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Abstract

Familial hemiplegic migraine (FHM) represents a severe monogenic subtype of migraine with
aura and frequently includes specific neurological disorders as additional phenotypes. Cortical
spreading depolarisation (CSD), the neurophysiological correlate for migraine aura, is a slowly
migrating wave of depolarisation, which results in a long-lasting suppression of cortical activity.
FHM3 is caused by gain-of-function (GOF) variants in the SCN1A gene encoding the voltage-
gated sodium channel Nayl1.1 that is predominantly expressed in inhibitory neurons. Patients
carrying the missense mutation L1649Q display a pure hemiplegic migraine (HM) phenotype. In
contrast, the SLC1A3 gene is associated with episodic ataxia type 6 (EA6) but has recently been
implicated in HM. SLC1A3 encodes the glial excitatory amino acid transporter 1 (EAAT1) func-
tioning both as glutamate transporter and anion channel. The variant P290R was identified in a
patient with an overlapping syndrome comprising HM, epilepsy, and ataxia and results in im-
paired glutamate transport but increased ClI" (chloride) channel activity.

To unravel the largely unknown pathophysiological mechanisms of CSD and characterise addi-
tional HM phenotypes, the Scn1a***¥"t and the Slc1a3"°°*"t knock-in mouse models were
studied using a multimodal approach.

Combining intrinsic optical signal (10S) imaging with extracellular and potassium (K*)-sensitive
electrode recordings in brain slices revealed increased extracellular K* concentration ([K*]e) lev-
els during an early CSD phase in Scn1a“*%*°¥"t animals likely representing the mechanistic link
between interneuron hyperactivity and elevated CSD susceptibility in vivo, which had previously
been demonstrated®. Additionally, the late sodium channel blocker GS967 alleviated CSD sus-
ceptibility in vitro'. The novel identified cascade expands the concepts of CSD pathophysiology?,
which had mainly focussed on glutamatergic neurotransmission.

In the Slc1a3"°°""t model, CSD susceptibility and propagation velocity were increased, however,
[K*]e levels were exclusively elevated during late CSD phases. Additionally, K* dynamics were
markedly accelerated during an early CSD phase.

Synaptic transmission and tonic GABAergic inhibition were investigated by performing whole-
cell patch clamp recordings. However, as the balance between cortical excitation and inhibition
in Slc1a3°%°°%* animals was preserved, the underlying cellular mechanisms leading to altered
CSD characteristics remained unclear. Video-EEG monitoring during the period of maximum sei-
zure susceptibility and the subsequent compensatory phase revealed that heterozygous animals
were extremely vulnerable to seizures and status epileptici. The high seizure-associated lethality
additionally confirmed the severe phenotype, with a peak during the 4" and 5" postnatal week.
The expression of c-fos was markedly upregulated in the thalamus and hippocampus likely rep-

resenting brain regions that are involved during seizures or status epileptici.

Keywords: cortical spreading depolarisation, (familial) hemiplegic migraine, potassium, sodium

channels, glutamate transporters, epilepsy, episodic ataxia



Zusammenfassung

Bei der familidaren hemiplegischen Migrdane (FHM) handelt es sich um einen schweren monoge-
nen Subtyp der Migrane mit Aura, welche haufig bestimmte neurologische Krankheitsbilder als
zusatzliche Phanotypen einschlielt. Die kortikale Streudepolarisation, das neurophysiologische
Korrelat flir die Migraneaura, stellt eine sich langsam ausbreitende Depolarisationswelle dar, die
eine langanhalte Suppression kortikaler Aktivitat zur Folge hat.

FHM3 wird durch Varianten mit Funktionsgewinn im SCN1A Gen verursacht, welches den vor-
wiegend in inhibitorischen Neuronen exprimierten, spannungsgesteuerten Natriumkanal Nay1.1
kodiert. Phanotypisch weisen Patientlnnen mit der Missense-Variante L1649Q eine reine he-
miplegische Migrane (HM) auf. Im Gegensatz dazu wird das SLC1A3 Gen mit episodischer Ataxie
Typ 6 (EA6) assoziiert. Allerdings wurde das Gen kirzlich auch mit HM in Verbindung gebracht.
SLC1A3 kodiert fur den glialen exzitatorischen Aminosauretransporter 1 (EAAT1), der sowohl als
Glutamat-Transporter als auch als Anionenkanal operiert. Die P290R Variante wurde in einem
Patienten mit einem (iberlappenden Syndrom bestehend aus HM, Epilepsie sowie Ataxie identi-
fiziert und fihrt zu einem beeintrachtigten Glutamat-Transport, jedoch gleichzeitig ebenso zu
einer vermehrten Aktivitat des Chloridkanals.

Um die weitgehend ungeklarten pathophysiologischen Mechanismen der kortikalen Streudepo-
larisation zu entschliisseln, wurden die Scn1a“***°¥“t und Slc1a3**°"*t knock-in Mausmodelle
anhand eines multimodalen Ansatzes untersucht.

Die Kombination aus einer Bildgebung mittels intrinsischem optischen Signal (10S) und extrazel-
luldren sowie Kalium (K*)-sensitiven Mikroelektroden Ableitungen in Hirnschnitten zeigte eine
erhohte extrazelluldre K* Konzentration ([K*]e) wahrend einer friihen Phase der kortikalen Streu-
depolarisation in Scn1a*'**¥" Tieren. Dies stellt vermutlich den mechanistischen Zusammen-
hang zwischen der Ubererregbarkeit von Interneuronen und der erhdhten Suszeptibilitat gegen-
Uiber kortikalen Streudepolarisationen in vivo dar, was kiirzlich demonstriert werden konnte?.
Zusatzlich wurde nach Anwendung von GS967, einem Blocker des persistierenden Natrium-
stroms, eine verminderte Anfalligkeit gegeniiber kortikalen Streudepolarisationen in vitro nach-
gewiesen?. Diese neu identifizierte Kaskade erweitert die Konzepte der Pathophysiologie korti-
kaler Streudepolarisationen maRgeblich?, da der Fokus bisher hauptsichlich auf die glutama-
terge Neurotransmission gelegt worden war.

Im Slc1a3"°%*"t Model zeigten sich die Anfilligkeit gegeniiber kortikaler Streudepolarisationen
sowie die Ausbreitungsgeschwindigkeit erhoht, jedoch verblieben die [K*]e-Level ausschliellich
wahrend spater Phasen der Streudepolarisation erhdht. Zusatzlich zeigte sich eine deutlich be-
schleunigte K* Dynamik wahrend der friihen Phase der kortikalen Streudepolarisation.

Mithilfe von Patch-Clamp Ableitungen wurden sowohl die synaptische Transmission als auch die
tonische GABAerge Inhibition untersucht. Da sich das Gleichgewicht zwischen kortikaler Erre-
gung und Hemmung in den Slc1a3"*°"*t Tieren jedoch als erhalten erwies, verblieben die zu
Grunde liegenden zellularen Mechanismen, welche zu den jeweilig veranderten Charakteristika

der Streudepolarisationen fiihren, ungeklart.



Ein Video-EEG-Monitoring wahrend der Episode mit der hochsten Anfalligkeit gegenliber epilep-
tischen Anfallen sowie der daran anschlieBenden kompensatorischen Phase ergab eine dufSerst
hohe Vulnerabilitdt heterozygoter Tiere gegenliber Anfallen und Status epileptici. Die hohe An-
falls-assoziierte Letalitat bestatigte zusatzlich den schweren Phanotyp, welcher ein Maximum
wahrend der vierten und flinften postnatalen Woche erreicht.

Eine gesteigerte c-fos Expression wurde sowohl im Thalamus als auch im Hippokampus nachge-
wiesen und deutet auf Regionen hin, die vermutlich wahrend epileptischer Anfalle oder Status

epileptici eine Rolle spielen.

Schliisselworter: kortikale Streudepolarisation, (familidre) hemiplegische Migrdne, Kalium,

Natriumkanale, Glutamat-Transporter, Epilepsie, episodische Ataxie
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List of abbreviations

FHM familial hemiplegic migraine

CsD cortical spreading depolarisation

FHM X FHM type X

GOF gain-of-function

SCN1A gene encoding the voltage-gated sodium channel Nay1.1

Nayvl.1 voltage-gated sodium channel 1.1

HM hemiplegic migraine

SLC1A3 solute carrier family 1 member 3 gene, gene encoding the excitatory amino

acid transporter 1

EA6 episodic ataxia type 6

EAAT1 excitatory amino acid transporter 1
Cr chloride

10S intrinsic optical signal

K* potassium

[K*Te extracellular potassium concentration
GABA y-aminobutyric acid

EEG electroencephalography

IHS International Headache Society

SHM sporadic hemiplegic migraine

Na* sodium

Ca* calcium

DC direct current

SD spreading depolarisation

[Na*]e extracellular sodium concentration
[CIe extracellular chloride concentration
[Ca**]e extracellular calcium concentration
ATP adenosine triphosphate

NMDA N-methyl-D-aspartate

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
TTX tetrodotoxin

[Ca?"), intracellular calcium concentration
NKA Na*/K*-ATPase
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1 Introduction

1.1 Hemiplegic migraine (HM)

HM is a rare subtype of migraine with aura and is characterised by the occurrence of an aura
phase comprising motor weakness of varying degree along with additional neurological deficits
with respect to the visual, sensory or language system that are usually unilateral and fully re-
versible. In addition to a minimum number of two attacks, according to the International Head-
ache Society (IHS) classification, at least three of the six following characteristics must be fulfilled
to clinically diagnose HM: (i) a gradual spread of at least one aura symptom over at least 5 min,
(ii) the occurrence of two or more aura symptoms in succession, (iii) a duration of 5-60 min for
each aura symptom, (iv) the unilateral occurrence of at least one aura symptom, (v) the positive
feature of at least one aura symptom and (vi) the appearance of a headache within 60 min2.
HM can be further subdivided into a sporadic and a familial form with an autosomal dominant
pattern of inheritance and high penetrance, which was already noticed decades ago®*. Whereas
patients with sporadic hemiplegic migraine (SHM) do not have any affected family members®,
for classification of the familial subtype the affected patient is required to have at least one first-
or second-degree relative with similar symptoms fulfilling the criteria for HMZ.

In contrast to more common forms of migraine, which are widespread among the general pop-
ulation and have a mean prevalence of 11 %% 7, HM only affects a small number of patients
worldwide. Based on its rare occurrence, the number of studies determining the prevalence or
incidence of HM is low resulting in a lack of transnational studies. In 2002, an epidemiological
survey that exclusively included the Danish population observed a prevalence of 0.003 % for
familial hemiplegic migraine (FHM) and of 0.002 % for SHM&.

1.2 Cortical spreading depolarisation (CSD)

For decades, the phenomenon of CSD has been debated whether to represent the underlying
neurophysiological correlate for migraine aura® %12 Their correlation was strongly supported
by the emergence of studies using newly available advanced imaging techniques?®, which ena-
bled to correlate the observed phenomena with findings in human patients!. CSD is a wave of
extensive neuronal and glial depolarisation that slowly propagates over the cortical areas and
originates from the posterior cortex'> & 17, Concomitant disruption of the ion homeostasis and
near-breakdown of the transmembrane ion gradients, including sodium (Na*), K*, calcium (Ca?*)
and CI, result in a long-lasting silencing of cortical activity'” ¥ 1°, In 1944, Ledo discovered the
spreading depression of EEG activity after stimulating the cortical tissue of a rabbit, which was
accompanied by a large negative deflection of the direct current (DC) potential®. Interestingly,
a propagation speed of the wave-like phenomenon of approximately 3 mm/min had been pos-
tulated earlier by a physician by precisely observing the spread of his own scotomas during mi-
graine auras over years?.

At the same time, spreading depolarisation (SD) evokes complex changes in cerebral blood flow,

initially inducing a short discrete hyperperfusion, which is followed by a first episode of
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hypoperfusion that temporally coincides with the negative DC potential shift and a second hy-

peremic phase, which evolves into a prolonged episode of oligemia2?.

Additionally, numerous studies have tried to discover the mechanistic link between Ledo’s CSD
and the activation of specific pain pathways leading to headache in migraine patients. By now,
it is widely assumed that the activation and sensitisation of meningeal nociceptors and the tri-
geminovascular system lead to headache that is characteristically perceived by patients during
a migraine attack?* 2%, Moreover, it has been demonstrated multiple times that CSD presumably
plays a key role in the persistent activation of the trigeminovascular pain pathway, including
meningeal nociceptors in the trigeminal ganglion as well as central neurons in the trigeminal
nucleus caudalis* %> %%, Nevertheless, there is reasonable doubt that CSD as a key trigger in mi-
graine attacks is solely involved in migraine with aura leading to the hypothesis that common

migraine forms that lack aura symptoms may have distinct pathophysiological pathways.

CSD can be experimentally induced and has therefore been explored in numerous distinct ani-
mal models in vitro and in vivo using invasive and more recently also non-invasive techniques®
27,28, 29 Despite the widely debated role of the phenomenon in human migraine and aura path-
ophysiology, investigations of CSD, particularly by using transgenic animal models, have contrib-
uted significantly to our current knowledge of the involved disease mechanisms.

Although a lot of experimental evidence has already been collected over the last decades, the
specific role of CSD in the context of migraine aura and headache pain remain to be unravelled

in further detail.

13 Mechanisms of CSD initiation and propagation

To start with, recordings in the stratum pyramidale and stratum radiatum of the hippocampus
provided first evidence for a depolarisation gradient between somata and dendrites of single
neurons during CSD*. Performing simultaneous intrasomatic and intradendritic recordings dur-
ing CSD revealed longitudinal depolarisation gradients along the somatodendritic axis of hippo-
campal pyramidal cells3l. During CSD, a short phase with complete depolarisation of the apical
dendrites but partial depolarisation of the soma is followed by a longer phase of complete de-
polarisation of the somatodendritic membrane lasting several seconds that proceeds to a late
phase, in which only parts of the apical dendrites remain depolarised but the soma is already
partially repolarised>!. These findings indicate that specific ion channels that are localised in the
apical dendrites may evoke the initial depolarisation within a single neuron and its subsequent
spread by activating further ion channels along the somatodendritic membrane, whereas the
terminating CSD phase may be induced by a centrifugal closure of ion channels towards the

apical dendrites3? 32,

Scientists were aware of the profound ionic changes during SD early'® . These are characterised
by a rapid decrease in extracellular Na* ([Na*]e), CI" ([Cl']e) and Ca?* ([Ca?*]e) concentration to-

gether with a swift rise in extracellular K* concentration ([K*]e) and an intermittent increase in
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extracellular pH, which is succeeded by a reduction in extracellular pHY. In addition to extensive
alterations in ionic homeostasis, certain amino acids are released from intracellular compart-
ments during CSD, for example glutamate®’. In general, CSD represents a highly energy-consum-
ing phenomenon, as considerable amounts of adenosine triphosphate (ATP) are needed to re-
store the disrupted transmembrane ion gradients, which also explains why CSDs are associated

with profound changes in blood flow lasting several hours?® 33,

Although consensus with respect to CSD triggering factors is still lacking among experts in the
field, some studies including both experimental and computational data strongly support the
hypothesis that the interstitial K* accumulation after having exceeded its glial uptake results in
neuronal depolarisation and finally initiates SD'® 3*. Using computational modelling, it was
demonstrated that K*-induced depolarisation of the neuronal apical dendrite leads to the gen-
eration of an initial net inward current resulting in membrane depolarisation and local [K*]. re-
lease, which consequently elicits a positive feedback cycle including the self-regenerative depo-
larisation of neurons®*. Additionally, the data also confirmed the all-or-none principle of SD**.

Nevertheless, experimental studies using transgenic models for FHM explicitly shifted the focus
on the excitatory neurotransmitter glutamate to be the key factor in CSD initiation generating
the glutamate-based hypothesis for CSD induction®> 3¢, Studying both the FHM1 and the FHM2
mouse model demonstrated that enhanced glutamatergic neurotransmission, either caused by
an increased presynaptic glutamate release or a diminished synaptic removal of glutamate, rep-

resents the underlying cause for higher CSD susceptibility (see section 1.4)?”%7,

Our knowledge on the involved ion channels and receptors during the different CSD phases is
largely incomplete since distinct pharmacological mechanisms underlie the processes of CSD in-
itiation and propagation. However, it is hardly possible to differentiate them as the single phases
are highly connected and propagation directly supersedes CSD initiation.

To start with, both in vivo and in vitro studies using electrical or chemical stimulation to trigger
CSD revealed the importance of NMDA-receptors in initiation or propagation of CSD, while the
use of AMPA- and kainate-receptor antagonists verified the contrary and did not have any effect
on CSD3 3% 40,41 The joint conclusion of these studies was that NMDA receptors are essential
for CSD initiation or propagation, which was mostly not differentiated. One of the first publica-
tions to verify the role of NMDA-receptors during CSD in vivo demonstrated a dose-dependent
effect of NMDA-receptor antagonists on CSD threshold, propagation velocity and the duration
of ionic changes®. From the compelling evidence that NMDA-receptors are necessarily involved,

one could directly infer the equal importance of glutamate during SD.

As outlined at the beginning of this section, there is evidence that specific ion channels in the
membranes of apical dendrites finally lead to the spread of depolarisation within a single neu-
ron3%. The vast changes of distinct ion concentrations during SD that had been recognised early
led to the hypothesis that Na* channels may be decisively involved in the initiation and propa-

gation processes of CSDY. The discovery of SCN1A encoding the Na* channel Nay.1.1 as the third
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HM gene (see section 1.4) as well as the alleviating effect of the Na* channel blocker lamotrigine
on migraine auras additionally contributed to this assumption. Therefore, the effect of Na* chan-
nel inhibition on CSD has been repeatedly studied mostly using tetrodotoxin (TTX), which blocks
voltage-gated Na* channels that are present in the brain. However, the effect of TTX and conse-
guently the inhibition of Na* channels on CSD has been slightly controversial. On the one hand,
CSDs triggered by high K* dialysis/solution were not prevented by TTX in vivo®® as well as in
vitro*?. On the other hand, experimental data from cortical slices demonstrating that the area
of CSD and the I0S (intrinsic optical signal) intensity were reduced after applying TTX provided

evidence that voltage-gated Na* channels may partly play a role*.

In contrast to the inhibition of voltage-gated Na* channels, voltage-gated Ca%* channels appear
to be critical for CSD initiation in brain slices, because triggering of CSD was abolished by using
Ca%*-free medium or Ca?* channel blockers*. Nevertheless, in rodent brain slices, SD was in-
duced despite the inhibition of voltage-gated Na*and Ca?* channels by generating glutamate
release, activating presynaptic NMDA-receptors and highly increasing [K*]e, which demonstrated
a Ca**-independent mechanism of CSD induction®.

Furthermore, under more physiological conditions large increases in the intracellular Ca?* con-
centration ([Ca*];) during CSD were not only observed for cortical neurons, but also for astro-
cytes®® 4’ However, in the cortex neuronal [Ca%*]; increase precedes the astrocytic Ca?* rise indi-
cating a less significant role of the glial cell type during CSD*. Nevertheless, variants in the as-
trocytic a2-subunit of the Na*/K*-ATPase (NKA) are associated with FHM23”- 8, As outlined in
section 1.4, a diminished K* and glutamate clearance from the extracellular space is assumed to
represent the main pathophysiological mechanism in FHM23”*¢, However, the astrocytic depo-

larisation during CSD is supposed to be induced passively via increased [K*]e levels'’.

1.4 Genetics in HM

Advances in genomic sequencing techniques led to the identification of CACNA1A as the first
FHM causing gene in 1996 (Figure 1) and simultaneously provided strong evidence for an addi-
tional association of the voltage-gated Ca?*-channel gene with episodic ataxia type 2 (EA2)*. To
provide a short explanation on the EA2 disorder, characteristic features include episodes of im-
balance, vertigo and ataxia for several hours combined with an interictal nystagmus, which are
provoked by stress and physical activity and respond well to acetazolamide>®. CACNA1A encodes
the pore-forming al-subunit of the P/Q-type Ca?* channel Cay2.1, which is localised in the pre-
synaptic nerve terminals of neurons to participate in neurotransmitter release..

In FHMZ1, distinct GOF (gain-of-function) variants lead to an increase in action potential (AP)-
induced Ca?" influx, which results in an elevated glutamate release at pyramidal cell synapses
(Figure 1), but simultaneously renders inhibitory synaptic transmission unaltered provoking a
momentous excitation/inhibition (E/1) imbalance®2. Using transgenic mouse models harbouring
distinct pathogenic CACNA1A variants, a higher sensitivity to CSD due to enhanced glutamatergic

neurotransmission was demonstrated®? >* >*, Of note, depending on the specific variant, the
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phenotypic spectrum exceeds classic HM features and additionally includes ataxia, seizures,

coma, and brain oedema evoked by mild head trauma® >,

In 2003, heterozygous loss-of-function (LOF) variants in the ATP1A2 gene were first associated
with FHM2°¢. ATP1A2 encodes the a2-subunit of the catalytic subunit of a T-type NKA, which is
essential for restoring the electrochemical gradients across cell membranes®’ (Figure 1). In the
adult brain, the respective isoform is predominantly found in astrocytes>®. Studies using trans-
genic animals revealed an increased CSD susceptibility and propagation velocity caused by the
dysfunctional synaptic clearance of glutamate and K* in association with diminished expression
of the excitatory amino acid transporter 2 (EAAT2, former name: glutamate transporter 1 (GLT-
1)), which results in an E/I imbalance favouring excitatory neurotransmission in the cor-
tex3” 48 5% FHM2 patients may present with epilepsy as frequent additional phenotype®® 662,

which was reproduced using transgenic animals harbouring the respective variants®.

The identification of ATP1A2 was shortly followed by the discovery of pathogenic variants in
SCN1A leading to HM in 2005, whereupon it was classified as the third FHM gene®* (Figure 1).
Of note, the SCN1A gene encoding the a-subunit of Nayl.1 had already been established as
causative gene for generalised epilepsy with febrile seizures plus (GEFS+)% and Dravet syndrome
(DS), formerly known as severe myoclonic epilepsy of infancy®. To date, eleven missense muta-
tions have been reported in the literature, showing that, in the context of (F)HM, the proportion
of SCN1A variants is small compared to the broader mutational spectrum of CACNA1A and
ATP1A2 variants®% 6768 69,70, 71,72, 73,74 ‘Na\1.1 is predominantly expressed in fast-spiking inhibi-
tory interneurons with a main localisation at the axon initial segment (AIS), where the channel
plays a key role in AP initiation and propagation’ 7%, Despite initial contradictory results of char-
acterising SCN1A HM variants’’, the functional consequences of the discovered variants are
overall consistent with a GOF effect leading to an increased firing frequency and thus, hyperex-
citability of inhibitory neurons’% 78798 |nterestingly, SCN1A variants in HM mostly lead to pure
HM phenotypes in the affected patients, however, the phenotypic spectrum was also found to

comprise epilepsy in rare cases®..

Since the identification of the three main HM genes, several candidate genes have been discov-
ered to genetically increase the risk for HM or to possibly represent a novel FHM subtype. To
name a few candidates, the PRRT2 gene encoding the proline rich transmembrane protein 2 has
been treated as the most promising nominee to account for a fourth autosomal dominant HM
gene, with a recent genetic study undermining its importance in the context of the disorder®?,
In general, PRRT2 is associated with a wide range of paroxysmal neurological disorders®®. An-
other example is the solute carrier family 2 member 1 (SLC2A1) gene encoding the glucose trans-
porter 1 (GLUT-1), which has also been linked to cause HM, although the migraine in the affected
patients always occurred in combination with another neurological disorder®* 8 _ Further-
more, homozygous variants in the solute carrier family 4 member 4 (SLC4A4) gene, which en-

codes the Na*-HCO3 -cotransporter 1 (NBCel), have recently been identified in a family with
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migraine, also including family members with hemiplegic aura symptoms®’. Most recently, a var-
iant in ATP1A4 encoding the NKA a4-subunit was identified in a family with pure HM, however,

functional studies are still required to confirm its pathogenicity?® #°.

In accordance with the clinical spectrum of the CACNA1A gene, the solute carrier family 1 mem-
ber 3 (SLC1A3) gene is known to cause episodic ataxia type 6 (EA6)°> %192, SIC1A3 encodes the
excitatory amino acid transporter 1 (EAAT1), a dual function protein, that couples glutamate re-
uptake from the extracellular space with the transport of Na*, K* as well as pH gradients and
additionally forms a CI" channel during the glutamate transport cycle that is gated by two hydro-
phobic gates®™ °* % |nterestingly, the first SLCIA3 variant was discovered in a patient with a
clinically complex overlapping syndrome, which did not only comprise episodic ataxia (EA), but
also epileptic seizures as well as HM attacks®®. The clinical presentation highly resembled one
extremely severe phenotype caused by a HM variant in CACNA1A>* %5, In recent years, an in-
creasing number of SLC1A3 variants have been identified, providing further evidence for the
specific overlap of EA and HM in the spectrum of SLC1A3-associated neurological disorders®’.
However, also a pure HM phenotype was described in one patient, turning the EA6-associated
gene into a new HM candidate/risk gene®® °°. Functional characterisations of the identified
SLC1A3 variants have demonstrated varying effects on glutamate transport, anion currents and

other EAAT1 properties depending on the respective variant®® 100101,

pyramidal inhibitory
neuron astrocyte interneuron
Na,1.1
Ca2.1 - :
Na*/K*-
ATPase candidate genes:
PRRT2
SLC2A1
SLC4A4
FHM1 FHM2 FHM3 ATP1A4
CACNA1A ATP1AZ SCN1A - EAAT1

Figure 1. The genetic HM spectrum. FHM1 is associated with GOF variants in CACNA1A encoding the al-
subunit of the P/Q-type Ca?* channel Cay2.1, which is important for AP-induced transmitter release in the
presynaptic terminals of pyramidal neurons (left). LOF variants in ATP1A2 encoding the catalytic subunit
of an astrocytic NKA are associated with FHM2 (middle). FHM3 is caused by GOF variants in the SCN1A
gene that encodes the a-subunit of the voltage-gated Na* channel Nay1.1 being predominantly expressed
in GABAergic interneurons (right). PRRT2, SLC2A1, SLC4A4 and ATP1A4 represent novel candidate/risk
genes for HM. SLC1A3 encoding the astrocytic glutamate transporter and anion channel EAAT1 is among
those novel HM genes.

To summarise, several genes have been identified to be associated with HM, however, for most
candidates the case number remains rather low. Supporting the rising number of genes linked

to HM, a recent study in the Finnish population demonstrated that variants in the three main
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HM genes do not account for most HM cases'®? and strongly indicates that additional, mostly
unidentified variants may contribute to the genetically heterogeneous disease. Thus, multiple
different genes, each slightly increasing the risk for the occurrence of HM in patients, rather

d'%. Moreover, there is a lack of studies

than a major fourth HM gene remain to be establishe
that comprehensively characterise the functional effects of the discovered variants using cell

culture techniques or transgenic animal models.

1.5 Common additional phenotypes in HM

The phenotypic spectrum of HM is characterised by a considerable overlap with different neu-
rological disorders, with epilepsy and ataxia being on top of the list. Although epilepsy, migraine
and ataxia appear to be heterogeneous disease entities at first sight, they share a remarkable
amount of similarities’®. From an epidemiologic point of view, the prevalence of epilepsy in
migraineurs and of a migraine disorder in patients with epilepsy was increased according to a
recent review shedding light on the relationship between migraine and epilepsy®. This co-oc-
currence and close correlation between seizures and HM attacks has already been noticed more

than 150 years ago%.

One rather obvious common feature is their episodic nature, which means that a certain patho-
logic state is evoked for a limited amount of time before restoring the physiological state'®’.
Several triggering factors that have been identified are common among migraine, ataxia and
epilepsy, for instance sleep deprivation or stress'®. The exact mechanisms evoking the transi-
tion into the beforementioned pathologic state are largely unknown. However, once the patho-
physiological processes have been identified, they offer the grand opportunity to specifically
develop therapies that may counteract the transition and prevent seizures, migraine attacks and
ataxic spells. Nevertheless, with respect to genetically caused, monogenic forms of the three
specified disorders, the paroxysmal occurrences of migraine attacks, seizures and ataxic epi-

sodes contrast with the fact that the disease-causing variants are constantly present.

Furthermore, many disease-causing genes are shared between epilepsy syndromes, HM, and
ataxia, which frequently encode transmembrane ion channels, pumps, or transporters. One his-
torical example that was outlined earlier is the discovery of CACNA1A variants, which were on
the one hand, associated with HM and on the other hand, linked to EA2%. In general, different
variants in the same gene often lead to distinct phenotypes suggesting to some extent that cer-
tain pathophysiological pathways may be shared'®. This connection raises the idea that similar
pharmacological treatment may be applicable!'®. In fact, the use of certain substances as treat-
ment for both migraine and epilepsy is already implemented in daily clinical praxis. For example,
the German guidelines for migraine therapy recommend to use the anti-seizure medications

(ASMs) lamotrigine and topiramate as prophylactic treatment to prevent migraine auras®'’.

Both migraine attacks and epileptic seizures are considered to arise from hyperexcitability of a

large neuronal population in different brain regions, which can be the result of genetic variants
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amongst other causes!'?. However, the critical factors that decide whether a hyperexcitable

state induces a CSD or epileptiform activity have remained elusive to date.

1.5.1 Epilepsy and seizures

Epileptic seizures are defined as “a transient occurrence of signs or symptoms due to abnormal
excessive or synchronous neuronal activity in the brain”!!3, Seizures are characterised by the
generation of hypersynchronous network activity due to the involvement of a large population
of neurons, during which the participating cells synchronously depolarise and fire APs!®*. They
can be described based on a focal or generalised onset depending on whether they originate
within neuronal networks of one hemisphere or whether they promptly engage networks of
both hemispheres after originating at some point within networks!'> 114, Additionally, focal, gen-
eralised, and unknown onset seizures can be further subdivided depending on the respective
occurrence of motor or nonmotor classifiers!3.

The diagnosis of epilepsy is made if two unprovoked seizures occur more than 24 h apart, if one
unprovoked seizure occurs in combination with a 2 60 % probability for further seizures over the
following ten years or if an epilepsy syndrome is diagnosed!3. In 2016, the lifetime prevalence
of epilepsy estimated for the general population was 7.6 % per 1000 persons®®. In a Norwegian
population-based study from 2017, 41 % of the included children with epilepsy were diagnosed

a specific genetic epilepsy syndrome!?®,

To classify the epilepsy type of a patient, four different categories including “focal”, “general-
ised”, “combined generalised and focal”, and “unknown” epilepsies have been established?’,
According to the ILAE classification of the epilepsies, an aetiology among six different subgroups
should be determined for every seizure and epilepsy including structural, genetic, infectious,
metabolic, immune, and unknown aetiologies''’. Defining an aetiologic subgroup is considered
highly important, because different therapies are required depending on the respective aetiol-
ogy. For example, epileptic seizures in the context of a bacterial central nervous system infection
may primarily require antibiotic treatment. Moreover, the classification may proceed to defining
a specific epilepsy syndrome, which comprises different characteristics such as seizure types,
EEG features, imaging abnormalities, an age-dependent onset/progress, or the manifestation of
comorbidities, for example intellectual disability. Since the ground-breaking discovery of the
first gene in 1995, a growing number of epilepsy-associated genes have been described in liter-
ature!®, Therefore, the focus of this thesis will entirely be on genes that are associated with

genetic epilepsy syndromes and additionally play a role in HM genetics.

1.5.2 Epilepsy in the context of HM genes

As already mentioned, CACNA1A LOF variants are associated with EA2, whereas GOF variants
lead to FHM1%*°%, However, as in several patients with epileptic encephalopathy that presented
with distinct seizure types, CACNA1A LOF variants were discovered!!® 12121 it was recently ad-

122

judged to be an important gene in the context of epileptic encephalopathies**. Of note, in many

cases, an overlap with additional phenotypic features was noticed, for instance cognitive
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impairment, ataxic symptoms, or autism*2%. Furthermore, CACNA1A variants had been identified
in tottering and leaner mice displaying absence epilepsy earlier'?3,

For most epilepsy-related ATP1A2 variants that have been published in literature, the epileptic
phenotype usually occurred in association with HM® %1, However, in a recent study the spec-
trum of ATP1A2-related disorders was expanded linking heterozygous mutations with a severe
neurodevelopmental phenotype that comprised status epilepticus, early lethality, microcephaly,

cortical malformation, and progressive brain atrophy!?.

In contrast, SCN1A represents the most important epilepsy-associated gene among the three
main HM genes, as LOF variants do not only cause the extremely severe DS but also the milder
GEFS+ phenotype® %, The broad spectrum of SCN1A-associated epilepsy syndromes clearly con-
trasts with the fact that the co-occurrence of epilepsy and seizures in FHM3 patients is relatively
rare compared to FHM1 and FHM2. Whereas GEFS+ patients usually have well treatable seizures
without additional cognitive or motor impairment!?, the developmental and epileptic enceph-
alopathy DS is characterised by an early-onset epilepsy with prolonged seizures of various types
that are mostly refractory to standard ASMs*?® 127, Motor function, behaviour as well as cogni-
tive development are additionally impaired in affected children'?’. Nay1.1 LOF resulting in hypo-
excitability of parvalbumin positive (PV+) inhibitory interneurons underlies both GEFS+ and DS,
however, the severity and consequently the phenotype depend on the degree of interneuron
impairment’> 76, Multimodal analysis of a GEFS+ mouse model harbouring the LOF variant
R1648H revealed an impairment of the AP initiation at the AIS of cortical, hippocampal and tha-
lamic GABAergic interneurons, which resulted in network hyperexcitability’®. Of note, the
R1648H variant directly neighbours the FHM3 variant L1649Q, which will be further discussed in

section 1.6.

On the contrary, FHM3 is situated at the opposite end of the spectrum of SCN1A-related disor-
ders as the underlying pathophysiological mechanism comprises Nay1l.1 GOF, which results in
hyperexcitability of fast-spiking GABAergic interneurons® 78 7°, The spectrum of GOF Nay1.1 dis-
orders has recently been extended due to the identification of a group of patients with neonatal
onset epilepsy with tonic seizures and apnoeas, arthrogryposis, intellectual disability and move-
ment disorders, a second group with later-onset early infantile developmental and epileptic en-
cephalopathy also including movement disorders as well as one patient exclusively with devel-

opmental and epileptic encephalopathy'®® 128

. Interestingly, functional characterisation of
SCN1A GOF variants leading to epilepsy and FHM3 revealed that epilepsy-associated variants
cause a milder GOF effect on the channel'®. In comparison, HM variants are characterised by a
more pronounced GOF effect on Nayl.1 as they evoke a relatively large change in the gating
properties, especially with respect to an increased persistent Na* current!®. Studies that further
elucidate the specific role of Nay1.1 persistent Na* current and that determine characteristic
features to distinguish epilepsy causing GOF and LOF variants will be of great value, as the func-

tional effect of an SCN1A variant has major consequences on therapy.
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As already outlined in section 1.4, several candidate genes have recently been discussed in the
context of HM. Of note, the majority have also been associated with epilepsy. For example,
PRRT2 variants are known to cause benign familial infantile epilepsy (BFIE)!?°. For the SLC2A1
gene, a rather broad spectrum of different epilepsy syndromes has been described in literature
including early onset absence epilepsy, childhood absence epilepsy, myoclonic astatic epilepsy,
and focal epilepsy®*°. The discovery of an extremely severe homozygous SLC4A4 variant has re-
cently expanded the spectrum of SLC4A4-related disorders®. Interestingly, the syndrome con-

currently comprises HM, migraine-associated epileptic seizures as well as status epilepticus®®™.

In the context of SLC1A3-related disorders, an association with epilepsy has also been discov-
ered. To date, epilepsy has only been reported in one case and the syndrome was characterised
by an overlap with HM and EA%. However, due to the frequent overlap of EA6 with (hemiplegic)

migraine®® 97132

and the recent identification of a variant leading to pure HM, SLC1A3 is consid-
ered a potential HM candidate/risk gene® %, Nevertheless, technical advances in genetic diag-
nostics may reveal a more significant role of SLC1A3-associated epilepsy in the future, consider-
ing that variants in the related gene SLC1A2 lead to severe forms of epileptic encephalopathy®*3.
However, the pathophysiological mechanisms leading to SLC1A3-associated epilepsy have not

been explored and clarified so far.

1.5.3 Epileptiform activity versus CSD

In contrast to the synchronous nature of epileptiform activity and its rapid involvement of both
hemispheres in case of a generalised onset!3, CSD as the correlate for migraine aura propagates
much more slowly at a speed of 2-3 mm/min?® 3%, A spread to the contralateral hemisphere as
well as an involvement of subcortical structures, like the thalamus or the hippocampus, are fre-
quently observed in the context of seizure-like activity’® 123, whereas CSD propagation to areas
other than the cortex have only been described for certain HM variants mostly yielding a more
severe phenotype?® 55135136,

Another feature that appears to be similar at first sight but turns out to be rather different is the
phase of suppressed activity following a seizure-like or a CSD event. Each seizure-like event is
usually followed by a short phase of post-ictal depression or slowing of EEG activity lasting sec-
onds to minutes®®’. This term must be distinguished from the postictal state lasting minutes to
days, during which neurological or psychiatric symptoms are observed in patients after an epi-
leptic seizure®’. In contrast, the depolarisation block following a CSD is rather long-lasting, with
a duration of several minutes® /.

Furthermore, an increase in [K*]e is found during both phenomena. During epileptic discharges,
the [K*]e increase is usually moderate and does not exceed 13 mM*38, whereas during CSDs, the

rise in [K*]e is mostly abrupt and noticeably higher, often exceeding 25 mM?& 29,

A recent study clarifying the connection between seizure-like activity and CSD presented the SD

event in a completely different, evolution-based context!®. Tamim and colleagues showed that
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seizures elicited SDs, which resulted in the termination of ictal activity and prevention of seizure
generalisation suggesting that SD may act as an innate antiseizure mechanism%.

Despite the numerous differences between the two hyperexcitable events, seizure-like activity
and SDs still appear to be closely related, which makes the study of both phenomena and their

correlation highly interesting.

1.6 SCN1A-specific prior knowledge

FHM3 causing variants in the SCN1A gene are consistent with a GOF of Nay1.1 leading to hyper-
excitability of PV+ fast-spiking interneurons, in which the Na* channel is predominantly ex-
pressed’®. In general, Nay channels are responsible for generating APs and regulating membrane
permeability for Na* ions due to their rapid channel opening and closing following changes in
membrane potential'*®. The nine identified pore-forming a-subunits usually assemble with aux-
iliary B-subunits to form an Nay channel and each a-subunit comprises four domains (DI-IV)°,
Each domain contains six transmembrane segments (S1-S6), of which the S4 segment carrying

charged amino acid residues acts as voltage sensor* (Figure 2).
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Figure 2. Scheme of the Nay1.1 a-subunit. The a-subunit consists of four domains (DI-1V) and each domain
comprises six transmembrane domains (S1-6). The S4 segment of each domain acts as voltage sensor. The
GOF variant p.Leu1649GIn (L1649Q, blue dot) causing pure HM is located in the S4 segment of DIV®.

The FHM3 phenotypic spectrum rarely includes epilepsy and mostly leads to pure HM?®!, which
also applies to the variant p.Leu1649GIn (L1649Q) being located in the voltage sensor of do-
main 4 of Nay1.1 (Figure 2)%. First functional characterisation of L1649Q, which was introduced
in the human SCN5A gene, overall revealed a GOF effect on Nayl.1 and supported an interfer-
ence with the process of inactivation®. On the contrary, expression of the mutant channel in
tsA201 cells yielded a markedly reduced surface expression of Nay1.1-L1649Q, thereby indicat-
ing a LOF effect’’. However, after rescuing the folding-defective Nay1.1-L1649Q mutant by incu-
bation at lower temperatures, GOF properties were observed by expressing the mutant channel
in tsA201 cells and transfected neurons’. Besides a slowed current activation/decay and a
smaller current density, Cestele and colleagues also demonstrated a depolarising shift of the
voltage dependence of inactivation with an increase in persistent Na* current for Nay1.1-0L1649Q
mutants, which resulted in an increased firing of the transfected neurons’. Overall, the previ-
ously published data on L1649Q strongly indicated a GOF effect on Nayl.1, which leads to
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hyperexcitability of GABAergic inhibitory neurons and results in HM attacks in the affected pa-
tients. This was additionally supported by the first FHM3 mouse model harbouring the variant

L263V, which displayed spontaneous CSDs in vivo**:.

In the following section, specific findings regarding the Scn1a“*%**¥*"t knock-in mouse model that
had been gathered by the Lerche, Hedrich, Plesnila and Pusch lab earlier will be shortly summa-
rised to illustrate the previous knowledge on FHM3, on which the hypotheses and research
questions of this thesis were built upon®. The FHM3-related results presented in this dissertation
were recently published in the Journal of Clinical Investigation bearing the title “Hyperexcitable

IM

interneurons trigger CSD in an Scnla mouse model” as part of a major collaborative work?.

To elucidate the underlying pathophysiological mechanisms of FHM3 and explore how SCN1A
GOF variants lead to higher CSD susceptibility and HM attacks, the Scn1a*'%*°¥"t knock-in mouse
line was generated on a C57BI/6N background®. Whereas heterozygous mice did not differ from
wildtype littermates in extensive phenotypic screenings, homozygous knock-in animals showed
a markedly reduced survival, with a median age of 18 days, and rarely suffered from HM attacks
characterised by circling behaviour (Figure 3 A). In contrast to an early time point at postnatal
day 16 (P16), Western blot analysis at the age of two months revealed a reduction in Nay1.1
protein levels in the cortex of Scn1a****¥"t knock-in animals, which may indicate compensatory
changes (Figure 3 B).

To determine the consequences of the L1649Q variant in vivo, CSDs were triggered in anesthe-
tised animals using topical KCl application and revealed a higher CSD frequency (Figure 3 C, D)
and a lower latency until CSD onset in heterozygous 2 months-old mice (data not shown)?!. Fur-

L1649Q/wt

thermore, using electrical stimulation a lower threshold for CSD induction in Scnla ani-

mals was demonstrated (data not shown)?.
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Figure 3. Reduced survival of homozygous mice and increased CSD susceptibility in vivo (adapted from
Auffenberg et al., 2021)™. (A) In contrast to heterozygous and wildtype animals, homozygous mice died
prematurely, with a median survival of 18 days, which is illustrated by the Kaplan-Meier-Plot (log rank
test). (B) Western blot analysis revealed reduced Nay1.1 protein levels in cortical tissue of heterozygous
compared to wildtype animals at the age of 2 months (Mann-Whitney rank sum test)®. (C) Representative
examples of CSD recordings in an anaesthetised wildtype (grey traces) and Scn1g“*6*°¥"t (blue traces)
animal after topical KCl application (top: DC potential, bottom: ECoG signal)®. (D) At the age of 2 months
the frequency of elicited in vivo CSD events was increased in Scn1a“*¢*°¥* mice (Mann-Whitney rank sum
test)?.
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Whole-cell patch clamp recordings using acute brain slices from P14 to P20 mice were per-
formed to comprehensively investigate the functional consequences of the L1649Q variant on
the single cell level, with a focus on the hippocampal CA1 region and layer 4/5 of the cortex®.
Whereas recordings of pyramidal neurons did not reveal any differences (data not shown), AP
frequencies of fast-spiking inhibitory neurons in the hippocampus and cortical layer 4 were in-

creased in slices of Scnlg‘6#¥wt

animals compared to slices of wildtype littermates (Fig-
ure 4 A, B)'. Recordings from cortical and hippocampal excitatory neurons revealed an elevated
frequency of spontaneous inhibitory postsynaptic currents (sIPSCs) in slices of heterozygous an-
imals (Figure 4 C)!. Additionally, slow voltage ramp recordings in the CA1 region verified an in-
creased steady-state Na* current of GABAergic interneurons in slices of Scn1a***¥“t animals

(Figure 4D, E)*.

A wi/wt L1649Q/wt
Hippocampus Cortex
0.3 nA o wiwt
AL i 1201 o L1649Q/mt 120 é.
100+ ®, 1004 ¢ *
$ 80 ¢ L 80 * é ¢
0.2nA o PR ¢ ¢
60 + * o* 60 1 L] $ ¢
40 4 * * * 8® 40 s ; *
®
20 A i L] 20 4 S ¢
[ ] ®
[ ]
0.1 nA 0 -g —— —— .0‘9., ———————
000 010 020 030 000 010 020 030
Current injection [nA] Current injection [nA]

-0.05 nA

(@]
m

301 * wt/wt L1649Q/wt Scnta
wtwt  L1649Q/wt
S S E—

0mV 0
25 mVIS 25 mVIS I?

204 -80 mVv -80 mV 1004
él TTX X /
/ 200

N w |
wint L1649Q/wt 100 pA_~\\/ 400 —
02s

Scnia

sIPSC frequency [Hz]
integral

Figure 4. Hyperexcitability of cortical and hippocampal inhibitory neurons caused by increased firing
rates and persistent Na* current (adapted from Auffenberg et al., 2021)™. (A) Representative AP series
recorded from a hippocampal fast-spiking inhibitory neuron of a wildtype (left) and heterozygous (right)
animal®. The distinct voltage traces were elicited upon different current injections®. (B) The frequency of
AP firing was increased in fast-spiking interneurons in the hippocampus (left) and cortex (right) of heter-
ozygous animalsl. The number of APs was plotted against the respective current that had been injected
(Scnia“¥*t: grey dots, Scn1a“*64°¥*t: plye dots; Mann-Whitney rank sum test)*. (C) Accordingly, the sIPSC
frequency was elevated in the cortex of Scn1a“*6*°¥"t compared to wildtype mice (Mann-Whitney rank
sum test)®. (D) Ramp Na* currents of hippocampal fast-spiking interneurons were elevated in Scn1g“*64°¥/wt
animals, which is exemplified in the illustrated traces that were recorded from a wildtype (left) and a
heterozygous (right) mousel. The net ramp current was estimated by subtracting the traces recorded with
TTX from those without TTX application®. (E) The integral of the recorded ramp Na* currents was increased
in fast-spiking neurons of Scn1a*%*°¥*t yersus wildtype animals (Mann-Whitney rank sum test)*.

To further strengthen the obtained results and pharmacologically reverse the effect of the vari-

ant, the persistent Na* current blocker GS967%*? was used to study its effect in vivo and in vitro®.
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GS967 did not only reduce the increased persistent Na* current and AP frequency (Figure 4 B, C),

L1649Q/wt

but also prolonged survival in homozygous Scnla mice (Figure 4 A).
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Figure 5. Beneficial effects of the persistent Na* channel blocker GS967 in vivo and in vitro (adapted
from Auffenberg et al., 2021)™. (A) GS967 treatment prolonged the lifespan of homozygous mice, shown
by the Kaplan-Meier-Plot (log rank test)®. (B) Application of GS967 decreased the AP number in hippo-
campal fast-spiking cells of wildtype and heterozygous animals that were elicited upon current injections
(Scnia“*t: grey filled symbol, Scnia"* + GS967: pink empty symbol, Scn1a*64¥%t: plye filled symbol,
Scn1g“e4Ywt 4 55967: red empty symbol)l. The number of APs were plotted against the respective cur-
rent injections (2-way ANOVA)Z. (C) The boxplots visualise the integrals of the net (TTX-subtracted) ramp
Na* currents (Scnla™¥“t: grey/filled, Scnlg"'/** + GS967: pink/empty, Scnlg-*6*°¥wt: plue/filled,
Scn1g“t64Ywty GS967: red/empty)t. The integral was significantly reduced after applying GS967 both for
the cells of wildtype and heterozygous animals (2-way ANOVA)?.

1.7 SLC1A3-specific prior knowledge

Closely resembling the CACNA1A-associated phenotypes, SLCIA3 is associated with EAG%% %1 %2
and has recently been considered as novel HM candidate/risk gene!** 1, |n early studies, the
dual function protein EAAT1 (former/rodent name: glutamate aspartate transporter (GLAST))
encoded by SLC1A3 was linked to the regulation of extracellular glutamate levels and prevention
of synaptic glutamate excitotoxicity'*> ¢, Of note, EAAT1 is mainly expressed in the astroglial

cell population, for example astrocytes, retinal Mueller cells or radial glia-like cells#7- 148 145,150,

By utilising secondary-active transport mechanisms, EAAT1 couples the energy-consuming glu-
tamate removal from the extracellular space with the downward flow of Na* and K* along their
electrochemical gradients in addition to the use of the transmembrane pH gradient®®. In gen-
eral, EAAT1 assembles as a trimer that each comprises eight transmembrane domains (TM1-8)
and two hairpin loops (HP1-2) interacting with the transport substrates (Figure 6)*° 12 . The
complex glutamate transport cycle is initiated in the outward-facing conformation by binding of
the substrate to HP2, followed by a translocation into the inward-facing conformation, which is
achieved by an elevator-like rotational-translational movement of the dynamic transport do-
main relative to the static trimerisation domain of the protein®Z.

The function of EAAT1 to control glutamate homeostasis and its presumable role in HM patho-
physiology may already point towards the excitatory neurotransmitter glutamate to elicit CSDs
and to finally trigger migraine attacks in patients. On the contrary, an early study revealed that
homozygous knock-out (KO) mice displayed defective motor coordination during more ad-

vanced tasks, impaired innervation of Purkinje cells by climbing fibers and an increased
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development of oedema after cerebellar injury'®. The mild phenotype of EAAT1-deficient ani-

mals initially suggested a minor role of the astrocytic glutamate transporter in human disease.

Figure 6. Scheme of the glutamate transporter and anion/Cl" channel EAAT1. EAAT1 comprises eight
transmembrane domains (TM1-8) and two hairpin loops (HP1-2). EAAT1 usually assembles as trimer. The
variant p.Pro290Arg (P290R, light green dot) is located in TM5 and was identified in a patient with HM,
ataxia and epilepsy®®. In contrast, the p.Thr387Pro (T387P, dark green dot) variant causing pure HM is
located in TM7%,

However, EAAT1 also contains an anion-selective conduction pathway, mainly functioning as a
ClI channel*®*. Both the glutamate transport rates as well as the anion currents depend on the

155

specific EAAT isoform™>. Whereas the outward- and inward-facing conformations are assumed
to be non-conductive for anions/Cl, it was demonstrated that the anion-permeable pore is
formed by a lateral movement of the transport domain from an intermediate conformational
state, which is gated by two hydrophobic gates® *°. As SLC1A3 variants can exert effects on both
functions, the pathophysiological mechanisms underlying the respective EAAT1-associated dis-

orders appears to be more complex in nature.

This complexity also applies to the first case report by Jen and colleagues describing the severe
phenotype of a ten-year old boy with EA, HM attacks and epileptic seizures®. The pathogenic
variant p.Pro290Arg (P290R), which is localised in TM5, was identified to cause the overlapping
syndrome (Figure 6)°°. Although most SLC1A3 variants are associated with EA6, one pure HM
phenotype caused by the variant p.Thr387Pro (T387P) has recently been described supporting
the role of SLC1IA3 in HM genetics and pathophysiology®®. Comprehensive analyses of the func-
tional effects of T387P demonstrated diminished glutamate removal and reduced EAAT1 surface
expression, since K* binding to the inward facing transporter was abolished by the variant, which
is consistent with a LOF EAAT1 effect®®. Functional characterisation of the missense mutation
P290R using HEK293T cells revealed decreased surface expression and reduced glutamate
transport rates but increased EAAT1-associated anion/Cl currents!®. Therefore, the P290R var-

iant simultaneously exerts a GOF and LOF effect on EAAT1%,

Using the Slc1a3"°°*"t knock-in mouse model that closely resembles the human phenotype, a
recent study investigated the cerebellar region to understand how the P290R variant causes
ataxia'®®. On the one hand, heterozygous Slc1a3"2°°*t animals suffered from spontaneous sei-

zures, peaking from P35 to P55%®. On the other hand, the model exhibited distinct ataxic
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features, which were verified using the ledge and rotarod test!*®. Apoptosis of Bergmann glia
cells was shown to be triggered by glutamate-activated CI efflux during development, resulting
in a reduction of cerebellar glutamate removal, impaired generation of cellular networks and

consequently, cerebellar degeneration and ataxia®*®.

To clarify the underlying mechanisms for the P290R-associated epilepsy, the collaborating lab of
Prof. Christoph Fahlke focused on the hippocampal region of the Slc1a3°2°°*/* knock-in model
based on the high EAAT1 expression in radial glia-like cells (RGLs) of the dentate gyrus (DG) and
the decisive role of the hippocampus in the context of epilepsies (unpublished data). It was dis-
covered by Fahlke and colleagues that the tonic GABAergic inhibition of DG granule cells was
decreased in heterozygous animals, while the phasic synaptic transmission mostly remained un-
changed (unpublished data). Additionally, reduced internal Cl- concentration ([CI];) levels were
observed in RGLs presumably related to an enhanced CI" efflux, which is caused by the P290R
GOF effect on EAAT1 anion currents (unpublished data by Fahlke and colleagues). Simultane-
ously, a GABA transporter 3 (GAT-3) upregulation in the RGL population was discovered, which
was hypothesised to evoke an increased GABA uptake, as the GAT-3 transport mechanism relies
on transmembrane Na* and CI" gradients (unpublished data by Fahlke and colleagues). It was
further speculated that the observed decreased tonic inhibition may be caused by the concom-
itant reduction in ambient GABA levels presumably resulting in hippocampal hyperexcitability

and seizures both in mice and humans (Figure 7) (unpublished data by Fahlke and colleagues).
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Figure 7. Representative scheme of the anticipated pathophysiological cascade of P290R-associated ep-
ilepsy (unpublished data by Fahlke and colleagues). Measurements of [Cl]iin the DG RGLs revealed lower
internal ClI levels, presumably caused by P290R-associated increased ClI* efflux (unpublished data by
Fahlke and colleagues). Altered CI" (and Na*) transmembrane gradients determine the driving force for
extracellular GABA removal via GAT-3. A marked GAT-3 upregulation combined with an increased driving
force for GABA uptake into RGLs may decrease ambient GABA levels, which decisively regulate tonic inhi-
bition via extrasynaptic GABAa-receptors (unpublished data by Fahlke and colleagues). This was confirmed
by reduced tonic current amplitudes recorded from DG granule cells of S/c1a3P*°%*t animals (unpublished
data by Fahlke and colleagues).
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1.8 Research gap

Although CSD as correlate for migraine aura was first discovered 80 years ago, the exact initiat-
ing factors and underlying pathophysiological mechanisms have not been unravelled to date. A
vast number of studies investigating distinct aspects that are involved in CSD have decisively
contributed to our current understanding, however, several crucial elements with respect to the
processes of CSD initiation and propagation or its relevance regarding migraine pathology in
patients remain to be fully elucidated.

To start with, the more fundamental question if CSDs are mandatorily involved in the context of
migraine with/without aura and initiate the pain pathway to evoke headache remains unan-
swered until now. Despite plenty of evidence supporting the theory that CSD is at the beginning
of the pathophysiological cascade of each migraine attack, migraine with/without aura and HM
may still represent different disease entities with distinct involved mechanisms. As the content

of this thesis entirely focussed on HM, these questions were not touched upon.

Although transgenic animal models for FHM have significantly contributed to the field, studies
exploring FHM1 and FHM2 pathophysiology have increasingly drawn the attention to the excit-
atory neurotransmitter glutamate as key component that elicits the CSD cascade?”-37:4853.55 QOn
the contrary, K* has been implicated in initiating CSDs multiple times. Nevertheless, the specific
role of K* as CSD triggering factor in the context of (F)HM pathophysiology has never been ex-
plored in detail so far. Moreover, experimental studies that directly compare different trans-
genic animal models for HM particularly regarding the key triggering factors and the role of K*
in CSD initiation have never been performed to date. The direct comparison of distinct models

may yield valuable elements that help to disentangle the phenomenon of CSD in HM.

The underlying causes for increased CSD susceptibility in CACNAIA- and ATP1A2-associated HM
were already demonstrated using transgenic mouse models® 2”3, In contrast, the involved
mechanisms in FHM3 have not been clarified until now. Of note, a major contribution of K* in
triggering CSD was specifically proposed in the context of SCN1A GOF variants’. As already out-
lined in section 1.6, using the Scn1a“**°¥"t knock-in model an increased persistent Na* current
and AP frequency in GABAergic interneurons of heterozygous FHM3 animals as well as a higher
susceptibility to CSDs in vivo have been demonstrated®. However, the underlying pathophysio-
logical mechanisms connecting hyperexcitability of inhibitory neurons on the single cell level
with an increased CSD susceptibility in vivo remained to be elucidated. Interestingly, in FHM3,
the properties of GABAergic interneurons are altered?, which clearly contrasts the affected cell
populations in FHM1 and FHM2 and for the first time, suggests a pivotal role of inhibitory neu-
rons in CSD and HM pathophysiology.

Additionally, exact knowledge about which ion channels, transporters and pumps contribute to
CSD initiation and propagation is still lacking as previously performed studies frequently yielded
controversial results3® 34 35 36.42,43,44,45,46 The yo|tage-gated Na* channel Nay1.1 as well as the

glutamate transporter and anion channel EAAT1 are only two examples of a vast group of
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channels, transporters and pumps that have not been investigated with respect to their specific
contribution in the context of CSD.

However, the lack of profound understanding has hampered the development of novel pharma-
cological therapeutic options, especially for patients suffering from the severe HM subtype who
do not benefit from calcitonin gene related peptide (CGRP)-related treatment. The neuropep-

134,157 'is known to

tide CGRP, which is found in perivascular trigeminal sensory nerve endings
elicit the vasodilation during migraine attacks and is released upon stimulation of the trigeminal
ganglion®®®, The discovery of CGRP (receptor) antagonists led to a breakthrough in migraine ther-
apy more than a decade ago. In contrast to migraine patients with and without aura, CGRP did
not elicit migraine attacks or aura symptoms in HM patients, which points towards distinct un-
derlying disease mechanisms®®. Therefore, there is a compelling need for additional therapeutic
agents to treat the rarer, but also more severe and debilitating heterogeneous disorders of HM.
However, the range of pharmacological treatment interfering with elements of the CSD cascade
or directly targeting CSD initiation is extremely small. Thus, the identification of ion channels,
transporters, and pumps as well as involved ions, neurotransmitters and other substances that
affect CSD initiation or propagation are urgently required so that targeted therapeutic options

can be developed in the future.

As the mutational spectrum in HM is relatively small, only three different transgenic mouse mod-
els, based on the underlying mutated gene, are currently available to study CSD and HM patho-
physiology. This emphasises the need for establishing novel animal models with distinct under-
lying genetic causes to receive a more extensive insight and presumably cover new aspects. For
instance, a novel mouse model harbouring an Scnla GOF variant leading to severe epilepsy
would enable to study the tight association between Nay1.1-related HM and epilepsy in a differ-
ent context!®. The generation of an S/c1a2 knock-in mouse model would enable to gain a more
comprehensive knowledge on EAAT pathophysiology with respect to epilepsy and to further
study the role of altered glutamate transport as well as CI" currents in seizure generation. Alt-
hough a new major HM gene has not been established so far, the significance of many candi-
date/risk genes in the context of CSD and HM has not been investigated in further detail, espe-
cially by using transgenic animal models. SLC1A3 is of particular interest among these identified
genes, since it does not only represent an appropriate candidate to explore the glutamate-cen-
tred hypothesis for CSD initiation, but also allows to study alterations in CI" homeostasis and
their involvement in CSD. Besides, due to the predominating astrocytic expression of EAAT1, the
SLC1A3 gene offers the opportunity to examine the widely debated significance of astrocytes in

CSD initiation and propagation.

Additionally, studies that explore the occurrence of additional phenotypes in HM animal models
and the pathophysiology of overlapping syndromes are rarely found, especially with respect to
migraine, epilepsy, and ataxia. Nevertheless, the frequent presence of additional phenotypes in
HM has been explicitly noticed in literature. Due to the marked similarities of CSD and epilepti-

form activity, which both represent pathological states of hyperexcitability, it is particularly
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intriguing to study the co-occurrence of both phenomena within one animal model. Variants in
the SLC1A3 gene can also cause epilepsy, however, the underlying mechanisms have not been
clearly elucidated until now. Interestingly, variants in the SCN1A gene are simultaneously impli-

cated in genetic epilepsy syndromes as well as FHM3.

1.9 Objectives

The main research question of this work referred to the significance of K* in CSD initiation and
propagation with respect to HM pathophysiology. The objective was to clarify if alterations in K*
levels are equally entitled to be considered a key factor in eliciting SD and migraine attacks com-
pared to the excitatory neurotransmitter glutamate, thereby focusing on FHM3 and SLCIA3-
associated overlapping syndrome. The second major question concerned additional HM pheno-
types, especially the study of the co-occurrence of epileptiform activity. For answering both re-

search questions two different novel mouse models for HM were studied.

In the first part of this thesis, the goal was to investigate the key role of K* in triggering CSDs in
the Scn1a"**¥"t knock-in mouse model to establish a mechanistic link between interneuron
hyperexcitability and a higher susceptibility to CSDs!. Additionally, a novel pharmacological
treatment option for FHM3 patients specifically targeting persistent Na* currents should be
tested’. In the second part of the thesis, the goal was to investigate if the Slc1a3"2°°*"t knock-in
model for EA6 was characterised by an increased CSD susceptibility and altered CSD character-
istics, including potential changes in K* homeostasis and the assessment of K* as initiating factor.
Finally, the findings of the Scn1a“****¥"t and the Slc1a3"2°°"“t animal model for HM should be

compared with respect to the identified ionic changes.

An additional goal was to identify anticipated changes in the cortical E/I balance on the single
cell level of Slc1a372°°"%t animals to comprehend the underlying pathomechanisms causing neu-
ronal hyperexcitability and CSD generation.

The final goal was to study frequent HM phenotypes, specifically the co-occurrence of epilepsy
in the Slc1a3"*°""t model, and to identify the severity, the frequency and the duration of the
seizures and status epileptici. Additionally, brain regions that are crucial for seizure origin and

generation should be determined.
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2 Methods

21 Study approval and ethics
The local animal care and use committee (Regierungsprasidium Tiibingen, Germany) approved
each animal experiment. For all in vivo and in vitro procedures, the 3R-principles (replace, re-

duce, refine) as fundamental ethical guidelines in animal research were followed.

2.2 Animals

The Scn1a“**°¥"t knock-in mouse line was generated by Taconic Artemis (KéIn, Germany)*. Gen-
eration of the Slc1a3"°°""t knock-in mouse line was performed by Taconic Biosciences (Ejby,
Denmark). Scn1a“%*°¥"t knock-in animals on a C57BL/6N genetic background, Slc1a3P?°0%/wt
knock-in animals on a 129Sv/Tac genetic background and the respective wildtype control ani-
mals were maintained in a temperature- and humidity-controlled environment at the Core Fa-
cility Transgene Tiere (Tlibingen, Germany). All animals were housed and bred under a 12-hour
dark-light cycle and received water and food ad libitum. In vitro experiments were performed
during the light period. Both sexes were used for the in vitro part of the studies since the animals
were sacrificed before obtaining sexual maturity. In contrast, only male animals were used for
in vivo EEG recordings and subsequent immunohistochemistry. Female animals were excluded
from the in vivo part of the experiments, since their epileptic phenotype may be affected by
fluctuating hormonal changes that depend on the phases of the female cycle. Breeding for both
mouse lines was performed using one wildtype and one heterozygous animal, whereby the het-
erozygous mouse was chosen regardless of the gender. For the Scnla L1649Q line the median
litter size numbered seven animals, whereas for the Sic1a3 P290R line the median litter size was
4.8 pups. Breeding was carefully planned to meet the demand for experimental animals and
reduce the number of surplus mice. Health status of wildtype and heterozygous Scn1gt64°/wt
and Slc1a3"2°%%"t animals was continuously monitored to assess stress levels and identify severe
conditions that fulfilled the human endpoint criteria (Appendix A). Additionally, heterozygous
animals of both lines as well as their wildtype littermates were evaluated around the time of
birth, usually at P3, and after weaning at P21 (Appendix B, C). Diseased animals were presented
to a veterinarian. In case of an unexpected illness, which did not match the mouse line’s pheno-

type, animals were excluded from any experimental procedures.

23 Genotyping

Genotyping of the Scn1a L1649Q and the Sic1a3 P290R offspring was performed using standard
polymerase chain reaction (PCR) techniques. For animals, that had been used for in vitro exper-
iments, deoxyribonucleic acid (DNA) was acquired from post-mortem tail biopsies. Animals that
were used for jn vivo experiments or breeding were earmarked, whereby the DNA was acquired
from earmark tissue. Earmarks were only taken from animals with a minimum age of P21. The
specialised instruments used for this purpose were thoroughly disinfected before and after us-
age. After the biopsy, the mice were examined to check for bleeding complications. The tissue

from the earmarks and tails were stored in Eppendorf tubes at -20°C until further usage. For
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L1649Q/wt 3nimals and from tail

DNA extraction from earmarks of wildtype and heterozygous Scnla
biopsies of both mouse lines the tissue was incubated overnight in 500 pl lysis buffer and 10 pl
Proteinase K (Meridian Bioscience Inc., Memphis, USA) at 56°C. The lysis buffer contained the
following (in mM): 50 Tris-HCI (pH 7.5) (AppliChem GmbH, Darmstadt, Germany), 50 EDTA
(pH 8.0) (AppliChem GmbH), 100 NaCl (VWR International GmbH, Darmstadt, Germany), 5 DTT
(AppliChem GmbH), 0.5 Spermidin (Salmon Sperm DNA, 10mg/d|, Invitrogen/Thermo Fisher Sci-
entific Inc., Waltham, USA), 347 SDS (Carl Roth GmbH + Co. KG, Karlsruhe, Germany). Next, the
lysate was centrifuged at a speed of 12000 rpm for five minutes and the supernatant was trans-
ferred to a different Eppendorf tube. The rest of the lysate was stored at 4°C until the end of the
procedure in case of genotyping failures. After adding 350 pl of 100 % isopropanol to the lysate
and precipitating the DNA by gently shaking the tube, another centrifuging step at the same
speed for 15 min took place. The supernatant was discarded, leaving the DNA pellet, and a wash-
ing step with 350 ul of 70 % ethanol followed by centrifuging the tubes again at 12000 rpm for
5 min. Subsequently, the supernatant was discarded, and the remaining DNA fragments were
dried at room temperature for 45 min to one hour. As a last step of DNA extraction, the dried
DNA fragments were diluted with Ampuwa water.

For DNA extraction from earmark tissue of wildtype and Slc1a3P*°%*t animals the MyTaq Ex-
tract-PCR Kit (Meridian Bioscience Inc.) was used. The tissue was incubated in 70 pul Ampuwa
water, 20 ul buffer A and 10 pl buffer B with a duration of 15 min for each included temperature
step, first at 75°C and then at 95°C. After centrifuging at maximum speed, 90 ul of the superna-
tant were carefully removed with a pipette and diluted with Ampuwa water at a 1:40 ratio.

For both procedures of DNA extraction, the DNA concentration was quantified using a NanoDrop
ND-1000 UV-Vis spectrophotometer (Thermo Fisher Scientific Inc., Waltham, USA). If the con-
centration was > 300 ng/pul for the tail tissue and > 600 ng/ul for the earmark tissue, the amount
of Ampuwa water needed to obtain the desired concentration was firstly calculated and then
added to the diluted DNA.

For PCR amplification, 2 ul of the diluted DNA were added to a previously prepared master mix
comprising 8.5 pl Ampuwa water, 1 ul of the first, 1 pl of the second primer and 12.5 pl MyTaq
Red Mix (Meridian Bioscience Inc.), which included MyTaq DNA Polymerase and a buffer system
with a red dye (Table 1). The included red dye served for visualising the results of the subse-

qguently performed gel electrophoresis.

Table 1. Composition for polymerase chain reaction amplification.

Reagant Amount
Primer A 1
Primer B 1
Mouse DNA 2ul
MyTaq Red Mix 12.5 pl
Water 8.5 ul
Total 25 ul
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Before performing PCR, each Eppendorf tube was shortly placed in a benchtop centrifuge to
guarantee proper dissolution. PCR was performed using a Biometra T3 Thermocycler machine
(Biometra biomedizinische Analytik GmbH, Gottingen, Germany) or a TurboCycler machine
(TurboCycler 2 Thermal Cycler, Blue-Ray Biotech Corp., Taiwan). In Table 2 the PCR protocol
for the L1649Q knock-in mouse line is shown, whereas the PCR protocol for the P290R knock-

in mouse line is visualised in Table 3.

Table 2. PCR protocol to perform genotyping of Table 3. PCR protocol to perform genotyping of
Scn1g“84°YWt gnd Scn1g™“t transgenic animals. | Slc1a3°2°%%%t and Sic1a3"Y" transgenic animals.
Protocol L1649Q Protocol P290R
Initial denaturation: ~ 95°C 5 min Initial denaturation: ~ 95°C 5 min
35 cycles: 40 cycles:
Denaturation: 95°C 0.50 min Denaturation: 95°C 0.50 min
Annealing: 60°C 0.50 min Annealing: 57°C 0.50 min
Extension: 72°C 0.75 min Extension: 72°C 1 min
Final Extension: 72°C 10 min Final Extension: 72°C 5 min
Soak: 4°C ) Soak: 4°C o0

After PCR, the samples were either stored at 4°C until further usage or directly applied onto an
agarose electrophoresis gel to analyse the size of the DNA fragments. For the L1649Q knock-in
mouse line, a 1.5 % agarose gel and for the P290R knock-in mouse line, a 1.0 % agarose gel were
used respectively. The corresponding quantity of agarose basic (AppliChem GmbH) was dis-
solved in TBE-puffer (A348, AppliChem GmbH) and heated up in a conventional microwave for
several minutes until complete dissolution could be visually confirmed. After a short cooling
step, 7 ul of RedSafe nucleic acid staining solution (iNtRON Biotechnology, Jungwon-gu, Seong-
nam, Gyeonggi-do, Korea) were supplemented per 100 ml of the initially vicious agarose gel to
later identify the nucleic acids. Subsequently, the vicious agarose gel was poured into an elec-
trophoresis chamber. Gel hardening was usually achieved after 30 min. Before loading the small
gel pockets with 10 pul of the samples, the entire chamber was flooded using TBE-buffer. A volt-
age of 120 V was used during electrophoresis leading to total duration of around 1.5 hours.

For genotyping Scnla L1649Q offspring, the following primers purchased from Integrated DNA
Technologies, BVBA (Leuven, Belgium) and Thermo Fisher Scientific Inc. were used: 5’- TAG-
TGTGCAAGCTTGAGAACG-3’ and 5'-TCAGCTCCTTCAGTCCTTGC-3". Visualisation of the electro-
phoresis gel (1.5 % argarose) resulted in one fragment at 197 bp for wildtype DNA and two frag-
ments at 197 bp and 298 bp for heterozygous DNA (Figure 8 A)™.

Deletion of the neomycin cassette, which had been introducing the P290R knock-in, was used
as a marker for genotyping Slc1a3 P290R offspring and resulted in the following primers (Meta-
bion International AG, Planegg, Germany): 5-AAGAGGATCCCCAGGCGCGCATAC-3' and 5'-
CAGGCTGTGGCATGGACAAC-3'%®, Visualisation of the electrophoresis gel (1.0 % agarose) under
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UV light gave rise to a single band at 478 bp for wildtype DNA and two bands at 478 bp and
739 bp for heterozygous DNA (Figure 8 B).
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Figure 8. Genotyping of the L1649Q and P290R mouse lines. (A) Representative example of a gel electro-
phoresis result of one Scn1a“'**°Y" knock-in animal (left), one Scnia“”** animal (second left), a water
containing control (second right) and a HyperlLadder 1 kB with 100 lanes (Meridian Bioscience Inc.)
(right)*. (B) Representative example of a gel electrophoresis result of one Slc1a3"2°°*%t knock-in animal
(left), one Slc1a3*¥"t animal (second left), a water containing control (second right) and a HyperLadder
1 kB with 100 lanes (Meridian Bioscience Inc.) (right).

2.4 Preparation of acute brain slices

For in vitro electrophysiology, P15-20 animals of both lines were sacrificed under isoflurane an-
aesthesia. For induction of anaesthesia, animals were maintained in their home cages, which
had been transferred from the animal facility to the laboratory area. An isoflurane vaporiser
(Eickemeyer IsoFlo) was used to apply 5 volume % isoflurane (CP-Pharma) with a flow of 1 |/min.
During induction of anaesthesia, the mice were continuously monitored in terms of spontaneous
movements, respiratory rate, and absence/presence of specific reflexes. After having reached
the state of surgical anaesthesia, which was confirmed by a negative righting and toe pinch re-
flex, the mice were translocated from their home cage to a bench for slice preparation and
promptly decapitated using scissors. Removal of the brains was performed in ice-cold cutting
artificial cerebrospinal fluid (aCSF).

To prepare the cutting aCSF for in vitro CSD recordings, the following composition (in mM) was
used: 125 NaCl (VWR International GmbH), 25 NaHCOs (Carl Roth GmbH + Co. KG), 2.5 KCI (Ap-
pliChem GmbH), 7 MgCl, (AppliChem GmbH), 2 CaCl, (Sigma-Aldrich/Merck, St. Louis, USA),
1.25 NaH,PO, (Sigma-Aldrich/Merck, St. Louis, USA), 10 D(+)-glucose (Carl Roth GmbH + Co. KG)
(pH 7.4, equilibrated with 95 % 0,/5 % CO,)" ’®. For preparation of the cutting aCSF for in vitro
patch-clamp recordings, a different composition (in mM) was utilised: 125 NaCl, 26 NaHCQOs3,
2.5 KCl, 5 MgCl,, 0.5 CaCl,, 1.25 NaH,P0Qy4, 20 Glucose (pH 7.4, osmolarity 305 mOsm/kg, equili-
brated with 95 % 0,/5 % CO,). For preparing both the cutting and the recording solutions, a Kern
ABJ analytical balance (Ascuro AG, Reinach, Switzerland) was used. An osmometer (Loser Mess-
technik, Berlin, Germany) and a pH meter (Mettler-Toledo GmbH, GieRen, Germany) served to

check and adjust the osmolarity and the pH of a solution.
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First, the skin of the animal was reversed to expose the skull, which was followed by a straight,
careful cut along the midline with a scalpel. As a next step, a small forceps was used to lift the
skull of each hemisphere and subsequently fold the bony parts to the sides without damaging
the brain. The olfactory bulbs were carefully severed with a scalpel. A small spatula was gently
moved between the inferior part of the brain and the skull so that the brain could be lifted to
put it into a different dish filled with ice-cold cutting aCSF. If the cranial nerves were still intact,
they were disconnected immediately. The most posterior part of the brain was usually cut off to
create an even surface. Mounting of the brain was performed with a spatula. First, the brain
surface that was subsequently used for gluing the brain onto a circular magnet was dried with a
tissue. The brain was positioned next to a 4 % agarose cuboid to ensure additional stabilisation
on the magnet. By dropping aCSF onto the brain, hardening of the glue was ensured. Finally, the
circular magnet was connected to the bottom of the bathing chamber of a Microm HM 650V
vibratome (Thermo Fisher Scientific Inc.). The bathing chamber was filled with cutting aCSF,
whereby the recipe depended on the planned experiment, as mentioned before.

Coronal slices with a thickness of 350 um were obtained with the beforementioned vibratome
using a frequency of 90 Hz, an amplitude of 0.9 mm and a velocity of 7 mm/s. After cutting, the
acute slices were stored for one hour at a temperature of 36.0°C to allow recovery from the
slicing procedure. For storage, the brain slices were carefully positioned on a thin nylon net al-
lowing aCSF exposure from the upper and lower side of the slice and avoiding any overlap with
nearby slices. The extracellular solution for the storage of slices and the subsequent CSD record-
ings contained the following modified composition in (mM): 124 NaCl, 26 NaHCOs, 3.5 KCl,
1 MgCl,, 2 CaCl,, 1.2 NaH,P0O4, 20 Glucose (pH 7.4, osmolarity 305 mOsm/kg, equilibrated with
95 % 0,/5 % CO,)" 1%, The extracellular solution for the storage of slices and the subsequent
patch clamp recordings contained the following composition (in mM): 125 NaCl, 26 NaHCQOs3,
2.5 KCl, 1 MgCl,, 1.25 NaH,P0Q4, 2 CaCly, 25 Glucose (pH 7.4, osmolarity 305 mOsm/kg, equili-
brated with 95 % O,/5 % CO>). After the recovery period, the slices were kept at room temper-

ature. All in vitro experiments were completed within seven hours after brain removal.

25 Recording of CSD in vitro

As described previously, K*-sensitive microelectrodes were built out of borosilicate glass mi-
cropipettes that did not comprise a filament inside (GB150-10, 0.86 x 1.50 x 100 mm, Science
Products, Hofheim, Germany)'®. The glass capillaries were washed overnight in a tube filled
with 1 M hydrochloric acid (HCI) (AppliChem GmbH) that was put on a shaker!®®. After rinsing
them with 70 % ethanol, the capillaries were dried at a temperature of 120°C and for the dura-
tion of seven to eight hours!®®. Subsequently, the washed capillaries were exclusively handled
with gloves to avoid any contamination. For storage up to four weeks, they were deposited in a
box containing anhydrous Ca?* sulphate desiccant (W. A. Hammond DRIERITE Co. LTD, USA)°.
After pulling the micropipettes with a Flaming/Brown Micropipette Puller (Model P-97, Sutter
Instrument, Novato, USA), they were taped onto a conventional cover slip (Menzel GmbH + Co
KG, Braunschweig, Germany) with the fine tips being slightly elevated from the bottom of a glass

container®®®. Next, a nitrogen-filled balloon that was connected to a 1 ml syringe (Becton,
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Dickinson and Company (BD), Eysins, Switzerland) and 20 G needle (Sterican Gr. 1, G 20 x 1.5"/
@ 0,9 x 40 mm, B. Braun SE, Melsungen, Germany) was used to create the correct atmosphere
to remove 1-2 ml of silanisation solution | (= 5 %, dimethyldichlorosilane in heptane, Sigma-Al-
drich/Merck) from a container using a second syringe connected to a 20 G needle!®. On each
electrode tip, at least two droplets of silanisation solution were applied*®. The electrodes were
dried in an oven (HERAEUS oven, Thermo Fisher Scientific Inc.) at 220°C for 30 min® 1, After
that, the electrodes were either used directly in an experiment or stored in a container with Ca%
sulphate desiccant for a maximum of one week.

Prior to the experimental use, the silanised electrodes were filled with an intracellular solution
containing 300 mM NaCl buffered with 10 mM HEPES (AppliChem GmbH) (pH 7.4) by strictly
avoiding any air bubbles!®®. The electrode tips were manually broken using a surgical blade and
a small droplet (~ 0.1 pl) of K* ionophore I-cocktail B (Sigma-Aldrich/Merck) was directly ab-
sorbed into the electrodes when applying it near the tip'®. The microelectrodes were filled to
1-2 mm with the ionophore cocktail*®®. For magnification, the entire procedure was performed
using a binocular.

Five different aCSF compositions containing different KCl concentrations (in mM: 0.1, 1, 3.5, 10,
100, pH 7.4, equilibrated with 95 % 0,/5 % CO,) were used to calibrate each electrode . Each
calibration solution was equal in osmolarity as NaCl quantity was adjusted according to the KCl
quantity that was added?®’. The electrode tip was immersed into the bath, which was perfused
at a rate of 6.5 ml/min and contained an Ag/AgCl ground electrode. To define a baseline, each
calibration procedure started with aCSF comprising 3.5 mM K*%, in which the electrode was pro-
vided several minutes to adjust before the aCSF solutions with different KCl concentrations were
applied. Calibration solutions were applied stepwise to record the potential changes in mV start-
ing with the lowest KCl concentration®. The calibration solution was changed to a higher con-
centration after the potential value had reached a stable plateau. Only electrodes with a slope
between 52 and 58 mV per log change in [K*] were considered reliable for experimental use
(Figure 9) %% The aCSF comprising 3.5 mM K* was not used during the calibration procedure,
but in a final step, for excluding those electrodes that were characterised by significant devia-
tions compared to the baseline potential.

During experiments, each K*-sensitive microelectrode was closely monitored for showing stable
potential values and to immediately identify the sudden occurrence of air bubbles interfering
with correct measurements. Instable potential values and the occurrence of air bubbles led re-

L1649Q/wt /e

jecting the microelectrode in use. CSD recordings of slices from heterozygous Scnla
sus wildtype animals were followed by a re-calibration of the microelectrode after each record-
ing. This procedure was complied with to check that the self-made electrodes did not deviate

more than 10 % from the original slope, which confirmed their reliability?.
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Figure 9. Representative calibration curve of a K*-sensitive electrode (adapted from Auffenberg et al.,
2021)L. The calibration curve has an acceptable slope of 54.96 (52-58 mV per log change in [K*]). The
voltage/concentration values for the different [K*]e aCSFs (light grey dots), the baseline value (white dot)
and the recorded maximum value of a [K*]. rise during a CSD (dark grey dot) are shown.

For CSD recordings, each brain slice was carefully placed onto the surface of a 256 MEA chip
(Multi Channel Systems MCS GmbH, Reutlingen, Germany), which was utilised as a submerged
recording chamber. The chip was inserted into a MEA2100-256-headstage (Multi Channel Sys-
tems MCS GmbH) connected to an Interface Board (MCS-IFB 3.0 Multiboot, Multi Channel Sys-
tems MCS GmbH) and a computer. With respect to the CSD recordings, the MEA system was
primarily used to better visualise and observe the propagation of the CSD via multi-unit activity
during recordings. The MEA-headstage was placed in the centre of a platform belonging to a
Sensapex uM workstation (Sensapex, Oulu, Finland) equipped with a Sensapex uMs microscope.
To visualise the slices and position the electrodes, an Olympus UPlanFLN 4x objective was used.
A self-made harp ensured that floating of the slice was permanently absent, particularly by po-
sitioning one harp string onto the cortical surface. During experiments, slices were perfused at
a rate of 6.5 ml/min using a Peristaltic Perfusion System (PPS2, Multi Channel Systems MCS
GmbH) and with recording aCSF containing a slightly elevated concentration of 3.5 mM KCl com-
pared to the cutting aCSF, which has already been described beforel. For each recording, the
inflow and outflow were each placed at the same position inside the recording chamber to avoid
confounding by alternating the supply and removal of substances, in particular K*. Slices were
kept at a constant temperature of 34°C using a perfusion cannula with a heating element and a
sensor (PHO1, Multi Channel Systems MCS GmbH) in combination with an internal heating ele-
ment and a PT100 sensor belonging to the MEA headstage, that were both connected to a tem-
perature controller (TC02, Multi Channel Systems MCS GmbH).

To elicit a CSD, a glass pipette (0.2 - 0.5 MQ) containing a concentration of 200 mM KCl was
placed onto the surface of cortical layer 2/3 of the motor or somatosensory cortex® 2% 161 A
single KCl injection with a duration of 400 ms was applied using a PDES-02DX pneumatic drug
ejection system (npi electronic GmbH, Tamm, Germany), which ejected pulses at a pressure of
7 psil #8182 To visualise the injected volume and estimate its spread the puff solution was sup-
plemented with 0.1 % Fast Green FCF (Sigma-Aldrich/Merck)? ¢,

To record an elicited CSD, a K*-sensitive microelectrode was placed onto the surface of cortical

layer 2/3 with a distance of at least 800 um to the beforementioned puff electrode 4% 52162, An
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extracellular local field potential (LFP) pipette having less than 100 um to the K*-sensitive elec-
trode confirmed the presence or absence of a CSD?. The DC potential electrodes (= 0.5 MQ) were
built out of borosilicate glass micropipettes (Science Products) that were pulled using the be-
forementioned Flaming/Brown Micropipette Puller (Model P-97, Sutter Instrument, Novato,
USA)L. Subsequently, the DC potential electrodes were filled with recording aCSF. The tip of
each DC potential electrode was manually broken using a surgical blade and a binocular for mag-
nification. For grounding the DC and the K*-sensitive electrodes, Ag/AgCl electrodes were put
into the bath. Both the microelectrode as well as the DC electrode were tightly connected to
Sensapex uMp micromanipulators to guarantee controlled movements with a rotary wheel con-
troller and a touch screen unit (Sensapex). The electrophysiological traces were recorded with
an EPC 10 USB Quadro System (HEKA Instruments Inc., Holliston, USA) and the Patchmaster next
software (HEKA Instruments Inc.). Each CSD recording consisted of a 10 s-lasting baseline re-
cording of the DC and K* trace, which was directly followed by a 400 ms-lasting TTL pulse trans-
mitted by the Patchmaster next software. The TTL pulse triggered the pneumatic drug ejection
system to elicit the K* puff, the Ocular Image Acquisition Software to start the CCD camera for
I0S (intrinsic optical signal) recording and the acquisition of a series of three 100 s-lasting
sweeps to record the DC and K* trace. Consequently, the DC and K* traces of each CSD recording
had a total duration of 300 s. A sampling rate of 20 kHz was used. As the selection of a filter
application was required by the software, a 10 kHz Bessel filter was chosen.

Each slice was only used once for the initiation and recording of a SD?, since CSDs are followed
by a long-lasting suppression of neuronal activity. After CSD induction, the slices usually require
long recovering periods until they can be used for recurrent CSD inductions and recordings.

A CSD was determined as “local” CSD if the 10S signal exclusively occurred locally at the injection
site and did not start to migrate (Figure 10 A)'. A CSD was defined as an “aborted” CSD if the I0S
signal travelled less than 800 um distance from the injection site (Figure 10 B). Aborted and local
CSDs were both categorised as “failed” CSDs?.

A »

LFP electrode

K* electrode

Figure 10. Failed CSD. (A) Representative example of an aborted CSD with a migration distance < 800 pm
from the injection site. A KCl injection onto cortical layer 2/3 was used to elicit CSDs that were recorded
by an LFP and K*-sensitive electrode?. Scale bar: 500 um. (B) Representative example of a local CSD rec-
ognisable by the white 10S ring around the puff pipette and the lack of any signs for migration®. Scale bar:
500 pm.
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Additionally, a CCD camera (Retiga Electro, Teledyne Photometrics, Tucson, USA) was used to
capture the 10S. Using an Ocular Image Acquisition Software (Teledyne Photometrics), the 10S
picture sequences were acquired at a constant frame rate (10 per second) and with a fixed ex-
posure time (100 ms), resulting in a varying duration of each movie (86.5 s to 89.0 s)*. To identify
the propagating wave front and quantify the propagation speed, a custom-made Imagel-Fiji
Macro was generated for image processing?, based on a previously published script®2. The first
step included a manual contrast adjustment of each picture sequence?. Background elimination
and extraction of the wave were achieved by subtracting the first image that had been acquired
prior to KCl microinjection®. The site of KCl injection was defined manually and used as a starting
point for drawing a horizontal straight line®. Using the Plot Profile function, a data sheet includ-
ing the pixel intensity values along the previously drawn line and for each I0S image of the se-
quence was created?. For each frame, the location of the CSD wave front was determined as the
position of the values of maximum pixel intensity along the drawn linel. For identifying the max-
imum values and for further quantifying the propagation speed, a custom-made Matlab script
(Matlab R2020, Matlab R2021, Matlab R2022 software) was used?. The calculation of the aver-
age propagation speed was achieved by plotting the location of the maximum pixel values, which
represents the distance travelled by the wave, for each frame, representing the time?. For each
I0S picture sequence, the velocity was estimated by dividing the travelled distance by ten con-

secutive time intervals and average the obtained values®.
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Figure 11. Visualisation of the threshold/inflection point, AUC and rise time/decay of the [K*]. curve
(adapted from Auffenberg et al., 2021). (A) Determination of the inflection point by calculating the first
derivative and identifying its peak valuel. The averaged [K*]e curve for all K* recordings in slices of
Scn1a“*4°¥"t gnimals (top) and the respective first derivative (bottom) are presented®. The threshold,
inflection point, and peak are indicated in both curves?. (B) The averaged [K*]. curve for all K* recordings
in slices of Scn1a“*%*°¥"t animals before and during a CSD including the AUC from K* threshold to the
inflection point®. In the magnified box, the AUC, from the time point of a + 0.1 mM [K*] increase of the
10 s [K*]e baseline to the inflection point, is shown in detail®. (C) Representative [K*]e recording to visualise
the time point of the KCI puff (arrow) to elicit the CSD, the 20 to 90 % rise time, the maximum [K*]. at the
peak of the curve and the [K*]e 200 s after the peak value, termed as the decay®.

47



For analysis of the K* electrode traces, a custom-made Matlab script was used to obtain the
concentration changes (in mM) during CSD recordings via the recorded potential changes as well
as the slope of calibration and to calculate further K*-associated parameters®. The [K*]. baseline
was defined as the average of the first 10 s of the recording following KCl microinjection®. The
beginning of the [K*]e increase, which will also be referred to as the K* threshold, was defined as
a 0.1 mM increase in average baseline concentration (Figure 11 A)’. The inflection point of the
K* trace was calculated by estimating the peak of the first derivative of the K* recording (Fig-
ure 11 A)L. The area under the curve (AUC) was quantified by integrating the K* signal from the
point of K* threshold until the inflection point (Figure 11 B)!. The maximum rising speed was
determined as the peak value of the first derivative of the K* trace (Figure 11 A)'. The [K*]. decay
200 s after the peak of the curve was defined as the relative [K*]c compared to the [K*] value at
the peak (Figure 11 C)*. For calculating [K']e at the peak, the 20 to 90 % rise time and the [K']e

decay, the baseline concentration was subtracted respectively.

2.6 Administration of GS967

To test the effect of the persistent Na* channel blocker GS967 (Cayman Chemical, Ann Arbor,
USA) on CSD initiation, a concentration of 5 uM was used?’ *2, Aliquots containing stock solu-
tions with a concentration of 10 mM were stored at -20°C and dilution was performed on the
day of the experiment. Slices were perfused with recording aCSF supplemented with GS967.
Before KCl application, slices were exposed to the inhibitor of the persistent Na* current for at

least 25 min. Recording aCSF supplemented with GS967 was used for a maximum of 1.5 hours.

2.7  Invitro electrophysiology of the Sic1a3"?°**/%t knock-in mouse line

As described previously, whole-cell patch clamp recordings (Figure 12 A, adapted from Hamill
et al., 1981) were performed in a submerged chamber, in which the acute brain slices were con-
tinuously perfused with oxygenated recording aCSF®3. For this purpose, a Gilson Minipuls 3 Per-
istaltic Pump (Gilson Incorporated, Middleton, USA) with a flow rate of 12.5 ml/min was used.
The temperature was held at 34°C with a Scientifica heater and a LinLab2 software (Scientifica,
Uckfield, United Kingdom). To ensure complete absence of movements of the cells during elec-
trophysiological recordings, a self-made harp was used to keep the slices in place.

To visualise the targeted cells in the respective region of interest, an Olympus BX61WI micro-
scope (Olympus Corporation, Tokyo, Japan) was used with the following objectives: LUMPIlanFLN
60x objective, LMPlanFLN 5x objective. The software cellSens Dimension (Olympus Corporation)
was used for controlling the microscope via the computer and for visualising the brain slice on
screen. As layer 2/3 of the motor and somatosensory cortex were chosen for investigating CSDs,
recordings of spontaneous and miniature inhibitory and excitatory postsynaptic currents (s/miP-
SCs, s/mEPSCs) as well as tonic current recordings of pyramidal cells were performed in layer 2/3
of the somatosensory cortex. Pyramidal cells were selected according to their triangular shape,
large size and specific localisation within the slice. A representative example is depicted in sec-

tion 3.3.1 (Figure 19 E, ). Additionally, patched cells were filled with biocytin (Sigma-
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Aldrich/Merck) and stained afterwards to confirm the correct cell type and position within the
layers.

Patch clamp data were collected using a Multiclamp 700B amplifier, a DigiData 1420 and
pClamp 10.6 software, which were all purchased from Molecular Devices (San Jose, USA) (Fig-
ure 12 B).

B patch clamp amplifier A/D converter
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Figure 12. Representative schemes of the establishment of a whole-cell configuration and a recording
setup. (A) Release of minimal positive pressure is essential to obtain a Gigaohm seal resulting in a cell-
attached configuration. After carefully applying suction and gaining access to the cell, whole-cell patch
clamp recordings can be initiated (adapted from Hamill et al., 1981)%3, (B) Postsynaptic and tonic currents
were recorded from cells of an acute brain slice using a pipette filled with intracellular solution containing
Biocytin for subsequent identification and a bath electrode, while the submerged chamber was perfused
with extracellular solution. Cells were visualised with a microscope. A patch clamp amplifier and A/D-
converter were needed to record, visualise, and store the electrophysiological data on a PC.

The intracellular recording solution contained (in mM): 130 CsCl (Sigma-Aldrich/Merck), 8 NaCl,
0.2 MgCly, 2 EGTA (Sigma-Aldrich/Merck), 4 Mg-ATP (Sigma-Aldrich/Merck), 0.3 Li-GTP (Sigma-
Aldrich/Merck), 1 QX-314, 10 HEPES/CsOH (Sigma-Aldrich/Merck) and 0.3 % Biocytin (pH 7.2,
osmolarity 290 mOsm/kg). During recordings, the intracellular solution was stored in a container
containing ice to avoid the breakdown of certain ingredients.

Patch electrodes were pulled out of borosilicate glass micropipettes (Science Products) using a
Flaming/Brown Micropipette Puller (Model P-97, Sutter Instrument) until they had a final tip
resistance of 2.5-4.0 MQ.

The electrodes filled with intracellular solution were tightly connected to a Scientifica PatchStar
micromanipulator on the mounting stage of a Scientifica SliceScope Pro 2000 electrophysiology
system (Scientifica). Upon access to the extracellular solution, a small amount of positive pres-
sure was applied using a 1 ml syringe (BD) to prevent the debris within the solution to occlude
the pipette tip. Before establishing a gigaseal with the desired cell, the pipette current was ad-

justed to zero by using the Pipette Offset function provided by the pClamp software. After
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forming a gigaseal, the pipette capacitance was electronically eliminated and corrected for by
using the Pipette Capacitance Compensation being split into a fast and a slow component by the
program. Next, the membrane patch was broken by building up negative pressure with the sy-
ringe (BD) followed by stepwise Whole-Cell and Series Resistance compensation for each rec-
orded cell. Series Resistance compensation was increased to at least 80 % to minimise the volt-
age error. Cells with a series resistance > 20 MQ or with an unstable membrane potential were
excluded. During IPSC, EPSC and tonic current recordings, cells were held at a membrane poten-

tial of -70 mV. Sampling rate for all recordings was 100 kHz.

IPSCs were recorded and analysed over a period of 5 min, whereas for EPSCs a shorter duration
of 100 s was chosen. To record GABAergic IPSCs, 10 uM cyanquixaline (CNQX) (Sigma-Al-
drich/Merck or Tocris Bioscience, Bristol, United Kingdom) and 50 uM (2R)-amino-5-phospho-
valeric acid (AP-5) (Tocris Bioscience) were added to the recording solution. To isolate a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor-mediated EPSCs, the recording
aCSF was supplemented with 50 pM AP-5 and 100 uM Picrotoxin (PTX) (Sigma-Aldrich/Merck).
Recordings of miniature IPSCs (mIPSCs) and miniature EPSCs (mEPSCs) were performed in the
presence of 1 uM TTX (Carl Roth GmbH + Co. KG). CNQX, AP-5, PTX and TTX were stored as stock
solutions at -20°C. The toxins were diluted with recording solution on the day of recording,
whereas the remaining aliquots were temporarily kept in an ice-filled container. During record-
ings, cells were filled with 0.3 % Biocytin for subsequent immunohistochemistry.

The analysis of spontaneous and miniature IPSCs and EPSCs was also performed with Clampfit
software using the Template Search function. For each recorded trace, one or more representa-
tive events were identified to search for further templates within the respective trace generat-
ing a template file. Before the analysis, a threshold that specifically matched each template file
was chosen manually and the template file was used to identify the IPSCs and EPSCs. Due to a
minor signal-to-noise ratio for EPSC recordings, traces were filtered prior to Clampfit analysis by
applying a 1 kHz Bessel filter. Each event, which was automatically detected by the template
search function of the program, was checked, and confirmed manually. The relative amplitude,
the interevent interval, the instantaneous frequency and the decay time constant were used as
parameters for further statistical analyses.

For generating representative current traces, spontaneous and miniature IPSC and EPSC record-
ings were filtered applying a Bessel filter at 1 kHz (Clampfit 11.1 software, Molecular Devices,
LLC.) (Figure 19 A, Figure 20 A).

For estimating the amplitude of GABAa-receptor mediated tonic conductances, holding currents
under baseline condition were recorded in the presence of 10 uM CNQX and 50 uM AP-5. During
holding current recordings, cells were carefully monitored for maintaining a stable leak current
over a period of at least 5 min. If instability was observed, the cells were discarded and not used
for recordings. If the cells appeared to be highly stable, 50 uM PTX were added to the recording
aCSF and subsequently washed in. After PTX arrival cells were recorded for at least another
10 min. Estimation of the GABAx-receptor mediated tonic conductance was achieved by sub-

tracting the average of a 30-second epoch of the holding current during constant PTX perfusion

50



(+ 6 min after PTX arrival) from the average of a 30-second epoch of the baseline holding current.
Two representative examples of the analysis of the GABAa-receptor mediated tonic conductance
are shown in Figure 20 G (section 3.3.2), which depicts the holding current epoch as well as the
30-second interval after PTX perfusion. The Clampfit statistics function (mean measurement)
provided by the Clampfit software (Clampfit 11.1 software, Molecular Devices, LLC.) was used

for quantification of the absolute amplitude of each tonic conductance.

2.8 Implantation of EEG transmitters

Slc1a3°%°%%%t and the respective wildtype animals were implanted with wireless EEG transmit-
ters (ETA-F10 or HD-X02, Data Sciences International (DSl), St.Paul, USA) at two different time
points, whereby the young group underwent surgery from P25 to P32 and the older group from
P44 to P53 (Figure 13 A). Only male animals were used for EEG recordings. Female animals were
excluded to avoid any confounding effect on seizures caused by the menstrual cycle. Animals of
the young group were implanted with a minimum weight of 14 g and before the apparent onset
of epileptic seizures, which was carefully monitored after weaning (> P21). Animals of the older
group underwent surgery with a minimum weight of 20 g and after having passed the peak of
seizures, which was also closely monitored.

Immediately before starting the procedure, the respective animals were checked with respect
to their health status und weight. Temporary anaesthesia was induced in a whole-body chamber
using an isoflurane vaporiser (3EX Precision Vaporiser, Patterson Scientific, Waukesha, USA),
which was applying 5.0 % isoflurane (CP-Pharma) at a flow rate of 1.0 I/min. Adequate depth of
anaesthesia was confirmed by the absence of righting and toe pinch reflexes. Subsequently, an-
imals were administered a single intraperitoneal injection (BD Microlance 3 cannula, 27 G x %,
0.4 x 19 mm, BD, Heidelberg, Germany) with the long-term anaesthesia consisting of the follow-
ing components and dosages: fentanyl (0.05 mg/kg bodyweight) (Fentadon 50 pl/ml, Dechra
Veterinary Prodcuts Deutschland GmbH, Aulendorf, Deutschland), midazolam (5 mg/kg body-
weight) (Midazolam-hameln 5 mg/ml, hameln pharma gmbh, Hameln, Germany), medetomi-
dine (0.50 mg/kg bodyweight) (Dorbene vet 1 mg/ml, Zoetis Inc., Parsippany, USA) and 0.9 %
NaCl (Fresenius Kabi Deutschland GmbH, Bad Homburg, Germany). Additionally, all animals
were applied carprofen (5 mg/kg bodyweight) (Rimadyl, Zoetis Deutschland GmbH, Berlin, Ger-
many) subcutaneously to guarantee long-term postoperative analgesia. Bepanthen ointment
(Bepanthen with 5 % dexpanthenol, Bayer AG, Leverkusen, Germany) was used to avoid drying
of the eyes and to protect against the bright lights for surgery.

During the surgical procedure, the animals were safely fixed in a stereotaxic frame (Just for
Mouse Stereotaxic Instrument, Stoelting Co., Wood Dale, USA) and were closely monitored with
respect to respiration and cardiovascular condition. The animals were prevented from becoming
hypothermic using an integrated warming pad (STOELTING Rodent Warmer X2, Stoelting Co.).
After shaving the areas of surgery, the respective sites were disinfected thoroughly using an
iodine containing solution (Betaisadona, Mundipharma GmbH, Frankfurt, Germany).

A first incision with a length of 1 cm was made on the right body side serving as access point for

the transmitter. A second incision with a smaller diameter of 0.5-1.0 cm was made on the skull
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to remove the skin, which was followed by an application of 30 % H,0, (Wasserstoffperoxid-
I6sung 3 % Ph.Eur., Otto Fischar GmbH & Co. KG, Saarbriicken, Germany). Next, the surface of
the skull was pre-treated with a primer and compressed air, followed by an adhesive component
(OptiBond FL, Nobel Biocare Services AG - Kerr Business, Kloten, Switzerland) in combination
with a dental curing light (BA Optima 10, B.A. International Ltd, Northampton, United Kingdom)
to guarantee proper fixation of the cement afterwards. Using a fine drill (Proxxon Micromot
GG12, PROXXON S.A., Wecker, Luxembourg) connected to a spherical diamond grinding pin (di-
ameter: 1 mm, PROXXON S.A.), two holes with a diameter of 1 mm were drilled into the skull to
obtain direct contact with the dura mater. Before surgery, the isolation of the electrode tips had
been removed to uncover approximately 3-5 mm of the wires. Those wires were fixed bilaterally
adjacent to the parietal cortex using dental cement (Tetric EvoFlow, Ivoclar Vivadent GmbH,
Ellwangen, Germany) and a dental curing light. The two wires connecting the transmitter with
the recording and reference electrode were retained in a subcutaneous tunnel. For stereotactic
identification of the correct electrode positions, Bregma and Lambda served as bony landmarks,
which are found at the intersection between the sagittal suture and the coronal and lambdoid
suture, respectively (Figure 13 B). The reference as well as the recording electrode were placed
1 mm dorsal to bregma and 1 mm lateral to the sagittal suture. A stereo microscope (Stemi 305,
Carl Zeiss Microscopy GmbH, Jena, Germany) was used to identify the correct electrode position
on the skull and to continuously assess the depth of the holes during the drilling procedure (Fig-
ure 13 B). In case of small bleedings, ceasing was achieved by using absorbent cloths. The trans-
mitter was placed subcutaneously posterior to the scapula and contralateral to the incision. Skin
incisions were closed with simple interrupted stitches using absorbable sutures (Coated VICRYL
undyed, 6-0, P-3, 13 mm, 3/8c, reverse cutting, 45 cm, Ethicon, LLC; Raritan, USA). The incisions
on the skull were closed by applying enough dental cement to guarantee closing between the

cement and the incision margins (Figure 13 C).
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Figure 13. Timeline for video-EEG monitoring in Slc1a3 animals as well as representative schemes of the
skull and of an implanted mouse. (A) Visualisation of a timeline with chronologically arranged events
comprising the implantation of a long-term wireless EEG recording system (P25-P30; P44-P53) and the
simultaneous video-EEG monitoring period (P25-P36; P45-P60) in Slc1a372°°"%t and wildtype animals be-
fore/during the episode of maximum seizure susceptibility and during the compensatory phase after sei-
zure peak. (B) A representative scheme of the skull of a mouse during the surgical implantation procedure
is shown including the essential landmarks of the sagittal suture, bregma as well as lambda and their
intersections respectively (grey dots). After drilling two holes, the recording and reference electrodes
were fixed 1 mm dorsal to bregma and 1 mm lateral to the sagittal suture using dental cement (red dots).
(C) A representative drawing of an animal implanted with a wireless EEG transmitter. The reference and
recording electrodes were fixed on the skull using dental cement and connected to the transmitter via a
subcutaneous tunnel. The transmitter was positioned on the opposite side of the skin incision/suture.

After surgery, all animals received an antidote via subcutaneous injection consisting of the fol-
lowing components: naloxon (1.2 mg/kg body weight) (Naloxon-hameln, 0.4 mg/ml, hameln
pharma gmbh, Hameln, Germany), flumazenil (0.5 mg/kg body weight) (Flumazenil Kabi
0.1 mg/ml, Fresenius Kabi Deutschland GmbH, Bad Homburg, Germany), atipamezole
(2.5 mg/kg body weight) (Atipam 5 mg/ml, Dechra Veterinary Products Deutschland GmbH, Au-
lendorf, Germany). The administration of flumazenil was refrained for the young group to avoid
pro-epileptic adverse effects in this high-risk group. To maintain body temperature and assess
postoperative outcome, the animals were put in their home cages and monitored closely for
several hours in front of an infrared heat lamp (Beurer GmbH, Ulm, Germany).

All animals received subcutaneous carprofen injections (5 mg/kg body weight) for two postop-
erative days as analgesic therapy and were provided additional milk powder as nutritional sup-

plement. Additionally, animals of the post-seizure group were orally administered 25 pug
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enrofloxacin (Baytril 2.5 mg/ml, Bayer AG) per ml drinking water to reduce the risk of peri- and
postoperative infections. Starting from the first postoperative day, animals that had received
surgery were assessed with respect to their health status and the fulfiiment of previously de-
fined endpoint criteria at least once a day (Appendix A).

Until the start of chronic video-EEG recordings, animals of the older group were provided one
week to recover from surgery, whereby the recovery period for mice of the pre-seizure group
was shortened to three days. The purpose of decreasing recovery time was to avoid complica-
tions caused by continuous growth of the skull at this early age, which would have interfered
with the non-expanding cement. Chronic EEG-recordings were initiated earlier than three/seven
days after implantation if the occurrence of epileptic seizures or a status epilepticus was sus-
pected or if there was unclear worsening of the general condition of the animal. It is necessary
to highlight that an earlier start of the video-EEG recording before terminating the recovery pe-

riod did not harm the animals or affect their well-being in any way.

29 EEG recordings and analysis

Video-EEG recordings of the older, “post-peak” group were performed from P45 to P60, whereas
animals of the young, “pre-seizure” group were recorded from P25 to P36. As EEG signals were
wirelessly transmitted to the Physio Tel Receiver (Model RPC-1, DSI), to the Matrix 2.0 (MX2,
DSI) and subsequently to the acquisition computer, the animals were kept in the familiar envi-
ronment of their home cages (cage type Il long). EEG traces were digitally recorded using
Ponemah software (Version 6.5, DSI). EEG data recorded with the ETA-F10 transmitter was sam-
pled at 1 kHz, whereas EEG data recorded with the HD-X02 transmitter was sampled at 0.5 kHz.
For simultaneous video recordings an Axis M1145-L network camera (Axis Communications AB,
Lund, Sweden) and a Noldus Media Recorder software (Version 4.0, Noldus Information Tech-
nology BV, Wageningen, Netherlands) were used. Video recordings were acquired at 15 frames
per second with a resolution of 800 x 600 pixels. Chronic video-EEG monitoring was performed
for 48 h unless the animals died or reached the human endpoint, which was assessed by applying
the already mentioned score sheet (Appendix A) defining the human endpoint as severe stress
in the context of the conducted experimental procedure. EEG analysis was performed using Neu-
roscore software (DSI). The frequency and duration of epileptic seizures were assessed manually
for every combined video-EEG recording. Semi-automatic identification of ictal or interictal
events provided by the software used for analysis failed for most seizure events recorded from
the Slc1a3 P290R mouse line, since the traces were superimposed by spike-like breathing arte-
facts. The occurrence of an epileptic seizure was defined as the presence of an ictal EEG pattern
consisting of rhythmic discharges >10s and <5 min (sharp waves or spikes), a clear clinical
presentation indicating a seizure or a combination of both. Power calculation for different fre-
guency bands (Delta: 0.5-4 Hz; Theta: 4-8 Hz; Alpha: 8-12 Hz; Sigma: 12-16 Hz; Beta: 16-24 Hz,
Gamma: 30-100 Hz) was performed automatically by the used software (Table 4).

The combination of a low-amplitude EEG, a dominating higher frequency > 8 Hz and an actively
moving mouse during the dark phase were considered criteria for defining wake periods,

whereas a high-amplitude EEG, dominating frequencies of < 4 Hz or 4-8 Hz, indicating delta and
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theta power, and sleep-like behaviour in the video sequences during the light phase were used
as criteria for identifying sleep episodes. The application of these criteria to distinguish wake
and sleep was exclusively used to identify representative EEG traces to show characteristic phys-
iological EEG activity.

A status epilepticus was defined as a continuous seizure event or as at least two seizures with
incomplete recovery of consciousness in between, whereby in each case a minimum duration of

five minutes had to be exceeded®.

Table 4. Decomposition of the EEG signal into distinct frequency power bands.

Power Bands Frequency
Delta (6) 0.5-4 Hz
Theta (6) 4-8 Hz
Alpha () 8-12 Hz
Sigma (o) 12-16 Hz
Beta (B) 16-24 Hz
Gamma (y) 30-100 Hz

2.10 Perfusion

After completion of the recordings, the animals were maintained in their home cages to transfer
them to the laboratory area, where an isoflurane vaporiser was used to apply 5 volume % isoflu-
rane with a flow of 1 I/min. Induction of anaesthesia was followed by an intraperitoneal injection
of a lethal dose of ketamine (150 mg/kg bodyweight) (Ketamin 10%, 100 mg/ml,
Wirtschaftsgenossenschaft deutscher Tierédrzte eG, Garbsen, Germany) and xylazine (15 mg/kg
bodyweight) (Sedaxylan, 20 mg/ml, Albrecht GmbH, Aulendorf, Germany).

When heartbeats were still present, but the animal had already reached a deep state of surgical
anaesthesia, a ventral incision along the midline was made starting at the level of the bladder
until the diaphragm was visible. A V-shaped incision was performed through both sides of the
rib cage to lift the sternum and uncover the pleural cavity. The sternum and nearby parts of the
rib cage were either removed or constantly kept out of the area of surgery.

A small cannula (Safety-Multifly-Needle, 23 G x %, 0.6 x 19 mm, Sarstedt, Nimbrecht, Germany)
was placed in the left ventricle, while a small incision using fine scissors was made to open the
right atrium. By perfusing 20-30 ml phosphate buffered saline (Dulbecco’s PBS (1x), [-] CaCls, [-]
MgCl,, Gibco, Thermo Fisher Scientific Inc.,) and subsequently a similar amount of 4 % paraform-
aldehyde (PFA) (formaldehyde solution about 37 %, Merck KGaA, Darmstadt, Germany) through
the needle, the blood was removed from the circulation. Clearing of the liver and an early pres-
ence of fixation tremors ensured good performance of the transcardial perfusion. After fixing
the tissue, the skull was opened, and the brain was carefully removed avoiding any iatrogenic
damage. Afterwards, the brain was put into 4 % PFA (Merck) overnight at 4°C and washed with
PBS by changing the media three times at room temperature, for at least 15 min each, on the
following day. For long-term storage the brains were preserved in PBS supplemented with 0.1 %
sodium azide (Carl Roth GmbH + Co. KG) at 4°C.
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2.11 Immunostaining of patched cells

Patched cells were filled with 0.3 % biocytin during recordings to retrospectively verify the cor-
rect cell type and localisation of the cell within the desired brain area. The brain slices were fixed
at 4°C overnight using 4 % PFA (Merck). On the following day, three washing steps with PBS for
10-15 min were performed. Until initiation of the staining procedure, the slices were stored in
PBS at 4°C. The staining protocol commenced with three washing steps using PBS for 15 min
each, in which the slices were slightly agitated at room temperature. For permeabilising the in-
tact cell membranes, the slices were incubated in PBS supplemented with 0.2 % Triton X-100
(Sigma-Aldrich) for one hour. Subsequently, incubation with Streptavidin (Streptavidin-Cy3 from
Streptomyces avidinii, Sigma-Aldrich/Merck) at a 1:1000 ratio was performed for two hours, fol-
lowed by three PBS washing steps, as described before. Next, the slices were incubated with
4',6-diamidino-2-phenylindole (DAPI) (AppliChem GmbH) at a 1:5000 ratio for two minutes to
identify the nuclei followed by three PBS washing steps. Finally, the slices were air-dried and
mounted with Fluoromount-G (SouthernBiotech, Birmingham, USA) using conventional micro-
scope slides (Menzel GmbH + Co KG/Thermo Fisher Scientific Inc.) and cover slips. Visualisation
of the patched cells and storage of the data was performed with an Axiovert 200 M 2 micro-
scope and a 20x objective (LD Achroplan 20x/0.40 Korr Ph2) or 40x objective (LD Achroplan
40x/0.60 Korr Ph 2) using ZEN 2.6 blue edition software (Carl Zeiss Microscopy GmbH). The im-
age size was 1937 x 1460 um. 14 bits were chosen as bit depth. Filters were chosen accordingly

to fit the excitation and emission wavelengths of the two fluorophores DAPI and rhodamine.

2.12 Immunostaining of brain slices against c-fos after perfusion

For further immunohistochemical procedures, specifically the staining of c-fos protein, the
brains of the previously perfused Slc1a3"*°%*t and Slc1a3"¥** animals ranging from P25 to P60
that had been implanted with EEG electrodes and transmitters were used to obtain 100 um thin
coronal slices with a Leica VT 1000 S vibratome. For cutting, the mouse brain and a 4 % agarose
cuboid for stabilisation were glued onto a circular metal plate that was screwed onto the bottom
of the cutting chamber filled with PBS as medium. Each brain was cut following the same proce-
dure, which enabled the identification of corresponding brain slices/regions between different
animals. After cutting, the slices were either stored in PBS supplemented with 0.1 % sodium
azide for a short period of time or directly used for immunohistochemistry.

On average, five slices per brain/mouse that comprised both hemispheres were used for immu-
nochemical studies. The slices were chosen to depict different levels of cutting and to include
distinct regions across the brain, with a focus on the cortex, thalamus, and hippocampus. How-
ever, the cutting levels and brain regions did not differ between the single included mouse
brains.

First, the slices were washed with PBS supplemented with 0.2 % Triton X-100 (AppliChem GmbH)
for 5 min, which was repeated three times. As a second step, blocking of the slices for at least
one and a half hours at room temperature was performed using PBS that had been supple-

mented with 1.0 % Normal Goat Serum (NGS) (Immunopure Normal Goat Serum, Thermo Fisher
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Scientific Inc.) and 0.2 % Triton X-100. Dilution of the primary antibody against c-fos (Cat.No.
226 308, Synaptic Systems GmbH, Gottingen, Germany) at a 1:1000 ratio was achieved using
PBS supplemented with 2.0 % NGS and 0.2 % Triton X-100. A three hours-lasting incubation of
the slices with the primary antibody was performed at room temperature, while the slices were
gently agitated. Subsequently, the slices were washed three times using 0.2 % Triton X-100 sup-
plemented PBS. As a next step, the slices were incubated for two hours at room temperature
with the corresponding secondary antibody (Goat anti-Guinea Pig 1gG (H+L) Highly Cross-Ad-
sorbed Secondary Antibody, Alexa Fluor™ 568, Thermo Fisher Scientific Inc.) while protecting
them from any light and gently agitating them. For diluting the secondary antibody, PBS supple-
mented with 1.0 % NGS and 0.2 % Triton X-100 served as a medium. The immunohistochemical
protocol was continued with three PBS washing steps for 5 min each and with a DAPI staining,
as described in section 2.10. Mounting of the stained slices was performed as outlined before.
The first step of imaging was performed with a Leica Microscope DMi8 and a Leica DFC9000 GTC
sCMOS camera (Leica Microsystems GmbH, Wetzlar, Germany) to obtain an overview of the dis-
tribution of c-fos positive cells for each stained slice. During the primary imaging step, regions
with c-fos expression that qualified for subsequent confocal imaging were identified using a
10x/0.32 FLUO objective (Leica Microsystems GmbH) and the fluorescence light source Lumen-
cor Spectra X (Lumencor, Beaverton, USA) with DAPI and Alexa Fluor 546/555 filters. Images of
the stained slices were captured with the software LAS X using the Spiral and Mosaic Merge
functions to obtain an overview of the entire slice with a 10 % overlap of the single scans. For
every round of immunohistochemistry, consistent intensity values and exposure times were
chosen. The aim of the first imaging step was to identify the brain regions with maximum density
of c-fos positive cells, which was performed manually. Subsequently, these areas were identified
with the coronal Allen Mouse Brain Atlas (https://mouse.brain-map.org/experiment/thumb-
nails/100048576?image_type=atlas)'®.

The second step of imaging was performed using the confocal inverted microscope Zeiss LSM
710 with an Argon laser and a 25x oil immersion objective (Carl Zeiss Microscopy GmbH). The
goal of the second step was to capture images of the previously identified regions with maxi-
mum upregulation of c-fos expression. One drop of immersion oil (Immersol™, 518 F, Carl Zeiss
Microscopy GmbH) was applied onto the cover slip before the microscope slide was inserted.
Using the software ZEN 2011 for data acquisition, as a first step, DAPI and Alexa 568 were chosen
as dyes. The Best-signal-function was used for acquisition. Z-stacks of c-fos positive regions were
captured having an interval of 1 um. Each captured image had a size of 2048 x 2048 pixels and a
bit depth of 8 bit. As pinhole diameter 1 Airy Unit (AU) was chosen. For every round of immuno-
histochemistry, consistent gain values and exposure times were chosen. Data processing was

performed with the software Imagel-Fiji.
2.13  Statistics

For the performance and analysis of all in vitro experiments, the investigator was blinded to the

genotype of the animal. Blinding was not possible for the performance and analysis of in vivo
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EEG implantations and recordings, as the genotype of the animal was easily recognizable due to
the behaviour, the weight, size, and appearance of Slc1a3"*°%/*t animals.

Statistical analysis was carried out using GraphPad Prism 9.5.1 software (GraphPad Software,
Boston, United States), QuickCalcs (GraphPad Software) and IBM SPSS Statistics software (IBM,
Armonk, United States). Each statistical test that was performed is indicated in the main text
and the respective figure legends. Deviation from normal distribution was determined using
Shapiro-Wilk-test and Kolmogorov-Smirnov-test. If the datasets of wt/wt and L1649Q/wt or
P290R/wt animals were normally distributed, a two-tailed unpaired t-test (parametric) was
used. In this context, the abbreviation “wt” refers to the term wildtype. In case of unequal vari-
ances, a Welch-corrected unpaired t-test was used. If the datasets of two unpaired groups were
not normally distributed, Mann-Whitney Rank Sum Test (non-parametric) was applied. To ana-
lyse contingency tables, Fisher’s exact test for smaller sample sizes or chi-square test without
Yates’ correction for larger sample sizes were used. The Fisher’s exact test and the chi-square
test without Yates’ correction were performed online using QuickCalcs provided by GraphPad
Software (https://www.graphpad.com/quickcalcs/contingencyl). To compare multiple groups
with a non-parametric distribution, multiple Mann-Whitney rank sum tests were applied and
the Holm-Siddk method was used to correct for multiple comparisons. A p-value less than 0.5
was considered statistically significant.

In each box-and-whisker plot, the median is shown as a line. Additionally, minimums, maxi-
mumes, outliers, 25" percentiles and 75" percentiles are given. The significance for each statisti-
cal test with respect to control is specified within the figures. For this purpose, the following
symbols are used * p < 0.05, ** p <0.01, *** p <0.001.

The letter “n” indicates the number of slices that were used to perform in vitro CSD recordings,
whereas in the context of patch-clamp recordings the letter “n” refers to the number of patched
cells. The number of animals that were used in each experimental group is provided in the
square brackets or after the backslash following the number of slices/cells. In the context of in
vivo EEG recordings, the letter “n” refers to the number of animals that were implanted and
recorded. For each dataset, a table including the number of included slices/cells, the mean and

standard deviation values of each experimental group is provided in the respective section.

2.14 Figures

The included box-and-whisker plots were initially generated using RStudio software and conse-
qguently edited with Inkscape software. The representative traces for all electrophysiological
data were also edited using Inskcape software. Figure 1, Figure 2, Figure 6, Figure 7 and Fig-
ure 31 were created with BioRender.com. All microscope pictures were processed using Imagel-

Fiji software.
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3 Results

3.1  Invitro CSD recordings in the Scn1a*%*°*¥*“ knock-in mouse model

For elucidating the pathophysiological mechanisms of CSD in HM focussing on the respective
role of K*, the Scn1a“***°¥"t knock-in model served as a transgenic FHM3 model*. As already
outlined in the introduction, distinct variants in SCN1A encoding Nayl1.1, which is primarily ex-

L1649Q/wt mice harbour the human

pressed in inhibitory neurons, are associated with FHM3. Scnla
missense variant L1649Q that had been identified in a family with pure HM®°. L1649Q is located
in the voltage sensor domain of transmembrane segment 4 (S4) in the fourth domain (D4) of
Nay1.1 (Figure 2), which is supposed to play a key role in fast inactivation of the Na* channel®¢®.
Whole-cell patch clamp recordings from our and another group had already demonstrated a
GOF effect of L1649Q with an increased persistent Na* current and a higher firing frequency
resulting in hyperexcitability of cortical and hippocampal fast-spiking inhibitory neurons® %°. Ad-

L1649Q/Wt 4

ditionally, in vivo recordings had revealed an enhanced CSD susceptibility of Scnla
mals®. However, the pathophysiological link between the hyperexcitability of inhibitory neurons
on the single cell level and a higher CSD susceptibility in vivo, including the specific role of K*
within the cascade, had remained unknown. It had already been proposed earlier that interneu-
ron hyperexcitability caused by Nay1.1 GOF variants may lead to [K*]. accumulation and an ex-
tensive GABA release with a depletion of the electrochemical gradient for CI,, which induces
CSD®8,

Therefore, in vitro CSD recordings were performed, focusing on [K*]e changes before, during and
after CSD induction®. As described in section 2.4, CSDs were captured by combining [K*]e record-
ings using a K*-sensitive microelectrode, LFP recordings and 10S imaging with a CCD camera in
acute cortical slices of heterozygous and wildtype animals from P15 to P20%. CSDs were elicited
by applying 400 ms-lasting puff injections containing 200 mM KCl onto the surface of layer 2/3
of the somatosensory and motor cortex®. The KCI puff injection site and the localisation of both

the K*-sensitive and the DC potential electrode were at least 800 um apart®.

3.1.1 Higher CSD susceptibility and increased propagation velocity in slices of Scn1g"!4°¥/wt

animals
A successfully induced CSD was defined as the combined occurrence of a negative DC potential
shift in the LFP recording, an increase in [K*]e captured by the K*-sensitive microelectrode and
the presence of a slowly propagating 10S with a migration distance of at least 800 um from the
injection site (Figure 14 A, B)'. The category of “failed” CSDs included aborted CSDs, which ini-
tially started to migrate, but then ceased to propagate any further (Figure 10 A)'. The failure
category also contained local CSDs that were identified by an absent migration indicated by the
presence of a white ring around the injecting puff pipette (Figure 10 B)*. Successfully induced
CSDs were elicited in 87.8 % (36/41 slices from 11 mice) of slices of heterozygous animals,
whereby aborted or local CSDs were detected in 12.2 % (5/41)". In contrast, successful CSD in-

ductions were recorded in 48.8 % (21/43 slices from 12 mice) of the slices of wildtype animals,
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while the rate of failed CSDs was found to be noticeably higher at 51.2 % (22/43) (P < 0.001;
Fisher’s exact test; Figure 14 C)*.

Additionally, using the same experimental setup, the captured I0S imaging sequences were used
to estimate the speed of the propagating wavefront, which was significantly increased in slices
of Scn1a"***°¥"t knock-in animals compared to wildtype littermates (Nwyw: = 22 [10 mice],
Nusssaywe = 31 [11 mice]; P < 0.001; unpaired t-test; Figure 14 D)*. Descriptive statistics are shown
in Table 5.

3.1.2 Altered K* levels in slices of heterozygous Scn1a*'%*°¥"t knock-in animals

During CSD, [K*]e at the inflection point of the rising phase and at the maximum [K*]. of the entire
ion-sensitive recording, also termed the K* peak, was significantly elevated in slices of
Scn1a®*¥"t knock-in animals compared to slices of control animals (Nwiw: = 22 [10 mice],
Niisasq/wt = 31 [11 mice]; P < 0.01, P < 0.01; unpaired t-test, Mann-Whitney rank sum test; Fig-
ure 14 B, E, F)*. The inflection point was determined by using the peak of the first derivative
indicating [K']e at the time point of maximum speed of the [K*]. rise (Figure 14 E, Figure 11 A)™.
The rationale for calculating the inflection point was to define a reproducible time point/time
interval during the early phase of the CSD that would yield comparable parameters and results
between different K* recordings®. The beginning of the [K*]e rise, also termed the K* threshold,
was arbitrarily defined as a + 0.1 mM increase in baseline [K*]c!. The [K*]baseline was calculated
by averaging the first 10 s of the whole 300 s-lasting ion-sensitive recording and did not differ

between the two genotypes (Figure 14 G).
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Figure 14. Higher susceptibility to CSDs, an increased propagation speed and elevated [K']. levels in
slices of Scn1a"'6*°¥"t animals (adapted from Auffenberg et al., 2021)". (A) Migration of the 10S signal
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after KCl puff application (puff) onto a cortical slice of a wildtype animal and simultaneous recordings of
CSD with a K*-sensitive electrode (K*) and an LFP electrode (DC)!. The images were captured 10-50 s after
CSD induction®. Scale bar: 500 um. (B) Representative traces of K*-sensitive recording (top) and LFP re-
cording (bottom) with a characteristic saddle-like configuration before and during CSD shown for a slice
of a wildtype (left, grey) and an Scn1g-%4°¥"t (right, blue) animal. The arrow marks the start of the CSD
elicited by a KCl puffl. (C) The rate of successfully induced CSDs shows that slices of heterozygous versus
wildtype mice were more susceptible to CSD triggering (nwiwt = 43 slices of 12 animals [43/12], niisasqwt
= 41 slices of 11 animals [41/11]; P < 0.001; Fisher’s exact test.)!. (D) The propagation velocity was ele-
vated in slices of heterozygous compared to wildtype mice (Nwiwt = 22/10, Nissasqsme = 31/11; P < 0.001;
unpaired t-test)l. (E) [K*]e was increased at the inflection point in slices of heterozygous compared to
wildtype animals (Nwtwt = 22/10, Niieasquut = 31/11; P < 0.01; unpaired t-test)™. (F) At the peak of the whole
ion-sensitive recording, [K*] was increased in slices of Scn1a*%*Y“tyersus wildtype mice (Nwiywe= 22/10,
Nuisasqwt = 31/11; P < 0.01; Mann-Whitney rank sum test)®. (G) [K*]e baseline, defined as the averaged
concentration of the recording’s first 10s, did not differ between the two genotypes (Nwtwt = 15/5,
Niisasa/wt = 23/8; unpaired t-test)™.

Besides the changes in the absolute K* levels both at the inflection point and the peak, a com-
prehensive analysis of the K* dynamics was considered decisive to scrutinise the role of K* in CSD
pathology’. In this context, the term [K*]e dynamics did not only refer to velocity-related calcu-
lations, but also involved the identification of critical time intervals during CSD?.

The time from the start of [K*]e increase until the inflection point was significantly longer in slices

L1649Q/Wt 3nimals compared to slices of Scn1a“”" mice (Nwiwt= 22 [10 mice], Nusasqwt = 31

of Scnla
[11 mice]; P < 0.05; Mann-Whitney rank sum test; Figure 15 A), whereas the time from the in-
flection point until the maximum [K*]e was not different between the slices of the two genotypes
(Figure 15 B), indicating an earlier increase in [K'] in slices of heterozygous animals.

In accordance with the overall elevated magnitude of the K* levels and the earlier [K*]e increase
during the first phase of the CSD, the 20 to 90 % rise time was also prolonged in slices of

ScnlaL1649Q/wt

compared to wildtype animals (nwiwt =22 [10 mice], Niisasqmt =31 [11 mice];
P < 0.05; Mann-Whitney rank sum test; Figure 15 C, Figure 11 C)!. The verified [K*]e shift exclu-
sively during the early CSD phase was additionally supported by the fact that the [K*]. decay was
unaltered comparing slices of heterozygous and wildtype animals (Figure 15 E, Figure 11 C)*.
The decay of [K*]e was defined as the relative [K*]e 200 ms after the maximum [K*]. of the whole

recording (Figure 11 C)*.
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Figure 15. [K*]c dynamics were altered in slices of heterozygous animals with an increase in [K*]. early
during CSD (adapted from Auffenberg et al., 2021) . (A) The time interval from K* threshold, defined as
the beginning of [K*]e rise, until the inflection point was prolonged in slices of heterozygous versus
wildtype animals due to an earlier start of [K*]e increase (Nwtwt = 22 slices from 10 mice [22/10], Niisasq/wt
=31/11; P < 0.05; Mann-Whitney rank sum test)*. (B) Alterations of K* dynamics were confined to an early
interval during CSD, since the time from the inflection point to the peak did not differ between the geno-
types (Nwtwt = 22/10, Nitsasaswe = 31/11; Mann-Whitney rank sum test)™. (C) The 20 to 90 % rise time being
affected by the K* dynamics of the incipient CSD phase and the magnitude of the overall K* levels was also
prolonged in slices of Scn1a“*%*°*¥*t yersus wildtype animals (Nwywt = 22/10, Nuieasqswe = 31/11; P < 0.05;
Mann-Whitney rank sum test)®. (D) The maximum rising speed, calculated by the peak value of the first
derivative, and (E) the K* decay, defined as the relative [K*]e 200 s after the maximum concentration, did
not reveal any differences between the genotypes (nwywt = 22/10, Nigasqmt = 31/11; Mann-Whitney rank
sum test; Mann-Whitney rank sum test; unpaired t-test)!. (F) Averaged K* traces shown for all slices of
Scnla“™t (left, grey) and Scn1a“*6*°¥*t (right, blue) mice before and during CSDs*. The magnified boxes
illustrate the AUC calculation for both genotypes, performed from the beginning of K* rise (baseline
+0.1 mM) until the inflection point!. (G) The increased AUC in slices of heterozygous compared to
wildtype animals indicated an early increase in [K*]e (Nwtwt = 22/10, Niieasqme = 31/11; P < 0.01; Welch-
corrected unpaired t-test)®.

Despite the increased propagation velocity during CSD in slices of Scn1a“*%*°¥"t animals, the
maximum rising speed of [K*]e, which was determined by the peak value of the first derivative,
was not different between the genotypes (Figure 15 D, Figure 11 A).

Moreover, the calculation of the AUC, which was defined from [K*]e threshold until the inflection
point (Figure 11 B), further indicated that the increase in [K*]e was confined to an early time
interval during CSD, since the AUC was significantly larger in slices of Scn1a“*%*°¥*t compared to
wildtype animals (Nwiwt = 22 [10 mice], Niieasqmt = 31 [11 mice]; P < 0.01; Welch-corrected un-

paired t-test; Figure 15 F, G)'. Descriptive statistics are shown in Table 5.
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Table 5. Descriptive statistics for the CSD recording data in Scn1a*64°%%t and Scn1a“*** animals®.

Mean Mean SD SD t, df p-value
(wt/wt) (L1649Q/wt) (wt/wt) (L1649Q/wt)
[K*]e Baseline
3.4 33 0.4 03 t(36.0)=1.3  0.207
K*]e Deca
[K*)e Decay 255 282 9.2 8.6 t(51.0=1.1  0.280
+ -
[K*)eat Inflec 113 133 23 3.0 t(51.0=2.7  0.010
tion Point
Area Under Welch-cor- 0.004
Curve 12.6 18.6 5.4 8.8 rected
£(50.2)=3.1
Maxi Ris-
Viaximum Ris= g 3 03 0.2 0.2 0.192
ing Speed
+
[K']eat Peak 26.2 317 5.6 53 0.002
P ti
ropagation 22 2.7 0.4 0.4 t(51.0)=4.3  <0.001
Velocity
——
20to 30 % Rise ¢, 7.6 2.7 2.6 0.015
Time
Time Thresh-
old-Inflection 9.8 12.6 3.0 5.0 0.035
Point
Time Inflection ;) 13.0 4.6 53 0.054
Point-Peak

3.1.3 Effects of the persistent Na* channel blocker GS967 on CSD in vitro

To confirm that the elevated persistent Na* current and the associated increase in firing fre-
quency recorded in fast-spiking inhibitory interneurons of Scn1a“****¥“t animals resulted in a
higher CSD susceptibility, GS967 was used to eliminate the effect of an elevated ramp current
caused by the L1649Q variant®. To do so, the effect of GS967 was investigated on the rate of

successfully induced and failed CSDs in vitro using the same experimental setup as outlined be-

forel.
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Figure 16. Alleviation of CSD susceptibility in vitro in the presence of the persistent Na* channel blocker
GS967 (adapted from Auffenberg et al., 2021). The rate of successfully induced CSDs was increased in
slices of heterozygous animals compared to wildtype littermates (left) (nwtwt control = 54 slices from 28
mice [54/28], Niieasq/wt control = 44 slices from 20 mice [44/20]; P < 0.05; y? test without Yates correc-
tion)™. In the presence of 5 uM GS967, the induction and failure rates in slices of Scn1a“¢*°¥*t knock-in
mice approached the rates observed in slices of wildtype littermates (right) (nwiwt GS967 = 60/28, Ni16490/wt
GS967 = 44/20; P = 0.94; y? test without Yates correction)®.
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Without the application of 5 uM GS967, the rate of successfully induced CSDs was higher in slices
of heterozygous animals (36/44 slices from 20 mice) compared to slices of wildtype littermates
(34/54 slices from 28 mice)*. To be specific, CSDs were elicited in 81.8 % of slices of Scn1g1649YVwt
animals, whereas the success rate was observed to be at 63.0 % in slices of wildtype animals.
Simultaneously, the rate of failed CSDs was lower in slices of Scn1a"'¢*°¥*tanimals (18.2 %; 8/44)
compared to slices of Scn1a"** mice (37.0 %; 20/54)*.

However, after GS967 perfusion of the slices at least 25 min before and during CSD recordings,

the successful induction and failure rates of slices of Scn1g'164°¥wt

mice approached the respec-
tive rates found in slices of wildtype animals?. In the presence of GS967, successfully induced
CSDs were observed in 53.3 % (32/60 slices from 28 mice) of the slices of Scn1a“"**and in 66.0 %
(29/44 slices from 20 mice) of the slices of Scn1a“***°*¥"t animals®. Simultaneously, the rate of
failed CSDs was increased to 46.7 % (28/60) in slices of wildtype and to 34.1 % (15/44) in slices
of heterozygous mice (Nwiywt control = 54 slices from 28 mice [54/28], Niieaoq/wt control = 44/20;
P < 0.05; x*test without Yates correction; Nuyw: GS967 = 60/28, Ni1sasq/wt GS967 = 44/20; P = 0.94;

2 test without Yates correction; Figure 16).

3.2 Invitro CSD recordings in the Slc1a3"*°°"/** knock-in mouse model

For unravelling CSD pathophysiology in the context of distinct HM causing variants and further
elucidating the role of K* and other possible initiating factors in the CSD cascade, the
Slc1a3°%°%%%t knock-in mouse model for EA6 served as a novel HM model. The SLC1A3 gene en-
codes the combined glutamate transporter and anion channel EAAT1, which is mainly expressed
in astrocytes and RGLs, but is also found in retinal Muller cells, microglia, oligodendrocytes, and
oligodendrocyte precursor cells'4”- 148149150 g/ C1A3 has recently been speculated to be also in-
volved in common and rare hemiplegic types of migraine®® °”°® %9, Jen and colleagues had iden-
tified the missense mutation p.(Pro290Arg) (P290R) in a boy with a complex clinical phenotype
not only including HM attacks, but also epileptic seizures and ataxic episodes®®, which are both
common additional phenotypes in the HM spectrum®®”. Slc1a3?*°**t knock-in animals harbour
the P290R variant, which is located in the transmembrane helix 5 (TM5) of the glutamate trans-
porter (Figure 6). The P290R variant leads to a marked reduction in glutamate transport and cell
surface expression, but at the same time increases EAAT1-associated anion currents'®.
However, the pathophysiological mechanisms linking a LOF of the glutamate transport and a
simultaneously occurring GOF of the anion conductance with CSDs and HM attacks had not been
identified so far. Additionally, to emphasise the role of K* in CSD pathophysiology, especially
with respect to the FHM3 model, the goal was to investigate [K*]. alterations in the context of
CSD pathology in the EA6 model. Nevertheless, due to the P290-related impaired glutamate
transport, the excitatory neurotransmitter glutamate was hypothesised to be the key factor in
CSD initiation in the Slc1a3P*°**t mouse model. Comparing different HM models with distinct
underlying genetic alterations was anticipated to provide an even more detailed insight into CSD
pathophysiology.

As outlined in sections 2.4 and 3.1%, CSD recordings comprised simultaneous LFP and [K*]. re-

3P290R/wt

cordings as well as the acquisition of 10S picture sequences using slices of Sicla and
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wildtype animals from P15 to P20. KCI puff injections onto the surface of layer 2/3 of the soma-
tosensory and motor cortex, which had a distance of at least 800 um to the DC potential and K*-
sensitive electrodes, were performed to trigger CSDs in vitro.

3.2.1 Higher CSD susceptibility and increased propagation velocity in slices of Slc1a3P?0R/wt

animals

Successful CSD inductions including a negative LFP shift, a [K*]. rise (Figure 17 A) and an 10S
propagation distance greater than 800 um from the injection site were observed in 87.1 %
(27/31 slices from 5 mice) of the slices of Slc1a3P*°°%*t knock-in animals. In contrast, the rate of
successful CSD inductions was lower in slices of wildtype mice, as CSDs were elicited in only
52.5 % (31/59 slices from 10 mice). Simultaneously, the rate of aborted and local CSDs was found
to be at 47.5 % (28/59) in slices of wildtype animals, whereas the rate of failed CSDs was ob-
served to be at only 12.9 % (4/31) in slices of heterozygous animals, overall indicating a higher
susceptibility to CSDs in vitro (nwyw: = 59 slices from 10 mice, npagor/wt = 31 slices from 5 mice;
P < 0.01; Fisher’s exact test; Figure 17 B). An elevated CSD susceptibility has been demonstrated
in numerous transgenic (F)HM models and is therefore considered to be a distinguishing feature
for HM mouse models.

In the same setting, the propagation velocity, which was estimated by using the migrating wave-
front captured in the 10S images, was significantly increased in slices of Slc1a3"*°"*t knock-in
animals compared to wildtype animals (nwt/wt = 34 from 10 mice, npagor/wt = 28 [5 mice]; P < 0.001;

Welch-corrected unpaired t-test; Figure 17 C). Descriptive statistics are shown in Table 6.

3P290R/Mt 3 nimals

3.2.2 Altered K* dynamics in slices of Sicia
To determine the role of K* in the pathophysiological cascade of the novel Slc1a3"*°%* knock-
in model and to compare the results to the Scn1a“***°¥"t model for FHM3?, [K*]. was recorded
in slices of heterozygous and wildtype animals before and during CSD using K*-sensitive elec-
trodes. All parameters based on the ion-sensitive recordings were calculated in accordance with
the previously conducted CSD recordings using the FHM3 mouse model®. Further details are also
provided in sections 3.1.1. and 3.1.2.

In contrast to the Scn1a“*%*°*¥"t model®, [K*] at the inflection point was significantly lower in

slices of Slc1a3P290R/wt

animals compared to slices of wildtype littermates, whereas the maximum
[K*]e of the whole K* curve did not differ between the genotypes (Nwiwt= 34 [10 mice], Npasor/wt =
28 [5 mice]; P < 0.05; P =0.67; Mann-Whitney rank sum test; Figure 17 D, E). Thus, the maxi-
mum speed of the [K*]. rise was already reached at lower concentrations in the Slc1a3%2°0%/wt
mouse model, but overall K* levels were not altered with respect to a [K*]e increase or decrease

during CSD. Baseline [K*]. did not differ between the genotypes (Figure 17 F).
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Figure 17. Increased CSD susceptibility and propagation speed as well as decreased [K*]. levels at the
inflection point in slices of Slc1a37*°°*/*t animals. (A) Representative traces of K*-sensitive microelectrode
recording (top) and CSD-confirming LFP recording (bottom) before and during CSD illustrated for the slice
of a wildtype (left, grey) and a heterozygous animal (right, green). The arrow marks the start of the CSD
elicited by a KCI puff. (B) The success rate of CSDs was higher in slices of Slc1a3"%°°%%t versus wildtype
mice (Nwywt = 59 slices from 10 mice [59/10]; npagor/wt = 31 slices from 5 mice [31/5]; P < 0.01; Fisher’s
exact test). (C) The speed of the propagating wavefront was increased in slices of heterozygous versus
wildtype animals (nwywt = 34/10, nNpagorswt = 28/5; P < 0.001; Welch-corrected unpaired t-test). (D) [K*]e at
the inflection point was decreased in slices of Slc1a3"2°°%%t compared to wildtype animals (nwywe= 34/10,
Np2gor/wt = 28/5; P < 0.05; Mann-Whitney rank sum test), whereas (E) the maximum [K*] at the peak of the
ion-sensitive recording did not differ between the genotypes (nwtwt = 34/10, Npagor/wt = 28/5; Mann-Whit-
ney rank sum test). (F) There was no difference in the [K*]e baseline, calculated by the average of the first
10 s of the recording (Nwt/wt = 34/10, Npagor/wt = 28/5; unpaired t-test).

In accordance with the analysis of the CSD recordings performed in the FHM3 model®, a major
interest was on comprehensively exploring K* dynamics. As already indicated by the lower [K*]e
at the inflection point, the time from the beginning of the [K*]cincrease until the inflection point

3P290R/Wt 3nimals compared to slices of control mice

was significantly shortened in slices of Sicla
(Nwt/wt =34 [10 mice], Npagor/wt = 28 [5 mice]; P < 0.05; Mann-Whitney rank sum test; Figure 18 A).
In contrast, the time from the inflection point until the maximum [K*]. was unaltered between
the genotypes (Figure 18 B). The reduced time interval during the early phase of the CSD was

L1649Q/wt mpdel, in which an earlier and pro-

contrary to what had been observed in the Scnla
longed [K*]e rise had been shown®. These findings indicated a less significant role of [K*]e during

the initiation phase of the CSD.
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Figure 18. Altered dynamics of [K*]c with a more rapid increase during the early CSD phase in slices of
Slc1a3P°R™t gnimals. (A) The time from the beginning of [K*]. increase (baseline + 0.1 mM) until the
inflection point was shortened in slices of heterozygous versus wildtype animals (nwiywt = 34/10,
Np2gor/wt = 28/5; P < 0.05; Mann-Whitney rank sum test). (B) The time from the inflection point until the
peak did not reveal any differences between the genotypes confirming that the changes in [K*]e dynamics
were confined to an early CSD interval (nNwiwt = 34/10, Npasor/wt = 28/5; Mann-Whitney rank sum test).
(C) The 20 to 90 % rise time and (D) the maximum rising speed were unaltered comparing slices of
wildtype and heterozygous mice (Nwiwt = 34/10, Npagor/wt = 28/5; Mann-Whitney rank sum tests). (E) The
relative [K*]e 200 s after the peak was elevated in slices of Slc1a3°2°%%%t compared to wildtype mice
(Nwtwt = 34/10, Npasor/wt = 28/5; P < 0.05; Mann-Whitney rank sum test). (F) Representative examples of K*
traces illustrating the AUC analysis recorded from the slice of a wildtype (left, grey) and a heterozygous
(right, green) animal. The AUC was calculated from the beginning of the [K*]. rise until the inflection point.
(G) The smaller AUC observed for slices of heterozygous compared to wildtype animals further confirmed
the early changes of [K*]e dynamics with an acceleration of the K* rise during CSD (nwiwt = 34/10,
Np2gor/wt = 28/5; P < 0.001; Mann-Whitney rank sum test).

In addition, the 20 to 90 % rise time and the maximum rising speed did not differ between the
genotypes (Figure 18 C, D). These findings overall indicated that the acceleration of the K* rise
in slices of heterozygous animals was indeed confined to a very early phase of the CSD. The early
acceleration of the [K*]cincrease was further confirmed by the AUC analysis showing a signifi-
cantly reduced AUC in slices of Slc1a3P*°°%"t compared to control animals (Nwt/w: = 34 [10 mice],
Np2gor/wt = 28 [5 mice]; P < 0.001; Mann-Whitney rank sum test; Figure 18 F, G).

As opposed to the Scnla mouse model?, the relative [K*]e 200 s after the maximum concentra-
tion of the curve, also termed the decay, was elevated in slices of Slc1a3"*°%*t animals (Nwywt =
34 [10 mice], npagor/wt = 28 [5 mice]; P < 0.05; Mann-Whitney rank sum test; Figure 18 E). The
increased [K*]. decay demonstrated that the K* levels in the S/c1a3%2°°"t model were exclusively

altered during late phases of the CSD. Descriptive statistics are shown in Table 6.

Table 6. Descriptive statistics for the CSD recording data in Slc1a37°°**t and Slc1a3""* animals.

Mean Mean SD SD t, df p-value
(wt/wt) (P290R/wt) (wt/wt) (P290R/wt)
[K*]e Baseline 3.9 3.8 0.6 0.7 t(59.0)=0.5 0.641
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[K*]e Decay

6.7 10.3 6.4 6.3 0.022
+ -
(Keat Inflec- ¢ o 14.6 3.6 2.9 0.029
tion Point
Area Under 27.1 19.0 10.5 9.9 <0.001
Curve
Maximum Ris- 0.4 0.2 0.2 0.746
ing Speed
+
(KeatPeak 544 296 7.0 9.3 0.671
Propagation Welch-cor-
Speed 1.9 2.7 0.4 0.6 rected t(45.6) <0.001
=6.0

[V
20t0 90 % 5.5 6.2 1.8 3.0 0.823
Rise Time
Time Thresh-
old-Inflection 14.9 12.8 4.3 3.5 0.025
Point
Time Inflec-
tion Point- 7.8 9.0 3.0 41 0.375
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3.3  Whole-cell patch clamp recordings in the Slc1a3"*°**/"t knock-in mouse model

To further unravel the functional effect of the P290R variant and determine the underlying cause
for a higher CSD susceptibility, an increased propagation velocity and an accelerated [K*]e rise
during the early CSD phase, whole-cell patch clamp recordings were performed to investigate
the inhibitory and excitatory synaptic transmission in the cortex. As already shown for distinct
HM models, cortical hyperexcitability can be either caused by an excess of excitation or a deficit
in inhibition, consequently resulting in a higher CSD susceptibility, a lower CSD threshold and an
accelerated propagation velocity’ 27- 2% 4853 To investigate the E/l imbalance on the single cell
level, the whole-cell patch clamp technique was used to record postsynaptic currents from cor-
tical pyramidal neurons (Figure 19). In accordance with the CSD recordings described before,

3P290R/Wt gnimals from P15 to P20 were prepared and

cortical slices from wildtype and Sicla
layer 2/3 of the somatosensory cortex was specifically chosen as target area, as CSD pathology
was also explored and recorded in the same region.

As excitatory neurons constitute approximately 87 % of the entire cortical neuron population
and thus, represent the predominant cell type in the cortex, pyramidal neurons were chosen to
study the E/I balance. In the cortex, EAAT1 is predominantly expressed in astrocytes, which are
known to be electrically active cells'®®, but do not have the capability of generating APs under
physiological conditions®®. Therefore, despite being the main population expressing the defec-
tive protein, the glial cell subtype was not chosen to be directly investigated using electrophys-
iological techniques. It was hypothesised that the defective astrocytic glutamate transporters
may disrupt synaptic glutamate clearance, which is known to directly affect the performance of
the pyramidal cell population around those synapses!*®, presumably uncovering the conse-

guences of an altered glutamate/ CI homeostasis.

To detect alterations in excitatory input, SEPSCs as well as mEPSCs were studied. To characterise

changes in inhibitory input, sIPSCs and mIPSCs were recorded. AMPA-receptor mediated EPSCs
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were recorded in the presence of the NMDA-receptor-antagonist AP-5 and the GABAx-receptor
antagonist PTX, whereas for IPSC recordings, AP-5 and the AMPA-/kainate-receptor antagonist
CNQX were used. For mIPSCs/mEPSCs, the slices were additionally perfused with the Na* chan-
nel blocker TTX to block AP-driven inputs. For detecting the anticipated deficiencies in E/I bal-
ance, the instantaneous frequency, the relative amplitude, and the time constant of the decay
were analysed. The time constant of the decay was exclusively investigated for the sEPCS and
mEPSC recordings, since an impairment of synaptic glutamate removal was anticipated based
on the P290R-associated LOF effect on astrocytic glutamate transport, which was initially hy-
pothesised to result in longer decay time constants.

3.3.1 Unaltered phasic glutamatergic transmission at cortical synapses of Slc1a3"2°°%/wt

animals in vitro

Recordings of spontaneous EPSCs did not reveal any significant differences in the relative ampli-
tude and in the instantaneous frequency recorded from layer 2/3 cortical pyramidal neurons
(Figure 19 E, 1) in slices of Slc1a3"2°°*"t yersus those of wildtype animals (Figure 19 A, B, C). Also,
the analysis of the sEPSC decay time constant did not show any differences between the two

genotypes (Figure 19 A, D).
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Figure 19. Unaltered excitatory (glutamatergic) synaptic transmission in slices of Slc1a3">°*/*t animals.
(A) Representative traces of excitatory postsynaptic currents recorded from layer 2/3 pyramidal neurons
in slices of wildtype (top, grey) versus heterozygous (bottom, green) animals. Spontaneous EPSCs were
recorded in the presence of AP-5 and PTX (left traces). For mEPSCs, slices were additionally perfused with
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TTX to block AP-driven inputs (right traces). (B) Analysis of the sEPSC amplitude, (C) the instantaneous
frequency of the sEPSCs and (D) the time constant of the sEPSC decay did not reveal any differences be-
tween the genotypes (Nwiywt = 15/7, Npasorwt = 14/6; Mann-Whitney rank sum tests). (E) Representative
example of a biocytin filled pyramidal cell in layer 2 of the somatosensory cortex combined with a DAPI
staining (20x magnification). Scale bar: 100 um. (F) Analysis of the mEPSC amplitude, (G) the instantane-
ous frequency of the mEPSCs and (H) the mEPSC decay time constant were unaltered comparing pyrami-
dal cells recorded from slices of heterozygous versus wildtype animals (nwtwt = 14/6, Npagor/wt = 15/6; un-
paired t-test; unpaired t-test; Mann-Whitney rank sum test). (I) 40x magnification of the biocytin filled
pyramidal cell in E. Scale bar: 50 um.

To isolate mEPSCs, 1 uM TTX was additionally added to the recording aCSF to block Na* channels
and consequently APs. The mEPSC amplitude and instantaneous frequency recorded from py-
ramidal neurons in slices of S/lc1a3°2°°*/* animals were not distinct from pyramidal neurons in
slices of wildtype littermates (Figure 19 A, F, G). Furthermore, the mEPSC decay time constants
were unaltered between the genotypes (Figure 19 A, H). Descriptive statistics are provided in
Table 7.

Table 7. Descriptive statistics for the whole-cell patch clamp data (m/sEPSC recordings) in Slc1a3P?90R/wt
animals and wildtype littermates.

Mean Mean SD SD t, df p-value
(wt/wt) (P290R/wt) (wt/wt) (P290R/wt)
EPSC Ampli-
m MRl 440 145 2.9 2.7 t(27.0)=05  0.627
tude
MEPSC 8.3 8.2 6.6 4.0 0.533
Decay Tau
mEPSC 13.0 16.7 7.1 5.8 t(27.0)=1.5  0.136
Frequency
SEPSC
Amplitude 17.4 17.2 5.1 5.0 0.747
SEPSC 7.0 8.3 41 5.4 0.561
Decay Tau
SEPSC 185 222 5.4 14.3 0.983
Frequency

3.3.2 Unaltered phasic GABAergic transmission at cortical synapses of Slc1a3P?20R/wt
animals in vitro

Likewise, analysis of the sIPSC amplitude did not reveal any differences between layer 2/3 py-

ramidal neurons recorded in slices of heterozygous versus those of wildtype animals (Fig-

ure 20 A, B). Furthermore, the instantaneous frequency of the sIPSCs were unaltered between

layer 2/3 pyramidal neurons of both genotypes (Figure 20 A, C).
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Figure 20. Unaltered inhibitory (GABAergic) synaptic transmission in slices of Slc1a3?2°°*/"t animals.
(A) Representative traces of inhibitory postsynaptic currents recorded from layer 2/3 excitatory neurons
of the somatosensory cortex in slices of wildtype (top, grey) and heterozygous (bottom, green) animals.
Spontaneous IPSCs were recorded during continuous perfusion with AP-5 and CNQX (left traces), whereas
for the mIPSC recordings, TTX was additionally applied to the recording solution (right traces). (B) Analysis
of the sIPSC amplitude and (C) the instantaneous frequency of the sIPSCs did not reveal any differences
between excitatory neurons in slices of wildtype versus Sic1a3"2°°V%t mice (Nwtwt= 19/8, Npaoor/wt = 24/11;
Mann-Whitney rank sum tests). (D) Analysis of the mIPSC amplitude and (E) the instantaneous frequency
of the mIPSCs did not show any differences between the genotypes (nwtwt= 11/4, Npagor/wt = 18/10; Mann-
Whitney rank sum tests).

TTX perfusion of the acute slices enabled the isolation of miniature IPSCs recorded from layer
2/3 pyramidal cells in the somatosensory cortex. However, mIPSC recordings did not reveal any
significant differences in the amplitude or in the instantaneous frequency, when recorded from
excitatory neurons in slices of Slc1a3"2°°**t yersus those of wildtype animals (Figure 20 A, D, E).

Descriptive statistics are found in Table 8.

Table 8. Descriptive statistics for the whole-cell patch clamp data (m/sIPSC recordings) in Slc1a3P2%0R/wt
animals and wildtype littermates.

Mean Mean SD SD t, df p-value
(wt/wt) (P290R/wt) (wt/wt) (P290R/wt)

mipsc -74.6 -60.0 27.9 22.0 0.068
Amplitude

IPSC Fre-
m re 16.2 20.1 7.2 9.6 t(27.0)=12  0.254
quency
sIPSC
Amplitude -76.7 -63.6 28.1 16.0 0.121
SIPSC 18.3 19.8 7.3 9.4 0.913
Frequency

3.3.3 Unchanged cortical tonic inhibition in slices of Slc1a3?**°*/*t animals

As mentioned in section 1.7, Fahlke and colleagues had recently proposed that a decreased tonic
GABAergic inhibition of the granule cell population in the DG may be the underlying pathophys-
iological mechanism for the development of hippocampal hyperexcitability and consequently,

of epileptic seizures in Slc1a3"2°°** animals (Figure 7) (unpublished data). It was concluded that
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an increased P290R-associated EAAT1 CI efflux would result in an enhanced driving force for
GABA uptake via GAT-3, which would simultaneously reduce the ambient GABA levels and di-
minish tonic inhibition (unpublished data by Fahlke and colleagues).

As HM pathophysiology is assumed to primarily originate from cortical regions, it was hypothe-
sised that the mechanistic cascade supposedly leading to epilepsy in the Slc1a3"°°*"t mouse
model could be directly transferred from the hippocampal to the cortical region causing cortical
hyperexcitability and CSD pathology. However, in the cortex, EAAT1 is predominantly expressed
in astrocytes that surround cortical pyramidal neurons as opposed to the hippocampal region,
where the RGL cell populations surround DG granule cells. Therefore, tonic GABAergic currents
were investigated in layer 2/3 pyramidal neurons of the somatosensory cortex, which was also
in accordance with the previously performed recordings of CSD and synaptic transmission. In
general, tonic inhibition, as opposed to phasic inhibition, is exerted via extrasynaptic GABAx re-
ceptors modulating the excitability of the entire neuronal network!’% 7%,

For estimating the GABAa-receptor mediated tonic conductance, the average of a 30 seconds-
lasting holding current after continuous PTX perfusion was subtracted from the averaged hold-
ing current that had been recorded in the exclusive presence of AP-5 and CNQX. Cells were held

at a membrane potential of -70 mV.
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Figure 21. Unchanged tonic GABAergic currents in slices of Slc1a3?>°°*%t animals. (A) Representative
traces of tonic current recordings from layer 2/3 pyramidal cells of the somatosensory cortex in the pres-
ence of AP-5 and CNQX. To estimate of the amount of the GABAa-receptor mediated conductance, the
average of a 30 s current epoch during continuous PTX perfusion was subtracted from the average of a
30 s PTX-free baseline holding current. Cells were held at -70 mV. (B) The magnitude of the tonic GABAer-
gic currents did not reveal significant alterations between the genotypes (Nwiwt = 14/7, Npagor/wt = 15/9;
P =0.063; Welch-corrected unpaired t-test).

Although tonic inhibitory currents recorded from layer 2/3 pyramidal cells did not reveal any
statistical difference between the two genotypes, a trend towards a diminished tonic inhibition

of pyramidal cells in the cortex of Slc1a3P?%0R/wt

mice was observed (nwtwt=14 [7 mice],
Np2gor/wt = 15 [10 mice]; P = 0.06; t-test with Welch correction; Figure 21 A, B). Descriptive statis-

tics are given in Table 9.
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Table 9. Descriptive statistics for tonic current recordings in Slc1a3°2°°*/*t animals and wildtype litter-
mates.

Mean Mean SD SD t, df p-value
(wt/wt) (P290R/wt) (wt/wt) (P290R/wt)
ATonic Current 172 103 117 6.1 Welch cor- 0.063
rected
t(19.2)=2.0

3.4 Additional P290R-associated phenotypes and in vivo recordings of epileptic seizures in
Slc1a3*°°%/" animals

The Slc1a3°%°°%"t mouse model was used to study HM-associated additional phenotypes. First,
the growth of Slc1a3?°""t yersus wildtype animals as well as gender-related differences were
explored in detail. Moreover, to investigate the frequent co-occurrence of epilepsy in HM pa-
tients, the presence of epileptic seizures as well as their neurophysiological features were ana-
lysed using the EA6 model.

The Scn1a“***°¥"t mouse model was not used for this purpose as, firstly, patients carrying the
L1649Q variant are known to have a pure HM phenotype without epilepsy, and, secondly, het-
erozygous animals did not show any signs of epileptic seizures during the initial phenotypic
screening® as well as during regular observations and handling. Basically, heterozygous animals
did not differ from their wildtype littermates with respect to behaviour!. Nevertheless, to rule
out a rare co-occurrence or subclinical presentation of spontaneous epileptic seizures,

Scn1a'**¥"t gnimals would have to be comprehensively analysed using video-EEG-monitoring.

3.4.1 Weight reduction of Slc1a3"*°** animals during a critical time window

Slc1a3°%°%%% gnimals were studied with respect to basic body measures, as an unequivocal cor-
relation between the occurrence of epileptic seizures and a stagnation of further weight gain or
a reduction in body weight was noticed. In general, heterozygous animals and wildtype litter-
mates were evaluated on a regular basis with respect to appearance, behaviour, health status
and weight using score sheets. The body weight was continuously recorded from P3 to P50,
which is the time interval coinciding with disease onset, the period of highest seizure suscepti-
bility and the compensatory period characterised by a diminishing seizure frequency. Further-
more, the gender was observed to have an impact on the phenotype of Slc1a3"°°*"t animals
and specifically the severity of the epileptic phenotype.

As the genotype was not determined until the weaning period, differences in growth and body
weight were statistically evaluated starting at P21. At P21, the body weight/growth curve of
heterozygous Slc1a3"*°°%*t knock-in animals was noticed to deviate from the curve of wildtype
littermates (Figure 22 A, B). Weight loss or stagnation of weight gain were exclusively observed
during seizure occurrence. After reaching a maximum in body weight difference at P29 to P31,
body weight gain for all heterozygous and wildtype animals was found to be similar again (Fig-
ure 22 A). Nevertheless, heterozygous animals stayed underweight in comparison to their
wildtype littermates during the period of highest seizure susceptibility and persistently during
an assumed compensatory phase after having passed the period of highest seizure vulnerability
(Figure 22 A, C, D).
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To eliminate confounding factors and unravel potential gender differences, weight gain was
evaluated separately for female and male heterozygous versus wildtype animals. The body
weight analyses specifically for each gender also revealed differences between the male and

female population (Figure 22 C, D, E, F).
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Figure 22. Delayed growth during epileptogenesis and gender-related differences in Slc1a3°2°%%/"t ani-
mals. (A) Weight gain/growth was diminished in heterozygous (green dots) versus wildtype (grey dots)
animals during epileptogenesis. Statistical analysis started after weaning (P21). Trend lines for the growth
curve of wildtype (top) and heterozygous (bottom) animals were implemented in the chart to optimise
visualisation. (B) Starting at P21, the weight of Slc1a3?*°"*t animals was decreased in comparison to
wildtype littermates, which is shown for the odd days until P49. Body weight difference was maximum
around P30 (P21-P49: nytwt = 17-50, Npagorwt = 26-42; P21-P23: P < 0.05; P25-P49: P < 0.001; Multiple
Mann-Whitney rank sum tests) (also see Table 10). (C) A difference in body weight gain was observed for
female heterozygous (red dots) compared to female wildtype (blue dots) mice from P20 to P50. The lines
for the weight of female Slc1a3"%°%*t animals (bottom) and female wildtype littermates (top) were graph-
ically implemented to visualise the respective trend. (D) Male heterozygous animals (blue dots) were un-
derweight compared to male wildtype littermates (grey dots) starting at P20, which is shown until P50.
Trend lines are drawn for the growth curve of male heterozygous (bottom) and male wildtype mice (top).
(E) Starting at P25, the growth of female heterozygous Slc1a3"2°°%*t animals was reduced compared to
female wildtype animals, peaking from P39 to P45. The means and standard errors of the means (SEMs)
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were calculated from the dataset shown in Figure C. Only the odd days, from P21 to P49, are shown. (P21-
P49: nyijwt = 8-19, Npagor/wt = 9-22; P25/P37: P < 0.05; P29-P35/P47-P49: P < 0.01; P39-45: P < 0.001; Mul-
tiple Mann-Whitney rank sum tests) (also see Table 11). (F) From P25 to P49, the weight gain of male
heterozygous animals was diminished in comparison to male wildtype littermates, which is exclusively
shown for the odd days. The means and SEMs were calculated from the dataset shown in Figure D. The
difference in growth between male wildtype and male heterozygous mice was observed to be undulating
during epileptogenesis (P21-P49: nyiwt = 7-30, Npasor/wt =11-23; P25/P33/P37-P39/P43-45/P49: P < 0.05;
P27-P29/P47: P < 0.01; P31/35/41: P < 0.001; Multiple Mann-Whitney rank sum tests) (also see Table 12).
(G) The number of born male animals was lower in comparison to born female animals, applying to both
genotypes (@ nNuywt =49, G Nuywt= 37, @ Npagor/wt = 51, G Nuywe= 35).

The growth/body weight gain was diminished in female heterozygous animals in comparison
with female control mice during the analysed time interval from P20 until P50 (Figure 22 C, E).
Similarly, during epileptogenesis and the subsequent compensatory phase, the growth/body
weight gain of male heterozygous animals was reduced compared to male wildtype littermates

(Figure 22 D, F). However, the maximum difference in body weight for female Slic1a3"2°0%/t

ver-
sus wildtype animals was found later in comparison to the male population, approximately from
P39 to P45, overall indicating a later onset of the epileptic phenotype (Figure 22 E). In contrast,
the differences in body weight observed for the male heterozygous versus male wildtype ani-
mals appeared to be undulating during a large time interval from P25 to P49, indicating a more
variable onset and occurrence of epileptic seizures (Figure 22 F). Furthermore, curve progres-
sion of the female Slc1a3"2°°*t animals implied a potential re-gain of body weight during the
late compensatory phase (Figure 22 C).

Additionally, male animals made the impression to be affected more severely by the epileptic
phenotype. As exclusively male animals were implanted, this difference was only observational
and could not be confirmed based on the acquired EEG recording data. Of note, the rate of male
animals that were born during breeding was lower compared to the number of born female
animals. However, interestingly, this distinction was not only evident for the heterozygous, but
also for the wildtype male mice. Despite not reaching statistical significance a clear trend was
observed (@ nwywt=49, 3 nuywe=37, @ nNeaoormt =51, T nuyw = 35, Figure 22 G). Of all
Slc1a3P°*"t and Slc1a3"Y** animals that were born during breeding 58.14 % were female,
whereas only 41.86 % were male. Descriptive statistics of the body weight data for both genders
as well as the male and female heterozygous and wildtype animals are, in addition to Figure 22,
shown in Table 10, Table 11 and Table 12.

Table 10. Descriptive statistics for the growth/body weight data in all Sic1a372°°**t animals and wildtype
littermates.

n n Mean Mean SD SD p-value

(wt/wt)  (P290R/wt) (wt/wt) (P290R/wt) (wt/wt) (P290R/wt)
P21 30 30 11.7 10.9 1.3 1.3 0.034
P23 36 34 12.1 11.2 1.6 1.6 0.034
P25 50 42 13.8 12.4 1.6 1.7 <0.001
P27 39 29 15.1 13.2 2.0 1.7 <0.001
P29 34 34 17.2 13.8 2.1 2.2 <0.001
P31 40 39 17.8 14.9 2.4 2.3 <0.001
P33 42 30 18.3 15.7 2.5 2.6 <0.001
P35 35 32 19.1 16.1 2.3 2.1 <0.001
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P37 26 26 19.0 16.2 1.5 2.7 <0.001

P39 23 30 19.6 16.5 2.0 2.6 <0.001
P41 25 37 19.9 16.4 2.2 2.5 <0.001
P43 21 29 20.3 16.3 2.0 24 <0.001
P45 23 35 20.0 16.5 2.2 2.8 <0.001
P47 17 20 21.4 17.9 24 1.5 <0.001
P49 16 25 20.4 17.5 2.2 2.2 0.001

Table 11. Descriptive statistics for the growth/body weight data in female Slc1a3"2°°*%t gnimals and fe-
male wildtype littermates.

n n Mean Mean SD SD p-value

(wt/wt) (P290R/wt) (wt/wt) (P290R/wt) (wt/wt) (P290R/wt)
P21 12 16 11.7 10.6 1.2 1.1 0.112
P23 11 17 12.3 11.1 1.4 1.4 0.112
P25 19 19 13.7 12.2 1.6 1.5 0.021
P27 16 13 14.0 12.5 2.1 1.2 0.112
P29 16 22 16.1 13.6 1.6 1.9 0.002
P31 16 20 16.6 14.3 1.8 1.8 0.005
P33 17 13 16.9 14.1 1.6 1.9 0.002
P35 17 21 17.4 15.2 1.4 1.8 0.003
P37 12 12 18.0 15.1 13 2.4 0.013
P39 13 13 19.1 15.0 1.7 2.0 <0.001
P41 14 18 18.6 15.3 1.4 1.5 <0.001
P43 11 18 19.6 15.7 1.8 1.7 <0.001
P45 15 20 19.3 15.8 1.9 2.3 <0.001
P47 8 9 19.5 17.2 13 1.4 0.013
P49 9 15 19.4 16.7 1.7 1.9 0.013

Table 12. Descriptive statistics for the growth/body weight data in male Sic1a3"*°°**t animals and male
wildtype littermates.

n n Mean Mean SD SD p-value

(wt/wt) (P290R/wt) (wt/wt) (P290R/wt) (wt/wt) (P290R/wt)
P21 18 15 11.8 11.3 1.4 1.4 0.377
P23 25 15 12.0 11.4 1.7 1.8 0.358
P25 30 23 13.8 12.5 1.6 1.8 0.037
P27 23 16 15.8 13.8 1.6 1.8 0.009
P29 18 12 18.2 141 1.9 2.7 0.001
P31 24 19 19.0 15.5 1.9 2.6 <0.001
P33 25 17 19.2 17.0 2.6 2.4 0.037
P35 18 12 20.7 17.3 1.8 2.2 <0.001
P37 14 14 19.8 17.1 13 2.7 0.014
P39 10 17 20.3 17.6 2.2 2.6 0.037
P41 11 19 21.6 17.4 1.9 2.9 <0.001
P43 10 11 21.0 17.3 2.0 3.0 0.037
P45 8 16 21.3 17.6 2.1 2.9 0.024
P47 9 11 23.0 18.4 1.9 15 0.001
P49 7 11 21.6 18.6 2.3 2.0 0.085

3P290R/Wt 3 himals

3.4.2 High vulnerability to status epileptici in young Sicla
Male Slc1a37°°*" knock-in animals and their wildtype littermates underwent surgery before
the apparent onset of epileptic seizures and with a minimum weight of 14 g, corresponding to

an age of P25 to P32. Five heterozygous and an equal number of wildtype animals were
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implanted with single channel EEG electrodes and connected wireless transmitters under gen-
eral anaesthesia (see section 2.8). Major complications, for example cardiorespiratory arrest or
massive intracranial haemorrhage, did not occur during the surgical procedures. Minor compli-
cations in the younger group comprised an increased likelihood of prolonged minor bleeding
and a higher fragility of the skull during iatrogenic manipulations in comparison with older ani-
mals. All heterozygous and wildtype mice survived the one-hour recovery period after surgery.
As described in section 2.9, the favoured duration of recovery time numbered approximately
three days for animals implanted before seizure onset. However, as seizure-like behaviour was
observed in four of five heterozygous animals on the day of implantation, video-EEG monitoring
was initiated several hours following the surgical procedure. As a heating lamp was used to
maintain body temperature in the first few hours postoperatively, especially in the younger
mice, monitoring was not started earlier than six hours postoperatively. For one heterozygous
animal, the start of the combined video-EEG recording was rescheduled to the first postopera-
tive day, also due to an observed seizure occurrence. In contrast, the recovery time averaged
2.4 days for wildtype animals. The average duration of the combined video-EEG recordings was
38.0 hours in Slc1a3P°""t and 37.0 hours in wildtype animals that were implanted before sei-

zure onset.

Video-EEG monitoring of heterozygous P25 to P32 animals contained numerous distinct seizure
events, defined by the occurrence of rhythmic epileptiform discharges in the EEG trace, an une-
quivocal behaviour indicating a seizure or the combination of both features. The ictal events
varied with respect to the severity, the duration, and the electrographic pattern, which applied
to the comparison of seizure events within one Slc1a3"2°°*"t animal, but also between individual
heterozygous mice. Seizure events were usually introduced with a short episode of tail lift-
ing/stiffing and occasionally a rotational head movement, followed by a tonic whole-body
stretch that further proceeded to repetitive head nodding and unilateral or bilateral forelimb
cloni. Most seizures ceased directly thereafter, or they were followed by an additional episode
of rearing and sometimes falling, whereas a relatively small number of epileptic events was char-
acterised by wild running and jumping of the heterozygous animals. Furthermore, numerous
ictal-like events exclusively consisted of a behavioural arrest, characterised by the absence of
any movements. If an epileptic seizure exceeded a duration of 5 min, either as a continuous
seizure event or as two/more seizure events without complete recovery of consciousness in be-

tween, the term status epilepticus was used*®*.
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Figure 23. High vulnerability of SIc1a3"2°°*/*t animals to ictal events during the period of maximum sei-
zure susceptibility. (A) Representative example of a 50 s-epoch of an epileptic seizure with rhythmically
occurring epileptiform discharges recorded in a heterozygous animal during the period of highest seizure
vulnerability. (A.1) 10 s-cut-out of the ictal event in Figure A magnifying the epileptiform discharges.
(A.2) During the seizure event shown in Figure 22 A.1, the power was dominated by frequencies in the
lower range < 8 Hz, whereas frequencies in the upper range > 8 Hz were relatively underrepresented.
(B) Representative EEG trace (50 s-epoch) displaying an ictal event recorded from a different heterozy-
gous animal during the phase of maximum seizure occurrence. (B.1) Rhythmic spike-and-wave discharges
are maghnified in the 10 s-cut-out of the ictal event in Figure 22 B. (B.2) During the epileptiform discharges
in the 10 s-epoch of Figure B.1, the delta and theta frequency ranges dominated in the power spectrum.

Representative examples for ictal events recorded from two Slc1a3"*°%*t animals at P29 (Fig-
ure 23 A, A.1, A.2) and P26 (Figure 23 B, B.1, B.2) during maximum seizure susceptibility are
shown in Figure 23 A and Figure 23 B, in which the rhythmically occurring spike-and-wave com-
plexes indicated the presence of an epileptic seizure. The magnifications of two 10 s-epochs are
shown in Figure 23 A.1 and B.1, respectively. These ictal events during the period of highest
seizure vulnerability were characterised by a predominating delta power band in the low fre-
guency range (0.5-4 Hz) followed by the theta power band (4-8 Hz), whereas the remaining fre-
quency bands were underrepresented (Figure 23 A.2, A.3).
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Figure 24. High susceptibility of heterozygous animals to status epileptici and frequent occurrence of
suppressed electrographic activity during the fourth and fifth postnatal week. (A) Representative trace
recorded from a young Slc1a3°2°°**t animal during the phase of highest seizure activity displaying a flat
EEG signal interspersed with wave-like components and one seizure-like event, especially indicated by the
behaviour of the mouse. The ictal event was not classified as a seizure mostly due to the lack of fulfilling
the time criterion (duration < 10 s). (A.1) 10 s-cut-out of the flat EEG signal shown in Figure A preceding
the ictal event, with * indicating the location of the cut-out. (A.2) 10 s-cut-out of the EEG trace displayed
in Figure A to magnify the seizure-like event <10s, with * % indicating the location of the epoch.
(A.3) 2.5 s-cut-out of the electrographic signal shown in Figure A to magnify the suppressed electro-
graphic activity after the seizure-like event, with * * * indicating the location of the cut-out. The arrow-
heads (») mark breathing artefacts that were uncovered due to the flatness of the signal. (A.4) The power
of the seizure-like event in Figure A.2 was dominated by frequencies in the delta and theta range (< 4 Hz,
4-8 Hz). (A.5) During post-ictal suppression of the EEG signal, shown in Figure A.3, delta and theta fre-
guency ranges dominated in the power spectrum. (B) Representative example of a suppressed EEG signal
between two seizure events recorded in a young Slc1a3°%°°%*t animal that also comprised one spike-and-
wave discharge. (B.1) Due to the flat electrographic signal breathing artefacts were uncovered, as shown
in a 10 s-cut-out of the EEG trace in Figure B. The arrowheads (») mark 5 consecutive artefacts caused by
respiration. (C) Video-EEG monitoring of all five implanted heterozygous animals during seizure peak re-
vealed continuous status epileptici and consisted of numerous ictal events without full recovery of con-
sciousness in between the seizures. (D) All five implanted Sic1a3"2°°*t gnimals reached the human end-
point or died during video-EEG monitoring.

EEG traces of all heterozygous animals that were implanted before the onset of the epileptic
phenotype and recorded during seizure peak were overall characterised by flat EEG signals in-

terspersed with many electrographically ictal events and single spikes or waves. In Figure 24 A,
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a short seizure-like event, which did not fulfil the time criterion for being classified as a seizure
(Figure 24 A.2) but showed similar predominance of delta and theta power (Figure 24 A.4), was
preceded by a relatively flat EEG trace comprising single sharp wave components (Fig-
ure 24 A.1). The short seizure-like event was succeeded by suppressed electrographic activity
(Figure 24 A.3) with predominating delta and theta power (Figure 24 A.5), which was addition-
ally interspersed with breathing artefacts. During ictal events, Slc1a3P*°%*t animals usually dis-
played characteristic seizure-indicating behaviour, as described before. However, during epi-
sodes with suppressed EEG activity the behaviour of implanted heterozygous animals was
mainly characterised by the absence of movements and an altered state of consciousness (Fig-
ure 24 B, B.1). The phase of postictal depression ranged from unresponsiveness to a coma-like
state in the Slc1a3"°%*t mouse model. Of note, the presence of suppressed EEG activity in the
heterozygous animals uncovered rhythmically occurring artefacts that were correlated with the
respiratory rate of the mice using simultaneous video-monitoring (Figure 24 A.3, B, B.1).

All young Slc1a3°%°°%* animals displayed numerous fulminant ictal events in combination with
the absence of full recovery of consciousness in between the single seizures. Therefore, chronic
video-EEG monitoring revealed that status epileptici were continuously present in the five im-
planted Slc1a372°°*"t knock-in animals (Figure 24 C). In contrast, the five recorded wildtype an-
imals did not show any behavioural or rhythmically occurring electrographic signs for epileptic
seizures during the monitoring period.

Of five heterozygous animals, one Slc1a3"°%/t

mouse died during continuous recording and
four animals reached the human endpoint requiring termination of the experiment and killing
of the respective animal (Figure 24 D). The time, until Slc1a3">°""t animals that were implanted
before the onset of seizures reached the human endpoint, averaged 40.28 hours per animal.
Due to the lack of continuous electrographic monitoring, it is not possible to directly compare
the data of implanted with non-implanted heterozygous animals during the period of maximum
seizure vulnerability. Nevertheless, the severity and frequency of seizures/status epileptici ap-
peared to be increased in heterozygous mice that had received surgery beforehand, indicating
that either the surgical procedure itself or the impact of the applied general anaesthesia or an-
tidot may play a role in worsening the epileptic phenotype in the Slc1a3"°°"*t mouse line. To
summarise, video-EEG monitoring clearly revealed that Slc1a3P*°%*t animals recorded during
the peak period of seizure susceptibility were highly vulnerable to seizures and status epileptici.

3.4.3 Increased vulnerability to epileptic seizures in Slc1a3P?°°%/wt

animals after the peak
period of seizures
The requirements for implanting Slc1a3"°°""t and wildtype mice with EEG recording systems
comprised the survival of the period of maximum seizure susceptibility as well as a minimum
weight of 20 g, corresponding to an age of P44 to P53. All implanted animals survived the im-
mediate post-surgical period of one hour. Of the eight implanted wildtype mice, one animal died
during the first postoperative night. Despite a comprehensive post-mortem examination, the
cause of death remained unclear. As outlined in detail in section 2.7, the preferable duration of

recovery following surgery was set to be seven days for the animal group that was implanted
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after having passed the time of highest seizure vulnerability. For all seven wildtype and four of
ten heterozygous animals, the planned one-week postoperative recovery period was complied

with. However, in six of ten Slc1a3"20%/t

animals, chronic video-EEG monitoring was initiated
earlier within the first postoperative days either because of a suspected occurrence of epileptic
seizures or due to unclear worsening of the animal’s health status.

For heterozygous animals implanted after the peak period of seizures, the average duration of
one video-EEG monitoring was 37.84 hours per animal, whereas the recording duration for
wildtype littermates averaged 49.65 hours per animal. As six of ten heterozygous animals
reached the human endpoint or died during monitoring, the average recording duration per an-
imal was shorter for Slc1a3?*°""t compared to wildtype animals. Due to a higher number of
implanted and recorded Slc1a3P%0%/wt

378.43 hours for Slc1a3"°%“t mice and 347.58 hours for Slc1a3"¥*t mice.

animals, overall recording duration numbered
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Figure 25. Physiological baseline activity during wake and sleep episodes in Slc1a3"*°**t and wildtype
animals during video-EEG monitoring in the compensatory phase. (A) Representative example of base-
line EEG activity in an awake, moving Slc1a3**t animal during the dark phase as indicated by the moon
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sign. (A.1) 10 s-epoch to magnify the physiological EEG activity shown in Figure A. (A.2) In the EEG trace
shown in Figure A.1, all frequency ranges were represented in the power spectrum, with a dominance of
the gamma band. (B) Representative example recorded from an awake Slic1a3"°°%*“t mouse during the
dark phase displaying physiological baseline activity while the animal was freely moving in the cage.
(B.1) 10 s-cut-out to magnify the physiological activity in the EEG trace shown in Figure B. (B.2) The
gamma band dominated in the power spectrum, but all frequency ranges were represented in the cut-
out shown in Figure B.1. (C) Representative example of physiological baseline activity with high ampli-
tudes during the light phase, as indicated by the sun sign, recorded from a sleeping Slc1a3** mouse.
(C.1) 10 s-cut-out of the EEG trace in Figure C to magnify the electrographic activity during sleep. (C.2)
During sleep (Figure C.1), the power spectrum was characterised by dominating frequencies in the lower
range, in particular delta and theta, relative to the remaining frequency bands. (D) Representative exam-
ple of an EEG trace recorded from a sleeping Slc1a3"°°*“t mouse during the light phase. High EEG ampli-
tudes, dominating frequency ranges < 8 Hz and sleeping behaviour were used to identify sleep episodes.
(D.1) Magnification of a 10 s-cut-out of the EEG trace in Figure D for better visualisation of the electro-
graphic activity during sleep (D.2) In the power spectrum, frequencies in the theta followed by the delta
range dominated the 10 s-epoch shown in Figure D.1.

In contrast to Slc1a3%2°°*/* animals recorded during the period of highest seizure susceptibility,
video-EEG monitoring of heterozygous animals recorded after the peak of seizures comprised
normal baseline activity during wake and sleep episodes (Figure 25 B, B.1, D, D.1) as well as
pathological brain activity including seizure events or status epileptici. Recordings of older ani-
mals revealed that, depending on the individual animal, the traces consisted of exclusive physi-
ological activity, exclusive pathological activity, or a combination of both. In contrast, EEG traces
of wildtype Slc1a3"“** mice only showed physiological activity during wake and sleep episodes,
with an absence of seizures and status epileptici (Figure 25 A, A.1, C, C.1). As already outlined in
section 2.8, a low-amplitude EEG (Figure 25 A, A.1, B, B.1), a dominating higher frequency (Fig-
ure 25 A.2, B.2) and an actively moving mouse during the dark phase were considered criteria
for defining wake periods, whereas a high-amplitude EEG (Figure 25 C, C.1, D, D.1), dominating
frequencies of <4 Hz or 4-8 Hz (Figure 25 C.2, D.2) and sleep-like behaviour in the video se-

guences during the light phase were used as criteria for identifying sleep episodes.
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Figure 26. Persisting susceptibility of Slc1a3"2°°*/"t animals to epileptic seizures during the compensa-
tory phase. (A) Representative example of a 50 s-epoch of an ictal event displaying rhythmic epileptiform
discharges recorded in a heterozygous animal after having passed the period of highest seizure vulnera-
bility. The amplitudes of the spikes and spike-and-wave complexes were slowly building up and gradually
returning to baseline. (A.1) 10 s-cut-out of the ictal event in Figure A magnifying the epileptiform dis-
charges, with * indicating the location of the cut-out. (A.2) 5 s-cut-out of the ictal event in Figure A.1 to
better visualise the single rhythmic discharges, with * * indicating the location of the cut-out. (A.3) The
power spectrum for the EEG trace in Figure A.2 was dominated by frequencies in the lower range, partic-
ularly the delta band (< 4 Hz). (B) Representative example of an EEG signal with rhythmic epileptiform
discharges (25 s-epoch) that were depicted from an ictal event classified as a status epilepticus due to the
long duration. The trace was recorded in a different heterozygous animal after seizure peak. (B.1) Magni-
fication of the epileptiform discharges in a 5 s-cut-out of the ictal pattern visualised in Figure B. (B.2) The
delta frequency range dominated in the power spectrum during the occurrence of the epileptiform dis-
charges in Figure B.1, however, also higher frequency bands were represented, particularly alpha, sigma
and beta. (C) Seven of ten implanted Slc1a3"*°%*t animals had at least one seizure/status epilepticus
during continuous video-EEG monitoring, whereas three animals stayed seizure-free. (D) Six of ten im-
planted heterozygous animals reached the human endpoint or died during video-EEG recording.
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Of the ten implanted heterozygous animals, seven had one or more epileptic seizure(s) or one
or more status epilepticus(-i), whereas three Slc1a3?°°""t animals stayed seizure-free and ex-
clusively displayed physiological activity during the respective monitoring episodes (Fig-
ure 26 C). In accordance with the EEG analysis of the younger heterozygous mice, ictal events
were identified by the presence of rhythmic discharges (spikes or sharp waves) with a duration
> 10 s and < 5 min. Representative examples recorded from two different mice having passed
the time of highest seizure vulnerability are shown in Figure 26 A and Figure 26 B. The slow
build-up of a characteristic seizure event followed by its gradual return to baseline was depicted
in a 50 s-lasting epoch (Figure 26 A). Magnifications of a 10 s-epoch and a 5 s-epoch respectively
were used to visualise the clustering of the rhythmic discharges (Figure 26 A.1, A.2), with pre-
dominating lower frequencies in the delta and theta power range (Figure 26 A.3).

The 25 s-cut-out in Figure 26 B was depicted from a rather long ictal event classified as a status
epilepticus due to its duration >5 min, which comprised rhythmically arising spike-and-wave
complexes. These epileptiform discharges are shown in more detail in Figure 26 B.1, uncovering
a combination of spike-and-wave as well as sharp-wave discharges, with a predominating fre-
quency in the delta band (Figure 26 B.2).

The death rate of implanted Slc1a3P*°%*t animals during the compensatory phase was lower
compared to the mice recorded at an earlier time point. Of ten implanted S/c1a3°2°°%/* animals,

four reached the human endpoint and two died during video-EEG recordings (Figure 26 D).
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Figure 27. Frequency of ictal events and duration of epileptic seizures/status epileptici in Slc1a3P2°0R/wt
mice. (A) The number of seizure-like events varied between the different Slc1a3"*°%"t animals
(np2gor/wt = 10), ranging from one seizure/status to 25 seizure-like events. In this context, the category of
seizure-like events comprised epileptic seizures and status epileptici. (B) The frequency of status epileptici
ranged from one to three in the recorded heterozygous animals (np2sor/wt = 10) during the compensatory
phase. (C) The number of seizure events in Slc1a3"2°°%% animals (npagor/wt = 10) implanted after the period
of maximum seizure susceptibility was low, except for one animal with a frequency of 25 seizures during
monitoring. (D) The average duration of epileptic seizures recorded in heterozygous animals during the
compensatory phase was 0.8 min. Rhythmic epileptiform discharges with a duration >10s and <5 min
were classified as epileptic seizures. (E) The duration of a status epilepticus averaged 2.2 h in Slc1a3"2%0R/wt
animals. Seizures with a duration >5 min and an episode >5 min of two or more seizures without full
recovery of consciousness in between were classified as status epilepticus.

As already mentioned, the number of ictal events or status epileptici had a high variation be-
tween Slc1a3P°°""t knock-in animals that were recorded during the compensatory phase after

having passed the period of maximum seizure susceptibility. The frequency of seizure-like events
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varied from one to eight epileptic seizures/status epileptici, with one animal displaying a com-
paratively elevated frequency of 25 seizure events (Figure 27 E). On average, each heterozygous
animal had a frequency of 4.8 seizure-like events per recorded monitoring period, however, it is
important to highlight that this value was substantially influenced by the beforementioned high
number of ictal events observed for one mouse and by the varying recording duration of the
different animals. Of note, at least one seizure-like event of each of the seven Slc1a3P?%0R/wt
knock-in animals fulfilled the criteria for a status epilepticus, with a > 5 min duration of a single
seizure or the occurrence of at least two seizures > 5 min without full recovery of consciousness
in between the ictal events. For the occurrence of a status epilepticus, the frequency was rather
consistent among P290R-harbouring animals and varied from one to three status per animal
(Figure 27 F). During the compensatory phase, each heterozygous animal displayed on average
3.8 epileptic seizures (Figure 27 G).

The average duration of an epileptic seizure, assessed by an ictal-like behaviour in the video
recording > 10 s or rhythmically arising epileptiform discharges with a duration >10s, num-
bered 48.8 s (Figure 27 H). The duration of a status epilepticus varied from 0.1 h to 10.8 h, with
an average of 2.2 h (Figure 27 1).

3.4.4 Upregulation of c-fos after seizure occurrence in different regions of the brain

After completing the video-EEG monitoring, heterozygous and wildtype animals ranging from
P25 to P60 were transcardially perfused using 4 % PFA to fix the brain tissue and to subsequently
perform immunohistochemical studies. Details are provided in section 2.10. One heterozygous
animal recorded during the period of maximum seizure susceptibility as well as two Slc1a3P?2°R/Wt
animals implanted during the compensatory phase could not be perfused due to unexpected
deaths at night leading to severe damage of the brain tissue by autolytic processes. Four heter-
ozygous and four wildtype animals recorded during the period of maximum seizure vulnerability
were included to perform immunochemical staining. However, one heterozygous animal had to
be excluded from further analyses because of an insufficient perfusion quality. Accordingly, four
heterozygous and four wildtype animals that had been implanted and recorded during the com-
pensatory phase were included. In two heterozygous animals, epileptic seizures or status epi-
leptici had been recorded before sacrificing the animals, whereas two heterozygous animals had
remained seizure-free during the entire recording period. An overview over the animals that
were used for immunohistochemical studies is provided in Table 13 also including crucial infor-

mation on the respective mice.

Table 13. Overview and important information on the Sic1a3P?°*%t and wildtype animals that were per-
fused after video-EEG monitoring and used for immunohistochemical studies.

. . Prema- Insufficient . .
. Age during Result of video- . Region with high c-
Animal Genotype R . ture perfusion X
recording EEG recording . fos expression
death quality
1 wt/wt P25-36 seizure-free none
2 wt/wt P25-36 seizure-free none
3 wt/wt P25-36 seizure-free none
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4 wt/wt P25-36 seizure-free none

continuous status

5 P290R/wt P25-36 . R X excluded
epilepticus
ti tat
6 P290R/wt P25-36 continuous status thalamus
epilepticus
7 P290R/wt P25-36 continuous status DG
epilepticus
ti tat
8 P290R/wt P25-36 continuous status CAL, CA3
epilepticus
9 wt/wt P45-60 seizure-free none
10 wt/wt P45-60 seizure-free none
11 wt/wt P45-60 seizure-free none
12 wt/wt P45-60 seizure-free none
13 P290R/wt P45-60 seizure-free none
14 P290R/wt P45-60 seizure-free none
15 P290R/wt P45-60 seizures/ none
status epilepticus
16 P290R/wt P45-60 seizures/ none

status epilepticus

After preparing coronal slices with a thickness of 100 um, staining against the early immediate
gene c-fos was performed to discover brain regions with high cellular activity'’2. The aim of per-
forming c-fos staining was to identify specific brain regions in the Slc1a3"2°°*/* knock-in model
that were implicated in seizure generation and epileptogenesis, since the seizure origin was un-
known'’2, Additionally, DAPI staining was used to visualise neuronal and non-neuronal cells,
which consequently also included astrocytes and radial glia-like cells. Distinct regions across the
brain were chosen for studying c-fos expression, with a focus on the cortex, thalamus, and hip-
pocampus. The first imaging step was implemented to obtain an overview of the entire stained
slice enabling the identification of brain regions with maximum density of c-fos positive cells.
Subsequently, z-stacks of the respective areas were captured with a confocal microscope to en-

sure optimal quality and higher resolution, as comprehensively outlined in section 2.12.

The brain regions showing maximum c-fos expression varied substantially between the three
included heterozygous animals that had been recorded during the period of maximum seizure

vulnerability. In the first Slc1a3P2%0R/t

mouse, staining against c-fos revealed a pronounced up-
regulation in the nucleus reticularis of the thalamus (nRT), which was absent in the stained slices
of wildtype control animals (Figure 28 A). For the second heterozygous animal, the maximum
upregulation of c-fos expression was localised within the hippocampal DG, whereas in the
stained slices of the wildtype animals no brain region with highly upregulated c-fos expression

could be identified (Figure 28 B).
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Figure 28. Upregulation of c-fos expression in the nucleus reticularis (nRT) and the hippocampal DG.
(A) In the first Slc1a3P*°**t 3nimal, the maximum density of c-fos expressing cells was localised in the nRT
(top row; left: DAPI staining in blue, middle: c-fos staining in red, right: merged image). A representative
example of a wildtype animal is depicted at the bottom. Scale bar: 50 um. The drawing on the left indi-
cates the location of the nRT within the coronal brain slice. (B) In the second heterozygous mouse, the
highest upregulation of c-fos expression was found in the DG (top row; left: DAPI staining in blue, middle:
c-fos staining in red, right: merged image). Scale bar: 50 um. The drawing on the left indicates the location
of the DG. A representative example of a wildtype animal is given in the bottom row.

Staining against c-fos using slices of the third Slc1a3?°°""t animal revealed highly elevated c-fos
expression levels in the CA1 and CA3 region of the hippocampus, which were not detected in c-
fos stained slices of wildtype littermates (Figure 29 A, B). Due to the marked interindividual var-
iability among the included heterozygous animals, it was not possible to perform reasonable

statistical analyses.
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Figure 29. Upregulation of c-fos expression in the hippocampal CA1 and CA3 regions. (A) In the third
Slc1a3P?%R™t animal, the maximum density of c-fos expressing cells was localised the CA1 and (B) CA3
region of the hippocampus (top row; left: DAPI staining in blue, middle: c-fos staining in red, right: merged
image). Representative examples of a wildtype animal are depicted at the bottom (left: DAPI staining in
blue, middle: c-fos staining in red, right: merged image). Scale bar: 50 um. The drawings on the left indi-
cate the location of the CA1 and CA3 regions, where the images were captured within the stained slice.

In contrast, a marked upregulation of c-fos expression in specific areas of the brain was absent
in the four heterozygous animals that had been implanted and recorded during the compensa-
tory phase. As the expression of c-fos positive cells did not differ between the genotypes in the
overview images, confocal microscopy scans were not performed with respect to the compen-

satory period.
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4 Discussion

4.1 The pre-existing research gap and arising research problems

Despite intense scientific research over several decades, the exact pathophysiological mecha-
nisms involved in CSD and HM have remained elusive to date. The generation of transgenic ani-
mal models have significantly expanded our understanding of the involved factors and pro-
cesses. However, experimental data from FHM1 and FHM2 mouse models have given rise to
focus on the excitatory neurotransmitter glutamate as the key triggering factor and to establish
a glutamate-based hypothesis in CSD initiation. Although an increase in K* levels was implicated
in eliciting the CSD cascade in some studies, the exact role of K* as main element to trigger CSD
in HM has never been investigated so far.

The underlying molecular and cellular causes for hyperexcitability and increased CSD suscepti-
bility are already elucidated for CACNA1A- and ATP1A2-associated FHM models?” 3”33, |n con-
trast, the mechanisms of FHM3 pathology have stayed rather unclear having to reconcile hyper-
excitability of inhibitory neurons on the single cell level with a higher CSD susceptibility in vivo.
Of note, the role of GABAergic cells as CSD elicitors has not been studied in detail, as the inhibi-
tory cell population was assumed to play a rather insignificant role during the CSD processes.
Comprehensive knowledge about which types of ion channels, transporters and pumps are spe-
cifically involved both during the initiation and propagation phase is still missing, which also ap-
plies to Nayl.1 and EAAT1. This research gap has also complicated the development of novel
pharmacological treatment targeting specific components within the CSD cascade, which is par-
ticularly important for the more severely affected HM patients.

Furthermore, the three major HM genes only constitute a minor part of the whole mutational
spectrum. Therefore, the number of risk/candidate genes is growing nowadays, which should
be accompanied by the generation of novel animal models to investigate their significance.
These models may contribute with new aspects and expand our current knowledge.

The frequent occurrence of additional phenotypes such as epileptic seizures or psychiatric con-
ditions as well as the high number of reported overlapping syndromes between HM and other
disorders, for example ataxia or epilepsy syndromes, make it necessary to further study the na-
ture of these correlations. For instance, CSDs and epileptiform activity particularly share numer-
ous similarities and appear to be closely connected.

To sum up, a comparison of different pathophysiological aspects between distinct HM models

is rarely observed in literature but may add further information to unravel CSD and HM patho-

physiology.

4.1.1 The pivotal role of K* in CSD pathophysiology of FHM3
The first objective of this work was to identify the role of K* as key factor triggering CSD in FHM3
and to determine the mechanistic link between a higher CSD susceptibility in vivo and the hy-

perexcitability of fast-spiking inhibitory neurons?.
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For addressing this first research question, the Scn1a“*%**¥"t knock-in model was used harbour-
ing the human L1649Q GOF variant that causes pure HM in affected patients® . CSD was elicited
and recorded in acute cortical slices demonstrating both an increased rate of successful CSD
inductions as well as an elevated propagation velocity in slices of heterozygous animals®. Addi-
tionally, K*-sensitive microelectrode recordings identified higher K* levels during CSD and
demonstrated that the increased [K*]e shift was confined to an early CSD phase®. These key find-
ings led to the identification of a completely new cascade for CSD initiation, which comprises
GOF properties of Nayl.1 leading to hyperexcitable GABAergic neurons and an early rise and

accumulation of [K*]e acting as the main triggering factor for CSD™.

Previous and new concepts of the cellular and molecular mechanisms underlying CSD

Significant advances in understanding CSD and HM pathophysiology and the included single pro-
cesses have been made since the possibility of studying (F)HM mouse models. However, cortical
hyperexcitability in the established FHM1 and FHM2 animal models was mostly linked to en-
hanced glutamatergic transmission resulting in increased glutamate levels that were considered
as the key factor for triggering CSD?” 37 %855 However, the observed early [K']. increase and
accumulation in FHM3 could not be reconciled with the already established hypothesis for CSD
initiation that entirely focused on glutamate?.

Moreover, inducing a hyperexcitable state during CSD has mostly been attributed to pyramidal
cells which are responsible for excitatory neurotransmission. Of note, in FHM2, the mutant NKA
is expressed in the astrocytic cell population®’. However, impaired astrocytic function directly
affects the pyramidal cell population due to their tight connection with respect to neuronal ac-
tivity and energy metabolism at cortical synapses®.

Therefore, the identified pathophysiological cascade in FHM3 linking interneuron hyperexcita-
bility and increased CSD susceptibility via an accumulation of [K*]. represents a novel mechanism
to elicit CSD in HM and clearly expands the previously established concepts®. The extension of
the hypothesis for CSD initiation did not only apply to the pivotal role of [K*]e during the process,
but also referred to the significance of inhibitory interneurons, which have never been related

to decisively affect CSD triggering in experimental studies so far?.

Computational and experimental data support the novel CSD cascade and pivotal role of K*

Profound ionic changes including a near-breakdown of ion homeostasis during CSD were noticed
early’® !, These identified alterations also comprised a rapid increase in [K*]e and the release of
amino acids like glutamate!’. A computational study suggested early that CSD was elicited in an
all-or-none principle if [K*]e accumulation together with current injections initiated a depolari-
sation of the modelled neuron that spread to the apical dendrite to activate persistent Na* cur-
rent among others*. The pivotal role of hyperexcitable inhibitory interneurons leading to [K*]e
increase was already proposed by Cestele and colleagues as the likely L1649Q-associated FHM3

pathomechanism that facilitates CSD generation®..
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A different, more recent computational model of a cortical microcircuit, including a pyramidal
cell and a GABAergic interneuron, provided additional evidence that CSD can be elicited by high
frequency firing of inhibitory neurons!’®. Modulation of the spiking frequency demonstrated
that spiking-induced K* efflux from the inhibitory and pyramidal cells were required for CSD trig-
gering, whereas synaptic transmission was not mandatory for CSD induction but positively af-
fected its facilitation!”. Furthermore, an increased persistent Na* current promoted CSD induc-
tion and resulted in a larger elevation of K* efflux possibly indicating an accelerating effect on

the process of CSD propagation in the vicinity of larger circuits and networks®”3.

Chever and colleagues demonstrated that both the acute pharmacological activation of Nay1.1,
using the spider toxin Hm1a, as well as the exclusive optogenetic activation of GABAergic inter-
neurons initiated CSD specifically in the neocortex, which was caused by spiking-induced inter-
stitial increase and accumulation of [K*].2°. Hm1a was reported to act as specific Nayl.1 en-
hancer and to induce a 12-fold increase in steady-state Na*-current yielding hyperexcitability of
GABAergic neurons® 7%, Thus, the toxin pharmacologically imitates the functional effects of
GOF SCN1A variants including L1649Q5% 7® 7° and provides an acute model to study FHM3 con-
sequences?. By restoring the firing deficits of GABAergic interneurons, while sparing the func-
tion of excitatory cells, the efficacy of the selective Nay1.1 activator Hmla has recently been
demonstrated in a DS mouse model leading the an alleviation of seizure severity and a dimin-
ished mortality!’®>. The experimental and computational data provided by Chever and col-
leagues? perfectly complemented our accompanying study, which investigated the chronic ge-
netic model for FHM3 using a multimodal approach, including the data presented in this thesis?.
The results by Chever and colleagues further verify the newly established mechanism of CSD
induction that includes Nay1.1 GOF, early hyperactivity of neocortical inhibitory neurons and a

concomitant progressive rise of [K*]e at the site of CSD induction®.

Using the beforementioned optogenetic and pharmacological techniques, SD was not initiated
in different areas than the neocortex?®. Nevertheless, the functional changes on the single cell
level underlying increased CSD susceptibility were comprehensively studied in the cortex and
the hippocampus using the Scn1a“%*°¥"t knock-in model®. These results may indicate that the
presence of Nay1.1 GOF-associated alterations in the hippocampal region lack a significant con-
tribution to HM pathophysiology, which clearly contrasts with the pivotal role of the hippocam-
pus in numerous models for epilepsy.

Of note, CSD generation was prevented by optogenetically stimulating slices of heterozygous
Scnla KO animals demonstrating the importance of Nay1.1 activation and hyperactive interneu-

rons during the process of CSD emergence?®.

Technical limitations and advantages of the CSD and K*-sensitive recordings

The use of KClI puff applications prevented K*-sensitive microelectrode recordings of [K']e

changes directly at the CSD initiation site. In this study, a minimum distance of at least 800 um
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between the puff and the K*-sensitive electrode was established to avoid any interference of the
KCl containing puff with the measurement®. However, by using different techniques of spatial
optogenetic illumination, the spike-generated [K']e increase at the CSD induction site was
demonstrated in the study by Chever and colleagues®. Thus, [K*]e levels were emphasised as
key component in CSD generation associated with an Nay1.1. GOF mechanism, thereby support-
ing the observed pivotal role of [K*]e increase to elicit CSD within this work ?°. The consistency
of the results of both studies strongly supports the applicability of the presented technique.

Nevertheless, [K*]e recordings at the initiation site would have been more precise and remain to

be performed to verify the results by Chever and colleagues in the transgenic FHM3 model.

KCl puff applications represent a classical experimental model for in vivo and in vitro CSD gener-
ation that is widely found in literature. In this work, a noticeably lower KCl concentration of
300 mM was used! compared to most studies that induce CSD with stronger stimuli usually rang-
ing from 1 M to 3 M of KCI*® 52176177 These high K* concentrations do not correspond to levels
that are found under physiological and pathological conditions, which usually range from a min-
imum of 2.3 mM at resting levels to 30-40 mM during CSD and sometimes peak at 60-65 mM"
17,1819 CSD initiation is a dynamic, continuously evolving process, which contrasts with the ab-
rupt, rapid CSD onset triggered by KCI puff applications. To completely avoid the use of artificial
stimuli, the most accurate method would be to record spontaneously occurring CSDs, which are
extremely rare in slices of heterozygous FHM animals and are usually not generated in slices of
wildtype animals.

L1649Q/wt

Implications for future research using the Scnla model

Moreover, it was shown that neither glutamatergic nor GABAergic synaptic transmission was
required for eliciting CSD in the acute model mimicking FHM3 variants which provided important
details with respect to the concerned pathophysiological mechanisms?®. Pharmacological mod-
ulation to disclose the involvement of additional ion channels and receptors was not performed
using the Scn1a“***°¥"t knock-in model®. As the FHM3 animal model represents a more appro-
priate model to mimic the condition of L1649Q-carrying patients and may also involve secondary
changes, a comprehensive investigation thereof could be extremely useful to identify further
pharmacological targets that interfere with crucial components of CSD generation or the chron-
ification processes during HM episodes. To name an example for an attractive future target,
scientists have increasingly focused on the processes of myelination and oligodendrogenesis in
recent years, which were discovered to be pathologically altered in various epilepsy mouse mod-
els and peculiarly in the context of Na* channelopathies’® 7%, In an Scn8a mouse model of gen-
eralised epilepsy, activity-dependent and consequently malfunctioning myelination was found
to significantly contribute to epilepsy progression, while simultaneously providing a promising
target for treatment!’®. Considering that there are ample similarities between CSDs and seizure-
like activities, related mechanisms may also apply in the context of HM and represent an addi-

tional option for the development of targeted treatment.
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A recent article largely expanded the GOF spectrum of SCN1A-associated disorders describing
newly identified GOF Nayl.1-related phenotypes with developmental and epileptic encephalo-
pathy that may be associated with additional features'®. However, HM attacks were not re-

ported in these epilepsy cases'®

. A detailed study on the consequences of these newly identified
SCN1A GOF variants on neuronal microcircuits and networks will be of great value to better un-
derstand how SCN1A variants with similar functional effects differentially lead to epilepsy or
HM. Furthermore, the novel identification of severely affected epilepsy patients has emphasised
the importance for discovering suitable pharmacological treatment options in SCNIA GOF-re-

lated disorders.

4.1.2 Beneficial effects of the persistent Na* channel blocker GS967 in FHM3

To evaluate potential pharmacological treatment options in FHM3 and further confirm the
mechanistic concepts of L1649Q-associated CSD pathophysiology, the effect of GS967 on the
rate of successfully induced CSDs was explored in vitrol. GS967 application during CSD record-

L1649Q/wt animalsl.

ings demonstrated an alleviation of CSD susceptibility in slices of Scnla
Additionally, our study revealed a reduction in persistent Na* current elicited by slow voltage
ramps as well as a decrease in AP frequency recorded from fast-spiking inhibitory neurons®. The
more prominent effect of GS967 in the range of higher frequencies was attributed to the use-
dependent mode of action, which may further highlight its reasonable application in the context
of preventing or stopping CSD right after its initiation®. Moreover, the presumably beneficial
effect of GS967 in SCN1A GOF-related disorders was revealed by applying the persistent Na*
channel blocker to homozygous Scn1a“*64°¥t164%Q animals, as it substantially prolonged the
lifespan of treated micel.

The value of GS967 as specific pharmacological treatment in FHM3 was already proposed earlier
in an experimental study investigating its effect on the increased persistent Na* current of seven
different SCN1A GOF variants causing FHM3, which overall indicated specific binding of GS967
to Nay1.1'*2. Whereas the persistent Na*-current was largely reduced in the seven mutant chan-

nels, the effect on peak currents was revealed to be comparably small**2,

Expansion of GS967 targets and its relevance in neurological disorders

GS967 was also demonstrated to substantially decrease elevated persistent Na*-currents of
Nay1.2 and Nayl.6 caused by epileptic encephalopathy variants in SCN2A and SCN8A respec-
tively'®® 181, Hence, the beneficial effect on CSD susceptibility, as shown here for Scn1g-64°¥wt
knock-in animals!, may not only be attributed to diminishing increased Nayl.1-associated Na*
ramp currents but may additionally be caused by exerting a modulatory effect on other channels
of the Nay family. On the contrary, TTX did not prevent CSD initiation in vivo and in vitro®® *?
despite blocking the entire Nay channel family and only yielded minor effects on specific CSD

characteristics*.
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Of note, favourable outcomes with GS967 application were not only observed for SCN2A- and
SCN8A-related epilepsy syndromes but rather unexpectedly also for DS, in which SCN1A LOF
variants cause hypoexcitability of PV+ fast-spiking interneurons!®2. GS967 was shown to improve
survival, decrease seizure frequency, normalise Na* current density of pyramidal cells, and di-
minish protein levels of Nay1.6 in Scnla KO mice, which was attributed to potential secondary
changes of Nay1.6 by the authors!®2. On the one hand, these studies indicate that the effect of
GS967 may be even broader and more complex than anticipated initially. On the other hand,
they suggest that, besides FHM3, GS967 may be applicable to a more expanded spectrum of
channelopathies converting the substance into a promising treatment option that may succeed
in clinical trials in the future. The comparison of GS967 (PRAX-562) with conventional Na* chan-
nel blockers has already revealed its reasonable efficacy combined with an improved preclinical
tolerability'®.

Referring to the previous section, exploring the effects of the persistent Na* channel blocker on
SCN1A GOF variants that lead to extremely severe epilepsy phenotypes will be highly relevant
for the development of promising treatment options in the affected patients.

To sum up, the potential of GS967 to reverse the L1649Q-associated consequences on survival
of homozygous mice, Na* ramp currents, AP frequency and CSD susceptibility, as demonstrated
here and in our study, suggests a significant role in generating targeted treatment options of

FHM3-related migraine attacks®.

4.1.3 Altered CSD characteristics and K* dynamics in CSD pathophysiology of EA6

Based on the expanding genetic spectrum in HM, first investigations of the Slc1a3"°°*“t model
for EA6 with respect to CSD pathophysiology and the related importance of K* within the CSD
cascade are reported in this thesis. Both a higher CSD susceptibility as well as an increased prop-
agation velocity were demonstrated in vitro, which are characteristic features for HM mouse
models 2”- 37, In addition, altered [K*]c dynamics and levels were shown during the early and
very late phases of CSD, with however different characteristics compared to the Scnia model*.
Based on the glutamate hypothesis for CSD initiation, it was speculated that the P290R LOF ef-
fect on EAAT1-associated glutamate transport would result in elevated glutamate levels trigger-
ing CSD and would be combined with overall unaltered [K*]e levels!®. In accordance with the
initial hypothesis, K*-sensitive recordings revealed that the absolute K* levels in vitro were not
increased in the Slc1a3"*°"*t model. These findings indicate that [K*] does not play a key role
in facilitating CSD initiation in the context of SLC1A3-related HM pathophysiology. On the con-
trary, [K*]e levels were increased during late CSD phases, which may have an impact on facilitat-

ing the process of CSD propagation.

Establishment of the glutamate hypothesis in CSD pathophysiology

The glutamate-based theory mainly emerged from supportive findings in FHM1 and FHM?2 ani-
mal models since an excessive glutamatergic transmission was demonstrated to facilitate CSD

generation and provided evidence for the presumable key role of glutamate as CSD trigger. In
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FHM1, CACNA1A GOF variants cause an increased Ca* influx through mutant Cay2.1 channels in
response to APs which leads to an enhanced release probability at the synapses of pyramidal
cells®2. In contrast, reduced synaptic glutamate and [K*]e removal by astrocytes depending on
the magnitude of neuronal activity was demonstrated in FHM2*. Simultaneously, a tight cou-
pling between EAAT2 and the mutant a; NKA was revealed, as expression levels of both proteins
were equally decreased in the perisynaptic astrocytic processes*®. Consequently, glutamate ap-
pears to be the common denominator for both HM mouse models, which clearly contrasts with
the newly established hypothesis in FHM3!.

Additional evidence for the significance of glutamate in CSD generation or propagation derived
from early in vivo and in vitro studies verifying that NMDA receptors are indispensable to elicit
a CSD event that is followed by its propagation® 3°. Conversely, one could argue that any patho-
logical alteration that increases glutamatergic neurotransmission or delays glutamate re-uptake
at cortical synapses concurrently increases the risk to elicit CSD, which also applies to SLC1A3

variants that exert a LOF effect on EAAT1-related glutamate transport.

Additionally, an increased propagation velocity and a lower CSD threshold were observed in the
presence of the EAAT1/2 inhibitor DL-threo-B-benzyloxyaspartic acid (TBOA) partially resem-
bling the quantitative changes found in the FHM2 model*> %% 18 Using the FHM2 model, it was
shown that the defective glutamate clearance largely accounted for the facilitation of CSD in-
duction but only partially for the increased CSD propagation velocity®®. Furthermore, the rate of
CSD propagation was demonstrated to be proportional to the levels of glutamate®. Importantly,
TBOA non-specifically inhibits glial glutamate transporters and simultaneously blocks glutamate
transport performed by EAAT1 and EAAT2. Therefore, TBOA application clearly represents a
more impactful alteration in glutamate homeostasis than heterozygous LOF variants in one of

the two genes.

Contradictory results from EAAT1 KO models

On the contrary, neither heterozygous nor homozygous EAAT1 KO animals displayed an in-
creased CSD frequency, whereas a higher number of CSDs was observed in EAAT2 conditional
KO mice'®®. However, the beforementioned study lacked a comprehensive exploration of further
CSD features as for instance the CSD threshold, the frequency in response to electrical stimula-
tion, the latency, or the frequency of spontaneous CSDs®. The difference in CSD frequency be-
tween EAAT1 and EAAT2 KO animals may be partly explained by the fact that EAAT2 accom-
plishes the major part in removing glutamate in the brain. Therefore, EAAT2 elimination may
yield a stronger effect. KO models, which were used in the beforementioned study, usually rep-
resent rather simplified models that frequently resemble the phenotype inadequately and in-
correctly reproduce the functional consequences of specific genetic variants. Moreover, com-
pared to the generation of knock-in mouse models harbouring missense variants, the complete
or partial knockdown of a gene usually results in an up- and downregulation of a vast number of

genes, which was not investigated in the beforementioned study. These unknown secondary
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changes may also partly account for the missing effect on CSD frequency in the EAAT1 KO lines.
To genuinely disclose the importance of both glutamate transporters in CSD pathophysiology,
knock-in mouse models harbouring specific variants that have been identified in HM patients

should be preferred.

A possible link between P290R-related impaired glutamate removal and accelerated K* dynamics

Despite the absent increase in absolute [K*]. levels during the rising phase of CSD, a pronounced
[K*]e shift was identified during an early CSD phase in slices of Slc1a3P*°"*t animals, which com-
prised accelerated [K*]e dynamics. The acceleration of the [K*]. rise was identified by a shortened
initial time interval, a decreased [K*]e at the inflection point and a smaller AUC.

As outlined in the introduction, an early computational model indicated that the positive feed-
back cycle constituting the all-or-none characteristics of CSD comprises a net self-sustaining in-
ward current as well as a regenerative local K* release, which results in neuronal depolarisa-
tion34. Evidence points towards an important involvement of NMDA-receptors in these two cru-
cial components for CSD induction?®®. If impaired glutamate removal represented the mecha-
nism to induce CSD in the Slc1a3"°°"%t knock-in model, NMDA-receptors would be activated,
which would directly result in substantial K* efflux through these NMDA-receptors and a rapid
rise in [K*]e early during CSD*®”- 18, The observed acceleration of [K*]c dynamics may therefore
be caused by enhanced glutamate-induced NMDA-receptor activation. This mechanism of ac-
celerated neuronal K* efflux would also explain an inflection point at lower [K*]. ranges and a
smaller AUC. Nevertheless, the hypothesis of glutamate being the key trigger for CSD in the EA6
model as well as the mechanistic link to the demonstrated acceleration of [K*]. dynamics during

an early CSD phase remain to be verified.

To provide unquestioned evidence for the anticipated decisive role of glutamate in triggering
CSD in SLC1A3-associated HM, recordings of the glutamate levels before and during CSD should
be performed. Although the genetically encoded glutamate sensor iGluSnFR has been available
for some time now to visualise and optically quantify glutamate release and removal at the syn-
apses, glutamate dynamics during high-frequency bursts exceeding ~ 10 Hz, which are usually
observed before and during CSD generation'®, cannot be resolved by iGluSnFR**% 1°1, Therefore,
recent advances in developing fast (iGlu ¢) and ultrafast (iGlu ,) variants will be of substantial

3P29OR/Wt

help to decipher the significance of glutamate in CSD induction in the Sicla knock-in

model in the future.

The effect of pharmacologically mimicking a pure EAAT1 LOF variant on CSD characteristics

In addition, experimental data has recently been gathered by Caroline Kurth as content of a
medical doctoral thesis in attempt to mimic a pure LOF of the EAAT1-associated glutamate
transport, thereby imitating the LOF effect of the P290R variant (unpublished data by Kurth,
Miely and Hedrich). To do so, the highly selective EAAT1 inhibitor UCPH-101, which blocks both

t192, 193,194

the associated anion/Cl" currents and the glutamate transpor , was applied to slices of
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wildtype animals with the same background than the Slc1a3"*°%*t mouse strain, while CSD re-
cordings were performed (unpublished data by Kurth, Miely and Hedrich). The primary hypoth-
esis was that UCPH-101 application would yield equal findings as in the Slc1a3"*°%*t model if
the changes in CSD induction, propagation and [K*]e dynamics were exclusively caused by the

impaired EAAT1-related glutamate transport.
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Figure 30. Increased CSD susceptibility and propagation velocity but unaltered [K*]. dynamics in UCPH-
101 perfused slices (unpublished data by Kurth, Miely and Hedrich). (A) The rate of successfully induced
CSDs was significantly increased in UCPH-101 perfused compared to control slices (Fisher’s exact test)
(unpublished data by Kurth, Miely and Hedrich). (B) The propagation velocity was enhanced by 11.8 % in
slices after UCPH-101 application (Mann-Whitney rank sum test) (unpublished data by Kurth, Miely and
Hedrich). (C) The [K*]. at the inflection point, (D) the time from the beginning of [K*]. increase until the
inflection point as well as (E) the area under the curve did not reveal any differences between control and
UCPH-101 perfused slices, overall indicating unaltered [K*]e dynamics (Mann-Whitney rank sum tests) (un-
published data by Kurth, Miely and Hedrich).

The rate of successful CSD inductions in the presence of UCPH-101 (90.9 %) was highly compa-
rable to the CSD success rate observed in slices of Slc1a3°2°%%*t animals (87.1 %) (Figure 30 A)
and the propagation velocity was also significantly increased after UCPH-101 application (Fig-
ure 30 B) (unpublished data by Kurth, Miely and Hedrich). However, the relative increase in CSD
propagation velocity of UCPH-101 perfused slices was 11.8 %, whereas the propagation velocity
in slices of heterozygous Slc1a3P>°""t animals was increased by 41.5 % (unpublished data by
Kurth, Miely and Hedrich). The quantitative comparison revealed some difference in the magni-
tude of the relative increase in propagation velocity possibly implying that additional factors

3P290R/wt model.

may play a role in the Sicla
Furthermore, [K']e dynamics in slices after UCPH-101 application did not differ from control
slices possibly indicating that the dynamics during the early phase of CSD may not be accelerated
enough to alter the [K*]e dynamics at the beginning of CSD (Figure 30 C, D, E) (unpublished data
by Kurth, Miely and Hedrich). This finding additionally emphasises that further components may
contribute to facilitate CSD propagation in the P290R-associated model. For instance, UCPH-101
was acutely applied to the slices preventing the system to adapt to the EAAT1 LOF and GOF and
initiate compensatory mechanisms.

These results appear to resemble FHM2-related findings, which demonstrated that impaired

glutamate transport only yields a fraction of the facilitation of CSD propagation®®.
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Impaired astrocytic K* buffering as a possible connection between EAAT1-related HM and FHM2

Considering the detailed clinical characterisation of the P290R-associated disorder®®, the pheno-
type appears to closely resemble the S218L CACNA1A syndrome, which includes HM attacks,
progressive EA, epileptic seizures, coma and cerebral oedema induced by mild head trauma®*
195,19 These highly related phenotypes may, in general, indicate a shared underlying pathophys-
iological mechanism. However, shared pathways between ATP1A2- and SLC1A3-associated HM
also become highly plausible considering the proposed mechanistic concepts as well as the af-
fected cell type expressing the mutant protein®” *¢, In FHM2, reduced astrocytic K* clearance
following neuronal activity was demonstrated, which is why the involvement of K*, especially
during the process of CSD propagation, was never entirely ruled out*®. Nevertheless, delayed
[K*]e clearance is probably not contributing substantially to the facilitation of CSD induction but

may be decisive during the process of propagation and later CSD phases in FHM2%,

Despite the primary hypothesis assuming absent [K*]. alterations during all phases of CSD, K*
levels were increased in slices of Slc1a3?*°""t animals during the re-uptake process following
the CSD peak. As already mentioned, EAAT1 is predominantly expressed in astrocytes in the
cortical region, which are considered to substantially contribute to K* buffering?®’. Impaired as-
trocytic K* buffering was linked to increased propagation velocity of hippocampal SD in a rodent
model, in which the gap junction protein connexin-43 had been inactivated in an astrocyte-di-
rected manner'®®, Of note, general gap junction inhibition was shown to prevent SD genera-
tion®®. On the one hand, delayed [K*]e removal following the CSD peak may indeed indicate a
potential involvement in facilitating CSD propagation in the EA6 model, highlighting a shared
pathomechanism with the FHM2 model. In fact, the CSD propagation velocity in Slc1a3%2°0R/wt
animals was markedly increased. On the other hand, the observed [K*]. alterations during late
CSD phases may also be related to P290R-associated secondary changes that alter important
astrocytic properties. To further verify a defect in astrocytic K* buffering in the Slc1a3P20R/\t
model, recordings of the slowly decaying inward current in cortical astrocytes after extracellu-
larly stimulating pyramidal cells in the vicinity may provide an estimation of the rate of astrocytic
K* clearance and therefore represent a valuable investigation®®. The astrocytic inward current
elicited upon neuronal stimulation largely represents a K* current and can be used to evaluate

[K*]e accumulation®®.

The role of P290R-associated increased Cl currents in CSD pathophysiology

It is important to consider that the P290R variant also comprises a GOF effect on the anion/Cl
currents. Hence, substantial alterations in the ClI" homeostasis that significantly affect the pro-
cesses of CSD initiation and propagation cannot be excluded as of now. The largely increased
anion/Cl currents were already proven to contribute significantly to the cerebellar pathology in
Slc1a3°%°%%* gnimals and to represent the primary cause for ataxia'>®. The anticipated changes
in the CI" homeostasis may also evoke abundant secondary changes that could partly evoke the

3P290R/wt

CSD-related alterations observed in the Sicla model.
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Evidence that the exclusive impairment of synaptic glutamate removal by EAAT1 is sufficient to
increase CSD susceptibility also derives from the T387P variant causing a pure HM phenotype®.
T387P is functionally characterised by a LOF of glutamate transport as well as a reduction in cell
surface expression due to an impaired K* binding to the transporter in its inward facing confor-

mation®®.

4.1.4 Comparison of the Scn1a"**°¥"t and the Slc1a37*°*** knock-in mouse models

At first appearance the Slc1a3"*°%*t and the Scn1a“*%*°¥* knock-in model for HM seem to differ
with respect to numerous aspects. Whereas EAAT1 is predominantly expressed in astrocytes in
the cortex and represents the second most important transporter to remove synaptically re-
leased glutamate during phases of neuronal activity?®, Nay1.1 is predominantly expressed in the
AlS of fast-spiking PV+ interneurons and plays a major role in AP initiation and propagation”.
Functional characterisation of the P290R variant revealed a mixed effect on the dual function
protein comprising a LOF of glutamate transport and a strong GOF of EAAT1-associated anion/ClI
currents, which indicates that CSD pathophysiology may be based on enhanced glutamatergic
neurotransmission at cortical synapses related to diminished glutamate re-uptake® 1%, |n con-
trast, the L1649Q variant was functionally characterised by an incomplete inactivation process
leading to increased persistent Na*-current and firing frequency, which overall results in hyper-

excitability of GABAergic interneurons?.

With respect to the phenotypic spectrum, the L1649Q variant was identified in patients with
pure HM®, whereas the P290R variant yielded a highly complex overlapping syndrome consist-
ing of EA, epileptic seizures and HM®®. SCN1A represents one of the major genes causing genetic
epilepsy syndromes such as DS or GEFS+, although FHM3 patients usually do not display addi-
tional epileptic seizures. However, the mutational spectrum of the SLC1A3-related neurological
disorder EAG is rather small. In general, FHM3 and especially SLC1A3-related syndromes are ex-
tremely rare, which challenges the significance of the results presented in this thesis. So far, only
one patient carrying the SLC1A3 P290R variant has been identified. Additionally, FHM3 only rep-
resents a minor fraction of all genetically caused HM cases'®2. Considering the rareness of both
genetic disorders, it appears precarious to draw any conclusions to all HM forms from the ob-
tained results or even generalise the findings to more common types of migraine. Nevertheless,
investigating rare disorders holds the great potential to identify decisive molecular and cellular
pathways. For example, the exploration of SLC1A3-associated disorders generates important
knowledge on the role of glutamate homeostasis, which is implicated in a vast number of neu-

rological diseases like glioblastoma® or amyotrophic lateral sclerosis?®2.

Despite the vast number of differences, the SLC1A3- and SCN1A-related HM syndromes strik-
ingly lead to a common final path within their individual pathophysiological cascades. Both syn-
dromes do not only result in the same neurophysiological phenomenon, which is the CSD, but
also trigger the activation of specific pain pathways like the trigeminovascular system that evoke

the typical migraine headache in the patients?* %,
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Altered absolute K* levels in the Scn1a“**°¥"t model during the early CSD phase

To start with, in contrast to the Slc1a3"2°°*"t animal model, overall [K*]c levels were substantially
increased in the Scn1a*'**¥"t knock-in model'. The [K*]c increase at the inflection point as well
as the peak indicated a major role of K* during the CSD cascade of FHM3. In contrast, absolute
[K*]e levels at the peak remained unaltered in the P290R-associated model primarily pointing
towards a less significant role of K* during the process of CSD induction and highlighting the

presumable importance of other factors like glutamate.

Delayed [K*]. clearance in the Slc1a3"*°°%*t model

The removal of [K*]e occurring during later CSD phases was unchanged in the FHM3 model®. In
contrast, [K*]e re-uptake was delayed in slices of Slc1a3P*°°%*t animals, as K* levels remained

elevated during the descending phase of the curve, which is consistent with the phase of K*
clearance (Figure 18 E). This finding possibly indicates that the astrocytic function of K* buffering

may be altered, which is either a direct consequence of the SLC1A3 variant on astrocytic function
or related to secondary modifications caused by changes in the glutamate or CI" homeostasis
within the astrocytes. Referring to the FHM2-related CSD pathomechanism, synaptic [K*]e re-
moval related to defective astrocytic K* clearance may have an impact on facilitating the process
of CSD propagation. In fact, the propagation velocity was increased in in vitro CSD recordings of
the P290R-associated model.

Changed [K’]. dynamics in both models

In both transgenic HM models, [K*]e dynamics were altered and the [K*]e shifts were mainly con-
fined to an early phase of the CSD™. This may imply that the most essential processes needed for
CSD generation occur at the initial phase, during which mutant channels, transporters and
pumps interfere with the net self-sustaining inward current and local [K*]. release, which are
required for inducing the self-regenerative depolarisation of neurons* 1%, Additionally, the fact
that the main alterations are confined to this initial phase emphasises the all-or-nothing princi-
ple of CSD. Therefore, identifying those ion channels, transporters and pumps that are crucial
during early CSD states may reveal new targets for treatment, which may primarily lead to pre-
venting the self-regenerative cycle of CSD.

Whereas our recordings in slices of Scn1g-64¥wt

animals suggested an earlier [K*]. increase?,
the Slc1a37°%"%t knock-in model displayed a marked acceleration of [K*]. rise during the early
phase of CSD. In the Scn1a"*%*°¥"t model, the earlier [K*]c rise was associated with a prolonged
time from K* threshold until the inflection point as well as an increased AUC during the early CSD
interval and was additionally verified by an unaltered time from inflection point to peak®. Fur-
thermore, [K*]. levels were elevated, which was demonstrated by an increase of [K']. at the

inflection point as well as the peak®. Related to the overall increased magnitude of K* levels, the
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L1649Q/wt animals, however, the maxi-

20 to 90 % rise time was also prolonged in slices of Scnla
mum rising speed remained unaltered®.

In the FHM3 model, the early increase and accumulation of [K*]. was associated with the in-
creased persistent Na* current and firing frequency of fast-spiking interneurons, which repre-
sented the mechanistic link between interneuron hyperexcitability and a higher CSD susceptibil-
ity’. Therefore, [K']c was considered the decisive factor initiating CSD in the Scnlgt6+/wt

model.

In contrast, [K*]e was attributed a minor role in the pathophysiological CSD cascade of the P290R-
associated model, especially during the process of initiation. K*-sensitive microelectrode record-
ings before and during CSD highlighted the significance of additional factors and supported the

3P290RMt model, the

hypothesis of glutamate playing the key role in triggering CSD. In the Sicla
time from the K* threshold until the inflection point was shortened, which was confirmed by the
AUC analysis revealing a smaller AUC. The accelerated [K*]. increase resulted in a more rapid
approach of the inflection point leading to diminished [K*]e levels at this specific time point. The
unchanged time from inflection point to peak, maximum rising speed and 20 to 90 % rise time
emphasised that the accelerated dynamics were confined to a very early CSD interval. In accord-
ance with the rapid [K*] rise at the incipient CSD phase, the propagation velocity was clearly
increased in the P290R-associated model, which may additionally be affected by the delayed
[K*]e removal. In fact, the relative increase in propagation velocity was 42.1 % in the Slc1a3"2°0%/wt

model, whereas the propagation velocity was only increased by 22.7 % in the FHM3 model®.

4.1.5 Excitation and inhibition in the cortex of the Slc1a3****/*t knock-in mouse model

Emerging from the altered in vitro CSD characteristics in the Slc1a3"2°°"t model, the goal was
to investigate if an imbalance between cortical excitation and inhibition underlies the observed
changes. It was primarily hypothesised that the Slc1a3"°°%*t model would present with an en-
hanced glutamatergic synaptic transmission. However, under physiological conditions synaptic
transmission as well as tonic inhibition in the cortex remained unaltered and did not account for

the CSD-associated abnormalities.

Cortical E/I balance in P290R-associated CSD pathophysiology and comparison with FHM models

The absent changes in absolute [K*]e levels and the differential alterations of [K*]e dynamics dur-
ing CSD verified that the Slc1a3"°°%*t model does not share the CSD-associated pathophysio-
logical concepts of FHM3. This speculation was further confirmed by the unaltered inhibition at
cortical synapses of heterozygous animals. In contrast, the inhibitory input recorded from corti-

cal pyramidal cells of heterozygous Scn1g-64°¥/wt

animals was enhanced and represented one of
the major findings, on which the hypothesis of interneuron hyperexcitability was built on (Fig-
ure 31)1. One possible explanation for the lacking verification of an impaired cortical E/I balance
in the Slc1a3P*°""t model may be due to focusing on the wrong cell type. Despite the well-

known significance of pyramidal cells in CSD initiation, it was recently proven that inhibitory
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interneurons can play an important role in triggering CSD?. In the FHM1 model, inhibitory neu-
rotransmission, which also depends on Cay2.1 channels, was found to be unaltered, showing
that distinct cell types may be differentially sensitive to the functional effects of a variant?®.
Nevertheless, sIPSC and mIPSC recordings have been performed in this work verifying that the

inhibitory input on cortical pyramidal cells is unaltered.

As already outlined, the phenotypic spectrum of FHM1 patients carrying the S218L variant highly
resembles the P290R SLC1A3 overlapping syndrome®* 19> 1%, This may indicate shared underly-
ing pathophysiological concepts. However, enhanced glutamatergic neurotransmission at py-

ramidal synapses based on increased AP-evoked Ca?* influx was demonstrated in the FHM1

|52 3P290R/wt

model>*, whereas synaptic excitatory neurotransmission remained unaltered in the Slcla
model (Figure 31). This finding clearly contradicts an equal mechanism of CSD induction and
propagation. Furthermore, CACNA1A-related HM pathophysiology is based on a presynaptic
mechanism increasing the AP- and Ca%*-dependent release probability of glutamate®2. In con-
trast, deficient glutamate removal from the synaptic cleft presumably implies postsynaptic al-

3P290R/wt model.

terations in the Sicla
In FHM2, CSD pathophysiology is based on the impaired clearance of glutamate and K* during
neuronal activity (Figure 31). The mutant a, NKA is predominantly expressed in cortical astro-
cytes, which explicitly highlights similar mechanisms between the two models®®. Due to a tight
coupling between the a; NKA and EAAT2 representing the main glutamate transporter in the
mammalian brain, EAAT2 expression levels were substantially reduced in FHM2*¢, Although
EAAT1 only accounts for a minor fraction of the synaptic glutamate removal, similar functions
of the highly related transporters emphasise that the CSD cascade may be shared. As the P290R-
related LOF effect on glutamate transport suggested an impaired glutamate removal associated
with prolonged presence of glutamate in the synaptic cleft, an alteration of the EPSC decay time
constant by performing whole-cell patch clamp recordings of pyramidal neurons was primarily
hypothesised. However, this initial theory could not be verified as the respective mechanism
underlying increased CSD susceptibility and altered CSD characteristics.

To date, recordings exploring excitatory and inhibitory transmission in the ATP1A2 mouse model
have not been performed impeding to draw sound conclusions from an unaltered E/I balance in
the Slc1a3P*°""t model. Instead, enhanced glutamatergic transmission was verified by perform-
ing recordings of synaptically activated glutamate transporter currents (STCs) that were either
elicited by single pulse stimulation or high frequency trains of APs in cortical layer 1*%. Similar
experiments were conducted to investigate the rate of K* clearance in the FHM2 model®. Re-
cordings to determine the efficacy of glutamate clearance in the Slc1a32°°*t model were not
performed in this work, however, may bear the most promising potential to solve important
aspects of the SLC1A3-related CSD cascade. Furthermore, sEPSC and mEPSC recordings depict a
rather physiological presentation of excitatory synaptic transmission, as they are recorded dur-
ing baseline neuronal activity. As already discussed before, the reduction of glutamate clearance

based on the genetic defect in FHM2 depends on the magnitude of neuronal activity®.

102



Additionally, EAAT1 represents the second most important transporter to perform synaptic glu-
tamate re-uptake during neuronal activity. Therefore, dysfunctional EAAT1-associated gluta-
mate removal may be exclusively revealed during enhanced neuronal activity, for example dur-

ing high frequency stimulation.
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Figure 31. Cortical E/I imbalance as the common pathophysiological mechanism of genetic HM sub-
types. FHM1 is caused by CACNAIA GOF variants encoding Cay2.1, which lead to increased AP-evoked
Ca?* influx resulting in enhanced glutamatergic neurotransmission at pyramidal synapses (middle, dark
red). LOF variants in ATP1A2 encoding the astrocytic a2 NKA cause FHM2 and evoke an impaired clearance
of synaptically released glutamate and K* (right, dark green). Hyperexcitability of fast-spiking inhibitory
neurons in FHM3 is based on an increase in persistent Na* current and AP frequency and is generated by
GOF variants in SCN1A, which encodes Nay1.1 (left, light blue)®. The P290R variant in SLC1A3 encoding the
astroglial EAAT1 exerts a LOF on glutamate transport and a GOF on anion currents, however, cortical E/I
balance was preserved under physiological conditions (right, light green).

Cortical tonic inhibition in P290R-associated CSD pathophysiology

Moreover, tonic GABAergic inhibition was studied, as the lab Fahlke and colleagues had previ-
ously demonstrated that tonic GABAa-receptor mediated currents were decreased in the DG
granule cells causing hippocampal hyperexcitability in the EA6 model (unpublished data). Tonic
current recordings of cortical pyramidal cells revealed a trend with respect to a reduction in the
tonic current amplitude, which is unlikely to cause the HM phenotype.

It was hypothesised by Fahlke and colleagues that the diminished magnitude of DG tonic inhibi-
tion may be the consequence of an increased CI efflux through EAAT1 P290R-associated anion
channels, which was based on [CI]; measurements in RGLs (unpublished data). The reduced as-
trocytic [CI'); was speculated to increase the Na*/Cl-dependent GABA uptake performed by the

GABA-transporter 3 (GAT-3) into astrocytic processes and to simultaneously decrease the
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ambient GABA levels required for tonic inhibition (unpublished data by Fahlke and col-
leagues)?®. So far, the mechanism leading to hippocampal hyperexcitability and epileptic sei-
zures has mainly been associated with the P290R GOF effect on EAAT1 anion channels (un-
published data by Fahlke and colleagues).

As cortical tonic inhibition did not differ between the genotypes and the effect of UCPH-101
reproducing a complete EAAT1 KO accounted for most of the facilitation of CSD induction and
propagation, EAAT1 anion channel GOF possibly represents a minor role in SLC1A3-related CSD

pathophysiology. Nevertheless, these hypotheses remain to be verified.

In summary, synaptic neurotransmission and tonic inhibition were demonstrated to be balanced
under physiological conditions despite the P290R-related LOF on EAAT1 glutamate transport
(Figure 31). However, the rate of glutamate and K* clearance by cortical astrocytes, especially
during increased neuronal activity, has not been explored so far and may be a promising future
investigation to determine the underlying causes for an enhanced facilitation of CSD induction
and propagation and to link SLC1A3-related HM pathophysiology to the proposed enhanced glu-

tamatergic neurotransmission.

4.1.6 Occurrence of additional phenotypes with a focus on epileptic seizures in HM

The Slc1a3P*%%"t knock-in model was used to identify additional phenotypes that frequently
overlap with HM. In this regard, the co-occurrence of epileptic seizures and the development
during epileptogenesis, which also involved gender-associated differences, were studied. Kover-
mann and colleagues previously elucidated the EA phenotype in Slc1a3"2°°*"t animals and will

L1649Q/wt

not be covered in this thesis'*®. In contrast, Scnla animals were not characterised by any

additional phenotypes, which was anticipated beforehand since L1649Q carrying patients dis-
play pure HM characterised by the absence of epilepsy and other disorders® .

4.1.6.1 Impaired growth in Slc1a3?*°*"t animals

After the weaning period, stagnation of weight gain or weight loss were observed in
Slc1a3P%°%%%t mice, which coincided with the period of highest seizure vulnerability. Thus, these
features appear to represent an adverse effect of the epilepsy. Nevertheless, heterozygous ani-
mals frequently stayed at an underweight level compared to wildtype littermates despite start-

ing to re-gain weight during the compensatory phase.

Association between the P290R-associated epileptogenesis and delayed growth

Body weight differences and delayed growth are usually not observed in HM mouse models that
lack an additional co-occurring epileptic phenotype and they mostly develop normally compared
to their wildtype littermates 2”- 2%, Considering the phenotypic spectrum of human HM, con-
comitant symptoms characteristically lack weight loss. Furthermore, the first HM attack fre-
guently occurs during adolescence between 12 and 17 years of age, when the most important
developmental time periods have already been completed suggesting an absent correlation be-
tween CSD/HM attacks and altered growth in the Slc1a3"*°°%*t knock-in model®.
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However, the coincidence of seizures and weight changes in Slc1a3"°°"%t mice as well as the
perfectly parallel progress of weight loss/stagnation of weight gain during epileptogenesis point
towards a close association. As opposed to (F)HM, delayed growth and body weight loss are
often observed in distinct mouse models for genetic epilepsy syndromes indicating that these
features are tightly connected to the occurrence of severe epileptic phenotypes?®® 27, Despite
the great relevance of physical development and metabolism in the daily care of patients with
genetic epilepsy syndromes, little attention has been paid to these accompanying phenotypic
features so far. Scientific data supporting and investigating the co-occurrence of growth issues

in HM overlapping syndromes, like the CACNA1A-S218L mouse model, are not available.

Gender-related differences in the Slc1a3"?°°%" knock-in model

A separate evaluation of male and female Slc1a3°*°"*t animals confirmed that the diminished
growth occurred for both genders. However, the maximum difference in body weight was found
later in the female heterozygous population overall suggesting a later onset of the epileptic phe-
notype compared to the male group. Furthermore, in the female population a re-gain in body
weight was observed during the late compensatory phase. These slight differences indicated the
presence of gender-related differences, with a less severe phenotype in female animals with
respect to epilepsy and development. Of note, it was similarly observed in DS that female mice
recovered faster from weight loss/stagnation of weight gain compared to male animals and dis-
played normal body weight after having passed the disease-specific peak period of epileptic sei-
zures?”’, However, a minor number of experimental studies has focused on investigating HM
models with overlapping syndromes and most lack an exploration of potential gender-related
differences.

The milder epileptic phenotype in female heterozygous animals may be related to an upregula-
tion of the GABAAR 6 subunit expression during defined phases of the ovarian cycle, as 6 subunits
are implicated in mediating tonic inhibition?%® 2%°, As already discussed in section 4.1.5, the piv-
otal role of diminished hippocampal tonic inhibition causing the epileptic phenotype of
Slc1a3°%°°%"t 3nimals has recently been hypothesised by Fahlke and colleagues (unpublished
data). GABAAR & subunits are upregulated in the high-progesterone late diestrus phase during
the female ovarian cycle leading to enhanced tonic inhibition and decreased neuronal excitabil-

ity, which is accompanied by a decreased seizure susceptibility?®.

Absent gender-related differences in the FHM3 mouse model

3P290RMt myjce, familial as well as

In contrast to the milder epileptic phenotype in female Slcla
sporadic HM disorders have a remarkably higher prevalence among women compared to
men?1% 21! These epidemiological observations are additionally supported by experimental data
from transgenic FHM models demonstrating an increased CSD susceptibility in female mutant
animals, which was abolished by neutralising the impact of female ovarian hormones®*. Never-

L1649Q/wt

theless, in vivo CSD recordings of male and female Scnla animals did not reveal any
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gender-related differences indicating that the more pronounced HM phenotype in females may

not apply to FHM31,

4.1.6.2 The co-occurrence of epileptic seizures in the Slc1a3*°°**t knock-in model

To start with, one common feature of CACNA1A, ATP1A2, SCN1A and SLC1A3 is given by the fact
that variants in all four genes can cause HM as well as epilepsy. However, the CACNA1A gene as
well as the ATP1A2 gene currently play a minor role in the context of genetic epilepsy syndromes
and are rarely linked to severe epileptic encephalopathies, whereas most identified variants
have been associated with HM?!® 120,121,124 "Neyertheless, CACNAIA- and ATP1A2-related HM
phenotypes are frequently characterised by an overlap with epileptic seizures/epilepsy® 11% 120
121,212 Additionally, CACNAIA LOF variants are known to cause EA2, which also represents a
large fraction of the phenotypic spectrum°.

Similarly, the largest fraction of SLC1A3 variants was associated with ataxia-related, cerebellar
symptoms followed by migraine attacks with or without aura®® %% 929799132 EAG represents an
extremely rare neurological disorder, which is highlighted by the fact that SLC1A3 variants have
only been reported in seven different families. Pure HM was exclusively observed in one patient
carrying the LOF variant T387P%. Considering the recurrent association of SLCIA3 with (H)M,
the gene has already been claimed to expand the genetic HM spectrum?®,

Despite the rareness of overlapping syndromes between EA, epilepsy and HM, seizures are a
frequent phenotypic feature of several EA subtypes?'®. However, the additional occurrence of
epileptic seizures was exclusively reported in the first P290R carrying EA6 patient, which re-
mained by far the most severe among all the variants that have been identified to date®. Nev-
ertheless, studying the functional consequences of altered glial glutamate/Cl homeostasis and
the included epilepsy causing pathways is extremely useful. The acquired knowledge may addi-
tionally help to understand the pathophysiology of epileptic encephalopathies caused by vari-
ants in the highly related glutamate transporter gene SLC1A2'3,

The anticipated relevance of increased anion/Cl currents in P290R-associated epilepsy

The remaining six identified SLC1IA3 variants were functionally characterised in a recent study
demonstrating distinct impairments of EAAT1 properties that mainly affected glutamate
transport, trafficking, and surface expression and mostly resulted in mild alterations, however,
the consequences in patients remained difficult to predict’®. Nevertheless, the absent pro-
nounced increase in EAAT1-associated anion currents in all included EA6 variants stood out and
differentiated the epilepsy causing P290R variant from the remaining SLC1A3 variants that lead
to EA6 and occasionally HM®, Therefore, the mixed P290R effect on EAAT1 function uniquely
comprises largely altered CI" currents that may yield the additional epileptic phenotype in the
respective patient. This theory is additionally supported by the recent functional characterisa-
tion of three SLC1A2 variants that cause an extremely severe epileptic encephalopathy, since
enhanced anion channel function and impaired glutamate transport capability were equally
demonstrated to be the major alterations'®. Increased glutamate-activated CI- efflux through

mutant EAAT1 anion channels of Bergmann glia cells was shown to cause apoptosis, cerebellar
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degeneration and ataxia in Slc1a3P*°%*"t animals indicating that the hypothesis for developing
SLC1A3-related ataxia is also based on the increase in anion currents®®®.

On the contrary, one EA6 variant identified in a child with truncal ataxia and strabismus was
consistent with a LOF of EAAT1 glutamate transport and anion currents corresponding with the
functional effect of T387P, which instead leads to pure HM in the respective patient®®. This ex-
ample should emphasise that it is hardly possible to draw any sound conclusions exclusively
from the functional characterisation of SLCIA3 variants. Due to these ambiguous results from
functional characterisation studies, an in-depth investigation of the epileptic phenotype using

Slc1a3°%°%%%t knock-in animals is essential to clarify the underlying pathophysiology.

High interindividual variability in epilepsy-associated features

Whereas Bergmann glia cell degeneration underlying the ataxia occurred during the second and
third postnatal week, the epilepsy onset was observed after the weaning period®®®. As
Slc1a3°%°°%*t animals do not display spontaneous attacks of hemiplegia, it was not possible to
verify the HM phenotype in vivo and to define its onset. However, the seizure onset and the
period of highest susceptibility were characterised by high interindividual variability. As the on-
set widely ranged from the third to the sixth postnatal week, a correlation with the upregulation
of EAAT1 or other implicated proteins either in the whole brain or in certain regions seems to
be rather unlikely. A slightly differing genetic background between single animals also appears
implausible to cause the strong variation since Slc1a3"°°%" knock-in animals were generated
on the same 129Sv/Tac background. Additionally, the duration and frequency of ictal events,
the lethality and seizure severity also differed remarkably between individual animals.
Heterozygous animals that were implanted during the sixth or seventh postnatal week showed
an alleviation of the epileptic phenotype including a reduced seizure frequency, which is pre-
sumably caused by seizure-induced secondary changes leading to the up- or downregulation of
specific proteins. The identification of secondary changes may be an interesting target for future
studies.

Slc1a3°%°%%%t animals were initially generated on a C57BL/6N background yielding high seizure-
induced lethality, which was reduced by ~ 70 % after changing the background®*®. This empha-
sises that a different genetic background with changes in the expression level of certain genes
can result in a largely altered phenotype. The significant difference between the C57BL/6N and
the 129Sv/Tac background may be based on the differential expression of certain GABA receptor
subunits in distinct strains. Due to a single base pair deletion, the C57BL/6J mouse strain ex-
presses a brain-wide reduced amount of the GABAa-receptor a2 subunit, which may be the

cause for an enhanced seizure susceptibility in mouse models generated on this background?*®.

Reduced hippocampal tonic inhibition as the proposed mechanism of P290R-related epilepsy

In this thesis, the first in vivo EEG recordings of seizures in Slc1a3"2°°"t knock-in animals are
presented. The recordings during highest seizure susceptibility revealed continuous status epi-

leptici characterised by numerous ictal events that were interspersed with coma-like episodes.
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In contrast, the epileptic phenotype was slightly milder during the compensatory phase. The
explicit severity including the occurrence of status epilepticus- and seizure-associated lethality
represent outstanding features of the P290R-associated epilepsy. Fahlke and colleagues have

previously linked the epileptic phenotype of the Slc1a3P?%0R/wt

model to hippocampal hyperex-
citability caused by decreased tonic inhibition but unaltered synaptic transmission (unpublished
data). On the one hand, these apparently small changes may not be sufficient to cause the dev-
astating epileptic phenotype observed in mice and human. On the other hand, the GABA, re-
ceptor subunits mediating tonic inhibition are persistently activated by very low concentrations
of ambient GABA ranging from tens of nanomolar to a few micromolar, which contrasts with the
large amount of GABA during synaptic transmission peaking in the millimolar range!’%21¢, Hence,
tonic inhibition is delicately regulated in the brain and small changes may vyield large conse-

quences.

It was hypothesised that enhanced P290R-related CI efflux from RGLs resulting in reduced [CI ]
and increased GABA uptake via GAT-3 underlies the diminished DG tonic inhibition (unpublished
data by Fahlke and colleagues). Thus, the large heterogeneity in [CI]; in highly similar glial cell
types during physiological as well as pathological states must be considered?'’. For example,
[CI )i in cortical astrocytes is rather low, whereas [CI]i in DG astrocytes is relatively high?*®. Ad-
ditionally, the role of EAAT1 and EAAT2 in determining the internal CI" levels varies substantially
depending on the cell type and region. Moreover, [Cl]iis differentially affected by the expression
of KCC1, KCC3, CLC2 and NKCC1%8, As EAAT1 distinctly contributes to setting [Cl]; and CI" levels
largely differ depending on the specific glial cell type, the brain regions may be differentially
sensitive to [CI']; changes. In the hippocampal RGL population EAAT1 contributes to regulating
[CI'];, which also applies to astrocytes of cortical layer 2/3%%8, This finding supports the hypothesis
that the comparably higher [CI]; of RGLs is substantially changed by the P290R variant and re-

sults in a major impact on RGL pathophysiology and presumably the whole DG region.

Hippocampal upregulation of c-fos expression during status epileptici

Furthermore, in two heterozygous animals, c-fos expression was highly upregulated in the hip-
pocampus. In one heterozygous animal, the maximum density of c-fos positive cells was mapped
to the DG supporting the hypothesis proposed by Fahlke and colleagues (unpublished data).
However, in the second mouse an increased density of c-fos positive cells was observed in the
CA1 and CA3 regions contradicting the minor changes that have recently been found in CAl
(unpublished data by Fahlke and colleagues). The CA3 region has not been investigated to date.
Upregulated c-fos expression during increased neuronal activity may hold a great potential to
identify areas that are important during seizure generation or even determine the seizure origin.
However, the density of c-fos positive cells is also elevated in brain regions that get involved
during secondary seizure generalisation or during a status epilepticus. The brain areas, which
are activated most during seizure generation and epileptic seizures, may already be silenced

during prolonged status epileptici. Instead, distinct brain regions may be characterised by
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excessive epileptic discharges if the status epilepticus persists. The three heterozygous animals
used for c-fos staining were killed during prolonged status epileptici markedly exceeding a du-
ration of 24 hours. Therefore, the high interindividual variability of c-fos expression may indicate
that the areas of seizure origin are silenced during prolonged status epileptici and that distinct

areas are involved during status activity, which depends on the single animal.

Potential involvement of the thalamic brain region

Studies demonstrated the co-localisation of GAT-3 with EAAT1 and EAAT2 on astrocytic process
surrounding excitatory synapses?'® %8, As already outlined in section 4.1.5, a marked GAT-3 up-
regulation has recently been identified in the hippocampus of Slc1a3"°°*"t animals (un-
published data by Fahlke and colleagues). However, profound changes in GAT-3 expression lev-
els may be also found in other brain areas that have not been identified so far but may still be
involved in epileptogenesis. For example, in a genetic epilepsy model, GAT-1 (GABA trans-
porter 1) impairment in thalamic astrocytes leading to abnormal ambient GABA levels was as-
sociated with enhanced tonic inhibition and absence seizure generation??’. Conversely, in-
creased thalamic tonic inhibition was shown to result in enhanced seizure susceptibility caused
by GAT-3 downregulation??. Although an alteration of thalamic tonic inhibition has the opposite
effect on brain excitability compared to the hippocampus, the thalamus clearly represents a re-
gion of interest for further investigations, which is based on several observations presented in
this work.

First, various ictal events were characterised by a sudden behavioural arrest of the animal, which
is typically observed during absence seizures that are generated in the thalamus. However, dur-
ing several of these freezing episodes electrographic features indicating a seizure were not pre-
sent. Therefore, many of these events were not classified as seizures. Secondly, in one hetero-
zygous animal the maximum density of c-fos positive cells was mapped to the reticular nucleus
of the thalamus indicating a recent involvement in increased neuronal activity and possibly in
seizure generation or generalisation. To further assess, if the seizures originate from the thala-

3P290R/Wt animals are essen-

mus, deep electrode recordings monitoring thalamic activity in Sicla
tial. Thirdly, the thalamus is implicated in controlling alertness, which was not only impaired
during disease exacerbations described in the P290R-carrying patient but also in Slc1a3P220R/\t

animals during prolonged postictal depression episodes.

The role of diminished P290R-associated glutamate removal during epileptic seizures

As increased anion currents distinguish the P290R variant from other SLC1IA3 variants, the epi-
lepsy-related discussion has so far focused on the GOF effect on the CI" channel. However, the
LOF of EAAT1-associated glutamate transport may not only result in enhanced CSD susceptibil-
ity, as hypothesised in this work, but may also be involved in causing epilepsy. A study has re-
cently revealed that neural activity bursts are dampened by the synchronous activity of glial cells
that compensate excessive glutamate levels via EAAT2 and consequently prevent seizure gener-

ation??2. Despite being responsible for the minor fraction of synaptic glutamate removal,
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diminished EAAT1 glutamate transport may also have an impact on the astrocytic function of
dampening preictal neuronal activity. Moreover, using eaat2a” mutant zebrafish larvae it was
demonstrated that reduced glutamate clearance results in hyperexcitability, however, during
interictal states both neuronal and astroglial networks remained hypoactive?®. The authors hy-
pothesised that the observed hypoactivity was caused by seizure-induced depletion of presyn-
aptic glutamate storages and an impaired glutamate-glutamine cycle to restore the presynaptic
glutamate pool??3. The pronounced prolongation of postictal states in the Slc1a3"°°%% model
may be caused by a similar mechanism related to reduced availability of presynaptic glutamate.
Therefore, glutamate imaging techniques would be highly valuable to unravel potential altera-

tions in the P290R-related glutamate homeostasis during ictal and interictal states.

Limitations with respect to the video-EEG recordings

The ictal events during video-EEG monitoring were assessed manually, which is prone to misin-
terpretations by the analyst and represents an important limitation of this work. However, as
the traces were superimposed by spike-like breathing artefacts in S/lc1a3°2°°*/* animals, the usu-
ally applied semi-automated identification of ictal events mostly yielded wrong results. Addi-
tionally, some seizures were not clearly visible in the EEG recordings but were reliably verified
by the characteristic behaviour of the respective mouse. On the contrary, EEG recordings from
human patients are also assessed by experienced physicians of the respective specialties.

3P290R/Wt 3nimals were

Another important limitation of this work is that exclusively male Sicla
used for video-EEG monitoring. Although the phenotype of male mice may not be influenced by
cyclic hormonal changes, they display a more severe epileptic phenotype compared to female
Slc1a3°%°°%"t animals preventing to receive a representative picture of the entire population.
Additionally, the sole use of male animals may partly account for the increased seizure severity
and lethality of implanted compared to non-implanted animals.

3P29OR/ wt

Increased seizure-associated mortality in implanted Slcla animals

Epileptic seizures of implanted Slc1a3720%/t

animals were associated with high lethality, which
was more pronounced in the younger animal group. Although the rate of deaths among im-
planted mice was increased compared to age-matched non-implanted heterozygous animals, a
direct comparison between implanted and non-implanted mice must be handled with care. For
example, implanted animals were closely monitored several times a day, whereas epileptic sei-
zures of non-implanted animals that would also have fulfilled the human endpoint criteria may
have been missed more easily due to a lower monitoring frequency.

The increased lethality may also be related to the surgical procedure although intraoperative
monitoring of the general health status and the vital signs did not reveal any differences be-
tween wildtype and heterozygous animals. On the contrary, homozygous EAAT1-KO mice dis-
3P290R/wt

played increased oedema after cerebellar injury®>3, which may also occur in the Sicla

knock-in model and contribute to increased lethality after surgical procedures. Additionally,

110



enhanced formation of brain oedema combined with larger lesion volumes following traumatic
brain injury were observed in the highly related CACNAIA S218L model??.

Furthermore, the used anaesthetic substances or components of the antidot may also have a
considerable impact on worsening the phenotype. In a mouse model for SCN8A epileptic en-
cephalopathy, which is characterised by an increased risk for sudden unexpected death in epi-
lepsy (SUDEP), non-fatal seizures were converted to fatal seizures by inhibiting adrenergic re-
ceptors??®. The implanted animals were applied an antidot including atipamezole, which is a
widely used adrenergic receptor antagonist. A similar mechanism that increases seizure-induced
death by adrenergic receptor inhibition may also apply to the Slc1a3"°°*%"t knock-in model.
However, the exact underlying mechanisms remain to be explored in detail.

3P290R/Wt

Association between epileptiform activity and CSD in Sicla animals

Substantially protracted intervals of postictal depression, which were observed in most im-

planted Slc1a372%0R/wt

animals, represent a characteristic feature in P290R-associated epilepsy
and closely resemble the human phenotype. In the respective patient, the two major episodes
with documented seizure activity during EEG recordings were also characterised by a consider-
ably reduced alertness lasting several days®®. However, the classic postictal depression or slow-
ing of EEG activity that directly follows an ictal event mostly lasts seconds to minutes!*’. On the
one hand, the specific prolongation of postictal periods may be merely the result of severe, long-
lasting seizure activities. However, on the other hand, the observed episodes of greatly dimin-
ished consciousness may also be caused or aggravated by CSD events that are triggered by sei-
zures and directly emerge from ictal events. This is supported by the fact that depolarisation

blocks in the context of CSD are known to last considerably longer®®.

During seizure activity, [K*]e frequently rises to a peak level of approximately 12-13 mM*38 225,
which was verified to already exceed the threshold to trigger CSD*- 22”7, As shown in this work,
the maximum [K*]e during CSD is considerably higher, surpassing the peak [K*]e during an epilep-
tic seizure on average by three orders of magnitudel. A recent study suggested that the thresh-
old for seizure-SD coupling may be controlled by different, so far unidentified molecular deter-
minants, since not every epileptic seizure is followed by a CSD??. Thus, it seems rather unrealis-
tic to exclusively attribute CSD induction following an epileptic seizure to the [K*]. magnitude,
although an involvement may be conceivable. It was demonstrated that the epilepsy causing
gene KCNQ2 encoding the axonal K* channel subunit Ky7.2 represents one of the genes that
substantially interfere with the threshold of seizure-SD transition??. In the P290R carrying pa-
tient, seizure activity co-occurred with signs for HM®. Therefore, EAAT1-P290R may have similar
modulatory effects resulting in the emergence of a long-lasting CSD-associated suppression of
cellular activity after seizure events and may explain the prolonged postictal states of
Slc1a3°%°%%%t animals. To verify this theory, chronic DC-band EEG recordings of Slc1a3P?%0%/wt
mice, preferably during the period of highest seizure susceptibility, are needed. Of note, the

silencing effect of CSD may also provide an explanation why the areas with maximum c-fos
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expression among the heterozygous animals with status epileptici were inconsistent and did not
reveal the seizure-generating brain regions.

On the contrary, novel experimental data suggests that CSD represents an innate antiseizure
mechanism counteracting arising seizure activity and preventing the generation of ictal
events'®. However, if CSDs exclusively result from ictal activity to protect the brain against dan-
gerous hyperexcitable states, as suggested by this concept, a more frequent co-occurrence of
CSDs and epileptic seizures would have probably been noticed in literature.

To sum up, the Slc1a3P2°0R/wt

model is suited to investigate frequent additional phenotypes in
HM and especially qualifies for studying a severe epileptic phenotype, which is verified in this
work. However, the pathophysiological mechanisms have not been fully elucidated and further
explorations are needed. This work provides important results that support the identification of

critical aspects for future research.

L1649Q/wt

4.1.6.3 The pure HM phenotype in Scnla animals versus the large spectrum of
SCN1A-associated epilepsy syndromes

In contrast to the complex phenotypes of certain FHM1/2 variants and the SLC1A3 P290R syn-
drome, FHM3 patients usually do not display overlapping epileptic seizures and variants have
rarely been reported to simultaneously cause epilepsy and HM”” 8., This somehow contrasts
with the vast number of SCN1A variants causing distinct genetic epilepsy syndromes ranging
from mild and treatable to extremely severe epilepsy phenotypes that do not respond to ASMs®>
66, 76,126,127 \Nhereas FHMS3 is associated with strong GOF effects and hyperexcitability of fast-
spiking PV+ interneurons?, GEFS+ and DS are caused by Nay1.1 LOF leading to interneuron hy-
poexcitability’ 6. The concept of SCN1A GOF variants leading to FHM3 and SCN1A LOF variants
resulting in epilepsy had to be rejected recently since mild GOF variants were demonstrated to

cause different types of epileptic encephalopathy syndromes®®.

Pure HM caused by the L1649Q variant

L1649Q/wt 3nimals harbour the human L1649Q variant?, which was identified in a family with

Senla
pure HM without epileptic seizures®. The seizure-free phenotype was confirmed by the initial,
comprehensive phenotypic screening! and during frequent handling and monitoring of

ScnlaL1649Q/wt

mice. Although the co-occurrence of subclinical epileptic seizures in heterozygous
animals can only be excluded by performing chronic video-EEG monitoring of Scn1a-'%4°%"t anj-
mals, an overlap with epilepsy seems rather unlikely. Further evidence supporting the absence
of epilepsy was provided by the study by Chever and colleagues demonstrating that the activa-
tion of Nay1.1 or PV+ GABAergic interneurons by distinct techniques induced CSD but never ictal-
like epileptiform activities®°.

A computational model connecting a GABAergic to an excitatory neuron that included the dy-
namics of ion concentrations was used to generate FHM3 conditions by increasing the persistent
Na* current and epileptogenic conditions by decreasing the Na* conductance in the involved in-
terneuron?®. Spike-induced alterations of extracellular ion concentrations were amplified by the

increased persistent Na* current leading to a [K*]e accumulation and facilitation of CSD induction,
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which represent the key effects in FHM3%, In contrast, Nay1.1 LOF variants increased the sus-
ceptibility to enter long-lasting depolarisation blocks, however, both pathways resulted in hy-
perexcitable states of the connected pyramidal neuron®. The model once again emphasises the
significance of [K*]e accumulation and enhanced persistent Na* current in CSD triggering in
FHM3. Of note, the absent increased persistent Na* current of mild SCNIA GOF variants that
cause devastating epileptic phenotypes was shown to be the exclusive distinguishing factor from
FHM3 SCN1A variants'®.

4.2 Recommendations for future research

In the Scn1a“*%*°¥*t model for FHM3, [K*]. recordings have never been performed directly at the
CSD initiation site since K*-sensitive microelectrodes were combined with KCl puff applications
as CSD triggering technique®. Although the study by Chever and colleagues provided experi-
mental evidence for the spike-elicited [K*]e increase at the induction site by applying optogenetic
tools, an acute model mimicking FHM3 pathology was used?. Besides this missing piece, the
CSD cascade in FHM3 was successfully elucidated by demonstrating an early increased [K*]e shift
in this work, which provided the mechanistic link between interneuron hyperexcitability and

increased CSD susceptibility?’.

The initial hypothesis was that P290R-associated CSDs are triggered based on the LOF effect that
leads to impaired astrocytic glutamate clearance and enhanced glutamatergic neurotransmis-
sion. However, the mechanistic link between the dysfunctional EAAT1-assoicated glutamate
transport and increased CSD susceptibility has not been demonstrated so far. One decisive fu-
ture objective would be to measure the capacity of glutamate clearance of cortical astrocytes
providing evidence for an enhanced synaptic glutamatergic transmission®. In this regard, the
Slc1a3°°%"t model would perfectly qualify for applying the great, newly available techniques
of glutamate imaging to decipher the role of glutamate during CSDs and epileptiform activity.
Despite extensively investigating phasic synaptic transmission and tonic inhibition, it was not
possible to demonstrate an E/I imbalance underlying increased facilitation of CSD generation
and propagation. These findings led to the conclusion that the impaired astrocytic glutamate
removal may not be apparent under physiological conditions. Therefore, another future recom-
mendation comprises the study of synaptic excitation under more pathological conditions, for
example by presynaptic stimulation. In addition, CSD pathophysiology has only been investi-
gated in vitro, using acute brain slices. However, the CSD and HM phenotype also need to be

demonstrated in vivo.

Another interesting aspect for future studies is the gender-specific difference in the phenotype
related to SLC1A3- and SCN1A-associated HM (and epilepsy) pathophysiology. Additionally, high
interindividual variability between single S/c1a3°%°°%/* animals regarding seizure onset, lethality
or the frequency and duration of ictal events was observed in this thesis. However, the deter-

mining factors have not been identified so far. Furthermore, after having passed the period of
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highest seizure susceptibility Slc1a3?°°""t animals enter a compensatory phase characterised
by a substantially reduced seizure frequency. As already suggested, this alleviation of the epi-
leptic phenotype may be the result of the up- and downregulation of certain genes, however,
the involved expression changes remain entirely unknown. Single-cell RNA-sequencing would
represent an optimal tool to identify crucial genes that are up- or downregulated during epilep-
togenesis or the compensatory phase and to elucidate important differences in the gene expres-

sion levels between female and male animals.

As single-channel EEG recordings were performed in Slc1a3"%°%*t animals, with the recording
and reference electrodes being placed onto the brain surface, it was neither possible to deter-
mine if seizures are focal or generalised nor to identify the seizure origin. Therefore, it is recom-
mended to use deep-electrode recordings in brain areas that are highly suspected to be impli-
cated in seizure generation, like the thalamus or the hippocampus. Their selection is further
supported by the observed pronounced c-fos upregulation indicating a participating role during
epileptic seizures. Additionally, Slc1a3"2°°**t animals represent a highly interesting model to

further explore the seizure-SD coupling and to discover the correlation between these different,
but similar hyperexcitable states. For studying the simultaneous occurrence of CSD and seizure-

like activity chronic DC-band EEG recordings would be required.

One crucial step to decipher the detailed pathways of CSD pathophysiology comprises the iden-
tification of decisive ion channels, transporters and pumps that are implicated in the processes
of CSD initiation and propagation. However, to avoid randomly picking different genes, proteins
that are primarily located in apical dendrites or axonal processes may be highly interesting for
detailed future studies. Although glutamate as well as K* have been identified to represent the
two key triggering factors in HM, additional factors interfering with CSD initiation as well as the

determinants of CSD propagation remain to be unravelled.

In conclusion, despite intensive research on CSD mechanisms and HM pathophysiology over the
last decades, the subjects discussed within this work remain highly captivating for future inves-
tigations. As outlined in this section, recommendations for future explorations do not only con-
cern general concepts of CSD and HM that have not been unravelled so far but also relate to

very specific questions with respect to SLC1A3- and SCN1A-associated pathophysiology.
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Appendix

A. Score sheet to assess the fulfillment of the human endpoint criteria
wScore Sheet*

Beobachtung Punktewer-
tung

I Korpergewicht

Unbeeinflusst oder leichter (wachstumsbedingter) Anstieg 0

Reduktion um < 5% 1

Reduktion um 5-8% 5

Reduktion um 8-10% 9

Reduktion um > 10% 10

Reduktion um > 20% 20

IT Aligemeinzustand

Fell glatt, glanzend, anliegend; K&rperdffnungen sauber 0

Geringgradige Fellverschmutzung 1

Fell mittelgradig verschmutzt 3

Augen triib, Fell verschmutzt 5

verklebte oder feuchte Kérperdffnungen; unnormale Haltung; hoher Mus-

keltonus; Dehydratation: (6-10)
ein Merkmal tritt auf 6
geringgradig (bis zu zwei Merkmale treten auf) 7
mittelgradig (bis drei Merkmale treten auf) 8
alle vier Merkmale treten auf 10

Krimpfe; Lihmungen; Atemgerdusche; Tier fiihlt sich kalt an 20

IIT Spontanverhalten

normales Verhalten (Schlafen, Reaktion auf Anblasen und Beriihrung, 0

Neugier)

ungewohnliches Verhalten, eingeschrankte Motorik oder Hyperkinetik (je

nach Ausprigung): (1-5)
geringe Verhaltensidnderungen 1
Bewegungen gering verlangsamt/leichte Hyperkinetik 3
Bewegungen sind verlangsamt/Hyperkinetik 5

Isolation; ausgeprigte Hyperkinetik (je nach Ausprigung): (6-10)
Tier vermeidet Bewegungen/Ruhelosigkeit (geringgradig) 6
Tier vermeidet Bewegungen/Ruhelosigkeit (mittelgradig) 8
Tier isoliert sich/ausgeprigte Hyperkinetik 10

SchmerziuBerungen; Apathie; Koordinationsstdrungen; Automutilation 20

IV Verfahrensspezifische Kriterien

Normales Verhalten 0

Neurologische Symptome: (Koordinationsstdrungen, spontan auftretende

Epilepsien, motorische Auffalligkeiten); 5

Kurzzeitige, seltene (<1 mal am Tag) spontane Anfille, geringe Koordi-

nationsstdrungen 5

Héufigere Epilepsien 1-3 mal pro Tag und/oder andere Auffilligkeiten 10

Sehr haufige (>3 pro Tag) und lang andauernde Anfille (> Smin) 20

Automutilation, Entfernen der Elektroden 20

| Bewertung, Mafinahmen | | Punktsumme |
| keine Belastung || 0 |

geringe Belastung: sorgfiltig weiter beobachten (ab 5 Punkten 2x tdgl.), 1-9

evtl. unterstiitzende MaBinahmen (z.B. Warmezufuhr, Spezialfutter) und

spezielle Behandlungsmethoden

mittlere Belastung: ggf. medizinische Versorgung einleiten (Analgesie, 10-19

Antibiotikum, Infusionen etc.) langer andauernd als 24 h gilt als schwere

Belastung und soll daher vorher beendet werden.

Schwere Belastung: Tiere werden vor Erreichen dieses Endpunktes eu- >20

thanasiert.
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B. Form for the assessment of a newborn litter

.Beurteilung neugeborener Wurf“*

*spdtestens beim ersten Umsetzen

AG Lerche — Dr. Ulrike Hedrich-Klimosch

Haltungsort(®): Haltungsform®) :
FORS/Hertie Institut, gelber Bereich (Ebene 01) offen
Besitzer: Herkunft®):

Taconic Biosciences

Linie (internationale Bezeichnung):
Angabe erst nach Publikation der Linie notwendig!

_B6;129S-Slcla3m!P290RCfa

Linie (interne Bezeichnung): ,,EAAT 1¢

Besonderheiten aktuell®:

Bezeichnung des/r verdnderten Gens/e:
SLC1A3

Hintergrund d. Linie:
1298

Erwartete Eigenschaften:

heterozygote Tiere: epileptische Anfélle ab der dritten Lebenswoche, Peak von
P35 — P42, danach Erholung und normale Lebenserwartung

Muttertier Nr.: Vatertier Nr.:

Waurf geboren am: Generation:

Anzahl geboren: Datum der Beurteilung:

Beurteilende/r:

Farbe der O normal

Neugeborenen

[m] Abweichungen (bitte angeben, z.B. blass)

Aktivitét der O normal

Neugeborenen

m] Abweichungen (bitte angeben, z.B. auffallende Unruhe)

GroBe, Entwicklung d.
Neugeborenen

0 homogen

o inhomogen

Gewicht
O normal
gesteigert

oreduziert O

Milk Spot o vorhanden

O nicht vorhanden

Pflege durch das 0 normal

Muttertier

O Abweichungen (bitte angeben, z.B. Vernachldssigung, Kannibalismus)

Sonstige
Auffilligkeiten

M Angabe Institut und Raum

@ 2 B.: Lirm wg. Baustelle, Bestandssanierung,
Umzug von Réumen etc.

@ z.B. IVC, ,,offener Kifig, Filtertop, Isolator etc.
gegebenenfalls Hygienestatus angeben

) Name Ziichter, externes Labor etc.
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C. Official form for the assessment of animals at the time point of weaning

Beurteilung Wurf beim Absetzen*

Haltungsort(":
FORS/Hertie Institut, gelber Bereich (Ebene 01)

Haltungsform® :
offen

Besitzer:
AG Lerche — Dr. Ulrike Hedrich-Klimosch

Herkunft®:
Taconic Biosciences

Linie (internationale Bezeichnung):
Angabe erst nach Publikation der Linie notwendig!

B6; 129S—Slc[a3'”’1p290RCﬂ’

Linie (interne Bezeichnung): ,,EAAT 1%

Besonderheiten aktuell®:

Bezeichnung des/r verdnderten Gens/e:
SLC1A3

Hintergrund d. Linie:
1298

Erwartete Eigenschaften: heterozygote Tiere: epileptische Anfille ab der dritten Lebenswoche, Peak von
P35 — P42, danach Erholung und normale Lebenserwartung

Muttertier Nr.: Vatertier Nr.: Waurf geboren am: Generation:
Anzahl geboren: Anzahl abgesetzt: Differenz geboren/abgesetzt:
Tiernummer
Absetzdatum
Geschlecht

Korpergewicht

Auffilligkeiten}

Bitte Buchstaben (siehe

FuBnote) angeben!

Tiernummer

Absetzdatum

Geschlecht

Korpergewicht

AuffilligkeitenC

Bitte Buchstaben (siehe

FuBnote) angeben!

Datum:
Mok fon®)-
Auffiilligkeiten | | AUTTAlIgkeiten®:
vor dem
Absetzen

M Angabe Institut und Raum

) 7B.: Larm wg. Baustelle, Bestandssanierung,
Umzug von Réumen etc.

@ z.B.IVC, ,,offener” Kifig, Filtertop, Isolator etc.
gegebenenfalls Hygienestatus angeben

() Name Zichter, externes Labor etc.

)

a = keine Auffilligkeiten
b = haarlose Stellen

¢ = Kiimmerer

d = Bisswunden

e = Mikrophthalmie

f = Elefantenzihne

g = Hydrozephalus

h = andere (bitte benennen)

Datum Name und Unterschrift der/des Beurteilenden
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