93, KCI 2.5, NaH2P0O4 1.2, NaHCO3 30, MgS04 10, CaCl2 0.5, HEPES 20, glucose 25,

Na-L-ascorbate 5, thiourea 2 and Na-pyruvate 3.

The aCSF used for storage of the slices and electrophysiological recordings was
composed of (in mM): NaCl 129, NaH,PO, 1.25, CaCl, 1.6, KCI 3.0, MgSO, 1.8, NaHCO;
21 and glucose 10.

The concentrations of AED and of 4AP employed were based on earlier research (53—
57).
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The following drugs were bought from Sigma-Aldrich (Munich, Germany): 4AP (100 uM),
bumetanide (10 pM), carbamazepine (50 uM), and acetazolamide (0.5 mM); while
lacosamide (100 uM) came from Toronto Research Chemicals Inc. (Toronto, Canada)
and zonisamide (100 puM) was purchased from Selleck Chemicals (Munich, Germany).

| prepared each AED into a stock solution, by using the suitable solvents: bumetanide,
acetazolamide and zonisamide in dimethyl sulfoxide (DMSO) (<0.1% vol./vol. in final
solution except for zonisamide with 0.2% DMSO); 4AP in bidistilled water; lacosamide in

methanol (0.1% vol./vol.) and carbamazepine in ethanol (<0.1% vol./vol.)

2.8 Data analysis and statistics.

All data are given with arithmetic mean SD. | analysed the data using GraphPad Prism5
(GraphPad for Windows, GraphPad Software Inc., La Jolla, California, USA). | used non-
parametric Kruskal-Wallis or Friedman tests (wherever relevant) to assess differences in
SLE and I0S parameters between treatment groups, followed by Dunn post-hoc testing.
| regarded P-values as significant below 0.05 (*p0.05; **p0.01; ***p0.001 for comparison

to baseline and #p0.05 for comparison to washout).

3. Results

3.1 Establishment of the focal freeze lesion model

The protocol used for the FFLM led to a very low mortality rate (< 5 %) in the animals,
with highest mortality (~3%) in the first week. The survival rate did not differ between

sham operated and lesioned animals (50).

The freeze lesion produced consistently gyrus-like lesions in the right somato-sensory
cortex (SmS) and no lesion was ever seen in the sham-operated group. However, during
the establishment of the method, the brain damage produced in some animals was much
larger and included parenchyma and subcortical areas despite following an identical
protocol. These large lesions resembled the previously described “porencephalic cyst”
observed in the FFLM (58) and resembled schizencephalic lesions (59). The animals with
such defects (n=14), were excluded from the study and | precisely defined the shape and
size of the lesion: only animals with a four-layer microgyrus-like lesion not wider than 2
mm were included in the study. Abnormal lesions were never seen after the fourth

surgery. The experience of the experimenter appears to be a critical factor to obtain a
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microgyrus-like lesion as the protocol remained identical across the study. It is also
possible that the animals with the larger lesions, had been a few hours older than their
siblings (as most births occurred at night, the exact time of birth of each pup was not

monitored).

3.2 The hemisphere on the side of the lesion is smaller than expected

During the preparation of acute brain slices, | noticed that the lesioned hemisphere
appeared systematically smaller than the contralateral. The analysis of MRI T2 weighted
scans confirmed the visual assessment. The lesioned hemisphere is 9.0 +/- SD 3.9%
smaller than the contralateral one whereas there is no difference in hemisphere volume
in the sham animals (1.0 +/- SD 1.2%); these two ratios are significantly different (Mann
Whitney test, two-tailed P value 0.0167), see Figure 2. Further analysis of the scans
showed that the reduction of volume is limited to the neocortex and hippocampal volumes

were not affected.
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Figure 2 The lesioned hemisphere is smaller than the contralateral. A. Ratio of the volume of the
hemispheres measured on T2 scans and shown as right-to-left ratio (9 rats, 0.89 £ 0.05) vs. sham
operated rats (3 rats, 1.00 £ 0.02) (**, p < 0.01, non-parametric t-test), the freeze-lesion was down
on the right hemisphere. B. Coronal MRI scans (T2) of two lesioned animals: on the left, “normal”
microgyrus (white arrowhead in left image); on the right, abnormal damage of cortical and
subcortical parenchyma (asterisk in right image), discarded from analysis (modified from Ragot
etal., 2021).

3.3 The parameters of the SLEs do not differ between focal freeze lesion and
control slices.

The bath application of the K* channel blocker 4AP invariably induced SLE consisting in

an initial depolarization (“DC shift”) followed by a tonic-like and a clonic-like phase, in
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acute coronal slices. The SLE lasted around 40 seconds during which the event

propagated laterally in the neocortex.

Upon wash in of 4AP, the duration of SLE increased to reach a plateau after 40 min of
application. The epileptiform activity remained then stable for 4h (frequency and duration
of the events). Considering that 4AP was bath applied, the SLEs started “spontaneously”
in all areas of the neocortex, however field potentials were recorded in the SmS — where
the lesion is located - and in the Ect cortex — distant from the lesion.

None of the intrinsic properties of the SLE such as duration, spike frequency and number
of spikes per event differed between the lesioned slices, the contralateral slices and the
slices from the sham animals. The inter-event interval and the number of events during

plateau were also similar in all three groups.

Finally, the parameters of the SLE propagation: intensity of the 10S as well as the size of

the area affected by the SLE showed no difference between the groups.

3.4 The onset site of SLE is the perilesional area

The 10S analysis led to the identification the onset site of each SLE.

The SLE started in all areas of the neocortex in all groups, yet in the lesioned slices the
majority of SLE started in the SmS, where the lesion is located (Kruskal-Wallis test — 5

groups; KW statistic 33.23; P value < 0.0001 and Dunn’s multiple comparison test).

In the sham, the SLE started as frequently in the neighbouring area Aud as in the SmS
(Kruskal-Wallis test — 5 groups; KW statistic 14.60; P value < 0.01 and Dunn’s multiple
comparison test). Similarly in the contralateral slices, the onset sites were as frequently
in the SmS, the Aud or the Ect (Kruskal-Wallis test — 5 groups; KW statistic 19.14; P value

<0.001 and Dunn’s multiple comparison test).

The mean position of the onset site, in relation to the center of the microgyria, was
calculated for each animal. In the lesioned slices, the onset site is located in the neocortex
at a distance of 1.8mm +/- 0.3mm from the center of the microgyrus (and all SLE started
in the layers II-Ill). | defined this area, adjacent to the microgyrus (1.5 - 2.5 mm from the
center of the microgyrus) and comprised of normo-typical neocortex (6 layers, normal

thickness) as the perilesional area.
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The probability for SLE to occur is higher in the perilesional area than in the rest of the
neocortex suggesting that the reorganization of the cortical network after the freeze-

lesioning renders this area more prone to seizure-like activity.

3.5 Bumetanide has an antiepileptic effect in the lesioned hemisphere only

| tested the effect of bumetanide (BUM) at a concentration for which it is specific for
NKCC1 (10pM).
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Figure 3 Lesion-specific reduction of seizure-like events by NKCC1 blocker bumetanide. (A, C)
Representative traces of the effect of bumetanide on 4-AP induced SLEs in SmS (A) and Ect (C)
in lesioned (left) and sham (right) animals. Pink lines indicate bumetanide application.
Bumetanide has no effect on SLE in the sham group. (B, D) SLE inter-event intervals (expressed
as % of baseline) for individual recordings in SmS close to the lesion (B SmS; lesioned drug:
170.8 + 68.5%, lesioned wash: 231.0 £ 149.5%, sham drug: 101.5 + 23.4%, sham wash: 107.1 +
24.8%) and Ect (D lesioned drug: 155.8 + 66.3%, lesioned wash: 229.6 + 218.9%, sham drug:
118.0 + 28.5%, sham wash: 129.5 + 22.9%) after wash in of bumetanide 10puM. Means and SD
indicated by lines. Scale bars: 2 mV, 30 min. Dashed lines in (B) and (D) mark the 100% threshold
(modified from Ragot et al., 2021).

In the lesioned slices, bumetanide increased significantly the inter-event interval in the
SmS to 170.8 % +/- 68.5 % (mean +/- SD in percentage of the baseline). The inter-event

interval kept increasing during wash to 231% +/- 149.5 % (Friedman test comparing
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baseline-BUM-wash for lesioned slices in SmS: 14.0, p<0.0001, and Dunn’s multiple
comparison test baseline vs BUM diff in rank sum or d.i.r.s. -9.50, p<0.05; baseline vs
wash -14.5, p<0.001 in SmS), see Figure 3.

A similar increase in the inter-event interval was recorded in the Ect cortex of lesioned
slices (Friedman test comparing baseline-bum-wash for lesioned slices in Ect: 14.25,
p<0.0001, and Dunn’s Multiple Comparison Test baseline vs BUM diff in rank sum -9.00,
p<0.05; baseline vs wash -15.0, p<0.001 in Ect).

To the contrary, bumetanide had no effect on the inter-event interval in either the
contralateral slices or the sham (Friedman test comparing baseline-BUM-wash, in the
SmS respectively: 4.00, p=0.149 and 1.34, p=0.571; in the Ect respectively: 1.75, p=0.531
and 4.34, p= 0.142).

The size of the area affected by the SLE is not affected by bumetanide in any of the
groups, so the mechanism of propagation of the SLE are not impacted by bumetanide
(Friedman test comparing baseline-BUM-wash lesioned Friedman statistic 2.18, p=0.329;
sham FS 2.70, p=0.252; contralateral FS 3.68, p=0.149).

The intensity of the 10S is diminished by bumetanide application in the lesioned slices
only (Friedman test comparing baseline-BUM-wash: lesioned FS 15.9, p<0.0001 and
Dunn’s Multiple Comparison test baseline vs drug: difference in rank sum 10.5, p<0.05
and baseline vs wash d.i.r.s. 16.5, p<0.01; sham FS 4.96, p=0.072; contralateral FS 4.71,
p=0.120).

Since there was a specific effect of bumetanide on the lesioned slices compared to both
controls, I investigated whether the onset site of SLE in the lesioned slices is affected by

bumetanide.

When bumetanide is applied, the onset site of SLE shifts away from the lesion (Friedman
test comparing baseline-bum-wash in lesioned slices Friedman statistic 8.000, p=0.0162
and Dunn’s Multiple Comparison Test baseline vs BUM -10.00, p<0.05; baseline vs wash
-2, ns).

3.6 Thesodium channel blockers have an antiepileptic effect, independent of
the lesion.

In contrast to bumetanide, the sodium channels blockers carbamazepine (CBZ) and

lacosamide (LCM) did not affect the lesioned slices differently from the controls. Both
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these sodium channel blockers have a very strong effect on the 4AP induced SLE in all

three groups.

The inter-event interval is drastically increased upon carbamazepine application in all
groups (Friedman test in lesioned FS = 8.40, p < 0.01 and Dunn’s Multiple Comparison
test: baseline vs CBZ diff. in rank sum -9.00, p<0.001 and CBZ vs wash diff. in rank sum
6.00, ns; sham FS = 11.47, p< 0.01 and Dunn’s multiple comparison test: bas. vs CBZ
d.i.r.s. -13.0, p<0.01, and CBZ vs wash d.i.r.s. 8.00, ns; and contralateral FS = 13.61,
p<0.0001 and Dunn’s multiple comparison test: baseline vs CBZ d.i.r.s. -14.5, p<0.001,
and CBZ vs wash d.i.r.s 8.00, ns).

The size of the area affected by the SLE is not significantly affected by carbamazepine in
the controls (Friedman test in sham FS = 3.63, p = 0.192; and contralateral FS = 4.75,
p = 0.12). In opposition carbamazepine appears to reduce the size of the area in the
lesioned slices (lesioned FS = 7.68, p < 0,01 and Dunn’s multiple comparison test:
baseline vs CBZ diff in rank sum 8.5, p<0.05 and CBZ vs wash diff in rank sum -3.5, ns).

This effect might be due to the analysis.

Finally, carbamazepine does not significantly reduce the intensity of the SLE measured
by the transmittance of the 10S signal (Friedman test in lesioned FS = 2.80, p = 0.367,
sham FS = 5.43, p = 0.085; and contralateral FS = 1.75, p = 0.531).

Similarly, the application of lacosamide significantly increases the inter-event interval in
lesioned slices and in sham alike. In most recordings there was a complete block of SLEs
(Friedman test in lesioned FS = 13.56, p<0.001 and Dunn’s multiple comparison test:
baseline vs LCM diff. in rank sum -13.0, p<0.01 and LCM vs wash diff. in rank sum 14.0,
p<0.01; in sham FS = 7.00, p<0.05 and Dunn’s Multiple Comparison test: bas vs LCM
d.i.r.s. -9.00, p<0,05, and LCM vs wash d.i.r.s. 6.00, ns). The increase in inter-event

interval was not significant in contralateral slices (contralateral FS = 1.87, p=0.355).
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Figure 4 The sodium channel blocker lacosamide blocks the SLE by reducing the propagation
of the SLE in the neocortex. A, B Lacosamide reduces drastically the area of the slice affected
by the SLE (lesioned drug: 36.4 + 39.5%, lesioned wash: 82.4 + 40.0%, sham drug: 17.3 £
27.3%, sham wash: 99.6 + 12.3%). A. Representative images without and with lacosamide: 10S
is color-coded; and B summary for all recordings. Scale bar: 1 mm. (C, D Lacosamide
significantly reduces the maximum intensity of the IOS (lesioned drug: 46.6 + 50.1%, lesioned
wash: 100.4 + 12.4%, sham drug: 22.6 £ 35.8%, sham wash: 91.7 + 8.3. Representative time
courses in the absence and presence of the drug and summary of effects for all groups. *
Differences to baseline, # differences between drug application and washout (modified from
Ragot et al., 2021).

Moreover, lacosamide diminishes the size of the area of the neocortex affected by the
SLE (Friedman test in lesioned FS =10.7, p <0.01 and Dunn’s multiple comparison test:
bas. vs LCM diff. in rank sum 8.0, ns, and LCM vs wash d.i.r.s. -13.0, p<0.01; sham FS
= 11.1, p < 0,01 and Dunn’s multiple comparison test: baseline vs drug d.i.r.s. 12.0,
p<0,01, and bas. vs wash d.i.r.s. -9.0, p<0.05; and contralateral FS =9.38, p < 0.01 and
Dunn’s multiple comparison test: bas. vs drug d.i.r.s. 13.50, p<0.01, and baseline vs

wash d.i.r.s. 7.5, ns), see Figure 4 A and B.

Lastly, lacosamide also weakens the change of transmittance during SLE in the lesioned

slices as well as in the sham but the reduction is not significant in the contralateral slices
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(Friedman testinlesioned FS =9.75, p < 0.01 and Dunn’s multiple comparison test: bas.
vs LCM d.i.r.s. 12.0, p<0.01 and LCM vs wash: d.i.r.s. -9.0, p<0.05; sham FS =10.6, p <
0.01 and Dunn’s multiple comparison test: baseline vs LCM d.i.r.s. 11.0, p<0.01 and LCM
vs wash: d.i.r.s. -10.0, p<0.05; and contralateral FS = 5.59, p = 0.066), see Figure 4 C
and D.

3.7 Acetazolamide and zonisamide have antiepileptic effects, independent of
the lesion.

Contrarily to the sodium channel blockers, acetazolamide (ATZ) and zonisamide (ZNS)
scale down the epileptiform activity but do not fully stop the events. Acetazolamide is a
carbonic anhydrase inhibitor and zonisamide has many targets: voltage-sensitive sodium
and T-type calcium channels and it can inhibit the carbonic anhydrase but weakly.

Acetazolamide increases the inter-event interval in the SmS in all groups without
achieving a complete blockade of the events. (Friedman test comparison between
baseline, drug and wash: in lesioned FS = 12.97, p < 0.001 and Dunn’s Multiple
Comparison test : baseline vs ATZ d.i.r.s. -13.5, p<0.01 and ATZ vs wash d.i.r.s. -10.5,
p<0.05 ; sham FS = 8.67, p < 0.01 and Dunn’s multiple comparison test : baseline vs
drug d.i.r.s. -10.5, p<0.05 ; baseline vs wash d.i.r.s. -7.50, ns ; and contralateral FS =
13.0, p < 0.001 and Dunn’s multiple comparison test : baseline vs ATZ d.i.r.s. -14.0,
p<0.001 ; baseline vs wash d.i.r.s -10.0, p<0.05).

Acetazolamide decreases the size of the area affected by the SLE only in the lesioned
slices (Friedman test: in lesioned FS = 7.54, p < 0.05 and Dunn’s multiple comparison
test: baseline vs ATZ d.i.r.s. 12.0, p<0.05; ATZ vs wash -7.50, ns; sham FS = 2.70, p =
0.252; contralateral FS = 0.171, p = 0.971). However, acetazolamide has no significant
effect on the intensity of the SLE in any of the groups (Friedman test in lesioned FS =
3.44, p =0.187; sham FS = 0.783, p = 0.740; contralateral FS = 0.060, p = 0.971).

Zonisamide increases greatly the inter-event interval in the SmS both in the lesioned
slices and the slices from the contralateral hemisphere but does not have a significant
effect on the sham. (Friedman test comparison between baseline, drug, and wash: in
lesioned FS = 10.3, p < 0.01 and Dunn’s multiple comparison test: baseline vs ZNS
d.i.r.s. -12.0, p<0.01 and ZNS vs wash d.i.r.s. 6.00, ns; sham FS = 2.89, p = 0.278; and
contralateral FS = 7.14, p < 0.05 and Dunn’s multiple comparison test: baseline vs ZNS
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d.i.r.s. -10.00, p<0.05; ZNS vs wash d.i.r.s 5.00, ns). This might indicate that the

contralateral hemisphere in the lesioned animals is also altered by the freeze-lesion.
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Figure 5 Zonisamide’s mode of action is not linked to a reduction of the propagation of SLE. A.
Representative traces and graph of all individual recordings, zonisamide reduced SLE frequency
in the lesioned slices A (lesioned drug: 363.4 + 176.0%, lesioned wash: 177.2 + 91.3%, sham
drug: 190.4 + 122.2%, sham wash: 130.1 + 44.2) in the SmS. Blue lines indicate time interval of
drug application. Scale bars: 2 mV, 30 min. B. Zonisamide (lesioned drug: 105.3 + 9.9%, lesioned
wash: 99.3 + 6.2%, sham drug: 93.8 + 8.0%, sham wash: 89.4 + 15.4%) has no impact on the
size of the area affected by the SLE. Representative images in absence and presence of
zonisamide (left): IOS is color-coded; and graph of all recordings (right). Scale bar: 1 mm
(modified from Ragot et al., 2021).

30



Zonisamide has no effect on the size of the area affected by the SLE in any of the groups.
(Friedman test in lesioned FS = 0.518, p=0.768; sham FS = 8.63, p < 0.05 and Dunn’s
multiple comparison test: baseline vs ZNS d.i.r.s. 9.5, ns and bas. vs wash d.i.r.s. 11.5,
p<0.05; and contralateral FS = 0.5806, p =0.7943). The difference observed in the sham
is only due to a decrease in the SLE area during wash (after 2h of recordings) and
therefore could be a sign of a fatigue/loss of energy in some of the slices. Furthermore,
the intensity of the SLEs measured as the maximum change in transmittance in the slice
does not change upon wash in of zonisamide in any of the groups (Friedman test in
lesioned FS = 1.14, p= 0.620; sham FS = 1.56, p= 0.569; and contralateral FS = 2.47,
p = 0.285), see Figure 5

4. Discussion

4.1 Reproducibility and relevance of the focal freeze lesion model

As described in the Results section, the FFLM produced a highly consistent microgyrus-
like lesion with a very low mortality rate in the pups (50). The FFLM reproduces some
mechanisms and macroscopic lesions seen in MCD, especially microgyria (60) or
schizencephaly (59). The protocol used led to the formation of only one microgyrus,
however its perisylvian location recreates the most frequent pattern of polymicrogyria:
61% in a cohort of 328 patients (10), and 77% in a cohort of 87 patients (61).

The use of male pups hinged mainly on the need to exclude the potential influence of
menstrual cycle hormones on the results. This decision can be further clinically justified,

because in polymicrogyria, the majority of the patients are male (10).

4.2 MRIscans showed areduction in hemisphere volumein the lesioned animals

The lesioned hemispheres were significantly smaller than the contralateral, with volume
difference up to 10%, according to MRI measures. A “tissue reduction” had been
observed previously in this model (58) but this is the first time this volume difference is

guantitatively assessed (50).

The loss of volume was mostly limited to neocortical areas (no difference existed between
hippocampi). More precise measurements were, however, not possible due to the high-
speed acquisition protocol with a scan width of 0.75 mm, precluding delineation of the

lesion precise enough to estimate volume changes in smaller structures.
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As the microgyrus makes up less than 1% of the hemisphere volume, such significant
reduction in brain volume in the lesioned hemisphere cannot be attributed to the formation
of the microgyrus alone and may be related to the previously reported widespread loss of
thalamocortical afferents and thalamic nuclei (26,28,62).

This result is in line with what can be seen in patients. Microcephaly is a common
comorbidity in patients with polymicrogyria: a study found microcephaly in 50% of the
cohort of 118 patients (10).

4.3 Absence of spontaneous seizures in the neonatal focal freeze lesion model

Despite the similarities with MCDs, one important limit of the neonatal FFLM is the
absence of spontaneous seizures in the animals, contrary to the in-utero freeze lesion.
Kamada and colleagues were notably able to record long lasting seizures in the EEG of
FFL rats, after bilaterally freeze-lesioning rat embryos (at E18) from outside the uterus
wall (63).

Seizures in the neonatal FFLM can only be observed after a “second hit”. They must be
either evoked by stimulation (25,26,58,64,65), provoked in vivo, e.g. by kainic acid injection
(27), hypothermia (30) or hyperthermia (Awad et al., 2016), or induced in slices by bath
application of solutions capable of lowering the seizure threshold like low-Mg?* aCSF (32)

or 4-aminopyridine (50).
4.4  Induction of seizure-like events with 4-aminopyridine

The non-specific K+ channel blocker 4AP was chosen for its ability to induce SLE activity
in rat neocortical slices lasting several hours, it is robust enough to produce identifiable
IOS (56).

The bath application of 4AP produced similar SLE in lesioned and sham animals (50)
confirming that 4AP is sufficient to induce such ictal activity (57). Contrarily to what was
expected, the SLEs occurred as frequently in the lesioned slices as in the controls, they
also presented the same parameters and propagated in the slice along the same
pathways (50). Considering that 4AP may alter the chloride homeostasis (67,68),
employing a different type of “second hit” to generate SLE could have confirmed lesion-

specific AED effects and strengthened the translational significance of our findings.
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The long lasting SLEs induced by 4AP are associated with an increase in [K+]e (69),
following the activation of GABAA receptors. Paradoxically, this increase of [K+]e, could if
the epileptic state is maintained shift Ecasa and weaken the inhibition. This hypothesis
can explain long term effect of epilepsy in patients. It is, however very unlikely to happen
in our model where the whole experiment from beginning of induction of the seizures to

end of phase 3 lasts 3h.

4.5 |0S analysis confirms the onset site of SLE is in the perilesional area

The perilesional area (or paramicrogyral zone, PMZ) is known to be hyperexcitable in the
FFLM, due to an abnormal innervation of the area by cortical and subcortical excitatory
afferents (25). | examined whether the perilesional area would produce SLE
“spontaneously” in a context of lowered threshold. In the lesioned slices, the onset site
was indeed in majority of cases in the perilesional area, whereas the points of origin of

the SLE were more spread out in the control groups (50).

More precisely, the onset of SLE in the lesioned slices was on average at a distance of
1.8 mm from the center of the microgyrus, and SLE always started in layers Il/11l (50). It is
interesting to note that “dense patches of thalamocortical terminations” have been
observed in these exact layers and location (28) and are thought to be one of the bases
of the hyperexcitability of the perilesional area.

As expected, | did not record any SLE starting in the microgyrus, however, some SLE
sometimes propagated to or through the microgyrus. The propagation of the event
through the microgyrus was always faster in the upper layers (50) which are composed
of neurons born on E17,5 that invaded the microgyrus after the necrosis and are in

majority glutamatergic [at least at P4] (47).

4.6 In other models of MCD, the malformation remains interconnected with the

neighbouring hyperexcitable normo-typic cortex

In a targeted genetic model [Dcx- KD rats] of subcortical band heterotopia (SBH or double
cortex syndrome), the normo-typic cortex had a major role in the induction of interictal
events and seizures. Interestingly, the inter-ictal like events induced by bicuculine
(blockade of GABAAareceptors), did not start in the ectopic neurons of the subcortical band

but were initiated in the normo-typic cortex directly above it (70). Similarly, to our results
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in the FFLM, where the SLE sometimes propagated through the microgyrus (50), these
events propagated to the ectopic neurons that seemed to be integrated to the cortical

circuitry.

MRI studies on patients with a different MCD (cortical heterotopia) show abnormal
neuronal activation initiated within or adjacent to the heterotopia, involving the overlying
normo-typic cortex (71-73). Interneurons were found inside the heterotopia in normal
numbers, but they were “randomly oriented with little apparent organization”(74). All this

suggests that the ectopic cells remain interconnected with the normo-typic cortex.

4.7 Non-lesion specific effects of the AEDs on our model of MCD

The mode of action of AEDs can be based on two main mechanisms: they can prevent
the onset of SLE by elevating the seizure threshold or they can impair the propagation of
the SLE. The AEDs tested have different targets and suspected mode of actions. By
analysing the 10S, their impact on the propagation of the SLE was calculated (50), which
brings new information on the mode of actions of these AEDSs.

4.7.1 Carbamazepine

Carbamazepine is a widely used AED believed to act mainly on voltage-gated sodium
channels via binding to their inactivated state. Studies indicate that this inactivation of the
sodium channels leads to a decrease of excitability which elevates the threshold for
seizures in kindling models of epilepsy (17,75). Carbamazepine is used clinically to

prevent focal as well as tonic-clonic seizures.

As previously described, carbamazepine blocked efficiently 4AP-induced SLEs in the
sham (57). Carbamazepine also blocked SLE in the lesioned slices and in the

contralateral slices (50). The effect of carbamazepine was therefore not lesion-specific.

Carbamazepine’s mode of action and the fact that it decreases gamma power signal (50-
60Hz) — an indicator of the abnormal synchronization of local cortical activity, therefore a
marker of the start of an epileptic seizure - suggests an action on the onset of seizure
(76).

However, carbamazepine seems to also have a role in limiting the propagation of seizures
through its binding to Navl.1l, a voltage-gated sodium channel essential for action
propagation (specifically, to the al subunit encoded by SCN1A). Indeed, the pre-
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operative withdrawal of carbamazepine increased the duration (and propagation) of the

seizures but did not modify the ictal EEG localization (77).

In conclusion, there are arguments in the literature in favour of the two modes of action:
disturbing seizure initiation and reducing the propagation, although the main antiepileptic

effect of carbamazepine is thought on seizure initiation (17,78).

Interestingly, | showed that the size of the area of propagation was reduced only in the
lesioned slices (50), before all ictal activity was inhibited in these slices too. The delayed
block of all SLE in the lesioned slices compared to controls could be an effect of the
hyperexcitability in the perilesional area.

However, the differential effect in size of the area of propagation between lesioned and
controls was biased by the wash in-dynamics. All SLE occurring during the wash in period
were included to measure the mean area affected by the SLE. Since SLE were blocked
by carbamazepine in most slices, the number of SLE included in this calculation was quite
low. Moreover, the faster the epileptiform activity was hindered by carbamazepine, the
lower the number of SLE analysed. Consequently, the difference between lesioned slices
and the controls could be an artefact of the analysis and not a lesion specific

pharmacological effect.

Overall, these results do not permit to identify a single mode of action of carbamazepine
but rather confirm a dual effect of this AED. The complete block of SLE suggests an
antiepileptic effect based on elevation of the seizure threshold and a reduction of the
neuronal excitability at the onset site. But the significant reduction in the size of the SLE

area in the lesioned slices points to an impact on the propagation of the SLE.

4.7.2 Lacosamide

The functionalized amino acid, lacosamide, belongs to the new generation of sodium
channel blockers approved for clinical use in the EU in 2008. It is effective in patients with
intractable epilepsy and is often used as an adjunctive treatment (three trials of over 1200
patients demonstrated its effectiveness and safety: (79-81). According to a recent meta-

analysis (82), lacosamide is “generally effective and well tolerated to use in children with

epilepsy".
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Lacosamide decreased both inter-ictal spikes and high frequency oscillations (HFOSs) in
the pilocarpine model of mesial temporal lobe epilepsy (MTLE) (83). In a kindling model,

lacosamide appeared to reduce seizure initiation (17).

In vitro, lacosamide suppresses epileptiform activity induced by 4AP in the brain slices
(56,84). | confirmed this effect, as lacosamide (like carbamazepine) fully blocked SLE in
both controls and in the lesioned slices (50). Lacosamide also diminishes the size of the
area affected by the SLE and diminishes the strength of the IOS. In our model,
lacosamide has therefore a clear impact on seizure propagation, even though this effect

is not lesion-specific (50). This mode of action can be explained by its suspected targets.

While the majority of the first generations of AEDs (such as carbamazepine) act on
voltage-gated sodium channels (Nav), by stabilizing their fast inactivation, lacosamide
promotes Nav slow inactivation (which is crucial for the regulation of neuronal firing
properties) (85). As indicated by their name, Nav recover faster from “fast inactivation”
(<100 ms) than from the “slow inactivation” (around 5-10 s) (86). Lacosamide therefore
maintains Nav in an inactivated state which would reduce the propagation of seizures.
Finally, lacosamide was found to have an effect on A-type K+current IK(A), which was

concentration-dependent and elicited a response to membrane depolarization (87).

47.3 Zonisamide

Zonisamide is a broad-spectrum sulfonamide compound developed in Japan: it is used

for the treatment of focal and generalised seizures, since its entry on the market in 2005.

| showed that zonisamide, contrarily to the sodium channel blockers, reduced the
frequency of SLE without fully blocking the ictal activity in the lesioned and contralateral
slices but not in the sham (50). The discrepancy between the two controls, makes the
interpretation of this result difficult (I will discuss the interpretation of results from the

“contralateral group” in more details later).

Several elements point towards a non-lesion-specific effect of zonisamide. Firstly,
recordings in the second field potential electrode (in the Ect cortex) show a reduction of

the SLE frequency similar in all three groups. Moreover, the location of the onset of
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seizure was not modified by zonisamide (contrarily to the effect of bumetanide)(50). On
the other end, the mode of action of zonisamide in this experiment was very clear: in all
three groups, the area of propagation was not reduced by zonisamide, neither was the
intensity of the 10S. In general, the characteristics of the SLE remained unmodified by
zonisamide and only their frequency diminished (50). This mode of action is unexpected
and might be related to the use of 4AP to induce SLE.

Zonisamide is a T-type calcium channel blocker (88) and influences voltage-dependent
sodium channels as well, leading to a suppression of repetitive firing. Zonisamide is also
a carbonic anhydrase inhibitor, but this does not seem to have a strong antiepileptic
impact since high concentrations of the AED are required to see any effect on the
carbonic anhydrase (89-91).

In an in vivo model of generalised seizures, induced by cortical freezing in cats,
zonisamide stopped the cortical spiking from developing into full generalised seizures
(90). Similar blockade of the propagation of seizures was observed in a kindling model in
cats (92). The secondary propagation from limbic structures into the thamalus and the
SmS cortex of kainic acid induced SLE was attenuated by zonisamide in freely moving
rats. (93). Taken together, these results suggest that zonisamide’s mode of action is to
primarily to limit the propagation of seizures.

47.4 Acetazolamide

Acetazolamide is a carbonic anhydrase blocker discovered in 1940 (94), it is 100-1000
times more potent than zonisamide (91). A recent meta-analysis of clinical studies in focal
and generalised epilepsy found that acetazolamide at least halved the number of seizures
in 48% of participants (the responder rate varied from 23% to 79%), and the average

seizure freedom rate was impressively 20% (varying between 6% and 63%) (95).

Acetazolamide reduced the frequency of the SLE in all three groups in our model (50) by
preventing the initiation of long ictal events similarly to previous studies (96), yet the effect
was more significant in the lesioned slices. Interestingly, acetazolamide also limited the
propagation of the SLE in the lesioned slice specifically (50), revealing a different mode
of action. This complex effect in the model could be due to the fact that this AED has

several mechanisms of action, activating various molecular pathways simultaneously.
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In a study in vitro, acetazolamide decreased both the duration and the frequency of SLE,
induced by 4AP in the neocortex, without affecting their frequency (96). The authors
showed that removing intracellular HCOs" or inhibiting GABAA receptors completely
stopped the 4AP-induced SLE and concluded that acetazolamide reversed GABA current
from depolarising to hyperpolarising in this experiment, the depolarising GABA being
caused by the application of 4AP (96). Ecasa was however not measured per se in this

study.

On the other hand, acetazolamide blocked 4AP-induced SLE in the hippocampus of
neonatal rats only at a specific age. Indeed acetazolamide, blocked 80-100% of the SLE

only between P6-P19 (55), the period during which GABA is depolarising.

In the hypothesis that an immature network persists in adulthood in the FFLM,

acetazolamide could therefore also be specifically effective in the lesioned slices.
The carbonic anhydrase (CA) is an enzyme catalysing the following reaction:
CO2 +H20 - HCO3s + H*

The inhibition of this enzyme can increase the seizure threshold via effects of its two
products: by generating intracellular acidosis and by lowering the level of intracellular
bicarbonate. The difference of acidification (reduction of pH by 0.2) between the areas of
a slice involved in the ictal activity or not demonstrated the importance of slight variations
of pH in epileptogenicity (97). Indeed, protons at the cell membrane can interact with
receptors such as NMDA receptors, GABAa and glycine receptors and modulate their
activity (95,98).

On the other hand, the intracellular concentration of bicarbonate, actively maintained by
CA, could render GABAA depolarising, in situations where the chloride driving force is
weakened (for example after a period of maintained epileptic activity). In this context,
acetazolamide would help switch GABAAa back to a hyperpolarising action.

Another pathway is also activated by the carbonic anhydrase: via the acid sensing ion
channels (ASIC), present in astrocytes, which are voltage-dependent proton-gated cation
channels. They sense acidity in the extracellular environment, and at certain ranges of
pH, release Na* and Ca?' into the cell (82). They can therefore cause a small
depolarisation, sufficient to activate NMDA receptors, GABAa and glycine receptors.
ASIC1 are expressed in activated astrocytes, in the sclerotic hippocampus of epileptic
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mice and patients with temporal lobe epilepsy, and these channels participated in the

pilocarpine-induced epileptogenesis (99).

The mode of action of carbonic anhydrase blocker, such as acetazolamide is therefore

complex, and the relative impact of each pathway is not fully understood.

4.8 Lesion specific effect of the NKCC1 blocker bumetanide in adult FFLM

GABAAa receptors are permeable to chloride and carbonate ions (on a smaller scale). In
the adult brain, the activation of GABAAa usually creates a hyperpolarising current due to

the chloride gradient, mostly maintained by chloride cotransporters: NKCC1 and KCC2.

Bumetanide is an established diuretic via its inhibition of both chloride cotransporters. At
a low concentration though, bumetanide is a specific inhibitor of NKCC1 (100). In
epilepsy, the consequences of the inhibition of NKCC1, which is a marker of an immature
network in the brain and whose expression is usually associated with abnormally
depolarising GABA in adults, has been thoroughly investigated in animal models.

In the rat, the neonatal brain is at a stage of development corresponding to the last
trimester of human pregnancy. Therefore, at birth GABA is still depolarising and the
migration of neurons from the cortical subplate is on-going. In fact, in the neonatal
neocortex in the rat, KCC2 is expressed at only 5-15% of the level of adult brain while
NKCC1 is highly expressed until postnatal day 14 (42). The shift to hyperpolarising GABA
is progressive and completed in the rat neocortex at P15.

In vitro, bumetanide was shown to be effective in neonatal cortical slices (P6-P9) to stop
4AP-induced interictal seizures and to prevent the apparition of ictal events (101). In
another study, bumetanide suppressed 4AP-induced SLE in the CA3 but not in the Ect
cortex at P4 but not P7 (55).

On the other hand, in a model of febrile seizures combining freeze lesioning at P1 and
hyperthermia at P10 showed an over-expression of KCC2 in the ipsilateral hippocampus
at P20. Constantly, with these results, Ecasa was hyperpolarising in this model (66). The
double hit in this model, which would induce high excitability in the hippocampus and
neocortex, probably triggered the overexpression of KCC2 as a compensatory

mechanism.
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Several studies showed an effect of bumetanide in adult network, indicating the
persistence of an immature network in models of epilepsy. Bumetanide reduced
pilocarpine-induced SLE (102); it also decreased kainic acid-induced SLE in vivo and
OMg-induced SLE in vitro (103). Alternatively, bumetanide (at a dose specific to NKCC1)
failed to reduce SLE, induced by 4AP, while specific KCC2 blockers blocked the ictal

activity, replacing the long SLE by continuous interictal events (104).

Finally, in the FFLM, NKCC1 is overexpressed during the formation of the microgyrus, in
the perilesional area (Shimizu-Okabe, Tanaka and Matsuda, 2011), but returns to
expected expression levels after two weeks. Additionally, bumetanide has been shown to
have an effect in the first weeks after the freeze lesion (47), but this effect decreased over
time, and bumetanide had no effect in adult slices.

As far as | know, | showed for the first time an effect of bumetanide in the adult freeze-
lesioned rat (50). Bumetanide significantly reduced the frequency of SLE in the
perilesional area specifically and shifted the onset site away from the lesion, (50),
confirming that bumetanide has a molecular target in the perilesional area. This concurs
with the hypothesis that consequently to the freeze lesion, the perilesional area is
maintained in an immature state, with the persistence of NKCC1 cotransporter in
adulthood.

Our results corroborate previous findings of altered GABA function in MCD and imply the
modulation of the CI- homeostasis as a promising target for antiepileptic treatment in this

disease spectrum.

4.8.1 Concept of neuroarcheology

In 2008, Professor Ben Ari coined the concept of neuroarcheology, which is defined as a
study of early signs of neurological diseases during the development of the brain,
encompassing not only mutations leading to aberrant proteins but also environmental and
genetic events leading to an alteration of the precise plan of neurodevelopment (105).
Prof Ben Ari concludes that “misplaced neurons disturb preferentially during development

an ensemble of structures they were programmed to operate with”.

In this dissertation, | precisely interrogate this hypothesis, in the context of a visible

malformation of the cortex similar to what can be seen in patients with microgyria.
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By measuring the propagation of seizure-like event occurring spontaneously, in a context
where the level of excitability of the brain had been increased, | demonstrated a distant
effect of a focal lesion. Moreover, by measuring this seizure-like activity in young adult
brains after the lesion was created in the new-born animals, | present long-term effect of
a disorganisation of the cortical architecture. | showed that the electrical activity in the
lesioned slices can be compared to that of an immature brain, further corroborating the

hypothesis of a “frozen immature structure” (36).

4.8.2 The effect of bumetanide shown in our study might not be due to the
persistence of NKCC1 in cortical neurons.

I did not show the presence of NKCCL1 per se in the freeze-lesioned slices (50). Even

though bumetanide has been shown to be specific to NKCC1 at the concentration used

(10uM) (100), the measure of the mRNA and protein expression of both KCC2 and

NKCC1 would have increased the robustness of our results.

Recent investigations of the mechanisms of action of bumetanide suggest that its effect
notably in patient could be the consequence of inhibition of NKCC1 expressed in glial
cells. Further immuno-histological studies of this model would be interesting to see if the

targets of bumetanide are located in neurons or also in glial cells.

4.8.3 Bumetanide does not pass the blood brain barrier

The use of bumetanide in treatment of neurological disorders is still controversial as it

was shown early on that it might poorly penetrate the blood-brain barrier or BBB (106).

The efficacy of bumetanide to block seizures in neonatal rats (42,55,101) and its proven
safety as an approved antidiuretic have, however, led to clinical trials in young children.
The protective role of bumetanide in neonatal seizure activity in human neonates was
shown on isolated cases (107). A large-scale phase 1 and 2 trial (NEMO Trial) was
conducted to evaluate the effect of bumetanide as an add-on to phenobarbital, in the
treatment of neonatal seizures. This trial was however stopped early, due high rate (27%
of the cohort) of hearing loss in the children (108). Nevertheless, a recent study in 27
neonates indicated low-side effects (even though 8% of the children had hearing

impairment) and an interesting impact on children mortality in neonatal seizures (109).

Further studies have since then questioned whether a sufficient dose of bumetanide to

activate central targets passes the BBB and is able to enter the brain (110,111). Because
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bumetanide binds to plasma protein very efficiently, and has difficulties crossing the BBB,
only about 0.3% of the total plasma concentration is available as unbound concentration
in the brain (112). The concentration of bumetanide in the brain, appears to be too low to
block NKCC1 (113).

This question, associated with the failure of the NEMO trial, have fuelled a debate on the
exact molecular targets of bumetanide in vivo and whether the effects of bumetanide in
children with epilepsy and in patients with autistic syndrome could be due a peripheral
effect (114-117).

A few alternative molecules have been developed, close in structure to bumetanide, that
penetrate more efficiently the brain. Bumepamine is candidate successor to bumetanide
and has potential as an adjuvant to phenobarbital, however, it does not block NKCC1
(118). The prodrug BUM5 was able to potentiate the effect of phenobarbital in adult
epileptic mice when bumetanide did not.(119). Recently, azosemide was proposed as an
alternative NKCC1 inhibitor (120).

In the context of MCD, the blood-brain barrier might also be partially damaged, and its
permeability could be different than what was measured in healthy animals. Indeed,

polymicrogyria has been linked with tight junction and BBB dysfunction (121).

4.9 The complicated case of the contralateral hemisphere

The protocol for our study (50) included the use of two controls: the contralateral
hemisphere from lesioned animals and sham animals. | therefore induced and recorded
SLE in slices from the lesioned hemisphere and in both controls identically. However,
during the analysis of the results it appeared apparent that the contralateral hemisphere
was not a perfect control. Depending on the AED tested, the effect on the contralateral
slices was either similar to the effect in the sham (bumetanide, carbamazepine and
acetazolamide), similar to the lesioned slices (zonisamide) or was unique to the

contralateral slices (lacosamide).

To be more precise, similarly to its effect on sham slices, bumetanide had no impact on
the frequency of SLE or the IOS parameters in contralateral slices. Both carbamazepine
and acetazolamide effectively inhibited SLE in the contralateral slices with the same

efficiency as in the sham, but they had no effect on the I0S parameters.
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Contrarily, lacosamide reduced the frequency of SLE in both lesioned and sham slices
while having no influence on the frequency in contralateral slices. Additionally,
lacosamide actively diminished the propagation of SLE in the contralateral slices, in a

manner similar to lesioned and sham animals.

Lastly, zonisamide decreased the frequency of SLE both in lesioned slices and in
contralateral slices but not in the sham. This confirms that the effect of zonisamide on
SLE is not lesion-specific.

As the complexity of the effects of the AEDs on the contralateral hemispheres diminished
the readability of our results, we decided to present the results of this group in a separate
figure for their publication (50). However, all results for the contralateral group and
statistical data are presented in the Results section, in comparison with the lesioned and

sham groups.

The variable effects of AEDs on the contralateral slices question a possible involvement
in the pathomechanism of MCD in regions far from the lesion, even in the contralateral
hemisphere, via callosal connections. Studies have shown that one hemisphere can
recruit the other to increase its processing capacity, in case of a deficiency, or a lesion in
the dominant hemisphere (122,123), notably in perinatal brain injuries (124). In the FFLM,
widespread changes in connectivity have been reported, notably modified callosal,

thalamocortical, and cortico-thalamic connections (28).

It is possible to hypothesize that after the freeze lesioning, afferents from the contralateral
hemisphere could be recruited thus creating abnormal interhemispheric connectivity

between the perilesional area and the contralateral hemisphere.

In the FFLM, the contralateral hemisphere should therefore be considered as a limited
control for the lesioned hemisphere, with a physiology in an intermediary position between

diseased and healthy.

4.10 Opening — new perspectives in treatment of epilepsy outside of AEDs

In this dissertation, I've explained the necessity to get a better understanding of the mode

of action of AEDs which may allow for lesion- or etiology-specific (“personalized”) choice
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of AEDs. Moreover, | presented the surgical removal of the epileptogenic area as the best

treatment option in well-selected patients with drug-resistant epilepsy.

It is worth mentioning that the surgical techniques have improved greatly in the last years,
with the introduction of technology in the operating room, helping to limit the risk of
complications and to improve the chance of seizure freedom post-surgery. Better imaging
tools (based on MRI) help define with high precision the epileptogenic area, which makes
resection surgeries mostly successful in patients with intractable epilepsy (14) though the

results are not as good in case of MCD (125)

Nevertheless, resective surgeries remain invasive and are not always possible depending
on location of the epileptogenic area. Finally, they can have long term negative effects
even when the surgery goes according to plan. In fact, serious long-term effects on patient

personality which has been shown recently (126) .

Alternative approaches are also being developed such as deep brain stimulation. Indeed,
recently a closed-loop stimulation of GABAergic cells in the medial septum, which project
into the hippocampus and entorhinal cortex, was shown to reduce significantly the
seizures in rodent models of temporal lobe epilepsy ((127,128)

Translating basic science to treatments is very challenging. Indeed, over 90% of drugs
coming out of preclinical research fail during the clinical phase and do not get approval
from the regulatory agencies (129,130). On top of that, the cost of producing new drugs

increases every year for the pharmaceutical industries (130).

In this context, getting a better understanding of the mechanisms of action of already
approved drugs and refining their use by targeting specific subgroups of patients, may be

the fastest and best way to offer treatment to patients with rare types of epilepsies.
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