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Abstract (English)

Developmental and epileptic encephalopathies (DEE) are severe neurodevelopmental
disorders characterized by refractory seizures, cognitive deficits, and behavioral
abnormalities. Among these, KCNT1-associated DEE are caused by gain-of-function (GoF)
mutations in the KCNT gene, encoding the sodium-gated potassium channel Knal.1 (Slack).
These mutations disrupt neuronal excitability, leading to profound impairments in brain
development and function. Despite the severity of these disorders, treatment options remain
extremely limited, and there are no approved therapies specifically targeting KCNTI
mutations. This thesis investigates the pathophysiological mechanisms underlying KCNT1-
associated epilepsy and evaluates potential therapeutic interventions using two novel knock-
in mouse models harboring patient-derived KCNT/ mutations, p.I335N (KCNIN) and
p-R950Q (KCNRQ), which exhibit distinct GoF properties.

Comprehensive phenotypic characterization of these models revealed spontaneous
generalized seizures, significant hippocampal pathology, and pronounced behavioral
abnormalities. Histological analyses demonstrated reactive astrogliosis, enhanced
perineuronal net density in the dentate gyrus, and elevated neuropeptide Y expression in the
hippocampal mossy fibers, indicative of extensive hippocampal network remodeling.
Behavioral experiments revealed increased locomotion, reduced anxiety-related behavior,
and impaired memory performance. Electrocorticography (ECoG) recordings uncovered
significant disruptions in sleep architecture and interictal network activity, including
reductions in cortical theta power during both sleep and wakefulness. Together, these
findings establish the face and construct validity of these mouse models for KCNTI-
associated epileptic encephalopathies.

To address the limited efficacy of existing treatment options, brain-permeable KCNT]1
channel blockers were identified through high-throughput screening of FDA-approved
compounds and validated on KCNT1 channels in vitro. Chronic treatment with these
blockers in adult mice failed to ameliorate seizure phenotypes, highlighting the importance
of targeting earlier developmental periods. Notably, treatment administered during the
neonatal period increased the proportion of seizure-free animals but did not prevent the
alterations in interictal network activity, emphasizing the need for therapeutic interventions
that address the early stages of epileptogenesis. This study provides a detailed
characterization of KCNTl-associated epilepsy models, elucidates their underlying
pathophysiology, and highlights important challenges of developing therapies for these
disorders. These findings underscore the urgent need for precision medicine approaches
targeting developmental windows to address the unmet clinical need for effective treatments.
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Abstract (German)

Entwicklungs- und epileptische Enzephalopathien (developmental and epileptic
encephalopathies, DEE) sind schwere neurologische Entwicklungsstérungen, die durch
refraktare Anfalle, kognitive Defizite und Verhaltensanomalien gekennzeichnet sind.
KCNT1-assoziierte DEE werden durch Gain-of Function (GoF)-Mutationen im KCNT1-
Gen verursacht, das fiir den Natriumaktivierten Kaliumkanal Knal.1 (Slack) kodiert. Diese
Mutationen storen die neuronale Erregbarkeit, was zu tiefgreifenden Beeintrachtigungen von
Gehirnentwicklung und -funktion flhrt. Trotz der Schwere dieser Stdérungen sind die
Behandlungsmdglichkeiten nach wie vor duBerst begrenzt, und es gibt keine zugelassenen
Therapien, um KCNT1-Mutationen gezielt zu behandeln. In dieser Arbeit werden die
pathophysiologischen Mechanismen untersucht, die der KCNT1 assoziierten Epilepsie
zugrunde liegen, und potenzielle therapeutische Interventionen an zwei neuen Knock-in-
Mausmodellen, die von Patienten stammende KCNT1-Mutationen tragen, p.1335N
(KCNIN) und p.R950Q (KCNRQ), die unterschiedliche GoF-Eigenschaften aufweisen,
evaluiert.

Eine umfassende phénotypische Charakterisierung dieser Modelle ergab spontane
generalisierte Anfalle, eine signifikante Pathologie des Hippocampus und ausgepragte
Verhaltensanomalien. Histologische Analysen zeigten eine reaktive Astrogliose, erhohte
perineuronale Netzdichten im Gyrus dentatus und eine erhohte Neuropeptid Y Expression
in den Moosfasern des Hippocampus, was auf einen umfassenden Umbau des Hippocampus
Netzwerks hindeutet. Dei Bewertung des Verhaltensexperimente ergaben eine gesteigerte
Lokomotion, ein vermindertes angstbedingtes Verhalten und eine beeintrachtigte
Gedéachtnisleistung. Elektrokortikographieaugnahmen  (ECoG) ergaben signifikante
Storungen der Schlafarchitektur und der interiktalen Netzwerkaktivitat, einschlieBlich einer
Verringerung kortikaler Thetaoszillationen sowohl im Schlaf als auch im Wachzustand.
Zusammengenommen belegen diese Ergebnisse die Validitat der Mausmodelle fir KCNT1-
assoziierte epileptische Enzephalopathien.

Um die begrenzte Wirksamkeit bestehender Behandlungsmdglichkeiten zu verbessern,
wurden hirnpermeable KCNT1-Kanalblocker in einem Hochdurchsatz-Screening FDA-
zugelassener Substanzen identifiziert und an KCNT1-Kanélen in vitro validiert. Die
chronische Behandlung erwachsener Mause mit diesen Blockern fiihrte nicht zu einer
Verbesserung des Anfallsphdnotyps, was zeigt, wie wichtig es ist, in friheren
Entwicklungsphasen anzusetzen. Eine Behandlung wéhrend der Neugeborenenperiode
erhdhte zwar den Anteil anfallsfreier Tiere, verhinderte aber nicht die Veranderungen in der
interiktalen Netzwerkaktivitat, was die Notwendigkeit therapeutischer MaRnahmen in den
frihen Stadien der Epileptogenese weiter unterstreicht. Diese Studie liefert eine detaillierte
Charakterisierung von KCNT1-assoziierten Epilepsiemodellen, klart die zugrunde liegende
Pathophysiologie auf und zeigt wichtige Herausforderungen bei der Entwicklung von
Therapien fur diese Erkrankungen auf. Diese Ergebnisse unterstreichen den dringenden
Bedarf an prazisionsmedizinischen Ansatzen, die auf Entwicklungsfenster abzielen, um den
ungedeckten klinischen Bedarf an wirksamen Behandlungen zu decken.
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1. | Introduction
1.1 | Epilepsy and Genetic Factors

Epilepsy is a complex and chronic neurological disorder, characterized by the recurrence of
unprovoked seizures resulting from abnormal electrochemical activity in the brain. It
represents one of the most common neurological conditions globally, affecting
approximately 1-3% of the global population over their lifetime, with significant
heterogeneity in its etiology, clinical presentation, and response to treatment (Boillot and
Baulac 2016; McTague et al. 2016). Seizures, the hallmark of epilepsy, can manifest in
diverse forms, from focal events, which originate in a specific brain region, to generalized
seizures, which involve widespread cortical networks (McTague et al. 2016). The clinical
spectrum ranges from brief lapses in consciousness to severe convulsions. While
traditionally, epilepsy has been attributed to structural, infectious, or metabolic causes,
genetic factors have emerged as pivotal in understanding many forms of the disorder,

particularly early-onset and refractory epilepsies (Villa and Combi 2016).

The core feature of epilepsy is the brain's predisposition to generate abnormal
electrochemical discharges, which disrupt normal neural activity. These discharges result
from an imbalance between excitatory and inhibitory neurotransmission, leading to the
clinical manifestations of seizures (McTague et al. 2016). Depending on the brain regions
involved, seizures may affect motor, sensory, autonomic, or cognitive functions (Gao et al.
2022). Severe forms of epilepsy, such as epileptic encephalopathies, are particularly
devastating. These syndromes, which often present in infancy or early childhood, are
characterized by frequent, pharmacoresistant seizures and are frequently associated with
developmental delays and cognitive impairments (Helbig and Ellis 2020; Villa and Combi
2016). For instance, Dravet syndrome, which begins in the first year of life, is marked by
polymorphic seizure types and profound neurodevelopmental deterioration (McTague et al.
2016; Helbig and Ellis 2020). The link between epilepsy and cognitive decline in such
syndromes suggests that the epileptic activity itself contributes to the developmental

regression, beyond the impact of the underlying brain pathology (McTague et al. 2016).

Ion channels, particularly potassium and sodium channels, have been a central focus of
epilepsy research. Mutations in potassium channel genes, such as KCNTI, KCNQ?2, and
KCNQ3, have been identified as key contributors to various epileptic syndromes (Boillot and

Baulac 2016; Villa and Combi 2016). These channels are integral to maintaining the
1
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electrochemical stability of neurons, and mutations can disrupt the flow of potassium ions,
leading to neuronal hyperexcitability and the generation of seizures. For example, KCNT1-
associated epileptic encephalopathy, a severe form of epilepsy is characterized by early
onset, frequent seizures, and significant developmental delays (McTague et al. 2016; Gao et

al. 2022).

1.2 | KCNT1: Structure and Function

1.2.1 | Structure and Expression Patterns in the Nervous System

The KCNT1 gene encodes a sodium-activated potassium (Kna) channel, commonly referred
to as SLACK (Sequence Like a Calcium-Activated K+ channel) or Slo2.2. This channel
belongs to the Slo family of potassium channels and is activated by elevations in intracellular
sodium concentration (Kameyama et al. 1984; Bhattacharjee et al. 2003).  Structurally,
KCNT1 shares key characteristics with other potassium channels, comprising six
transmembrane segments (S1-S6) and a pore loop between the S5 and S6 segments that
forms the ion-conducting pathway of the channel (J. Zhang et al. 2023) (Figure 1). It has a
large intracellular C-terminal domain, which contains two regulators of conductance for
potassium (RCK) domains essential for modulating the gating mechanism of the channel,
allowing for fine-tuning of potassium ion conductance in response to changes in cellular
sodium levels. The binding of Na+ ions induces conformational changes, leading to channel

activation and subsequent potassium efflux (Kaczmarek 2013; Niday and Tzingounis 2018).

© Na'
A hSlo2.2_Closed B hSlo2.2_Open o Kk

Figure 1: Proposed mechanism of hSlo2.2 channel closed and open states. (A) Under conditions
of low intracellular Na+ concentration, potassium ions (K+) occupy binding Sites 1-3, stabilizing
the gating ring domain in a closed conformation. This configuration allows the gating ring domain
to interact loosely with the transmembrane domain (TMD), enabling rotational movement of the
gating ring relative to the TMD. (B) As intracellular Na+ concentration increases, Na+ replaces K+
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at Sites 1 and 2, prompting an expansion and rotation of the gating ring domain. This conformational
change causes the gating ring to dock onto the TMD, leading to the opening of the inner gate (J.
Zhang et al. 2023).

KCNTI1 channels exhibit widespread expression throughout the central and peripheral
nervous systems, where they play a crucial role in regulating neuronal excitability
(Bhattacharjee, Gan, and Kaczmarek 2002). Notably, KCNT1 expression is abundant in brain
regions involved in controlling rhythmic neuronal firing and synaptic plasticity, including
the hippocampus, cortex, and thalamus (Rizzi, Knaus, and Schwarzer 2016). This extensive
distribution underscores the channel's role in maintaining the physiological functions of both
excitatory and inhibitory neurons. The channels are particularly important in regions
requiring precise control of firing patterns and are implicated in maintaining the balance
between excitation and inhibition within neural circuits (Kaczmarek 2013; Lim et al. 2016).
Additionally, their expression across various neuron types, including those involved in
inhibitory signaling, highlights their integral role in maintaining network stability (Niday
and Tzingounis 2018).

1.2.2 | Role in Regulating Neuronal Excitability

The KCNT1 channel plays a pivotal role in modulating neuronal excitability by facilitating
potassium ion efflux under conditions of elevated intracellular sodium, such as during trains
of action potentials (Bhattacharjee et al. 2003; Yuan et al. 2003) (Figure 2). This potassium
efflux is essential for the repolarization of neurons following action potentials, helping to
prevent sustained neuronal depolarization. Through the regulation of potassium
conductance, KCNT1 channels serve to terminate action potentials and prevent excessive

neuronal firing, thereby ensuring controlled neuronal activity (Kaczmarek 2013; Joshi 2022).

The after-hyperpolarization phase is essential for limiting the frequency of neuronal firing,
particularly in neurons that exhibit burst-firing patterns. By modulating this phase, KCNT1
channels help prevent excessive or uncontrolled neuronal firing and facilitate neuronal
recovery between successive action potentials. Consequently, these channels are crucial for
maintaining neuronal excitability and overall network stability (Kaczmarek 2013; Niday and

Tzingounis 2018; Joshi 2022).
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Figure 2: Activation of Slack channels by cytoplasmic sodium. (A) Representative recordings of
macroscopic Slack currents at 0 mV and -80 mV from an excised inside-out patch in Slack-
transfected CHO cells, shown in both the presence and absence of 90 mM sodium. (B) Sodium
concentration-response curve illustrating the activation of Slack currents in excised patches. Currents
were normalized to those observed at 90 mM sodium Figure modified from (Bhattacharjee et al.
2003).

1.3 | KCNTI1 Mutations and Associated Epilepsy Syndromes
1.3.1 | Spectrum of KCNT1-Associated Epilepsies

Mutations in the KCNTI gene are implicated in a wide range of epilepsy syndromes,
predominantly through gain-of-function mutations that increase neuronal network
excitability (Barcia et al. 2012; Heron et al. 2012) (Figure 3). The principal syndromes
associated with KCNTI mutations include Autosomal Dominant Nocturnal Frontal Lobe
Epilepsy (ADNFLE), also termed Autosomal Dominant Sleep-Related Hypermotor Epilepsy
(ADSHE), and Epilepsy of Infancy with Migrating Focal Seizures (EIMFS) (Ishii et al. 2013;
Rizzo et al. 2016; Barcia et al. 2019). Additionally, KCNT! mutations have been linked to
other early-onset epileptic encephalopathies, such as West Syndrome, Ohtahara Syndrome,
and focal epilepsies with later onset (Rizzo etal.2016; Cataldi et al. 2019; Kohli,
Ravishankar, and Nordli 2020).

1.3.2 | Autosomal Dominant Nocturnal Frontal Lobe Epilepsy (ADNFLE)

Clinical Characteristics and Age of Onset: ADNFLE, or ADSHE, is characterized by
clusters of nocturnal seizures, which can range from simple arousals to complex hyperkinetic
episodes with dystonic posturing. These seizures primarily occur during non-REM sleep and
manifest as sudden, often violent motor activity. Age of onset is generally late childhood to

adolescence, with KCNT1-associated cases showing a higher incidence of cognitive
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impairments and psychiatric comorbidities, such as anxiety and attention deficits. Case

studies have documented instances of familial KCNT1-associated ADNFLE, with varying
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levels of severity within affected families (Borlot et al. 2020; Fang et al. 2021; Lu et al.
2022).

Figure 3: The mutation positions identified by previous studies. Highlighting the positions of
mutations reported in studies on quinidine therapy. Mutation positions are color-coded to reflect
varied therapeutic outcomes with quinidine. Green denotes mutation sites associated with patients
who experienced mixed or controversial therapeutic results, black indicates mutation sites associated
with effective outcomes, and red represents mutation sites where quinidine therapy was ineffective
(Liuetal. 2023).

1.3.3 | Epilepsy of Infancy with Migrating Focal Seizures (EIMFS)

Clinical Characteristics and Age of Onset: EIMFS, also known as malignant migrating
partial seizures of infancy, is a severe early-onset epileptic encephalopathy marked by
migrating focal seizures. These seizures generally present within the first six months of life
and exhibit a distinctive migratory pattern, shifting across different cortical regions and often
accompanied by autonomic symptoms such as apnea and cyanosis. The condition is highly
refractory to conventional antiepileptic therapies, leading to profound developmental delays
and significant cognitive impairment over time. EIMFS typically manifests within the first
weeks or months of life, with most patients experiencing severe developmental delays and
failing to reach major milestones due to the disorder’s refractory nature. Recent treatment

attempts, including quinidine, cannabidiol, and the ketogenic diet, have demonstrated limited
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efficacy, and achieving consistent seizure control remains challenging for most cases(Ishii et

al. 2013; Barcia et al. 2019; Borlot et al. 2020; Fang et al. 2021; Yang et al. 2022).

1.3.4 | Other Associated Epileptic Encephalopathies

In addition to ADNFLE and EIMFS, KCNT! mutations have been associated with several

other early-onset epileptic encephalopathies, including:

e West Syndrome: Characterized by infantile spasms and a distinctive hypsarrhythmic
EEG pattern, West Syndrome in the context of KCNTI mutations often involves
developmental regression. Treatment response is variable, with most cases exhibiting
limited seizure control (Rizzo et al. 2016; Kohli, Ravishankar, and Nordli 2020).

e Ohtahara Syndrome: Known also as early infantile epileptic encephalopathy,
Ohtahara Syndrome typically manifests in the neonatal period and is marked by a
suppression-burst EEG pattern. This condition frequently progresses to other severe
epilepsy syndromes, with minimal therapeutic options available (Cataldi et al. 2019;
Borlot et al. 2020).

o Focal Epilepsies with Later Onset: Certain patients with KCNT'/ mutations develop
focal epilepsy later in childhood or adolescence. These cases are generally less severe
than early-onset forms but may include behavioral and psychiatric comorbidities.
Structural brain abnormalities, such as delayed myelination and cortical atrophy,
have been documented in some cases, underscoring the heterogeneity of KCNT1-
associated epilepsies (Fang et al. 2021; Lu et al. 2022; Yamamoto et al. 2023).

1.3.5| Genotype-Phenotype Relationships

Mutations in the KCNTI gene give rise to a diverse array of epilepsy syndromes,
characterized by considerable variability in clinical presentations. This diversity in
phenotype is observed not only across different families but also within affected families,
suggesting that these mutations can produce a spectrum of clinical outcomes ranging from
mild focal seizures to severe, pharmacoresistant epilepsy with significant
neurodevelopmental impairments (Barcia et al. 2019; T. S. Gertler et al. 2022; T. Gertler et
al. 2018).

The clinical heterogeneity associated with KCNT! mutations is further illustrated by the
variability in seizure types, age of onset, and accompanying neurological complications
among affected individuals. Electroencephalographic (EEG) patterns exhibit substantial

diversity, with suppression-burst and hypsarrhythmic patterns frequently documented in
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cases of EIMFS (Lim et al. 2016; Barcia et al. 2019). This phenotypic variability complicates
efforts to establish direct genotype-phenotype correlations, underscoring the need for
individualized genetic and clinical evaluations in patients with KCNT1-associated disorders

(T. Gertler et al. 2018).

The substantial variation in clinical outcomes observed among individuals with KCNTI
mutations indicates that both genetic modifiers and environmental factors likely play a role.
Somatic mosaicism and epistatic interactions have been proposed as genetic modifiers
contributing to this phenotypic diversity. For example, cases of somatic mosaicism in the
asymptomatic parents of children with EIMFS suggest that the proportion of cells harbouring
the mutation may influence the severity of the phenotype. Moreover, the genetic background
with unique combination of allelic variants throughout the genome results in distinct
resilience against pathologic effect of mutations. Additionally, mutations in other epilepsy-
associated genes, such as SCNI14 and GABRG?2, display similar variability, suggesting that
interactions between genes may shape the clinical manifestations of KCNT'/ mutations (Lim

et al. 2016; Barcia et al. 2019).

Environmental factors, such as early-life exposures and nutritional status, are also believed
to influence the phenotypic expression of KCNTI1-associated epilepsy. Variability in
treatment responses further emphasizes the importance of environmental influences, as some
individuals show minimal improvement with standard anticonvulsant therapies or dietary
interventions. These differences in treatment efficacy underscore the necessity of
considering environmental factors when managing KCNT1-associated epilepsy (Lim et al.

2016; Barcia et al. 2019).

1.4 | Molecular Mechanisms of KCNTI Mutations

1.4.1 | Types of Mutations

The majority of pathogenic KCNT/ mutations reported are missense mutations, which
involve single nucleotide changes that substitute one amino acid for another. Mutations such
as p.R428Q and p.A934T have been demonstrated to increase the channel’s open probability
and alter its response to intracellular sodium, resulting in elevated potassium currents and

abnormal neuronal firing patterns (Barcia et al. 2012; Heron et al. 2012).

In addition to missense mutations, in-frame deletions are also observed, though they occur

less frequently. In-frame deletions lead to the removal of one or more amino acids without
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disrupting the protein’s reading frame. These deletions may affect critical functional domains
of the SLACK channel, such as the C-terminal regulatory region, which subsequently alters
channel gating properties or impacts interactions with regulatory molecules (Kim et al. 2014;

Tang et al. 2016).

1.4.2 | Gain-of-Function Nature of Most Epilepsy-Associated Mutations

A defining feature of many epilepsy-associated KCNT/ mutations is their gain-of-function
(GOF) nature. Pathogenic variants typically increase SLACK channel activity, leading to an
excessive outflow of potassium ions that disrupts normal neuronal excitability. Functional
studies using heterologous systems, such as Xenopus laevis oocytes and HEK cells, have
consistently shown that most epilepsy-related KCNT1 variants induce hyperactivity in the
channel by enhancing sodium sensitivity or by modifying the current-voltage relationships.
This GOF mechanism is linked with prolonged channel opening times or increased channel
conductance, contributing to the altered excitability of neurons that underlies severe epilepsy

phenotypes (Hinckley et al. 2023).

The phenotypic diversity associated with KCNT mutations is influenced by the extent of
the gain-of-function effects exerted by specific variants. For example, mutations associated
with EIMFS, such as p.R428Q and p.A934T, have been reported to produce significantly
higher current amplitudes than those linked to ADNFLE, suggesting a correlation between
mutation effects and disease severity. Patients with mutations that induce stronger GOF
effects often present with more severe clinical features, such as early-onset seizures,
developmental delays, and profound neurological impairment (Barcia et al. 2019; McTague

et al. 2018).

1.4.3 | Effects on Channel Properties

Increased Current Amplitude

Pathogenic gain-of-function mutations in KCNT/ are commonly associated with increased
potassium current amplitudes, which substantially enhance the activity of the sodium-
activated potassium channel Knal.l. This effect has been observed in several studies,
including those employing heterologous expression systems and neuronal cultures derived
from human-induced pluripotent stem cells (iPSCs). For example, the P924L mutation leads
to a several-fold increase in Kna currents, which, in human IPSCs, is directly correlated with

elevated neuronal firing rates and greater action potential generation (Quraishi et al. 2019;
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Wu, Quraishi, et al. 2024). Increased current amplitude in these mutant channels results from
increased channel open probability, thereby augmenting potassium outflow and re-
/hyperpolarizes the membrane potential. Consequently, the increased potassium currents
might lead to either sustained hyperpolarized state resulting reduced firing rates or facilitates

action potentials by recovering Na* channels from inactivation.
Changes in Sodium Sensitivity

Mutations in KCNT! also frequently enhance the channel's sensitivity to intracellular
sodium. Enhanced sodium sensitivity is crucial as it can lead to increased potassium currents
even under basal conditions where sodium levels are relatively low. This mechanism has
been illustrated in the R455H mutation, which shows heightened responses to sodium,
driving further potassium efflux and reinforcing neuronal hyperexcitability (Shore et al.
2020; T. S. Gertler et al. 2022). In murine models, the elevated sodium sensitivity resulting
from these gain-of-function mutations has been linked to higher firing frequencies and the

development of seizure phenotypes typical of severe epileptic encephalopathies (Shore et al.

2024).

1.5 | Pathophysiology of KCNT1-Associated Epilepsies
1.5.1 | Hypothesized Mechanisms of Epileptogenesis

The pathophysiology of KCNT1-associated epilepsies is hypothesized to involve gain-of-
function mutations that lead to aberrant potassium conductance, significantly altering
neuronal excitability and network synchrony. These mutations in the KCNT gene result in
hyperactive sodium-activated potassium channels, which disrupt the normal repolarization
and firing patterns of neurons. This disruption is thought as a paradoxical GoF with increased
hyperpolaring potassium current creating an environment conducive to hypersynchronous
activity, a hallmark of epileptogenesis (Quraishi et al. 2019; Wu, Quraishi, et al. 2024).
Experimental models of KCNT mutations indicate that these hyperactive channels increase
the likelihood of spontaneous action potential generation, particularly in regions of the brain
with high KCNT1 expression, such as the cortex and hippocampus. This increased firing rate
is consistent with findings in various in vivo and in vitro models that demonstrate how
KCNTI mutations contribute to the development of seizure-prone neural circuits through an

imbalance in network excitability (Shore et al. 2020, 2024).
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15.2| The Role of Increased Potassium Conductance in Neuronal

Hyperexcitability

The amplified Kna currents resulting from these mutations enhance potassium outflow
during the afterhyperpolarization (AHP) phase of action potentials. Under normal
physiological conditions, potassium currents help stabilize the membrane potential by
hyperpolarizing the cell after firing, thus preventing excessive neuronal activation. However,
the enhanced conductance seen in KCNT/ mutations accelerates the repolarization phase,
reducing the action potential duration and shortening the refractory period between action
potentials, thereby facilitating repetitive firing (Shore et al. 2020; T. S. Gertler et al. 2022).
Experimental studies have shown that this excessive Kna conductance either promotes
sustained neuronal firing in glutamergic neurons or suppresses the normal activity in
GABAergic interneurons which contributes to network hypersynchrony (Quraishi et al.

2019; Wu, Quraishi, et al. 2024).

1.5.3 | Differential Effects on Inhibitory and Excitatory Neurons

KCNTI mutations exhibit differential effects on excitatory and inhibitory neurons,
contributing to an imbalance in the excitatory and inhibitory (E/I) dynamics that is essential
for maintaining normal cortical function. In excitatory neurons, these mutations, such as
Y796H, lead to an increased Kna current that becomes prominent at higher membrane
potentials, facilitating rapid action potential repolarization. This mechanism supports
sustained high-frequency firing in excitatory neurons, thereby increasing overall excitatory
drive within neural circuits (Shore et al. 2020; T. S. Gertler et al. 2022). In contrast, in
inhibitory neurons, KCNT/ mutations induce Kna currents that activate at subthreshold
voltages, causing a hyperpolarized resting potential and raising the rheobase, the minimum
current required to generate an action potential. Consequently, inhibitory neurons with
KCNTI mutations exhibit a reduced firing rate, impairing their ability to counterbalance
excitatory signals. Studies have shown that PV+ interneurons are particularly affected,
exhibiting a marked decrease in excitability due to KCNT! mutations, which leads to a
significant reduction in inhibitory output and a subsequent increase in network excitability
(Wu, Quraishi, et al. 2024; Shore et al. 2024; T. S. Gertler et al. 2022). This differential effect

between excitatory and inhibitory neurons disrupts the E/I balance, which is a critical factor
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in the development of epileptogenic networks in KCNT1-associated epilepsy syndromes

(Wu, Quraishi, et al. 2024; Shore et al. 2020).

1.6 | Comorbidities of KCNT1-Associated Epilepsies
1.6.1| Associated Intellectual Disabilities

Intellectual disability is a frequent comorbidity in patients with KCNT] mutations, likely due
to the role of the sodium-activated potassium channel in regulating neuronal excitability and
synaptic function (Matt et al. 2021; Wu, El-Hassar, et al. 2024). Individuals with EIMFS
often experience profound developmental delays, with the majority of patients failing to
achieve major motor and cognitive milestones. Studies suggest that intellectual impairment
in KCNT1-associated epilepsy is primarily due to cortical development deficits which may
disrupt normal brain functioning during critical periods. Additionally, mutations in KCNT1
can impair other neurodevelopmental pathways, further compounding cognitive deficits

(Kim et al. 2014; Bonardi et al. 2021).

1.6.2 | Psychiatric Features and Behavioural Issues

Patients with KCNT1-associated epilepsy frequently exhibit a range of psychiatric and
behavioural issues. Anxiety, autism spectrum disorder (ASD)-like features, and social
difficulties are among the most commonly reported. These behavioural symptoms are
hypothesized to arise from the dysregulated neuronal excitability induced by KCNTI
mutations, which may impair cortical circuits involved in emotion regulation and social
behaviour. Mouse models deficient in Slack channels have demonstrated alterations in
anxiety-like behaviours, suggesting that KCNT'] mutations may disrupt limbic structures like
the amygdala, which are involved in emotional processing (Bausch et al. 2015, 2018; Q.

Zhang et al. 2022).

1.6.3 | Potential Cardiac Arrhythmias and SUDEP Risk

Extracerebral manifestations of KCNT'/ mutations, including cardiac arrhythmias, have been
increasingly recognized as contributing to the risk of sudden unexpected death in epilepsy
(SUDEP) (Kuchenbuch et al. 2019). The presence of Slack channels in cardiac tissue
suggests that these channels may play a role in cardiac electrophysiology. Mutations in
KCNT1 may lead to arrhythmic events, as documented in several case studies where patients

with KCNT1-associated epilepsy also exhibited dilated cardiomyopathy or atrioventricular
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conduction abnormalities (Kohli, Ravishankar, and Nordli 2020; Yamamoto et al. 2023). The
combination of frequent seizures and potential cardiac involvement underscores the
importance of comprehensive monitoring and may warrant further investigation into targeted

interventions to mitigate SUDEP risk in this patient population.

1.7 | Current Treatment Strategies and Challenges

1.7.1| Resistance to Conventional Antiepileptic Drugs

KCNTl-associated epilepsy syndromes, such as EIMFS and ADNFLE, frequently exhibit
resistance to conventional antiepileptic drugs (AEDs) (Miziak and Czuczwar 2022; D. Xu et
al. 2022). This resistance is likely due to specific gain-of-function (GOF) mutations in
KCNTI, which lead to hyperactive sodium-activated potassium channels that are not
effectively targeted by traditional AEDs, which typically act on sodium or calcium channels.
Consequently, the standard pharmacological approach, including AEDs like valproate and
levetiracetam, often fails to achieve adequate seizure control in these patients (Helbig and

Ellis 2020; Delanty and Cavalleri 2017).

1.7.2 | Potential Targeted Therapies

Given the pharmacoresistant nature of KCNT1-associated epilepsies, recent research has
focused on identifying more effective targeted therapies. Quinidine, a class I antiarrhythmic
drug, was initially identified as a potential therapy due to its ability to inhibit SLACK
(Knal.1) channels (Figure 3). However, its clinical use is limited by safety concerns,
including QT prolongation, and inconsistent efficacy across different KCNT/ mutations (M

Qunies and A Emmitte 2022; Iraci et al. 2024).

e VU0606170: This selective SLACK channel inhibitor, identified through high-
throughput screening, reduces spontaneous calcium oscillations in overactive
neurons by specifically targeting the GOF effects of KCNTI mutations. Studies
indicate that VU0606170 can decrease firing rates in neuronal cultures, suggesting
potential as an antiepileptic agent for SLACK-associated disorders (Spitznagel et al.
2020).

e 1,2,4-Oxadiazole Derivatives: Recently, oxadiazole-based inhibitors have shown
promising results. These compounds inhibit SLACK channels with improved
selectivity and reduced side effects compared to quinidine. Specifically, VU0935685
and other analogs from this class have demonstrated significant reductions in
spontaneous neuronal firing in mouse models, indicating their potential for reducing
seizure frequency in KCNT1-associated epilepsy (Qunies et al. 2023).
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e Xanthine Inhibitors: Another promising class of small molecules includes xanthine
derivatives, such as VU0948578, which show efficacy in inhibiting mutant SLACK
channels. This class of inhibitors has displayed good selectivity against other ion
channels, including hERG, and demonstrates an improved safety profile. Xanthine
inhibitors provide a unique avenue for selectively targeting KCNT1-associated
epilepsy with minimal off-target effects (Qunies et al. 2024).

e In Silico Designed Compounds: Using computational approaches, compounds such
as CPK20 have been developed to specifically target the pore-forming domain of
SLACK channels, offering enhanced metabolic stability and potency over quinidine.
These inhibitors were shown to effectively counteract the GOF mutations linked to
epileptic phenotypes, such as EIMFS, with fewer cardiac side effects (Iraci et al.
2024).

Overall, these targeted therapies are valuable not only for their direct effects on SLACK
channels but also as part of a broader strategy to tailor treatments based on the specific
KCNTI mutation in each patient. This approach allows for increased efficacy and reduced
adverse effects, addressing the limitations of conventional AEDs in treating KCNT1-
associated epilepsies However, considering that these compounds still require to undergo

clinical trials, it might take another decade to meet the urgent need of patients.

1.7.3 | Need for Personalized Treatment Approaches

The phenotypic diversity and mutation-specific effects observed in KCNT1-associated
epilepsies underscore the necessity for personalized treatment approaches. Precision
medicine strategies that involve tailoring treatment based on genetic testing and functional
studies are increasingly relevant. Additionally, ongoing studies of SLACK channel
modulators in combination with existing AEDs have shown potential for enhancing
therapeutic efficacy and mitigating drug resistance (Qunies et al. 2024; Griffin et al. 2021).
This personalized approach may improve the quality of life for patients with KCNTI1-
associated epilepsies, particularly those for whom standard treatments have been ineffective.
Future research on the pharmacokinetics and long-term effects of these novel inhibitors will
be critical in refining these strategies and developing more effective treatment

protocols(Qunies et al. 2023; Cole et al. 2020).
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1.8 | Future Directions and Research Gaps

1.8.1 | Ongoing Research into KCNT1 Channel Function and Regulation

Ongoing research into KCNT1 channel function has revealed new insights into its role in the
central nervous system (CNS), particularly concerning its regulation by intracellular sodium
and other cellular metabolites. Advanced studies using high-resolution structural techniques,
such as cryo-electron microscopy, have facilitated a detailed understanding of the KCNT1
channel's structural and functional domains, including the critical role of the RCK domain
in sodium sensitivity (Hite et al. 2015; J. Xu et al. 2023). Additionally, efforts to understand
how gain-of-function (GOF) mutations disrupt normal channel activity are ongoing, with a
focus on how these mutations alter gating mechanisms and subunit interactions within
heteromeric channels. Understanding these mechanistic details is essential for developing
targeted interventions that can mitigate the aberrant excitability resulting from GOF

mutations (Goldberg 2021).

1.8.2 | Development of Novel Therapeutic Targets

The challenges associated with conventional drugs, like quinidine, have driven the
development of more selective KCNT1 inhibitors (Milligan et al. 2014). Recent studies have
identified novel chemotypes and small molecules, such as xanthine derivatives and
oxadiazole compounds, that exhibit enhanced selectivity and potency in inhibiting KCNT]1
channels without affecting cardiac function(Qunies et al. 2023, 2024). For instance,
compounds like CPK20, derived from in silico screening, have shown promising selectivity
for KCNT1 over cardiac hERG channels, presenting a more favourable safety profile
compared to quinidine (Iraci et al. 2024). Furthermore, research into additional compounds,
such as bepridil and clofilium, has demonstrated their potential to inhibit hyperexcitable
KCNTTI channels effectively, although their clinical application is currently limited by side
effects (Rizzo et al. 2016; de Los Angeles Tejada et al. 2012). These studies underscore the
need for ongoing drug discovery efforts to develop more potent, KCNT1-specific inhibitors

that bypass the drawbacks associated with broad-spectrum ion channel blockers.

1.8.3 | Potential for Gene Therapy or Precision Medicine Approaches

Emerging precision medicine approaches, including antisense oligonucleotides (ASOs), are

being explored as innovative therapies for KCNT1-associated epilepsies. ASOs have shown
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the ability to selectively silence mutant KCNT! alleles, reducing the pathogenic channel
activity responsible for seizure generation. Preclinical studies in mouse models have
demonstrated that ASO-based gene silencing can decrease seizure frequency and extend
survival in animals carrying KCNT/ mutations (Burbano et al. 2022). Additionally, the
expanding field of gene therapy holds promise for developing mutation-specific treatments
that address the underlying genetic cause of KCNT1-associated epilepsy. This approach,
combined with personalized pharmacotherapy based on a patient’s unique mutation profile,
may offer a more effective means of managing drug-resistant epilepsies associated with
KCNTI1. As our understanding of genotype-phenotype correlations in KCNT1 disorders
deepens, the prospect of personalized, mutation-targeted therapies becomes increasingly
viable, paving the way for tailored treatment strategies that minimize adverse effects while

maximizing therapeutic efficacy.

1.9 | Identification and Modeling of KCNT1 Mutations

To investigate the phenotypic consequences of KCNT1 gain-of-function mutations and
evaluate potential therapeutic strategies, two knock-in mouse models were generated using
the CRISPR/Cas9 gene-editing system. Patient-derived mutations were introduced into the
Kcntl gene locus of CD1 mice. Two mutations were selected based on clinical findings and
their electrophysiological impact on channel function: Ile335Asn (I335N) and Arg950GIn
(R950Q). Both mutations are located in regions recognized as hotspots for missense
mutations within the pore domain and second potassium conductance regulatory domain of

the KCNT1 channel, respectively.

The Ile335Asn (p.I335N) mutation was identified in a male patient (born 2012, Munich),
who presented with neonatal-onset epilepsy refractory to multiple anticonvulsant therapies,
including quinidine, and exhibited severe developmental delay accompanied by
microcephaly. Functional recordings in heterologous expression systems using Xenopus
oocytes revealed that KCNIN homomeric channels did not conduct measurable currents,
whereas heteromeric channels showed a current increase of approximately 250% compared

to wild-type (WT) (Figure 4).

The Arg950GIn (p.R950Q) mutation was identified in a female patient (born 2006,
Tiibingen), who developed epilepsy at three months of age, which was also refractory to
numerous therapies, including sultiam, carbamazepine, oxcarbazepine, lamotrigine,

levetiracetam, lacosamide, and quinidine. This patient exhibited a global developmental
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delay with an IQ score of 65. In Xenopus oocyte recordings, KCNRQ homomeric channels
displayed an approximate 500% current increase, while heteromeric channels showed a

250% increase compared to WT (Figure 4).

(A) (B) KCNIN (C) KCNRQ
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Figure 4. Functional characterization of KCNT1 mutations The functional effects of KCNT1
mutations were assessed using two-electrode voltage-clamp recordings in Xenopus oocytes. cRNAs
encoding KCNT1 variants were injected into oocytes, (A) with H»O-injected oocytes and WT
KCNTT1 serving as controls, showing baseline currents. Compared to WT, (B) heterozygous KCNIN
(IN+WT) displayed a significant GoF, while homozygous KCNIN (IN) exhibited almost complete
loss-of-function (LoF). (C) For the KCNRQ mutation, heterozygous KCNRQ (RQ+WT) showed the
mildest GoF, whereas homozygous KCNRQ (RQ) demonstrated the most severe GoF, with the
highest increase in current observed.

These functional findings suggest a hierarchy of severity: the KCNRQ homozygous
mutation is predicted to result in the most severe pathological phenotype, followed by the
heterozygous KCNIN mutation, while the heterozygous KCNRQ mutation is expected to
produce a milder phenotype. Based on these observations, two knock-in mouse models
carrying corresponding mutations were generated: CD1.Kcnt1P72°N*  (heterozygous
mutation corresponding 335N in  human sequence), CDI.Kcnt[PR¥119*  and
CD1.Kcnt [PRONQRINQ (heterozygous and homozygous mutations corresponding to human

R950Q, respectively).

These mouse models serve as suitable tools for studying the pathophysiological mechanisms
underlying KCNT1-associated epilepsies and provide a platform for testing novel

therapeutic interventions targeting the effects of gain-of-function mutations in KCNT1.

1.10 | Identification and Validation of KCNT1 Blockers

Given the urgent need for effective blockers targeting the mutation-induced GoF of KCNT1
channels, a high-throughput drug repurposing screen was performed to identify potential
therapeutic candidates. The screen utilized a thallium flux assay established in HEK293 cells
stably expressing human KCNTI1 channels to detect compounds capable of inhibiting
KCNT1-mediated currents.
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Following the initial screen, the top six hit compounds were subjected to further validation
using patch-clamp electrophysiology to confirm their inhibitory effects on both WT and
mutated KCNT1 channels. The selection criteria for candidate blockers included their half-
maximal inhibitory concentration, ability to cross the blood-brain barrier, and established

safety profiles as FDA-approved drugs.

Two promising compounds, Pimozide and Carvedilol, were chosen for further investigation
based on their strong inhibitory effects on KCNT1 channels and favourable pharmacokinetic
properties. The following sections provide a brief overview of these two compounds, their
physiological roles, and their potential as therapeutic agents for KCNTI-associated

epilepsies.

1.10.1 | Pimozide as a Potential Therapeutic Agent for KCNT1-associated
Epilepsy

Pimozide is a diphenylbutylpiperidine derivative and a dopamine D2 receptor antagonist
approved for the treatment of Tourette syndrome and resistant psychotic disorders. Its
primary mechanism of action is through dopaminergic receptor blockade in the CNS, leading
to a suppression of motor and phonic tics, as well as psychotic symptoms (TEVA

PHARMACEUTICALS 2008).

In addition to its role in the dopaminergic system, pimozide has been shown to affect voltage-
gated potassium channels (TEVA PHARMACEUTICALS 2008). This property is
particularly relevant to KCNT1-associated epileptic encephalopathies, where GoF mutations
result in hyperactivity of KCNT1 channels. By inhibiting these channels, pimozide has the

potential to restore disrupted neuronal excitability, thereby reducing seizure activity.

Pimozide is extensively metabolized in the liver, primarily by CYP3A4 and, to a lesser
extent, CYP2D6 enzymes (Chapron etal. 2020). It has a long elimination half-life
(approximately 55 hours), which may contribute to sustained therapeutic effects but also
necessitates careful dose monitoring (TEVA PHARMACEUTICALS 2008; AA Pharma Inc.
2014). Despite its therapeutic benefits, pimozide carries a known risk for QT interval
prolongation and cardiac arrhythmias, particularly at high doses or when combined with
CYP3A4 inhibitors. This highlights the need for cautious dose optimization when
considering its repurposing for KCNT1-associated epilepsy (TEVA PHARMACEUTICALS
2008).
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The ability of pimozide to cross the blood-brain barrier and its well-characterized safety
profile make it a strong candidate for repurposing in KCNTI-associated epileptic
encephalopathies. Its known physiological effects on potassium channels and dopaminergic

systems provide a mechanistic rationale for its potential therapeutic efficacy.

1.10.2 | Carvedilol as a Potential Therapeutic Agent for KCNT1-associated
Epilepsy

Carvedilol is a non-selective B-adrenergic receptor blocker widely used in the treatment of
congestive heart failure, hypertension, and post-myocardial infarction management (Benkel
et al. 2022). Carvedilol has been shown to interact with voltage-gated potassium channels
and influence neuronal excitability (Schaefer et al. 1998). This feature is particularly relevant
for KCNT1 GoF mutations, where excessive potassium channel activity leads to neuronal
hyperexcitability and seizures. The inhibitory effect of carvedilol on these channels,
combined with its ability to cross the blood-brain barrier, highlights its therapeutic potential

in reducing seizure burden in KCNT1-associated epilepsies.

In addition to its P-adrenergic blockade, carvedilol interacts with serotonin 5-HT2A
receptors as a functional antagonist, influencing pathways associated with neurotransmitter
regulation in the CNS (Murnane et al. 2019). This dual mechanism may provide broader
modulation of neuronal excitability, further supporting its role in managing hyperexcitability

disorders like KCNT1-associated epileptic encephalopathies.

Carvedilol is extensively metabolized in liver by CYP2D6 and CYP3A4, however how
effectively it distributes throughout the body and further metabolization in and clearance
from CNS still remains elusive (Benkel et al. 2022; Schaefer et al. 1998). Additionally, its
safety profile, particularly the potential for dose-dependent QT interval prolongation at
higher concentrations, underscores the need for cautious dose optimization during further

preclinical and clinical evaluations.

Overall, carvedilol’s ability to inhibit potassium channel activity at lower concentrations,
combined with its blood brain barrier permeability makes it a promising candidate for

repurposing as a therapeutic agent in KCNT1-associated epileptic encephalopathy.
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1.11| The Aims and Scope of the Study

Ion channelopathies, which arise from dysfunctions in ion channels critical for neuronal
signalling, profoundly impact brain development and function. Genetic mutations disrupting
the delicate balance of neuronal excitability often lead to severe neurodevelopmental
disorders, such as epileptic encephalopathies. Among these, mutations in the KCNT1 gene,
encoding the SLACK potassium channel, are recognized as key contributors to early-onset
epileptic encephalopathies. These mutations generate a hyperexcitable neuronal

environment, triggering seizures and impairing essential brain developmental processes.

Despite increasing recognition of KCNT1-associated epileptic encephalopathies, therapeutic
options remain severely limited. The intractable nature of seizures, coupled with severe
developmental delays and associated comorbidities, highlights the urgent need for targeted
treatment strategies. Conventional anticonvulsant therapies have proven largely ineffective,
emphasizing the necessity of addressing the underlying pathophysiology of KCNTI

mutations.

This thesis aims to evaluate the phenotypic consequences of specific single-point KCNT]1
mutations and investigate the therapeutic potential of targeted pharmacological
interventions. By using mouse models carrying patient-derived mutations, this work
systematically characterizes key aspects of the disease, including body growth, neural
activity via ECoG, brain morphology, and behavioural outcomes. Establishing such a
detailed baseline is essential for understanding the disease progression and for determining

treatment efficacy.

In addition to characterization, this study focuses on testing two pharmacological blockers
selected for their potential to mitigate the gain-of-function effects of KCNT1 mutations. The
blockers are evaluated across multiple domains, including brain morphology, ECoG-
recorded brain activity, and behaviour. The ultimate goal is to determine whether these
targeted treatments can effectively reduce seizure burden and improve developmental

outcomes.

Given the critical lack of effective therapies for KCNT1-associated epilepsies, this research
is both timely and essential. By combining phenotypic characterization with therapeutic

evaluations, the findings of this study aim to advance our understanding of KCNTI
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dysfunction and contribute to the development of innovative therapeutic strategies that may

significantly improve clinical outcomes for affected individuals.

2. | Materials and Methods

2.1 | Animal Husbandry and Generation of Animal Models

All animals (mice, Mus musculus) were housed in type Il long plastic cages placed in
isolators (SCANBUR) under standard housing conditions. These conditions included a
temperature of 21 + 2°C, approximately 50% relative humidity, and ad libitum access to
water and rodent chow (Altromin Spezialfutter GmbH, Germany). The mice were transferred
to clean cages weekly and maintained on an inverted 12:12 dark-light cycle, with lights

turning on at 10 PM.

Two knock-in mouse lines were generated by the In vivo Research Facility of CECAD,
University of Cologne (head: Prof. Branko Zevnik) using the CRISPR/Cas9 genome-editing
technique to carry patient-derived heterozygous point mutations in the KCNT1 gene. These
mutations, p.1335N and p.R950Q, correspond to de novo mutations associated with human
KCNT1-related epileptic encephalopathies. The resulting mouse lines, CD1.Kcnt1P129%N
(hereafter referred to as KCNIN) and CD1.Kcnt1PROMQ (hereafter referred to as KCNRQ),
were maintained on a strain background, CD1. These mutations lead to a gain-of-function in
the KCNT1 ion channel, mimicking the human condition. All experiments involving animals
were conducted in accordance with ethical guidelines and were approved by the Landesamt
fur Natur, Umwelt und Verbraucherschutz (LANUV) Nordrhein-Westfalen, Germany.

2.2 | Genotyping

DNA Isolation: DNA was extracted from ear or tail biopsies collected from mice. Biopsies
were lysed overnight in 100 pl lysis buffer (100 mM NaCl, 50 mM Tris/HCI, pH 8.0, 1 mM
EDTA, 0.2% Nonidet P-40, 0.2% Tween 20, 0.1 mg/ml Proteinase K) at 54°C under constant
shaking and were inactivated by heating the lysate at 84°C for 45 minutes. For tail biopsies,
Proteinase K was used to ensure a clean, protein-free DNA preparation.

Polymerase Chain Reaction (PCR): Genotyping was performed using polymerase chain
reaction. Primer sequences specific to the KCNIN and KCNRQ mutations are listed in Table
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1. Reaction mixtures were prepared in a total volume of 50 pul, containing the components
listed in Table 2. The PCR reactions were carried out using a thermal cycler (Analytik Jena
GmbH, Germany) with cycling conditions optimized for each mouse line (Table 3). The
annealing temperatures were set according to the melting temperatures of the respective
primers.

Agarose Gel Electrophoresis: Following PCR, 1.8% agarose gels were prepared by
dissolving agarose powder (VWR Life Science, Sigma-Aldrich, Germany) in 1x TAE buffer
(40 mM Tris, 10 pl acetic acid, 1 mM EDTA, pH 8.0). PCR products (15 ul) were mixed
with loading dye and loaded into the gel wells alongside 5 ul DNA PANIadder | (100 bp,
PAN-Biotech™, Germany). The DNA fragments were separated electrophoretically at 140
V for 30 minutes and visualized using a CCD camera under UV illumination.

Restriction Enzyme Digestion: For KCNIN samples, restriction digestion was performed
on the PCR products to identify the presence of the mutation. The reaction mix (Table 4)
contained 10 pl of crude PCR product, 2 pl of CutSmart buffer (10x), 1.5 pl of MIuCl
enzyme (10 U/ul), and 16.5 pl of water. Samples were incubated at 37°C for 2 hours.
Digested products were analyzed by agarose gel electrophoresis as described above.
Successful digestion indicated the presence of the heterozygous or homozygous mutation.
Quantitative Polymerase Chain Reaction (QPCR): Quantitative polymerase chain
reaction was performed in KCNIN animals when the results from PCR with restriction
enzyme digestion were inconclusive. The reaction setup included primers and probes
specific for the wild-type and mutant alleles, with each reaction prepared in duplicate in a
total volume of 12.5 pl. The thermal cycling protocol consisted of an initial denaturation at
95°C, followed by 40 cycles of denaturation and annealing/extension, and a final post-read
stage (Table 5). Reactions were run on a QuantStudio 6 Flex Real-Time PCR System. Post-
PCR analysis was conducted using QuantStudio Real-Time PCR software, enabling allelic
discrimination based on fluorescence signals. Positive and negative controls were included

in all runs to ensure the reliability and specificity of the assay.

Table 1: Primer Sequences for Genotyping KCNIN and KCNRQ Animals.

Primer/Probe Sequence Product Size (bp)

KCNIN-PCR

MS113 (1296N-fw2) 5>-CCCTGATCTTCCTGTTTC-3’ 417 (digested 245
+172)

MS115 (1296N-rv2) 5’-ATGGTTGCTCTTGTGCGG-3’ 417 (digested 245
+172)
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KCNRQ-PCR

KCNT1 R911Q rev 12 | 5’>-TGAGGTCCAAAAAGGACCAG-3’ 326
KCNT1 R911Q WT 5’-CTTCCTTGCAGCAAGAACGG-3’ 326
FW

MS 122 rev 5’-CCAGCAGGAGAAAGTCAG-3’ 248
KCNT1 R911Q mut 5’-CTTCCTTGCAGCAAGAACAA-3’ 248

FW

KCNIN-gPCR

KCNIN-gqPCR-FW

5’-GACTTTCTCAACTGTGGGCTTC-3’

Allelic

Discrimination

KCNIN-gPCR-REV

5’-ACTCACTTGCAGTGGGAGCAC-3’

Allelic

Discrimination

KCNIN WT Fam 5’-FAM- WT-specific
Probe CAAGGGTGACACATCTCAGGATGAC-

Q-MGB-3’
KCNIN Mut Vic 5’-VIC- Mutant-specific
Probe CAAGGGTGACACAatTCAGGATGAC-

Q-MGB-3’

Table 2: Reagents for the PCR and qPCR Reaction Setups.

Reagent PCR Volume per Reaction | gPCR Volume per Reaction
(1) (1)
Forward Primer 0.5 0.5
Reverse Primer 0.5 0.5
Probe (WT or Mutant) — 0.5 each
Dream-Tag Polymerase | 0.25 —
Master Mix (2X) — 6.25
dNTPs (10 mM) 0.5 —
Nuclease-Free Water 41.25 3.75
Buffer (10X) 5.0 —
DNA Template 2.0 0.5
Total Volume 50.0 12.5

Table 3: Thermal Cycling Program for KCNIN.

Step Temperature [°C] Time Note

Initial denaturation | 95 3 min

Denaturation 94 34s

Annealing 55 45s

Elongation 72 60 s 12x, -0.5 °C per
cycle

Denaturation 94 35s
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Annealing 49 30s
Elongation 72 60s 29X
Final elongation 72 5 min

Table 4: Thermal Cycling Program for KCNRQ (Green colour represents the wild-type
annealing temperature, while red colour represents the mutant annealing temperature).

Step Temperature [°C] Time Note
Initial denaturation | 95 3 min
Denaturation 94 30s
Annealing 68/65 45s
Elongation 72 30s 9x, -1 °C per cycle
Denaturation 94 30s
Annealing 59/65 45s
Elongation 72 30s 35X
Final elongation 72 5 min

Table 5: Thermal Cycling Program for KCNIN-qPCR.
Step Temperature [°C] Time Note
Pre-Read Stage 60 30s
Initial Denaturation | 95 10 min
Denaturation 95 15s 40 cycles
Annealing/Extension | 60 1 min 40 cycles
Post-Read Stage 60 30s

2.3 | Telemetric Electrocorticogram (ECoG)

2.3.1 | Surgical Protocol for Telemetric Implants

To investigate brain activity and electrographic seizures, telemetric electrocorticogram

(ECoG) recordings were performed on either adult mice (10-32 weeks old) or juvenile mice
(4-5 weeks old) using implanted radio transmitters (Model HD-X02, ETA-F10, EA-F20 or
F20-EET Data Science International, USA). For the juvenile recordings, animals were
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considered to reach a minimum body weight of 15 g as a preliminary condition. Recordings

were carried out for at least seven days.

Approximately 30 minutes before surgery, mice received buprenorphine (0.025 mg/kg,
intraperitoneal) for analgesia. Anesthesia was induced with 3-4% isoflurane in 100% oxygen
and maintained at 1-2% during surgery. Animals were positioned in a stereotaxic frame, and
body temperature was maintained at 37°C using a heating pad with continuous monitoring
via a rectal probe. The surgical site was shaved and disinfected, and a medial skin incision

was made to expose the skull.

The skull was cleaned using a cotton swab and hardened with dental cement (OptiBond™,
Kerr Dental, Germany) cured with UV light. For transmitters with a single recording
electrode, a craniotomy (0.6 mm diameter) was performed above the dorsal hippocampus
(1.5 mm lateral and 2 mm caudal to the bregma) for electrode placement. For transmitters
with two recording electrodes, additional craniotomies were made in both hemispheres, with
the second electrode positioned symmetrically relative to the midline. A reference electrode
craniotomy was drilled above the cerebellum (1 mm posterior to lambda and 1-3 mm lateral
to the midline). Electrodes were positioned on the dura mater and secured with dental
adhesive (Tetric EvoFlow, M+W Dental, Germany).

A subcutaneous pocket was created along the dorsal region of the animal to accommodate
the radio transmitter. The transmitter was implanted in this pocket, and the skin was closed
using tissue glue (GLUture®, World Precision Instruments, USA). At the end of the surgery,
animals received a subcutaneous injection of carprofen (5 mg/kg, Norbrook® Laboratories
Limited, Ireland) for postoperative analgesia. Following surgery, animals were allowed to
recover for five days, during which they were monitored and scored daily for well-being.
Transmitters were activated using a magnet, and animals were placed on receiver platforms
(PhysioTel Receiver Model RPC-1, Data Science International) housed within a Faraday
cage. Continuous ECoG signals, motor activity, and synchronized video recordings were

collected from the home cages over a seven-day period.
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Bregma

Lambda

/

Figure 5: Surgical Setup and Electrode Position. (A) Depiction of the stereotaxic frame with the
animal secured in position. (B) Illustration of the mouse skull showing key stereotactic landmarks:
bregma and lambda (black arrows). The red dot marks the craniotomy site above the hippocampus (-
2.0 mm posterior, 1.5 mm lateral to bregma, dorsal CA1), where the recording electrode was
positioned. The white dot indicates the craniotomy site above the cerebellum used for placing the
reference electrode.

2.3.2 | Analysis of ECoG Recordings

Data Acquisition: Electrocorticogram (ECoG) signals were recorded continuously using
telemetric transmitters over a period of seven days. Synchronized video recordings of animal
behaviour were captured alongside the ECoG signals and stored using Ponemah 6.5
(DSITM, USA) and Media Recorder 4.0 (Noldus, The Netherlands). The recorded data were
visualized and preprocessed in NeuroScore (DSITM, USA) to identify epochs of interest and

ensure high-quality signals for further analysis.

The Detection of Seizures: Seizures were detected using a hybrid approach combining
automated detection in NeuroScore and supervised machine learning by AccuSleep (Barger
et al. 2019). NeuroScore’s spike detection tool applied an absolute threshold between 200
MV and 2000 pV with a spike duration of 0.1-250 ms to identify potential seizure events.
Detected events were manually verified to ensure accuracy. Additionally, the supervised
algorithm AccuSleep, originally developed for sleep state classification, was extended to

classify seizure events based on characteristic patterns of seizures in ECoG recordings.
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Brain State Detection and Power Spectrum Analysis: Brain states, including REM sleep,
slow-wave sleep (SWS), and wakefulness (WAK), were identified using AccuSleep, a
supervised machine learning algorithm. AccuSleep was trained to classify brain states with
high accuracy by processing ECoG signals and pseudo-EMG signals derived from high-pass
filtered ECoG channels. The filtering parameters were tailored to the telemetric transmitters
used (80 Hz for HD-X02 and 200 Hz for ETA-F10). Detected brain states were validated
against manually scored datasets to ensure classification reliability.

Spectral analysis of ECoG signals was performed to characterize power distribution across
different brain states. Power-spectrum-density (PSD) plots were computed using multitaper
spectral estimation implemented in the Chronux toolbox, ensuring high-resolution analysis
of the power spectrum. Neural power spectra were further parameterized into periodic
(oscillatory) and aperiodic components using the FOOOF (fitting oscillations and one over
f) algorithm (Donoghue et al. 2020). The aperiodic component, modeled as L(F) = b —
log(k+FX), describes the 1/f-like background activity, where y represents the aperiodic
exponent potentially reflecting the excitation/inhibition (E/I) balance in neural networks.
Periodic oscillations were identified as peaks in the spectrum above the aperiodic component
and analysed across theta (3—16 Hz), beta (12—40 Hz), low gamma (36-90 Hz), and high
gamma (89-199 Hz) frequency bands. The FOOOF algorithm ensured accurate
decomposition of these components by iteratively fitting Gaussian curves to oscillatory
peaks. Comparisons of the aperiodic exponent across brain states and experimental groups

provided insights into the dynamics of neural excitability and inhibition.
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Figure 6: Automated brain state detection using AccuSleep. The upper panel displays the brain
states detected over time (e.g., REM sleep, SWS and wakefulness), providing an overview of state
transitions. The lower panel shows the wavelet spectrogram of the corresponding EEG signals, with
time (hours) on the x-axis and frequency (Hz) on the y-axis. Warmer colours indicate higher power
in the EEG signal, while cooler colours represent lower power. This visualization highlights the
frequency power dynamics associated with different brain states.

Sleep Architecture Analysis: Sleep architecture was quantitatively assessed using the brain
state classifications provided by AccuSleep. A custom MATLAB script processed detected
brain states by filtering and merging events based on predefined thresholds. Minimum
durations of 10 seconds were required for REM events, while SWS and WAK events were
constrained to a minimum of 60 seconds to exclude transient artefacts. Events failing to meet
these criteria were discarded, and closely spaced events were merged to ensure robust
classification.

For each brain state, the script computed key metrics, including the total duration (in
seconds), the proportion of the total recording time (as a percentage), and the number of
discrete events. Additional measures included the mean and median event durations and the
frequency of events normalized to hourly intervals. Differences in sleep state distributions
across experimental groups were statistically analysed, highlighting alterations in sleep

architecture potentially linked to genetic or treatment conditions.

2.4 | KCNT1 Blockers Administration

2.4.1 | Pimozide Treatment in Heterozygous KCNIN Adult Mice

To investigate the effects of Pimozide (Sigma, Germany) on epileptic activity, adult
heterozygous KCNIN mice aged 13—-17 weeks were treated with the drug via intraperitoneal
(i.p.) injections. The treatment protocol consisted of two phases: a vehicle control phase and
a drug treatment phase. During the vehicle phase, animals received injections of the vehicle
solution (5% DMSO in 0.9% NacCl) twice daily for 5 consecutive days. Pimozide was then
dissolved in the same vehicle solution for the treatment phase and administered at doses of

1 mg/kg body weight in the morning and 1.5 mg/kg body weight in the evening.

Blood samples were collected 1.5 hours after the final morning injection on the last day of

pimozide treatment to measure serum drug levels. These measurements provided essential
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pharmacokinetic data, verifying effective drug delivery and ensuring consistent dosing
across experimental groups. After the treatment phase, a washout period of 4 days was
implemented, during which no injections were administered, and recordings were paused.
ECoG recordings resumed following the washout period to assess post-treatment neural

activity and seizure dynamics.

Throughout the treatment, animals remained within the ECoG recording system to maintain
a consistent environment, ensuring minimal variability in experimental conditions. This
setup allowed for the analysis of epileptic activity during the vehicle phase, drug treatment
phase, and the post-washout recording phase. All animals in this study were heterozygous
KCNIN mice, ensuring consistency across experimental groups.

2.4.2 | Pimozide Treatment in Homozygous KCNRQ Adult Mice

A second treatment study was conducted to assess the effects of Pimozide in KCNRQ
homozygous mice aged 14-18 weeks. The experimental design mirrored the protocol used
for KCNIN heterozygous mice, with the exception of the Pimozide dosage. Animals were
treated via intraperitoneal (i.p.) injections in two phases: a vehicle control phase followed by

a drug treatment phase.

During the vehicle phase, animals received injections of the vehicle solution (5% DMSO in
0.9% NaCl) twice daily for 5 consecutive days. This was followed by a 7-day Pimozide
treatment phase. Pimozide was dissolved in the vehicle solution and administered twice daily
at a dose of 1.5 mg/kg body weight in the morning and 2 mg/kg body weight in the evening.
Blood samples were collected 1.5 hours after the final evening injection on the last day of

Pimozide administration to measure drug levels in the serum.

A 7-day washout period followed the treatment phase, during which no injections were
given, and ECoG recordings were paused. Post-treatment neural activity was assessed
through ECoG recordings that resumed immediately after the washout period. Animals were
continuously monitored within the recording system during the vehicle and treatment phases,

ensuring robust data collection and minimal variability.
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2.4.3 | Carvedilol Treatment in Heterozygous KCNIN Adult Mice

A third treatment study was conducted to evaluate the effects of Carvedilol in KCNIN
heterozygous mice aged 12-17 weeks. Carvedilol (Adooq Bioscience, CA, USA) was
administered continuously via subcutaneously implanted Alzet© Osmotic Pumps (Model
2002, 200 uL capacity, 0.5 pL/h release rate, CA, USA), allowing for sustained drug delivery
over the treatment period. The pumps were surgically implanted before the treatment phase
on the side opposite the telemetric implant and explanted after the treatment phase to ensure

uninterrupted drug delivery.

The dosage of Carvedilol was set at 8 mg/kg body weight. The drug solution was prepared
as 30 mg/mL Carvedilol dissolved in 20% w/v hydroxypropyl-p-cyclodextrin (Sigma,
Germany) in 1% glacial acetic acid (Sigma, Germany). The vehicle solution consisted of the
same preparation without Carvedilol. The treatment protocol included a 7-day vehicle phase,
followed by a 7-day Carvedilol administration phase. An additional 7-day Carvedilol
administration phase was implemented after optimizing the solution through prolonged
ultrasonication to improve drug solubility. Blood samples were collected on the final day of

Carvedilol treatment to measure drug levels in the serum.

Following Carvedilol administration, a washout period of 3 days was observed during which
no drug was administered. Post-treatment effects were assessed with ECoG recordings
conducted over 3 consecutive days following the washout period. Animals were
continuously monitored within the ECoG recording system throughout the vehicle,
treatment, and recording phases.

2.4.4 | Carvedilol Treatment in Heterozygous KCNIN Neonatal Mice

The fourth treatment study investigated the effects of Carvedilol in neonatal KCNIN
heterozygous mice from postnatal day 7 (P7) to P35. Carvedilol was administered via two
delivery methods: intraperitoneal injections from P7 to P21 (pre-weaning phase) and chow
food embedding from P21 to P35 (post-weaning phase).

During the pre-weaning phase, animals received intraperitoneal injections of Carvedilol
twice daily, delivering a total daily dose of 8 mg/kg body weight. The drug solution was
prepared as 0.4 mg/mL Carvedilol dissolved in 0.5% w/v hydroxypropyl-p-cyclodextrin in
0.025% glacial acetic acid. From P21 onward, following weaning, Carvedilol was embedded
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in chow food (65 mg Carvedilol/kg chow, Altromin Spezialfutter GmbH, Germany),
allowing continuous drug delivery as the animals consumed their home cage food. The
vehicle solution consisted of the same preparation without Carvedilol, and vehicle-treated

animals followed the same protocol as treated animals.

The concentration of carvedilol in the chow was calculated based on monitored food intake
in a pilot experiment with a separate cohort of animals. Food consumption was continuously
recorded using an automated monitoring system (Infra-e-motion, Hamburg, Germany),
which measured food and water intake in the animals’ home cages. These measurements,
combined with previous estimates of food consumption (Sacco et al. 2017), were used to
determine the appropriate concentration of carvedilol in the chow. Final serum carvedilol
levels were analysed at the end of the experiment to confirm effective drug delivery and to

refine the final formulation of the carvedilol-embedded chow.

ECoG recordings were performed from P29 to P35, once animals reached a minimum body
weight of 15 g and were surgically implanted with telemetric devices. The study included
wild-type animals, untreated heterozygous animals, vehicle-treated animals, and Carvedilol-
treated heterozygous animals, ensuring a comprehensive comparison of treatment effects.
Blood samples were collected at the end of the recording period to evaluate drug levels in

the serum, and the animals were subsequently perfused for histological analyses.

This protocol enabled a detailed assessment of Carvedilol's effects on neonatal animals,
spanning both pre- and post-weaning phases and ensuring continuous drug delivery

throughout the critical developmental window.

2.5 | Immunohistochemistry

To investigate structural and cellular differences in the hippocampus between genotypes,
and to assess the effects of treatments compared to untreated animals, histological staining
was performed on brain sections collected from two groups of animals: untreated animals
that had not undergone any experimental procedures, specifically for observing genotype
effects and those subjected to telemetry and open-field experiments to evaluate treatment
effects. Immunohistochemistry was conducted for Wisteria floribunda agglutinin (WFA),
neuropeptide Y (NPY), and glial fibrillary acidic protein (GFAP), each selected to address

specific features of epilepsy-associated pathology.
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WFA staining was employed to label perineuronal nets (PNNSs), extracellular matrix
structures rich in N-acetylgalactosamine beta 1 (GalNac f1-3 Gal) residues. PNNs stabilize
synaptic connections and have been shown to increase in an activity-dependent manner
during epilepsy, particularly in the dentate gyrus of the hippocampus (Chaunsali, Tewari, and
Sontheimer 2021).

NPY staining was used to visualize mossy fibers and interneurons. NPY serves as a
biomarker of epileptic activity due to its inhibitory properties, acting as an endogenous
anticonvulsant in response to heightened neuronal excitability (Cattaneo et al. 2020). This
staining enabled the assessment of compensatory inhibitory mechanisms within the
hippocampus.

GFAP staining was used to identify astrocytes, which are upregulated during epilepsy-
induced neuroinflammation. This provided insights into the extent of gliosis and its role in
hippocampal pathology during epileptic activity (Mochol et al. 2023).

Finally, all sections were counterstained with DAPI using Fluoromount-G (Southern
Biotech, USA) to visualize cell nuclei, ensuring accurate localization of structural and

cellular markers within the tissue.

2.5.1 | Sample Preparation

To prepare brain tissue for staining, animals were perfused and fixed to minimize
background fluorescence and unspecific staining from the vasculature. Animals were
anesthetized via intraperitoneal injection of 10 ul/g ketamine-xylazine solution (10%
Ketanest [100 mg/ml, Zoetis], 2% Sedaxylan [20 mg/ml, Bayer] in 0.9% sodium chloride
solution). Upon the loss of toe reflexes, the animals were restrained in a supine position on
a polystyrene platform. A thoracotomy was performed to expose the heart, and a 25-gauge
cannula connected to a PERIMAX peristaltic pump (SPETEC) was inserted into the left
ventricle while the right atrium was perforated. The animals were perfused with
approximately 10 ml of 1x phosphate-buffered saline (PBS) (8.0 g NaCl, 0.2 g KClI, 1.42 g
Na2HPOs4, 1.78 g Na2HPO4-2H20 per liter H20), followed by 60 ml of 4% formaldehyde (-
FA) solution (phosphate buffered pH 7.0, Roti® Histofix 4%, Roth).

After perfusion, the animals were decapitated, and the brains were carefully removed. Brains
were post-fixed in 4% -FA at 4°C for 24 hours and then transferred to PBS containing 0.02%
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sodium azide for long-term storage. To ensure optimal conditions for sectioning, brains were

returned to 4% -FA one day before dissection.

For the animals used in neonatal treatment study, coronal vibratome sections of 40 um
thickness were prepared from the region of interest (approx. from -0.94 mm to -2.8 mm
relative to bregma) to target the hippocampus. Sectioning was performed in PBS, and the
resulting sections were collected into 24-well plates containing 1 ml PBS with 0.02% sodium

azide per well. The sections were stored at 4°C until further staining procedures.

For the animals used in genotype effect investigation, brain sections for WFA and GFAP
staining were prepared using a cryostat. Coronal sections of 20 um thickness were cut and
immediately mounted onto glass slides after sectioning. The slides were stored at -20°C until

further staining procedures, ensuring preservation of tissue integrity and antigenicity.

2.5.2 | Staining Procedures

Cryostat Section Staining

Cryostat sections of 20 um thickness were prepared for WFA and GFAP stainings to
investigate genotype effects. Sections were mounted directly onto slides during sectioning
and stored at -20 °C until further staining procedures.

WEFA Staining: Cryostat sections were dried at 37 °C for 30 minutes. The sections were
permeabilized three times for 10 minutes in 0.1% TritonX-100 in PBS and then incubated in
blocking solution (5% bovine serum albumin [BSA] in PBS) for 1 hour at room temperature
(RT). Slides were incubated overnight at 4 °C with biotinylated WFA (1:1000; Sigma #1516)
in blocking solution. The next day, slides were permeabilized three times for 10 minutes in
PBS 0.1% TritonX-100 and incubated with streptavidin Alexa Fluor 546 (1:500; MP
#S11225) in blocking solution for 1 hour at RT. Slides were washed twice with PBS 0.1%
TritonX-100 and then were washed twice with PBS, counterstained with DAPI, and

coverslipped using Fluoromount-G.

GFAP Staining: Cryostat sections were dried at 37 °C for 30 minutes. The sections were
washed three times for 5 minutes in PBS and blocked for 1 hour in PBS containing 1%
normal goat serum (NGS), 0.3% Triton X-100 and 0.2% BSA. Slides were incubated
overnight at 4 °C with rabbit polyclonal anti-GFAP antibody (1:500; DAKO #2033429) in
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PBS containing 1% NGS, 0.3% Triton X-100 and 0.2% BSA. The next day, sections were
washed three times in PBS for 15 minutes and incubated with Alexa Fluor 488-conjugated
goat anti-rabbit 1gG (1:500; Invitrogen #A11034) for 1 hour at RT. Slides were washed three

times in PBS for 5 minutes, counterstained with DAPI, and mounted with Fluoromount-G.
Vibratome Section Stainings

Vibratome sections of 40 um thickness were prepared for NPY, WFA, and GFAP stainings
to investigate both genotype effects and treatment responses. Staining was performed free-

floating in 24-well plates with mesh carriers, using four sections per well per brain.

For all vibratome stainings, 1x PBS, 0.1% PBST (0.1% Triton X-100 in 1x PBS), and
blocking solution (5% NGS in PBS) were prepared. After each step, the mesh carrier
containing the sections was transferred to another 24-well plate with the next solution. The
staining steps after the exposure of secondary antibody were performed in the dark. After

staining, sections were mounted on slides using DAPI Fluoromount-G and stored at 4 °C.
General Protocol:

Sections were washed three times for 10 minutes in 0.1% PBST at RT on a shaker.
Sections were blocked for 1 hour at RT in blocking solution.
Primary antibody incubation was performed overnight at 4 °C in blocking solution.

Sections were washed three times for 10 minutes in 0.1% PBST at RT.

o r W N PF

Secondary antibody incubation was performed for 2 hours at RT in blocking
solution.

6. Final washes consisted of two 10-minute washes in PBST and two 10-minute
washes in PBS.

WEFA Staining: For WFA staining, biotinylated WFA (1:500; Sigma #L.1516) was used as
the primary reagent. After washing, streptavidin Alexa Fluor 546 (1:500; MP #S511225) was

used as the secondary reagent to visualize perineuronal nets.

NPY Staining: For NPY staining, rabbit anti-NPY antibody (1:1000; ImmunoStar #22940)
was used as the primary antibody. After washing, Alexa Fluor 488-conjugated goat anti-
rabbit 1gG (1:500; Invitrogen #A11034) was used as the secondary antibody.

GFAP Staining: For GFAP staining, rabbit anti-GFAP antibody (1:500; DAKO #2033429)
was used as the primary antibody, followed by Alexa Fluor 488-conjugated goat anti-rabbit
IgG (1:500; Invitrogen #A11034) as the secondary antibody.
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2.5.3 | Image Acquisition and Analysis

Fluorescently stained brain sections were analysed using a Zeiss epifluorescence microscope
(Axio Imager M2, Zeiss, Germany) equipped with an AxioCam MRc camera (Zeiss,
Germany). Images were acquired and processed using ZenPro software (Zeiss, Germany).
To ensure consistency and comparability across experimental groups, identical microscope
settings, including exposure times and light intensities, were maintained for all animals
within each staining protocol. Linear adjustments of contrast were applied uniformly to all

images for visualization purposes, quantitation was performed on un-adjusted raw data.

Overview images of whole sections were captured using a 5% objective, while higher-
resolution images of the hippocampal region were acquired with a 10x objective. The
microscope and software settings were optimized to prevent photobleaching and maintain

signal integrity during image acquisition.

Image analysis was performed using ImageJ software (version 1.54f). Regions of interest
(ROI) corresponding to specific hippocampal subregions were manually selected for each
staining. For WFA, the molecular layer of the dentate gyrus was analysed, while GFAP
analysis included the total hippocampus. For NPY, analyses focused on the hippocampal

mossy fibers.
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Figure 7: Regions of interest (ROI) analysed for immunohistochemistry quantifications. (A) For
WFA staining, the molecular layer of the dentate gyrus (ML-DG) was quantified. The mean gray value
was compared between experimental groups. (B) For NPY staining, the lucidum of the CA3 region was
quantified, focusing on mossy fiber expression level. (C) For GFAP staining, the entire hippocampus
was analysed, with comparisons of the mean gray value and the stained area fraction.

Quantitative metrics were extracted as follows:
e WEFA staining: Mean gray values (mean [pixels]) were calculated for the selected
ROI, the molecular layer of the dentate gyrus.

e GFAP staining: Mean gray values were calculated for the whole hippocampal
area. Additionally, the stained area fraction was determined from binarized images
using a threshold set to the mean background intensity plus six times the standard
deviation.

e NPY staining: Staining intensity in mossy fibers were quantified using mean gray
values.

Statistical analyses were performed using GraphPad Prism (version 10.0.2). Data
visualization included scatter plots with appropriate statistical comparisons. A non-
parametric Kruskal-Wallis test was conducted to compare each group with the non-treated
wild-type controls. All statistical tests were two-tailed, with the significance level set at P <
0.05. Significant differences are denoted by p-values in figures, while non-significant
differences (p-value > 0.05) are indicated as "ns".

2.6 | Body Weight Development and Behavioural Tests

A series of behavioural tests were conducted to assess body development, motor activity,
anxiety-like behaviour, and memory in both KCNIN and KCNRQ mouse lines. Behavioural
testing was performed in adult animals of both lines, except for the Object Recognition
Memory test, which was not conducted for KCNIN mice. Additionally, juvenile KCNIN

animals treated with Carvedilol were exclusively tested using the open field test.

Body weight development was monitored longitudinally for three months in the KCNIN line,
whereas body weight measurements for KCNRQ animals were recorded until postnatal day
23 (P23). All behavioural experiments were conducted under standardized conditions. Mice
were habituated to the experimenter and testing room before each test, and experiments were
carried out during the dark phase of the 12:12 dark-light cycle to align with the animals'

natural activity period. To minimize stress and fatigue, at least one rest day was allowed
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between experiments. Testing arenas were thoroughly cleaned with 70% ethanol after each

trial to eliminate olfactory cues.

At the time of behavioural testing, neonatal mice were between P2 and P8 for early
somatosensory reflex assessment, juvenile animals were tested between P29 and P35, and
adult animals were aged between 11 and 22 weeks. This comprehensive approach ensured
reliable comparisons of behavioural phenotypes across genotypes, treatments, and

developmental stages.

2.6.1 | Somatosensory Reflex Tests in Neonatal Animals

Somatosensory reflexes were tested in neonatal mice between postnatal day 2 (P2) and
postnatal day 8. The tests included the righting reflex, cliff avoidance reflex, and geotactic
reflex. Each reflex test was performed twice for each pup, with an intertrial interval (ITI) of
30 seconds. The latency to complete each task was recorded, and failure to perform the task
within 30 seconds was noted as a failure.

The cliff avoidance reflex was assessed by placing the pup on a raised platform
approximately 10 cm high with its head and front paws positioned at the edge. Successful
performance was defined as the pup turning its body approximately 90°, moving its head

and front paws away from the edge of the platform.

The righting reflex evaluated the pup’s ability to turn from a supine position to a normal
prone position. Success was determined when the animal successfully turned, and all four

paws made contact with the ground.

The geotactic reflex was tested by placing the pup on an inclined plexiglass plate set at a
37° angle with its nose facing downward. The task was considered successful when the pup

turned 180° to face upward along the incline.

For each test, the latency to successfully complete the task was measured, and the mean and
standard error of the mean (SEM) of the two trials were calculated and plotted. These tests
provided insight into the development of basic motor and sensory reflexes in neonatal

animals.

2.6.2 | Open Field

The open field test was performed to assess the exploratory behaviour and locomotor activity

of the animals. The test arena was a white box (50 x 50 x 40 cm), divided into two zones: a
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border area (5 cm from the edge) and a central area (20 x 20 cm). Animal behaviour was
detected and recorded using EthoVisionXT 17 (Noldus, Wageningen, The Netherlands).
Each animal was placed facing the lower left corner of the arena, and recording commenced

after a 3-second delay triggered by motion detection.

For adult KCNIN and KCNRQ mice, the test was conducted under 25 lux illumination with
a total duration of 20 minutes. For juvenile KCNIN animals treated with Carvedilol, the test
was performed under 100 lux illumination for a duration of 15 minutes. The following
parameters were quantified during the analysis: total distance moved [m], distance moved

per time bin [cm], and the percentage of time spent in the center versus border areas.

2.6.3 | Elevated Plus Maze

The elevated plus maze was used to assess anxiety-like behaviour in the mice. The apparatus
consisted of a plus-shaped platform elevated 70 cm above the ground, with two open arms
(exposed) and two closed arms (surrounded by 15 cm-high opaque walls), along with a
central area connecting all arms. The test relies on the natural conflict between exploration

of open areas and the preference for the safety of enclosed spaces.

Recordings were performed in complete darkness using infrared light, and tracking was
achieved with EthoVisionXT 17. At the start of the test, animals were placed in the center
of the maze facing one of the open arms, and behaviour was recorded for 5 minutes. The
measured parameters included the time spent in open arms [s], time spent in closed arms [s],

and the arm preference index, calculated as:

Time in Open Arm — Time in Closed Arm

Arm P =
rm Preference Time in Open Arm + Time in Closed Arm

The arm preference index ranges from -1 (complete avoidance of open arms) to +1 (exclusive
preference for open arms), with 0 indicating no preference. This test provides insights into

anxiety-related behaviour and exploration tendencies in experimental animals.

2.6.4 | Y-Maze

The Y-maze test was conducted to assess the working memory of animals and innate
preference to explore novel environments. The maze was illuminated at 10 lux. Each animal
was placed in the center of the Y-maze and allowed to explore the three arms until they

completed 23 arm entries or a maximum duration of 15 minutes. For an arm entry to be
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considered valid, the animal had to enter at least 5 cm into the arm with its hind legs, and a
re-entry was only counted if the animal had fully returned to the center of the maze. The
percentage of spontaneous alternations, calculated as the ratio of consecutive entries into all
three arms without re-entry into the same arm, and the average transition time [s] were
analysed. Animals that did not achieve 23 alternations within the allowed 15 minutes were

excluded from the analysis.

2.6.5 | Object Location Memory

The long-term spatial memory was assessed using the Object Location Memory task,
performed under 15 lux illumination in the same arena as the open-field test. The arena was
divided into two compartments by a PVC wall with a central opening, enabling the animals
to alternate between compartments. Visual landmarks were affixed to the walls within the
arena to provide spatial cues. The paradigm consisted of two phases: an exposure trial (10
minutes) and a recall trial (10 minutes), separated by a 24-hour inter-trial interval, during

which mice were returned to their home cages.

In the exposure (or training) trial, two identical objects (e.g., plastic bottles filled with dark
blue dye) were placed at designated positions in two corners of the arena. Mice were placed
in one compartment of the arena, facing the opening to the adjacent compartment, and
allowed to explore the objects freely. During the recall (or testing) trial, conducted 24 hours
later, one of the two objects was displaced to a novel location while the other remained fixed.
The animals’ inherent tendency to explore novel spatial stimuli was quantified by analysing
the time spent interacting with the objects. Object interaction was defined as the mouse’s

nose being within a 2 cm radius of the object.

Behavioural parameters, including distance moved [m], mean velocity [cm/s], and time [s]
spent in the object zones, were recorded and analysed using EthoVision XT 17. The
discrimination index (DI), calculated as (Objectdisplaced — Qpjectfixed | Objectdisplaced +
Objectfixed) was used to determine the preference for the displaced object, with values
ranging from 1 (complete preference for the displaced object) to -1 (complete preference for
the fixed object) and a value of 0 indicating no preference. Animals that failed to explore

both objects or did not alternate between the compartments were excluded from the analysis.
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2.6.6 | Object Recognition Memory

The long-term recognition memory was assessed using Object Recognition Memory task.
The test was conducted in the same arena and under the same conditions as the object
location memory experiment. The experimental design included an exposure (or training)
trial and a recall (or testing) trial, with the recall trial performed 24 hours after the exposure
trial. During the exposure trial, two identical objects (plastic bottles filled with blue dye
solution) were placed in the arena. For the recall trial, one of the objects was replaced with
a 3D-printed pyramid with blunt spikes on its surface, serving as the novel object.

The experiment aimed to evaluate the animals’ intrinsic tendency to explore novel stimuli.
The parameters distance moved [m], mean velocity [cm/s], and time [s] spent in the object
zone were quantified using EthoVision XT 17. Object interaction was defined as the time
spent with the mouse’s nose within 2 cm of the object. The discrimination index (DI) =
(Objectnovel — Objectfamiliar) | (Objectnovel + Objectfamiliar) was calculated to
indicate preference between the novel object (DI = 1) and the familiar object (DI = -1), with
no preference represented by a DI of 0. Animals that explored only one object without
transitioning to the other side of the arena were excluded from the analysis.

2.6.7 | Step-Through Passive Avoidance

The Step-Through Passive Avoidance test was used to assess learning and memory in mice
by exploiting their innate preference for dark environments. The apparatus consisted of a
two-compartment box with a grid floor: a smaller illuminated compartment (18 cm x 18.5
cm, 26 cm high, 50 Ix) and a larger dark compartment (18 cm x 18.5 cm, 26 cm high, <0.5

IX), connected by a sliding door (5 cm x 5 cm).

During the acquisition trial on the first day, mice were placed in the illuminated
compartment, and after 2 minutes, the sliding door was opened. The latency to enter the dark
compartment was measured once the mouse encountered the open door and entered with all
four paws. Upon entering, the door was closed, and a mild foot shock (2 s, 0.75 mA) was

delivered. Mice were then returned to their home cages immediately after the shock.

The retention trial was performed 24 hours later to evaluate memory retention. The
procedure was identical except that the sliding door was opened 30 seconds after placing the
mouse in the illuminated compartment, and no foot shock was administered. Mice were

observed for a maximum of 180 seconds. The latency to enter the dark compartment was
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measured, with mice that did not enter the compartment assigned a latency score of 180
seconds. For mice that entered the dark compartment, the time spent in the dark compartment
and the number of transitions between the compartments were recorded. This test enabled
the assessment of the animals' ability to learn and remember an aversive stimulus while

analysing their behavioural response to the environment.

2.6.8 | The Analysis of Behavioural Experiments

Behavioural experiments were recorded using EthoVisionXT 17. The raw data were
exported from EthoVisionXT and analysed in GraphPad Prism for statistical testing and data
visualization. A non-parametric Kruskal-Wallis test was used to compare experimental
groups with the wild-type control group for both KCNIN and KCNRQ lines. All statistical

tests were two-tailed, and significance was determined

at P < 0.05. Significant differences are indicated with p-values in the figures, while
comparisons without p-values represent non-significant differences (ns; P > 0.05).

For open field experiments, an additional two-way ANOVA was performed to assess time-
dependent changes in the distance moved within each group. Significance was set at P <
0.05. In the Y-Maze experiment, a one-sample Wilcoxon test was conducted to determine
whether performance significantly exceeded the chance level of 50%, ensuring that observed

alternations reflected memory-based choices rather than random exploration.
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3. | Results
3.1 | Spontaneous Seizures in KCNT1 Mutant Models

To investigate the occurrence and characteristics of spontaneous seizures in KCNT1 mutant
models, telemetric video-ECoG recordings were performed. A total of 22 adults (10-32
weeks old) KCNIN heterozygous animals, 6 adults (9 weeks old) KCNIN homozygous
animals, 7 adult (17-29 weeks old) KCNRQ heterozygous animals and 7 adults (14-19
weeks old) KCNRQ homozygous animals were recorded. Figure 8 highlights the
representative seizure events recorded in heterozygous KCNIN and homozygous KCNRQ
animals. The setup involved subcutaneously implanted radio transmitters for continuous
cortical activity monitoring (Figure 8A). Spontaneous seizures in KCNIN heterozygotes
were characterized by high-amplitude, rhythmic discharges in the raw ECoG signal (Figure
8B, top).
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Figure 8: Spontaneous seizures and interictal activity in KCNT1 mutant models. (A) Telemetric
video-ECoG recording setup to collect cortical activity via subcutaneously implanted radio transmitters.
(B) Representative example of a spontaneous seizure event in a heterozygous KCNIN animal. Top: Raw
ECoG signal in mV of a seizure activity. Bottom: Time-frequency wavelet spectrogram showing the
power distribution across time and frequencies (warm colors represent high power; cold colors represent
low power). (C) Representative example of a spontaneous seizure event in a homozygous KCNRQ
animal, structured as described in (B). (D) Example of interictal activity recorded in the homozygous
KCNRQ model, structured as described in (B).
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The corresponding time-frequency spectrogram revealed that prominent power at beta
frequency range at the beginning of the seizures and ending up with low frequency
oscillations, indicating a generalized tonic-clonic seizures (Figure 8B, bottom). In the
example seizure, the animal had a seizure after SWS and the behaviour of the animal started
with a head nodding and continued with bilateral forelimb clonus (Racine Scale=4). The
seizures of KCNIN heterozygous animals were also followed by short postictal depression
phase. Similarly, seizures in KCNRQ homozygotes were displaying distinct beta bursts at
the beginning, and ending up with slow oscillations. In contrast to KCNIN heterozygous
animals, they had prolonged ictal events and postictal phase (Figure 8C). In the example
seizure, the animal arrested to seizure after a REM sleep period and demonstrated rearing
behaviour and falling to the side (Racine Scale=5). Notably, KCNRQ homozygous animals
showed absence seizures longer than 5 minutes. During these periods, the animals were not
responsive to any external stimuli. Additionally, interictal activity in KCNRQ homozygotes
was marked by sporadic epileptic discharges, further emphasizing the hyperexcitable state
of the cortical network (Figure 8D).

Figure 9 provides a quantitative assessment of seizure incident variability across recording
days. Heat maps of KCNIN heterozygotes demonstrated moderate seizure frequency, with
variability among individual animals (Figure 9A). In contrast, KCNRQ homozygotes
exhibited higher seizure frequencies, with greater day-to-day fluctuations and more

pronounced inter-animal variability (Figure 9B). (KCNIN heterozygous animals: 0.77 £0.12

KCNIN Heterozygous Animals

Animals

Days

KCNRQ Homozygous Animals

==

Days

Animals
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Figure 9: Seizure incident variability in KCNIN and KCNRQ mutant models. Heat maps
illustrating seizure frequency variability across days of recording in KCNT1 mutant animals. (A)
Heterozygous KCNIN animals. (B) Homozygous KCNRQ animals. Each column represents a
recording day, and each row represents an individual animal. Warm colors indicate higher seizure
frequency, while colder colors indicate lower seizure frequency.

seizures per day, KCNRQ homozygous animals: 5.73 + 0.98 seizures per day). Notably,
recordings from KCNIN homozygous and KCNRQ heterozygous animals revealed no
spontaneous seizure activity. These findings underscore the severity of the epileptic

phenotype in KCNRQ homozygotes compared to KCNIN heterozygotes.

Overall, these results establish that both KCNIN and KCNRQ mutant models exhibit
spontaneous seizures, with KCNRQ homozygotes displaying a more severe and variable
seizure phenotype. The observed interictal and ictal patterns suggest distinct
electrophysiological signatures for these models, providing insights into the phenotypic

variability of KCNT1-associated epileptic encephalopathies.

3.2 | Altered Cortical Oscillations During Interictal Periods

To examine the impact of KCNT1 mutations on cortical oscillatory activity during interictal
periods, the power spectral densities (PSDs) of ECoG recordings were analyzed. Figure 10
depicts oscillatory changes in KCNIN heterozygous animals, while Figure 11 illustrates
similar data for KCNRQ homozygous animals. As described in Methods section 2.2.2 (Fig.
6), inter-ictal brain states such as REM (paradoxical) sleep, SWS, and wake periods/epochs
were identified by a supervised machine learning algorithm, AccuSleep (Barger et al. 2019),

and were manually validated.

In KCNIN heterozygotes, there was a trend towards reduced theta power during REM sleep
and SWS (Figure 10A-B). Beta oscillations, which are typically absent during sleep in wild-
type animals, were prominently observed in the mutant animals (Figure 10C). Interestingly,
the power of these beta oscillations was even elevated compared to the sporadic occurrences
in wild-type animals. The contingency analysis for the occurrences of beta oscillations
during REM sleep revealed no significant dependence of beta occurrence from genotype
(Chi-square test, p=0.74). Additionally, the aperiodic exponent, which may be a proxy for
cortical excitation/inhibition balance, was markedly reduced, particularly during sleep

events (Figure 10E), indicating impaired inhibition.
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Figure 10: The analysis of interictal cortical oscillations in KCNIN heterozygous animals. (A)
Power spectral density (PSD) plots showing power (dB) and frequency (Hz) for heterozygous and
homozygous KCNIN animals during REM sleep, SWS, and wakefulness. Shaded areas represent
mean £+ SEM, with the number of animals indicated in the legend. (B-D) Scatter plots for theta (B),
beta (C), and low gamma (D) oscillations, showing frequency peaks and corresponding power values
for REM sleep (left column), SWS (middle column), and wakefulness (right column). Each dot
represents an individual animal, with + SEM plotted. (E) Alterations in the aperiodic exponent across
brain states, reflecting changes in cortical excitability. Statistical analysis was performed using one-
way ANOVA Kruskal-Wallis tests (ns = not significant, * p <0.05).
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Figure 11: The analysis of interictal cortical oscillations in KCNRQ homozygous animals. (A)
PSD plots showing power (dB) and frequency (Hz) for heterozygous and homozygous KCNRQ
animals during REM sleep, SWS, and wakefulness. Shaded areas represent mean = SEM, with the
number of animals indicated in the legend. (B—D) Scatter plots for theta (B), beta (C), and low gamma
(D) oscillations, showing frequency peaks and corresponding power values for REM sleep (left
column), SWS (middle column), and wakefulness (right column). Each dot represents an individual
animal, with = SEM plotted. (E) Alterations in the aperiodic exponent across brain states, reflecting
changes in cortical excitability. Statistical analysis was performed using one-way ANOVA Kruskal-
Wallis tests (ns = not significant, * p <0.05, ** p <0.01).
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In KCNRQ homozygotes, oscillatory impairments were more pronounced (Figure 11A). A
reduction in theta power during REM sleep was also observed in KCNRQ homozygous
animals, further indicating disruptions in this key oscillatory activity. Beta oscillations
appeared unexpectedly during sleep stages, with higher power in KCNRQ homozygous
animals that exhibited spontaneous seizures (Figure 11B-C). The contingency analysis for
the occurrences of beta oscillations during REM sleep revealed a significant dependence of
beta occurrence from genotype (Chi-square test, p=0.02). The gamma frequency shift
observed during REM sleep was unique to epileptic KCNRQ homozygous animals (Figure
11D). However, | did not observe significant alterations in the aperiodic exponent for
KCNRQ animals (Figure 11E).

Overall, these results demonstrate that KCNT1 mutations profoundly disrupt cortical
oscillatory dynamics during interictal periods. KCNIN heterozygotes displayed a trend
toward reduced theta power and an increase in beta oscillations during sleep. Similarly,
KCNRQ homozygotes exhibited a significant reduction in REM theta power, an unexpected
prominence of beta oscillations during sleep stages, and a distinct gamma frequency shift
during REM sleep. These findings highlight the more severe network function alterations in
KCNRQ homozygotes and suggest genotype-specific mechanisms underlying cortical

excitability and epileptogenesis.
3.3 | Severe Sleep Architecture Disruptions

Sleep architecture analyses were performed exclusively for KCNIN heterozygous and
KCNRQ homozygous animals, both of which exhibited spontaneous seizures. In KCNRQ
homozygotes, the percentage of time spent in REM sleep was significantly reduced (Figure
12A, middle), and this decrease was accompanied by an increase in wakefulness (Figure
12C, middle), while the duration of SWS epochs was significantly increased (Figure 12B,
left). Additionally, the number of REM and SWS epochs per 12-hour period was markedly
decreased (Figure 12A-B, right), indicating fragmented and unstable sleep patterns. These
disruptions were statistically significant, as confirmed by one-way ANOVA Kruskal-Wallis
tests (***p < 0.001).

KCNIN heterozygous animals displayed more moderate changes in sleep architecture. REM
sleep percentage trended to be reduced compared to wild-type animals and, thus, was less
severe than that observed in KCNRQ homozygotes (Figure 12A, middle). Likewise, SWS

46



episodes tended to be longer (Figure 12B, left), and the frequency of REM and SWS episodes
showed a trend of moderate reduction (Figure 12A-B, right). These findings indicate that
while both genotypes exhibit sleep disturbances, KCNRQ homozygotes experience more

profound impairments.
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Figure 12: Severe disruptions in sleep architecture in KCNRQ homozygous and moderate
alterations in KCNIN heterozygous mutant models. (A) REM sleep, (B) SWS, and (C) wakefulness
were analyzed for mean epoch duration (left), percentage of total recording time spent in each state
(middle), and number of episodes per 12-hour period (right). Homozygous KCNRQ animals exhibit
significantly reduced REM percentage, increased SWS duration, and a higher percentage of time
spent awake. The number of sleep episodes decreased, reflecting severe disruptions in sleep
architecture. Heterozygous KCNIN animals show milder alterations, including a lower percentage of
REM sleep, longer SWS episodes, and moderately decreased sleep episode frequency. Data are
presented as mean + SEM, with statistical significance assessed using one-way ANOVA Kruskal-
Wallis tests (ns = not significant, * p < 0.05, ** p <0.01, *** p <0.001). These results underscore
the impact of KCNT1 mutations on sleep stability, with homozygous KCNRQ animals showing more
profound impairments than heterozygote KCNIN.
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Overall, these results underscore the significant role of KCNT1 mutations in altering sleep
architecture. The severe reduction in REM percentage coupled with increased SWS duration
could be an indication of compensatory regulation of network dynamics. This observation
suggests a potential mechanistic link between reduced ratio of REM sleep and
epileptogenesis, further emphasizing the impact of KCNT1 mutations on sleep and cortical

dynamics.

3.4 | Genotype Effects on Development, Behavior and Cognition

3.4.1 | Impaired Development and Sensory-Motor Function

To elucidate the impact of KCNT1 mutations on developmental and motor functions, |
assessed body weight progression and somatosensory reflexes in KCNIN heterozygous and
KCNRQ homozygous animals (Figure 13). Representative images of WT and KCNRQ
homozygous animals revealed marked phenotypic differences, with the latter showing
reduced body size and hunched posture under anesthesia (Figure 13A). Over a three-month
monitoring period, both KCNIN heterozygous and KCNRQ homozygous animals gained
significantly less weight compared to WT controls (Figure 13B), demonstrating a strong
genotype-dependent effect on body weight development.

Somatosensory reflexes were evaluated through the righting reflex, cliff avoidance, and
geotactic reflex tests (Figure 13C, E, G). Latency analyses revealed no significant
differences across genotypes or sexes, except for the cliff avoidance test, where female
KCNRQ homozygous animals showed significantly prolonged latencies compared to WT
controls (Figure 13F). These findings suggest a moderate sex-specific impairment of

sensory-motor integration in female KCNRQ homozygotes.

Overall, these results underscore a pronounced genotype effect on developmental growth in

both lines and selective sensory-motor deficits in KCNRQ homozygotes.
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Figure 13: Genotype-specific effects on body weight development and somatosensory reflexes in
KCNIN and KCNRQ models. (A) Representative images of WT and KCNRQ animals, highlighting
phenotypic differences. (B) Body weight development over time for KCNIN heterozygous and
KCNRQ homozygous animals, both monitored for three months. Both epileptic mutant models
showed significantly impaired body weight development compared to WT animals, reflecting a
strong genotype effect. (C, E, G) Illustrations of somatosensory reflex tests, including righting reflex
(C), cliff avoidance (E), and geotactic reflex (G), which assess motor coordination and sensory-
motor integration. (D, F, H) Reflex test results: latencies for righting (D), cliff avoidance (F), and
geotactic reflex (H), organized by genotype and sex, with the number of animals used for all analyses
shown in panel D. No significant differences in reflex performance were observed across genotypes
or sexes, except for the cliff avoidance test in KCNRQ mutant animals, where significantly prolonged
latencies were detected. Data are presented as mean + SEM, with statistical analyses performed using
two-way repeated-measures ANOVA (*¥* p <0.01, *** p <0.001, **** p <(0.0001).

3.4.2 | Locomotion and Habituation Deficits

To investigate the influence of KCNT1 mutations on locomotion, habituation and anxiety,
open-field tests were conducted on KCNIN and KCNRQ animals (Figure 14). The
experiments with KCNIN animals were conducted in collaboration with Dr. Fabio Morellini
(ZMNH, Hamburg). KCNIN heterozygotes displayed significantly increased total distance
moved compared to WT controls (Figure 14B), indicative of increased locomotion.
Additionally, these animals exhibited sustained activity over time, reflecting impaired

habituation (Figure 14C). Despite increased locomotion, no significant differences were

49



observed in the time spent in the center of the arena compared to WT animals, suggesting

the absence of anxiety-like behavior (Figure 14D).

In contrast, KCNRQ homozygous males showed reduced total distance moved (Figure 14E)
and increased thigmotaxis, spending more time near the arena walls (Figure 14G). These
results indicate reduced locomotion and heightened anxiety-like behavior. Heterozygous and
homozygous KCNRQ females displayed reduced habituation over time (Figure 14F) without

significant anxiety-related behavior.

»
2
g

*

*
8
®
g

wTg
© KCNIN'™: g
o WIe
©  KCNIN"™ &

(A) (8) (D)

]
]

g
8

G e

e
o :]lt‘t

Total Distance Moved (m)
g 8
B &
i
4 o 5&’ °
4 a }p" °
Distance moved (m)
8 8
o
L
-
*
Distance moved (m)
N oA
8 3
-
L
L]
Time in center (%)

— T —T—T
5 10 15 20 5 10 15 20
Time bin (min) Time bin (min)
wre

© KCNRQ"™'Q
4 KCNRQ™™4g

&l

(G)

g
g

E - s

1 E E £

iy 1% 7 } Bl
4 S o KCNRQ™™

$ H ~ =3 H y - i

e 2w 3 * ] * 240 \t e £ 8 A KCNRQ™miq

€ @ ® N\ £

3 g H ‘t .

]

a 220 £ 2 E

3 a 5] =

5

L

Time bin (min) Time bin (min)
Figure 14: Increased locomotion and impaired habituation in KCNIN animals and reduced
locomotion and increased anxiety-like behavior in KCNRQ homozygous males. (A) Schematic
view of the open field test arena (created with BioRender.com). (B, C, D) KCNIN animals showed
increased total distance moved (B), sustained activity over time indicating reduced habituation (C),
and no significant differences in time spent in the center of the arena compared to WT (D), reflecting
increased locomotion and impaired habituation without anxiety-like behavior. (E, F, G) KCNRQ
homozygous males exhibited reduced total distance moved (E) and increased thigmotaxis, spending
more time near the walls than in the center (G), indicating reduced locomotion and anxiety-like
behavior. Heterozygous and homozygous KCNRQ females displayed reduced habituation (F) but no
significant anxiety-related behavior. Statistical analyses: Mann-Whitney U test for total distance
moved (B, E), two-way ANOVA for distance moved over time (C, F), and unpaired t-test for time in
the center (D, G). Each dot represents an individual animal, with data presented as mean + SEM
(note that smaller error bars may be obscured by the mean symbols). (* p < 0.05, ** p <0.01).

3.4.3 | Reduced Anxiety-Like Behavior

To further evaluate anxiety-like behavior, Elevated Plus Maze (EPM) tests were conducted
on KCNIN and KCNRQ animals (Figure 15). The assessment of KCNIN animals was
performed by our collaborator, Dr. Fabio Morellini (ZMNH, Hamburg). The EPM is a
widely used behavioral assay to assess anxiety-like tendencies, based on the animal's
willingness to explore open and elevated spaces. KCNIN heterozygotes spent significantly
more time in the open arms (OA) of the maze compared to WT controls, indicating a
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reduction in anxiety-like behavior (Figure 15B). This behavior suggests that the mutation

may alter the balance of exploratory drive and risk aversion in these animals.

Similarly, KCNRQ homozygotes demonstrated an even greater preference for the open arms,
spending significantly more time in these areas compared to both WT and KCNRQ
heterozygotes (Figure 15C). This pronounced reduction in anxiety-like behavior highlights
a potential genotype-specific modulation of emotional processing and risk assessment.
Interestingly, KCNRQ heterozygotes showed no significant differences in arm preference
compared to WT animals, suggesting that the homozygous mutation might uniquely

influence anxiety-like behavior.
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Figure 15: Reduced anxiety-like behavior in KCNIN heterozygous and KCNRQ homozygous
animals. (A) Schematic view of the Elevated Plus Maze (EPM) with two closed arms (CA) and two
open arms (OA) (created by BioRender.com). (B) Cumulative time spent in the CA and OA by
KCNIN animals, with heterozygote mutants spending significantly more time in the OA compared
to WT animals, indicative of reduced anxiety-like behavior. (C) Cumulative time spent in the CA
and OA by KCNRQ animals, with homozygous mutants exhibiting an even stronger preference for
the OA compared to WT and heterozygous animals, reflecting a pronounced reduction in anxiety-
like behavior. KCNRQ heterozygous animals showed no significant differences in arm preference
compared to WT animals. Arm preference values for both KCNIN and KCNRQ animals are
consistent with their time allocation. Red symbols represent females, and blue symbols represent
males, with filled symbols denoting mutant animals. Data are presented as mean = SEM, with
statistical analyses performed using ordinary one-way ANOVA (ns = not significant, * p < 0.05, **
p <0.01, *** p <0.001, **** p <0.0001).

3.4.4 | Working Memory Deficits

To assess working memory, Y-Maze tests were performed on KCNIN and KCNRQ animals
(Figure 16). The experiments with KCNIN animals were performed by our collaborator, Dr.
Fabio Morellini (ZMNH, Hamburg). The Y-Maze measures an animal's innate tendency to

alternate between arms, which relies on intact working memory and spatial navigation. The
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experiments conducted by our collaborator, Dr. Fabio Morellini (ZMNH, Hamburg) with
KCNIN heterozygotes demonstrated preserved working memory, as their alternation
percentages were comparable to WT controls (Figure 16B). However, their time per
transition was significantly reduced compared to WT animals, likely reflecting their
increased locomotion phenotype observed in the open field test (Figure 16C). This behavior

may indicate a heightened exploratory drive rather than cognitive deficits.
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Figure 16: KCNRQ homozygous male animals exhibit working memory impairments in the Y-
Maze, while KCNIN animals maintain intact memory performance. (A) Schematic view of the Y-
Maze apparatus, used to assess working memory and the innate preference to explore novel
environments. (B, C) Results for KCNIN animals: (B) Alternation percentage, showing that
heterozygous mutants performed similarly to WT animals, indicating intact working memory. (C)
Time per transition in seconds was significantly reduced in KCNIN heterozygous mutants compared
to WT, likely due to their increased locomotion phenotype observed in the open field test. (D, E)
Results for KCNRQ animals: (D) Alternation percentage showed a significant reduction in
homozygous males compared to WT and heterozygotes, reflecting working memory impairments.
Female homozygotes also exhibited a trend toward reduced performance, although this was not
statistically significant. (E) Time per transition showed no significant differences between WT and
KCNRQ mutant animals, suggesting comparable exploratory behavior. Red symbols represent
females, blue symbols represent males, and filled symbols denote mutant animals. Data are presented
as mean + SEM, with statistical analyses performed using one-way ANOVA (** p < 0.01, *** p <
0.001). For arm alternations, the test was successful when animals performed above chance level of
50 % (ns = not significant, # p < 0.05, one-sample Wilcoxon test).

In contrast, KCNRQ homozygous males exhibited significant impairments in working
memory. Alternation percentages were markedly lower in homozygous males compared to
both WT and KCNRQ heterozygotes, suggesting a genotype-specific disruption in cognitive
function (Figure 16D). While female homozygotes showed a trend toward reduced
alternation percentages, these differences were not statistically significant. Interestingly, no

significant differences in time per transition were observed between KCNRQ homozygotes

and WT animals, suggesting that their exploratory behavior remained unaffected (Figure
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16E). These findings highlight a dissociation between exploratory activity and cognitive
performance, with working memory deficits only being present in male KCNRQ
homozygotes. performance, with working memory deficits only being present in male
KCNRQ homozygotes.

3.4.5 | Intact Recognition Memory

Spatial and recognition memory were evaluated using the Object Location Memory (OLM)
and Object Recognition Memory (ORM) tests (Figure 17). The OLM test assesses spatial
memory by measuring an animal's preference for a displaced object, leveraging their innate
curiosity. In the experiment with KCNRQ and KCNIN animals, WT animals did not exhibit
a clear preference for displaced objects, which limits the reliability of conclusions regarding
spatial memory in these experiments (Figure 17B-C). With the results of OLM experiments,
it is not possible to draw a conclusion regarding the effect of the mutations for spatial

memory in our animal models.
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Figure 17: Intact recognition memory in KCNRQ animals. (A) Schematic representation of the
Object Location Memory (OLM) test, which assesses spatial memory by measuring preference for
displaced objects. (B, C) Preference for displaced objects in the OLM test: (B) KCNRQ animals and
(C) KCNIN animals. (D) Schematic representation of the Object Recognition Memory (ORM) test,
which evaluates recognition memory by measuring preference for novel objects. (E) Preference for
novel objects in the ORM test for KCNRQ animals: no significant differences were observed between
WT, heterozygous, and homozygous animals, indicating preserved recognition memory. The number
of animals used for each experiment is depicted in brackets. Red symbols represent females, blue
symbols represent males, and filled symbols denote mutant animals. Data are presented as mean +
SEM, with statistical analyses performed using one-way ANOVA. The tests were successful when
animals performed above chance level of 50 % (ns = not significant, # p <0.05, one-sample Wilcoxon
test).

The ORM test is an experimental design to evaluate recognition memory in rodent models.

The WT animals demonstrated a clear preference for novel objects which confirms the
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reliability of the results regarding object memory assessments in the experiments conducted.
KCNRQ animals which show spontaneous seizures demonstrated equal preferences for
novel objects compared to WT, confirming intact recognition memory (Figure 17E). On the
other hand, KCNRQ heterozygous animals demonstrated a trend towards lower preference

for novel object recognition indicating an effect of the mutation on network dynamics.

The results of OLM tests point that further investigation is required to elucidate the spatial
memory capabilities in these animals. The findings of ORM test are underlining the
importance of dissociating the effect of mutations on the network dynamics and the

occurrence of seizures.

3.4.6 | Impaired Long-Term Memory

Long term memory was assessed through Step-Through Passive Avoidance tests on KCNIN
heterozygous and KCNRQ homozygous animals (Figure 18). This test evaluates associative
learning and long-term memory by measuring the latency to enter a dark compartment where
the animal previously received a mild aversive stimulus. Reduced latency to avoid the dark

compartment reflects impaired memory retention.
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Figure 18: Epileptic KCNIN heterozygous and KCNRQ homozygous animals exhibit impaired
memory in the Step-Through Passive Avoidance Test. (A) Schematic representation of the Step-
Through Passive Avoidance apparatus, used to assess learning and memory by measuring the latency
to enter the dark compartment after receiving an aversive stimulus. (B) Latency to step through into
the dark compartment for KCNIN animals: heterozygous mutants exhibited significantly reduced
latencies compared to WT animals, reflecting impaired memory retention. (C) Latency to step
through into the dark compartment for KCNRQ animals: homozygous mutants with epileptic
phenotypes showed significantly reduced latencies compared to WT animals, indicating memory
impairments, while non-epileptic heterozygous animals performed similarly to WT animals. The
number of animals used for each experiment is shown in brackets. Red symbols represent females,
blue symbols represent males, and filled symbols denote mutant animals. Data are presented as mean
+ SEM, with statistical analyses performed using one-way ANOVA (* p <0.05, ** p <0.01, ***p <
0.001).
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KCNIN heterozygotes exhibited significantly reduced latencies to enter the dark
compartment compared to WT controls, suggesting deficits in their ability to retain the
memory of the aversive stimulus (Figure 18B). Similarly, KCNRQ homozygotes with
epileptic phenotypes demonstrated markedly reduced latencies compared to WT animals,
indicating memory impairments (Figure 18C). Interestingly, non-epileptic KCNRQ
heterozygotes performed comparably to WT controls, highlighting the potential role of

seizure activity in exacerbating memory deficits.

The reduced latency times observed in the Step-Through Passive Avoidance test highlight
significant impairments in memory retention in epileptic KCNIN heterozygous and KCNRQ
homozygous animals. These findings emphasize the role of KCNT1 mutations in disrupting
inhibitory avoidance memory, likely contributing to the observed deficits in retaining
aversive experiences. The clear difference between epileptic and non-epileptic mutant
animals underscores the potential influence on network dynamics responsible for memory

processes in these models.

3.5 | Morphological Changes Associated with Epileptic Activity

3.5.1| Altered Perineuronal Nets in the Dentate Gyrus Molecular Layer

The hippocampus was selected as the primary focus due to its critical role in the neural
circuits affected by KCNT1 mutations and its relevance to epileptic phenotypes. Specifically,
perineuronal net (PNN) integrity in the dentate gyrus molecular layer was investigated due
to their role in maintaining excitatory-inhibitory balance and preventing hyperexcitability by
staining with Wisteria floribunda agglutinin (WFA) (Figure 19). Representative images
showed increased WFA signal intensity in both KCNIN heterozygous and KCNRQ
homozygous animals compared to WT controls, with KCNRQ homozygotes exhibiting the
most pronounced enhancement (Figure 19A). Quantitative analysis of WFA signal intensity
confirmed a significant increase in both mutant lines, with KCNRQ homozygotes showing
a more severe phenotype than KCNIN heterozygotes (Figure 19B). These findings suggest
that KCNT1 mutations alter PNN density, potentially stabilizing the network dynamic via
increased activity of inhibitory neurons against excessive inputs from entorhinal cortex in

these animals (Cabungcal et al. 2013; Wen et al. 2018).
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Figure 19: Altered perineuronal nets in the dentate gyrus molecular layer, with enhanced WFA
signal intensity in KCNRQ homozygous and KCNIN heterozygous animals. (A) Example images
of the dentate gyrus molecular layer stained with DAPI (first column), WFA (second column), and
merged images (third column). WT images are shown in the first row, KCNIN heterozygote images
in the second row, and KCNRQ homozygote images in the third row, illustrating increased WFA
signal intensity in both lines. (B) Mean gray value comparisons of WFA signal intensity: both KCNIN
heterozygous and KCNRQ homozygous animals exhibited increased WFA intensity compared to WT
animals, with KCNRQ homozygotes showing a more severe phenotype and KCNIN heterozygotes
displaying a similar but less pronounced increase. Animal numbers used for the analysis are WT (n
= 12), KCNIN (n = 9), and KCNRQ (n = 5). Data are presented as mean + SEM, with statistical
analyses performed using one-way ANOVA (**** p < 0.0001).

3.5.2 | Increased NPY Expression in Mossy Fibers

Neuropeptide Y (NPY) levels were evaluated due to its role in modulating neuronal
excitability and providing an anticonvulsant effect (Cattaneo et al. 2020). Increased NPY
expression is often observed as a compensatory response to hyperexcitation, reflecting
changes in network activity and seizure susceptibility. The analysis was performed in CA3

lucidum where the mossy fibers are extended to assess potential alterations associated with
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epileptic activity (Figure 20). Representative images revealed increased NPY signal intensity
in both KCNIN heterozygous and KCNRQ homozygous animals, with the most pronounced
effect observed in KCNRQ homozygotes (Figure 20A).
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Figure 20 Increased NPY signal intensity in the mossy fibers is pronounced in KCNRQ
homozygous animals and shows higher variability in KCNIN heterozygotes. (A) Example images
of the mossy fiber region stained with DAPI (first column), NPY (second column), and merged images
(third column). Red arrows indicate the location of the mossy fibers. WT images are shown in the first
row, KCNIN heterozygote images in the second row, and KCNRQ homozygote images in the third
row, illustrating increased NPY signal intensity in both lines. (B) Mean gray value comparisons of NPY
signal intensity: while the mean signal intensity was higher in KCNIN heterozygous animals compared
to WT, the effect was more pronounced in KCNRQ homozygous animals. KCNIN heterozygous
animals exhibited greater individual variability in signal intensity, consistent with their broader epileptic
phenotype. Animal numbers used for the analysis are WT (n = 8), KCNIN (n = 8), and KCNRQ (n =
11). Data are presented as mean + SEM, with statistical analyses performed using one-way ANOVA (*
p <0.05, *** p <0.001).

Quantitative comparisons of NPY signal intensity showed a significant increase in KCNRQ
homozygotes and a milder, yet highly variable, increase in KCNIN heterozygotes compared

57



to WT controls (Figure 20B). These data indicate genotype-specific alterations in NPY
expression, which may reflect differences in seizure frequency and severity between and

within each of the two mutant lines.
3.5.3 | Enhanced Reactive Astrogliosis in the Hippocampus

Reactive astrogliosis was examined as an epileptic biomarker due to astrocyte activation in
response to hyperexcited neurons (Hayatdavoudi et al. 2022). The histological examination
was performed by staining for glial fibrillary acidic protein (GFAP) in the hippocampal
region (Figure 21). Representative images demonstrated increased GFAP signal intensity in
both mutant lines, with KCNRQ homozygous animals showing markedly elevated levels
(Figure 21A). Quantitative analysis of GFAP signal intensity confirmed a significant
increase in KCNRQ homozygotes, while KCNIN heterozygotes exhibited a trend toward
higher values that did not reach statistical significance (Figure 21B). Additionally, analysis
of the GFAP area fraction revealed a significant increase in KCNRQ homozygotes,

indicating widespread astrogliosis, whereas KCNIN heterozygotes showed a non-significant
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Figure 21: Enhanced astrocytic reactivity in the hippocampal area of KCNRQ homozygous
animals and a trend toward increased astrogliosis in KCNIN heterozygotes. (A) Example images
of the hippocampal area stained with DAPI (first column), GFAP (second column), and merged
images (third column). WT images are shown in the first row, KCNIN heterozygote images in the
second row, and KCNRQ homozygote images in the third row, illustrating increased GFAP signal
intensity in mutant animals. (B) Mean gray value comparisons of GFAP signal intensity: KCNRQ
homozygous animals exhibited significantly increased signal intensity compared to WT, while
KCNIN heterozygous animals showed a trend toward increased values, though not statistically
significant. (C) Area fraction of GFAP signal intensity for the whole hippocampal area: KCNRQ
homozygous animals displayed a significant increase in the area fraction, reflecting elevated
astrocytic reactivity and widespread astrogliosis. KCNIN heterozygous animals demonstrated a non-
significant trend toward increased area fraction. These findings indicate heightened astrocytic
reactivity in KCNRQ homozygous animals and a milder, non-significant trend in KCNIN
heterozygotes. Animal numbers used for the analysis are WT (n = 9), KCNIN (n = 10), and KCNRQ
(n = 5). Data are presented as mean + SEM, with statistical analyses performed using one-way
ANOVA (ns = not significant, **** p < 0.0001).

trend toward increased astrocytic reactivity indicating widespread astrogliosis, whereas

KCNIN heterozygotes showed a non-significant trend toward increased astrocytic reactivity.

These histological findings underscore the hippocampus as a key region affected by KCNT1
mutations, demonstrating significant morphological changes including altered PNN density,
increased NPY levels, and heightened astrocytic reactivity. These alterations are reflecting
the protective effect of PNN density and NPY expression as an attempt of dentate gyrus to
counteract cortical excitability and the response of astrocytes against local hyperexcited

neurons.

3.6 | Pimozide Treatment in Adult KCNT1 Mutants

3.6.1 | Pimozide Treatment in Adult KCNIN Heterozygous Animals

The impact of pimozide treatment on seizure frequency and interictal brain oscillations was
assessed in adult KCNIN heterozygous animals using telemetric ECoG recordings (Figures
22 and 23). Pimozide was administered intraperitoneally (i.p.) at a dose of 1 mg/kg in the
morning and 1.5 mg/kg in the evening for 7 consecutive days, following an initial 5-day
vehicle treatment phase. Seizure activity was monitored across three phases: vehicle-treated,
pimozide-treated, and post-treatment washout. The seizure incidences illustrated with heat
maps revealed no changes between the vehicle and pimozide treatment phases, despite

achieving the targeted serum pimozide levels of 10-20 ng/ml (Figure 22A-B). Seizure
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activity remained consistent during the washout phase (Figure 22C), indicating that pimozide

treatment did not reduce seizure frequency in KCNIN heterozygous animals.
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Figure 22: Pimozide treatment did not affect seizure incident rates in adult KCNIN heterozygous
animals. Heat maps illustrating seizure activity across treatment phases in adult heterozygous
KCNIN mice (13—-17 weeks old). (A) Vehicle-treated phase: animals received intraperitoneal (i.p.)
injections of vehicle solution (5% DMSO in 0.9% NacCl) twice daily for 5 days. (B) Pimozide-treated
phase: animals were treated with pimozide dissolved in the vehicle solution at doses of 1 mg/kg body
weight in the morning and 1.5 mg/kg in the evening for 5 days. Numbers on the left side of the heat
map indicate serum pimozide levels (ng/ml), measured 1.5 hours after the final morning injection on
the last day of treatment. (C) Post-treatment washout phase: animals underwent a 4-day period
without injections, followed by resumption of ECoG recordings. Each column represents a recording
day, and each row represents an individual animal. Warm colors represent higher seizure frequency,
while colder colors represent lower seizure frequency. (D) The average seizure incidences per day
for each group. Despite achieving the targeted serum pimozide levels, treatment did not alter seizure
frequency compared to the vehicle phase. Seizures remained consistent during the washout phase as
well. Statistical analysis was performed using one-way ANOVA Kruskal-Wallis tests (ns = not
significant).

PSD analysis was performed to investigate the effects of pimozide on interictal brain
oscillations during REM sleep, SWS, and wakefulness (Figure 23). The PSD plots showed

no changes in oscillatory power across theta, beta, and low gamma frequency bands during
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any of the treatment phases (Figure 23A). Individual trends depicted by scatter plots further
confirmed the absence of treatment-induced changes in oscillatory frequencies and power
values for theta, beta, and low gamma oscillations (Figure 23B-D). Statistical analysis
revealed no significant differences across phases, suggesting that chronic pimozide treatment
did not affect interictal dynamics regarding the power and frequency of oscillation in KCNIN

heterozygote animals. On the other hand, the contingency analysis performed for the
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Figure 23 Chronic pimozide treatment normalized the aberrant beta oscillations during REM
sleep in adult KCNIN heterozygous animals. (A) Power spectral density (PSD) plots showing
power (dB) and frequency (Hz) for KCNIN heterozygous animals during REM sleep, SWS, and
wakefulness across treatment phases. Shaded areas represent mean + SEM, with the number of
animals indicated in the legend. (B-D) Scatter plots for theta (B), beta (C), and low gamma (D)
oscillations, showing frequency peaks and corresponding power values for REM sleep (left column),
SWS (middle column), and wakefulness (right column). Each dot represents an individual animal,
with = SEM plotted. Statistical analysis was performed using one-way ANOVA Kruskal-Wallis tests
(ns = not significant, * p <0.05).
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occurrences of beta oscillations during REM sleep revealed a significant dependence of beta
occurrence from genotype (Chi-square test, p=0.006). The absence of aberrant beta

oscillations might indicate a treatment effect on the severity of epileptic activity.
3.6.2 | Pimozide Treatment in Adult KCNRQ Homozygous Animals

Seizure frequency and interictal oscillatory activity were evaluated in KCNRQ homozygous
animals using telemetric ECoG recordings across vehicle, pimozide, and washout phases
(Figures 24 and 25). Pimozide was administered intraperitoneally at a dose of 1.5 mg/kg in
the morning and 2 mg/kg in the evening for 7 consecutive days, following an initial 5-day
vehicle treatment phase. Heat maps demonstrated no significant differences in seizure
frequency between the vehicle and pimozide treatment phases, despite achieving therapeutic
serum pimozide levels (Figure 24A, B). Seizure activity remained stable during the washout
phase as well (Figure 24C), indicating that pimozide treatment failed to reduce seizure
frequency in KCNRQ homozygous animals (Figure 24D).
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Figure 24: Pimozide treatment did not affect seizure frequency in adult KCNRQ homozygous
animals. Heat maps illustrating seizure activity across treatment phases in adult homozygous KCNRQ
mice (1418 weeks old). (A) Vehicle-treated phase: animals received intraperitoneal (i.p.) injections of
vehicle solution (5% DMSO in 0.9% NaCl) twice daily for 5 consecutive days. (B) Pimozide-treated
phase: animals were treated with pimozide dissolved in the vehicle solution at doses of 1.5 mg/kg body
weight in the morning and 2 mg/kg in the evening for 7 days. Numbers on the left side of the heat map
indicate serum pimozide levels (ng/ml), measured 1.5 hours after the final evening injection on the last
day of treatment. (C) Post-treatment washout phase: animals underwent a 7-day period without
injections, followed by resumption of ECoG recordings to assess post-treatment neural activity. Each
column represents a recording day, and each row represents an individual animal. Warm colors
represent higher seizure frequency, while colder colors represent lower seizure frequency. (D) The
average seizure incidences per day for each group. Despite achieving the targeted serum pimozide
levels, treatment did not alter seizure frequency compared to the vehicle phase. Seizure activity
remained consistent during the washout phase as well. Statistical analysis was performed using one-
way ANOVA Kruskal-Wallis tests (ns = not significant).

PSD analysis was performed to investigate the effects of pimozide on interictal brain
oscillations in KCNRQ homozygous animals during REM sleep, SWS, and wakefulness
(Figure 25). The PSD plots showed no changes in oscillatory power across theta, beta, and
low gamma frequency bands during any of the treatment phases (Figure 25A). Individual
trends depicted by scatter plots further confirmed the absence of treatment-induced changes
in oscillatory frequencies and power values for theta, beta, and low gamma oscillations
(Figure 25B-D). Statistical analysis revealed no significant differences across phases,
suggesting that chronic pimozide treatment did not affect interictal oscillatory dynamics in
KCNRQ homozygous animals. The contingency analysis performed for the occurrences of
beta oscillations during REM sleep revealed no significant dependence of beta occurrence

from genotype (Chi-square test, p=0.99).

Together, these results demonstrate that pimozide treatment in adult KCNT1 mutant models
does not mitigate seizure incidence rate or alter interictal oscillatory activity, underscoring

its limited efficacy in rescuing the epileptic phenotype.
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Figure 25: Chronic pimozide treatment did not alter interictal oscillations in adult KCNRQ
homozygous animals. (A) Power spectral density (PSD) plots for REM sleep, SWS, and wakefulness
in KCNRQ homozygous animals during interictal periods, illustrating oscillatory power distribution
across frequency bands. Shaded areas represent mean + SEM, with the number of animals indicated
in the legend. (B—D) Scatter plots for theta (B), beta (C), and low gamma (D) oscillations, showing
frequency peaks and corresponding power values for REM sleep (left column), SWS (middle
column), and wakefulness (right column). Each dot represents an individual animal, with £ SEM
plotted. Statistical analysis was performed using one-way ANOVA Kruskal-Wallis tests (ns = not
significant).

3.7 | Carvedilol Treatment in Adult KCNIN Mutants

The effects of chronic carvedilol treatment on seizure frequency were assessed in adult
KCNIN heterozygous animals using telemetric ECoG recordings (Figure 26). Seizure
activity was monitored across four phases: vehicle-treated, first carvedilol treatment, second
carvedilol treatment, and post-treatment washout. Carvedilol was continuously delivered via

subcutaneously implanted Alzet® Osmotic Pumps, with a daily dosage of 8 mg/kg body

64



weight. Heat maps of seizure frequency showed no significant changes between the vehicle
and carvedilol treatment phases (Figure 26 A—C). Seizure activity remained consistent during
the washout phase as well (Figure 26D). These results indicate that carvedilol treatment did

not reduce seizure frequency in adult KCNIN heterozygous animals.
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Figure 26: Chronic carvedilol treatment did not affect seizure frequency in adult KCNIN
heterozygous animals. Heat maps illustrating seizure frequency across treatment phases in adult
heterozygous KCNIN mice (12-17 weeks old) treated with carvedilol via subcutaneously implanted
Alzet© Osmotic Pumps. (A) Vehicle-treated phase: seizure activity during baseline recordings, with
pumps delivering vehicle solution (20% hydroxypropyl-p-cyclodextrin in 1% glacial acetic acid). (B)
First carvedilol treatment phase: pumps delivered carvedilol at 8 mg/kg body weight daily, with
serum carvedilol levels (ng/mL) indicated on the left side of the heat map. (C) Second carvedilol
treatment phase: an additional carvedilol treatment was conducted after optimizing the solution, with
serum drug levels (ng/mL) shown on the left side of the heat map. (D) Washout phase: seizure activity
recorded over 3 days following a 3-day period without drug administration. Each column represents
a recording day, and each row represents an individual animal. Warm colors indicate higher seizure
frequency, while colder colors represent lower seizure frequency. (E) The average seizure incidences
per day for each group. For Carvedilol group, the 2™ trial seizure rate was considered due to targeted
therapeutic range except the fifth animal which has a lower serum level than the 1% trial. Despite
continuous carvedilol delivery and achieving serum drug levels, no significant changes in seizure
frequency were observed during or after treatment in adult KCNIN heterozygous animals. Statistical
analysis was performed using one-way ANOVA Kruskal-Wallis tests (ns = not significant).
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To investigate whether carvedilol influences cortical activity, PSD analysis was performed
on ECoG recordings during REM sleep, SWS, and wakefulness (Figure 27). PSD plots
revealed no significant differences in oscillatory power across theta, beta, and low gamma
frequency bands during or after carvedilol treatment (Figure 27A). Scatter plots of
oscillatory frequencies and power values confirmed the absence of treatment-induced
changes in cortical activity across all phases (Figure 27B-D). Statistical analysis using one-
way ANOVA Kruskal-Wallis tests showed no significant differences, suggesting that
chronic carvedilol administration did not alter interictal oscillatory dynamics in KCNIN

heterozygous animals. Furthermore, the contingency analysis performed for the occurrences
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Figure 27: Chronic carvedilol treatment did not alter interictal oscillations in adult KCNIN
heterozygous animals. (A) Power spectral density (PSD) plots for REM sleep, SWS, and
wakefulness, illustrating oscillatory power distribution across frequency bands. Shaded areas
represent mean = SEM, with the number of animals indicated in the legend. (B-D) Scatter plots for
theta (B), beta (C), and low gamma (D) oscillations, showing frequency peaks and corresponding
power values for REM sleep (left column), SWS (middle column), and wakefulness (right column).
Each dot represents an individual animal, with + SEM plotted. Statistical analysis was performed
using one-way ANOVA Kruskal-Wallis tests. Despite chronic carvedilol administration, interictal
oscillations showed no significant changes during or after treatment.
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of beta oscillations during SWS sleep revealed no significant dependence of beta occurrence

from genotype (Chi-square test, p=0.86).

Together, these results demonstrate that carvedilol treatment in adult KCNIN heterozygous
animals has no effect on seizure frequency or cortical activity, underscoring its limited

efficacy in mitigating the epileptic phenotype.

3.8 | Preventive Carvedilol Treatment in Neonatal KCNIN Mutants

Epileptic encephalopathies associated with KCNT1 mutations typically manifest in human
infants around three months of age. Early diagnosis and intervention are essential for
preventing the progression of these severe disorders. However, genetic tests, which could
enable earlier diagnosis, are not routinely performed for every newborn, and their availability
remains limited in many regions. Consequently, diagnosis often occurs only after the onset
of clinical symptoms. Given this challenge, neonatal carvedilol treatment was investigated
in a mouse model, with administration beginning at postnatal day 7 (P7). This time point
was chosen because P7 represents a critical developmental period for interneurons in mice
and corresponds to the late prenatal stage in human brain development. By intervening
during this sensitive window, the study aimed to evaluate whether early pharmacological
treatment could prevent seizure onset and mitigate associated cortical excitability. The
preventive study in neonatal KCNIN heterozygous animals were conducted together with

Nele Bohne in the framework of her master’s thesis (Thesis 2023).

3.8.1| Positive Effects of Early Carvedilol Treatment on Seizures and

Cortical Excitability

Neonatal carvedilol treatment was assessed for its potential to prevent seizures and modulate
cortical excitability in juvenile KCNIN heterozygous animals (Figures 28 and 29).
Carvedilol was administered via intraperitoneal injections from postnatal day 7 (P7) to P21,
followed by chow embedding from P21 to P35, ensuring consistent drug delivery during
critical developmental periods. Representative ECoG recordings highlighted spontaneous
seizure activity in vehicle-treated animals, whereas carvedilol-treated animals demonstrated

reduced seizure frequency (Figure 28A, B). Statistical analysis of seizure-free ratios using
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Kaplan-Meier survival analysis showed a significantly higher proportion of seizure-free
animals in the carvedilol-treated group compared to vehicle-treated controls (*p < 0.05;
Figure 28C). These findings suggest that carvedilol can effectively reduce seizure onset in a

subset of juvenile KCNIN heterozygotes, likely by modulating early neural excitability.
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Figure 28: Early carvedilol treatment prevents seizures in a subset of juvenile KCNIN
heterozygous animals. (A) Representative example of a spontaneous seizure event in a juvenile
KCNIN heterozygous animal. Top: Raw ECoG signal in mV of seizure activity. Bottom: Time-
frequency wavelet spectrogram showing the power distribution across time and frequencies. (B)
Heatmaps illustrating seizure frequency in juvenile KCNIN animals treated with vehicle (upper
heatmap) and carvedilol (lower heatmap). Carvedilol was administered via intraperitoneal injections
from postnatal day 7 (P7) to P21 (pre-weaning phase) and through chow embedding from P21 to
P35 (post-weaning phase). Serum carvedilol levels (ng/mL) at the end of the treatment are shown on
the left side of the carvedilol heatmap. Each column represents a recording day, and each row
represents an individual animal. (C) Ratio of seizure-free animals during the ECoG recording period:
carvedilol-treated animals showed a higher proportion of seizure-free animals compared to vehicle-
treated animals, indicating that starting treatment at an earlier age effectively prevented seizures in a
subset of animals. Statistical analysis was performed using Kaplan-Meier survival analysis (* p <
0.05). These results highlight a potential benefit of early carvedilol treatment in mitigating seizure
onset in neonatal KCNIN heterozygous animals.
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Cortical excitability was further analyzed through PSD measurements during REM sleep,
SWS, and wakefulness (Figure 29). While the PSD plots revealed no statistically significant
differences across groups, there was a notable trend toward increased aperiodic exponent
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Figure 29: Early carvedilol treatment shows a trend toward reduced cortical excitability in
juvenile KCNIN heterozygous animals. (A) Power spectral density (PSD) plots for REM sleep,
SWS, and wakefulness, illustrating oscillatory power distribution across frequency bands. Shaded
areas represent mean + SEM, with the number of animals indicated in the legend. (B—D) Scatter plots
for theta (B), beta (C), and low gamma (D) oscillations, showing frequency peaks and corresponding
power values for REM sleep (left column), SWS (middle column), and wakefulness (right column).
(E) Aperiodic exponent across brain states, reflecting cortical excitability: carvedilol-treated animals
showed a trend toward increased aperiodic exponent values at each brain state compared to vehicle-
treated animals, suggesting a potential decrease in cortical excitability. Each dot represents an
individual animal, with mean + SEM plotted. Statistical analysis was performed using one-way
ANOVA Kruskal-Wallis tests (ns = not significant, * p <0.05). These findings indicate a trend toward
a positive treatment effect of early carvedilol in reducing cortical excitability in juvenile KCNIN
heterozygous animals.
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values in carvedilol-treated animals, indicating a possible reduction in cortical excitability
(Figure 29A, E). Scatter plots for theta, beta, and low gamma oscillations similarly showed
consistent patterns across treatment phases (Figure 29B-D). Furthermore, the contingency
analysis performed for the occurrences of beta oscillations during REM sleep revealed no
significant dependence of beta occurrence from genotype (Chi-square test, p=0.69).
Together, these data suggest that early carvedilol treatment may exert subtle but positive

effects on cortical network dynamics.

3.8.2| Mild Sleep Architecture Alterations Unaffected by Carvedilol

Treatment

Sleep architecture was evaluated by analyzing key metrics, including mean episode duration,
percentage of total recording time spent in each state, and episode frequency for REM sleep,
SWS, and wakefulness in juvenile KCNIN heterozygous animals (Figure 30). Compared to
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Figure 30: Mild alterations in sleep architecture in juvenile KCNIN heterozygous animals with
no significant effect of carvedilol treatment. (A) REM sleep, (B) SWS, and (C) wakefulness were
analyzed for mean episode duration (left), percentage of total recording time spent in each state
(middle), and number of episodes per 12-hour period (right). Juvenile KCNIN heterozygous animals
exhibited mild alterations in sleep architecture compared to WT animals, including increased mean
REM duration and slightly higher percentage of SWS episodes, but these differences were not
statistically significant. Carvedilol treatment did not result in any significant changes in sleep metrics
for mutant animals. Data are presented as mean + SEM. Statistical significance was assessed using
one-way ANOVA. Animal numbers used for analysis: WT (n = 9), non-treated KCNIN (n=6),
vehicle-treated KCNIN (n = 5), and carvedilol-treated KCNIN (n = 7).

WT animals, mutant animals exhibited mild alterations such as increased mean REM
duration and a slightly higher percentage of SWS episodes. However, these differences did
not reach statistical significance. Carvedilol-treated animals showed sleep patterns similar to
non-treated and vehicle-treated animals, indicating that neonatal carvedilol administration
did not significantly affect sleep architecture. These findings suggest that sleep architecture
was not altered in juvenile KCNIN heterozygous animals and carvedilol treatment does not

change it.

3.8.3| Reduction in Anxiety-Like Behavior Following Carvedilol

Treatment

Carvedilol’s effects on anxiety-like behavior were evaluated using the open field test (Figure
31). This test measures locomotor activity and anxiety levels based on exploratory behavior.
Total distance moved and activity patterns over time revealed no significant differences in

locomotion between carvedilol-treated, vehicle-treated, and non-treated animals (Figure
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Figure 31: Carvedilol treatment reduces anxiety-like behavior in juvenile KCNIN heterozygous
animals. (A) Schematic view of the open field test arena (created with BioRender.com). (B) Total
distance moved (m) over a 15-minute session, comparing WT (n = 6), non-treated KCNIN (n = 6),
vehicle-treated KCNIN (n =5), and carvedilol-treated KCNIN (n = 7) heterozygous juvenile animals.
No significant differences in locomotion were observed between groups. (C) Distance moved per 5-
minute time bin, illustrating activity patterns over time and reflecting habituation. Non-treated and
vehicle-treated animals did not exhibit habituation, regardless of carvedilol treatment. (D) Percentage
of time spent in the center of the arena, indicative of anxiety-like behavior. Non-treated and vehicle-
treated animals showed increased anxiety-like behavior, while carvedilol treatment prevented this
behavioral change. Each dot represents an individual animal, with data presented as mean = SEM.
Statistical analysis was performed using one-way ANOVA Kruskal-Wallis tests (* p < 0.05).
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31B, C). However, carvedilol-treated animals spent a significantly higher percentage of time
in the center of the arena compared to non-treated and vehicle-treated animals, reflecting
reduced anxiety-like behavior (*p < 0.05; Figure 31D). These findings suggest that neonatal
carvedilol treatment normalizes anxiety-like behavior in KCNIN heterozygous animals,

potentially through modulation of anxiety-related neural circuits.
3.8.4 | Perineuronal Nets Remain Unaltered by Carvedilol Treatment

The integrity of perineuronal nets (PNNs) was evaluated using WFA staining in the dentate
gyrus molecular layer (Figure 32). PNNs are critical for maintaining neuronal stability and
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Figure 32: Increased perineuronal nets in the dentate gyrus molecular layer of non-treated
KCNIN heterozygous animals are not prevented by carvedilol treatment. (A) Representative
images of the dentate gyrus molecular layer stained with DAPI (first column), WFA (second column),
and merged images (third column). WT images are shown in the first row, non-treated KCNIN in the
second row, vehicle-treated KCNIN in the third row, and carvedilol-treated KCNIN in the fourth row.
(B) Mean gray value comparisons of WFA signal intensity across groups. Non-treated KCNIN
heterozygous juvenile animals exhibited increased perineuronal nets in the dentate gyrus molecular
layer compared to WT animals, but carvedilol treatment did not significantly reduce WFA signal
intensity. Data are presented as mean £ SEM, with statistical analysis performed using one-way
ANOVA (** p <0.01).

regulating synaptic plasticity. Non-treated KCNIN heterozygous animals displayed
significantly increased WFA signal intensity compared to WT controls, indicative of
enhanced PNN formation (Figure 32A). However, carvedilol treatment did not significantly
reduce WFA intensity, suggesting that neonatal carvedilol administration does not influence
PNN alterations associated with the epileptic phenotype (Figure 32B). These results
highlight the persistence of PNN changes in KCNIN heterozygotes despite pharmacological

intervention.
3.8.5 | Normal Astroglia Levels in Juvenile KCNIN Heterozygotes

Reactive astrogliosis, a key indicator of glial response to neuronal stress, was assessed in the
hippocampal region using GFAP staining (Figure 33). Representative images demonstrated
no significant differences in GFAP signal intensity or area fraction among non-treated,
vehicle-treated, and carvedilol-treated KCNIN heterozygous animals compared to WT
controls (Figure 33A-C). The astroglial level in juvenile animals was at the normal level and
the statistical analysis confirmed that carvedilol treatment during the neonatal phase did not
alter the astroglial level, indicating that glial activation remains unaffected by the
intervention. These results suggest that carvedilol shows promise in modulating seizures,

cortical excitability, and no effect on astroglial level in this model.
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Figure 33: Normal Astroglia Levels in Juvenile KCNIN Heterozygotes. (A) Representative images
of the hippocampal area showing DAPI (first column), GFAP (second column), and merged images
(third column). WT images are in the first row, non-treated KCNIN in the second, vehicle-treated
KCNIN in the third, and carvedilol-treated KCNIN in the fourth. (B) Mean gray value comparisons
of GFAP signal intensity across groups. (C) Area fraction of GFAP signal intensity in the
hippocampal region. Neither non-treated nor vehicle-treated KCNIN juvenile animals exhibited
significant alterations in astrocytic reactivity compared to WT animals. Carvedilol treatment during
the neonatal phase did not influence astrocytic reactivity. Data are presented as mean + SEM, with
statistical analysis performed using one-way ANOVA (ns = not significant).
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4. | Discussion

Epileptic encephalopathies represent a group of severe neurological disorders characterized
by early-onset seizures, significant developmental delays, and profound cognitive
impairments. KCNT1-associated epileptic encephalopathies in particular present with high
seizure frequency and resistance to conventional treatments (Lim et al. 2016; Bonardi et al.
2021; Barcia et al. 2019). These disorders stem from gain-of-function mutations in the
KCNT1 gene, which encode hyperactive Na+-activated K+ channels, leading to destabilized
neural networks and excessive excitatory activity that drive pathological hyperexcitability
(Barcia et al. 2012; Heron et al. 2012).

This thesis investigates the phenotypic impact of KCNT1 mutations using two patient-
derived mouse models: KCNIN (p.1296N) and KCNRQ (p.R911Q). Through an integrative
approach encompassing behavioural, electrophysiological, and morphological analyses, the
study provides a detailed characterization of the epileptic phenotypes associated with these
mutations. The key areas of focus included the frequency of seizures, changes in interictal
cortical oscillations, somatomotor development, behavioural impairments, and structural
changes in brain morphology. Additionally, treatment studies were conducted to evaluate
the effectiveness of KCNT1 channel blockers in mitigating the epileptic phenotype, shedding
light on potential therapeutic strategies.

The results revealed specific epilepsy phenotypes depending on the location of the mutation
on the channel for the disease severity. KCNIN heterozygotes exhibited relatively mild
phenotypes, characterized by subtle behavioural and developmental disruptions, while
KCNRQ homozygotes displayed more severe seizures which is in line with the level of GoF
measured in vitro, marked cortical oscillatory disturbances, and significant network
dysfunction. Treatment studies conducted in adult animals proved largely ineffective,
underscoring the necessity of early therapeutic intervention to prevent irreversible network
remodelling and disease progression. Notably, early pharmacological intervention with
KCNT1 blockers demonstrated partial efficacy in preventing epileptogenesis in KCNIN
heterozygotes. The evaluation of pharmacological interventions in patient-derived disease
models offers valuable insights into the development of targeted treatments for these
debilitating conditions, emphasizing the critical importance of early and precise therapeutic

strategies.
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4.1 | KCNT1 Mutations Cause Severe Epileptic Phenotypes, Altered
Oscillatory Dynamics, and Disrupted Sleep Architecture

The defining feature of KCNT1-associated epileptic encephalopathies is the presence of
frequent and severe spontaneous seizures (Lim et al. 2016; Bonardi et al. 2021; Barcia et al.
2019), as observed in both KCNIN and KCNRQ mutant mouse models (Figure 8, 9). While
KCNIN heterozygotes demonstrated moderate seizure frequency, KCNRQ homozygotes
exhibited significantly higher seizure severity and frequency. Electrocorticographic (ECoG)
recordings identified distinct epileptiform patterns, including high-amplitude rhythmic
discharges, postictal depression, beta bursts, and sporadic interictal spikes in KCNRQ
homozygotes (Figure 8B-D). These findings are consistent with clinical observations in
human patients, where increased seizure burden often correlates with mutation severity
(McTague et al. 2018).

Beyond seizures, KCNT1 mutations profoundly disrupt cortical oscillatory dynamics,
reflecting widespread disturbances in network stability. KCNIN heterozygotes showed a
trend towards reduction in theta power during sleep, along with unexpected beta oscillations
(Figure 10), while KCNRQ homozygotes exhibited more pronounced reductions in theta
power and interictal beta oscillations (Figure 11). Theta oscillations, crucial for
hippocampal-dependent cognitive functions, rely on synchronized activity between
pyramidal cells and inhibitory interneurons, particularly parvalbumin (PV)-expressing cells
(Stark et al. 2013). These PV interneurons play a critical role in timing and synchronizing
theta rhythms by providing precise perisomatic inhibition, which ensures proper
coordination of neuronal firing during memory-related processes (Sohal et al. 2009). Sirota
et al. (Sirota et al. 2008) demonstrated that hippocampal theta coordinates neocortical
gamma oscillators, and its impairment in mutant animals may disrupt interregional
synchrony. In another study, Siapas et al. (Siapas, Lubenov, and Wilson 2005) showed that
hippocampal-prefrontal theta phase-locking facilitates memory consolidation. The reduction
in theta power, especially in KCNRQ homozygote animals, likely result from impaired
synchronization within hippocampal circuits and disrupting temporal coding necessary for

memaory processes.

The unexpected beta oscillations observed in KCNIN heterozygous and KCNRQ

homozygous animals during sleep, typically associated with sensorimotor and cognitive
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maintenance, may stem from hyperactive somatostatin (SOM)-expressing interneurons
(Chen et al. 2017; Veit et al. 2017). Chen et al. (Chen et al. 2017) elaborated on the roles of
SOM+ and PV+ interneurons, showing that SOM+ cells primarily drive beta oscillations and
are critical for their modulation during visual stimulation. Veit et al. (Veit et al. 2017)
demonstrated that SOM+ interneurons are essential for generating rhythmic activity in the
gamma and beta frequency ranges. Although their study referred to these oscillations as
gamma, the frequency (~30 Hz) aligns more with beta activity. Beyond synaptic
mechanisms, Roopun et al.(Roopun et al. 2006) highlighted that beta oscillations in layer V
of the somatosensory cortex are driven by nonsynaptic gap-junction coupling between
intrinsically bursting pyramidal neurons. These oscillations, independent of synaptic
transmission, suggest an alternative mechanism for beta rhythm generation. Supporting this
hypothesis, Mancilla et al. (Mancilla et al. 2007) showed that electrical coupling between
inhibitory interneurons robustly synchronizes beta rhythms, emphasizing the importance of
gap junctions in maintaining oscillatory coherence. Changes in oscillation patterns including
beta and theta abnormalities, may contribute to the impaired excitation-inhibition (E/I)

balance and cognitive deficits observed in these models.

Sleep architecture, an essential component of neuronal homeostasis (Girardeau and
Lopes-Dos-Santos 2021), was affected in both models, with more severe disturbances
observed in KCNRQ homozygotes. Increased NREM sleep duration and reduced REM sleep
percentage in these mutant animals showed altered sleep cycles which are critical for
maintaining neuronal and cognitive functions (Figure 12). The reduction in REM sleep
percentage, a state characterized by theta and gamma rhythms originating from hippocampal
and cortical networks (Montgomery, Sirota, and Buzsaki 2008), points to impairments in the
coordination between these regions in line with the interictal power spectral density analyses.
Grosmark et al. (Grosmark et al. 2012) highlight the critical role of REM sleep in
reorganizing hippocampal excitability. During REM, theta oscillations and reduced firing
rates facilitate the refinement of synaptic connectivity, contributing to firing rate
homeostasis. According to Miyawaki and Diba (Miyawaki and Diba 2016), NREM sleep
plays a pivotal role in reducing hippocampal firing rates through oscillatory events such as
spindles and sharp-wave ripples (SWRs). The prolonged NREM sleep in the epileptic
mutants may represent a compensatory mechanism to counteract heightened baseline
excitability and excessive synaptic activity caused by the epileptic condition. Additionally,

the prolonged NREM sleep may reflect an adaptive mechanism to stabilize hyperexcitable
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thalamocortical circuits (Fernandez and Liithi 2020). Sleep spindles, generated by these
circuits, may play a compensatory role by promoting synaptic downscaling and protecting
against cortical overactivation. Disruptions in sleep likely exacerbate seizure susceptibility,
as seizures were frequently observed during or shortly after sleep in both models. This
bidirectional interaction between sleep disruptions and epileptic activity is a hallmark of
several epilepsy syndromes (Sinha 2011; Roliz and Kothare 2022), emphasizing the need to
explore further the role of sleep-dependent oscillatory dynamics in epilepsy

pathophysiology.

Overall, these findings underscore the multifaceted impact of KCNT1 mutations on neural
networks. The disruptions in oscillatory dynamics, spanning theta, beta, and gamma
rhythms, reflect a broad disturbance in the coordination of neural circuits responsible for
cognitive and emotional regulation. These results highlight the critical need for therapeutic
approaches that target not only seizure reduction but also the restoration of oscillatory and
sleep stability. Addressing these broader dysfunctions may provide a pathway toward more

effective management of KCNT1-associated epilepsies.

4.2 | Developmental and Behavioural Deficits Reflect Genotype-

Specific Neurological Impairments

KCNT1 mutations result profound developmental and behavioural changes. Analyses of
KCNIN and KCNRQ mouse models reveal distinct differences in growth trajectories,
sensory-motor functions, and cognitive performance, underscoring the diverse neurological
impacts of these mutations. Both KCNIN and KCNRQ mutants exhibited significantly
reduced body weight compared to WT controls, with KCNRQ homozygotes showing the
most severe deficits (Figure 13B). These animals displayed visibly smaller body size and
altered posture, indicative of pronounced developmental delays (Figure 13A). Such growth
impairments may reflect disruptions in metabolic regulations or energy homeostasis
(Briining and Fenselau 2023). While basic motor reflexes, such as righting and geotactic
reflexes, remained intact across genotypes, KCNRQ homozygous females exhibited
significant delays in the cliff avoidance reflex, pointing to impaired sensory-motor
integration and spatial awareness (Figure 13F). This finding might be a result of cerebellar
circuit dysfunction considering high-expression levels of KCNT1 in cerebellum,

contributing to deficits in sensorimotor coordination (Bausch et al. 2015).
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Behavioural evaluations in the open field test revealed hyperactivity and impaired
habituation in KCNIN heterozygotes, consistent with increased locomotion (Figure 14B). In
contrast, KCNRQ homozygotes, particularly males, displayed reduced exploratory activity
and time spent in center (Figure 14E and 14G). On the other hand, the observed effect in
these animals might not be concluded as behavioural impairment due to their
unresponsiveness period at the beginning of the experiment when they were first introduced
to an open field arena. Female KCNRQ homozygotes exhibited impaired habituation without
overt anxiety, suggesting sex-specific differences in behavioural phenotypes (Figure 14F).
Anxiety profiles were further assessed using the elevated plus maze, where KCNIN
heterozygotes spent significantly more time in the open arms, reflecting reduced anxiety and
increased exploratory behaviour (Figure 15B). Interestingly, KCNRQ homozygotes
exhibited an even stronger preference for open arms, potentially reflecting abnormal risk
assessment rather than a simple reduction in anxiety (Figure 15D). This behavioural pattern
likely stems from disruptions in amygdala-hippocampus circuitry, which parallels
observations in other KCNT1 epilepsy models (Q. Zhang et al. 2022).

Working memory was assessed using the Y-maze test. KCNIN heterozygotes demonstrated
intact performance, with alternation percentages comparable to WT controls (Figure 16B-
C). In contrast, KCNRQ homozygotes, particularly males, exhibited significant
impairments, indicating genotype-specific deficits in cognitive processes dependent on the
prefrontal cortex, with contributions from the hippocampus for spatial working memory.
These findings align with studies showing that KCNT1 mutations impair synaptic plasticity
within the prefrontal-hippocampal circuits, leading to compromised memory functions (Matt
et al. 2021; Wu, El-Hassar, et al. 2024). KCNRQ homozygotes performed well in recognition
memory task, indicating preserved recognition memory, while KCNRQ heterozygotes
showed a trend towards a mild impairment (Figure 17E). On the other hand, further
investigation is required to make a conclusion regarding spatial and recognition memories

in these models considering the limited sample size in our experiments.

Long-term memory, evaluated through the step-through passive avoidance test, revealed
severe impairments in both models. KCNIN heterozygotes and KCNRQ homozygotes
exhibited significantly reduced latencies to enter the dark compartment, indicating impaired
retention of aversive stimuli (Figure 18). Notably, non-epileptic KCNRQ heterozygotes
performed similarly to WT controls, indicating genotype dependent deficits in KCNRQ
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homozygotes. These observations align with studies linking the impact of KCNTL1 on
memory-related mechanism and the intellectual disability observed in human patients
(Bausch et al. 2015; Wu, El-Hassar, et al. 2024; Kim and Kaczmarek 2014).

KCNIN heterozygotes exhibited a relatively milder phenotype characterized by
hyperactivity, reduced anxiety-like behaviour. Learning and memory performance in these
animals was severely impaired, while maintaining cognitive performance in working
memory task. Conversely, KCNRQ homozygotes displayed a broader range of impairments,
including reduced locomotion, reduced anxiety-like behaviour, and significant memory
deficits. These results highlight the genotype-specific impact of KCNT1 mutations on
developmental, motor, and cognitive functions, providing critical insights into the
pathophysiological mechanisms underlying KCNT1-associated epileptic encephalopathies.
These findings underscore the importance of developing targeted therapeutic strategies

aimed at preserving cognitive and behavioural functions in affected individuals.
4.3 | Morphological Changes Correlate with Epileptic Phenotype

The morphological changes identified in KCNT1 mutant models provide essential insights
into the structural alterations in the hippocampal area. Alterations in perineuronal nets, NPY
expression, and glial activation underscore the intricate interactions between neuronal, glial,
and extracellular matrix components in the pathophysiology of KCNT1-associated

epilepsies.

The increased WFA signal intensity observed in the dentate gyrus molecular layer in both
KCNIN and KCNRQ mutants, with more pronounced enhancement in KCNRQ
homozygotes, suggests extensive PNN remodelling. These extracellular matrix structures
are crucial for regulating synaptic plasticity and neuronal excitability by stabilizing synaptic
contacts and modulating ion diffusion (Wen et al. 2018). Cabungcal et al demonstrated the
protective role of perineuronal nets against oxidative stress on PV+ interneurons (Cabungcal
etal. 2013). In contrast, enhanced PNN density may impair synaptic flexibility and limit
dendritic spine remodelling, thereby fostering a hyperexcitable network and increasing
seizure susceptibility (Pollock et al. 2014). At this point, it is not clear that either PNN
remodelling is an attempt to counterbalance hyperexcited network activity or it contributes
to the pathogenesis of KCNT1-associated epilepsies by reinforcing aberrant circuit dynamics

and maintaining hyperexcitability.
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Analysis of NPY staining demonstrated genotype-specific alterations, with notably elevated
expression in mossy fibers of the CA3 stratum lucidum. While increased NPY levels were
detected in both KCNIN heterozygotes and KCNRQ homozygotes, the variability was
greater in KCNIN heterozygotes, and the effect was more pronounced in KCNRQ
homozygotes. NPY plays a critical inhibitory role by suppressing excitatory neurotransmitter
release, and its upregulation likely represents a compensatory response to prolonged
epileptic activity (Cattaneo et al. 2020). Despite this adaptive mechanism, the persistent
epileptic phenotype in KCNRQ homozygotes indicates that increased NPY expression alone

is insufficient to fully restore the excitation-inhibition balance.

Astroglial activation, as evidenced by enhanced GFAP staining in the hippocampus,
highlights the response of astrocytes against hyperexcited network. Both KCNIN and
KCNRQ mutants exhibited increased GFAP expression, with a more pronounced
astrogliosis response in KCNRQ homozygotes. Astrocytes are essential for maintaining
extracellular ion homeostasis, modulating synaptic activity, and responding to neuronal
injury. Elevated GFAP levels might be a response against increased network activity.
However, it may participate in a neuroinflammatory response, which may exacerbate
excitatory signalling (Hayatdavoudi et al. 2022). Notably, the Nissl and Isolectin B4
stainings in our models did not show cellular loss or microglial activation. Hence, our data
is supporting the hypothesis that the elevated GFAP levels reflects hyperexcited network

activity.

Collectively, the increased PNN density, elevated NPY expression, and enhanced GFAP
levels highlight significant structural and cellular remodelling in the hippocampus. These
morphological changes likely protective against to the persistence of hyperexcitable neural
networks in KCNT1 mutant models. The findings underscore the dynamic interplay between
neuronal, glial, and extracellular matrix components in sustaining epileptic activity and
emphasize the therapeutic potential of targeting these structural changes to alleviate network

hyperexcitability in KCNT1-associated epilepsies.
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44| KCNT1 Blocker Treatment in Adult Mice Fails to Reverse
Epileptic Phenotypes

The administration of KCNT1 blockers in adult KCNIN and KCNRQ mutant mice
demonstrated minimal efficacy in addressing established epileptic phenotypes. Despite
targeting hyperactive KCNT1 channels pharmacologically, neither Pimozide nor Carvedilol

significantly reduced seizure activity.

Pimozide, identified through a high-throughput thallium flux assay as a candidate KCNT1
inhibitor, was selected for its robust inhibition of KCNT1-mediated currents and favourable
pharmacokinetics Although its ability to cross the blood-brain barrier suggests therapeutic
potential, Pimozide treatment in adult KCNIN heterozygotes and KCNRQ homozygotes
failed to reduce seizure frequency (Figures 22 and 24). Electrocorticogram (ECoG) analyses
revealed persistent epileptiform discharges and disrupted cortical oscillations throughout the
treatment period (Figures 23 and 25). One possible explanation for its inefficacy is
Pimozide’s lack of specificity, as it also antagonizes dopamine D2 receptors (Tecott et al.
1986). This unintended activity may alter neuronal excitability and synaptic dynamics,
counteracting its intended effects on KCNT1-mediated hyperexcitability. Furthermore,
advanced disease progression and prolonged exposure to hyperexcitable states may have led

to irreversible circuit alterations, such as synaptic remodelling and gliosis.

Carvedilol, another repurposed compound identified via the high-throughput screening and
validated through patch-clamp electrophysiology, similarly exhibited no discernible
therapeutic benefit in adult animals. Known for its beta-adrenergic blocking properties,
Carvedilol also modulates potassium channels and acts as a functional antagonist of
serotonin 5-HT2A receptors, offering the potential for broader modulation of neuronal
excitability (Murnane et al. 2019; Benkel et al. 2022). Nevertheless, Carvedilol failed to
reduce seizure frequency or alleviate cortical hyperexcitability markers (Figures 26 and 27).
These results underscore the challenges of treating chronic epilepsy, where long-standing
maladaptive changes in neuronal and glial networks limit the efficacy of ion channel

modulation alone.

Several factors may explain the limited success of these treatments. Foremost, the
therapeutic serum levels required for KCNT1-associated epileptic encephalopathy remain
undefined. The pharmacokinetics of these drugs, including their metabolism and distribution
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to target sites, are incompletely understood. Moreover, metabolic rates likely differ between
younger and older animals, potentially influencing drug efficacy. In this study, drug levels
were measured only at the end of the treatment period, leaving gaps in understanding the
pharmacodynamic profiles during earlier phases. The inability to monitor drug levels
continuously throughout treatment introduces further uncertainty. Additionally, chronic
epilepsy induces irreversible neuronal circuit changes, including maladaptive synaptic
plasticity, gliosis, and PNN remodelling, which sustain the hyperexcitable network.
KCNTI1’s widespread expression across various brain regions adds complexity to the
therapeutic landscape, as it remains unclear whether specific regions or distributed network
alterations primarily drive hyperactivity. Furthermore, our non-region-specific drug delivery
approach may have diluted the therapeutic effect. Given the potential for cell-type-specific
impacts of KCNT1 mutations, uniformly targeting all neuronal subtypes may not effectively
rescue the phenotype. Epigenetic modifications and altered gene expression in adult animals
likely further reduce the efficacy of KCNT1 blockers.

These findings highlight the mechanistic limitations of late-stage interventions and
underscore the diminished network plasticity in adult animals. The reduced capacity for
functional recovery emphasizes the need for timely therapeutic intervention to prevent
irreversible circuit dysfunctions. Clinically, these results stress the importance of early
diagnosis and intervention to promote normal brain development and slow disease

progression.
4.5 | Early Treatment Reduces the Severity of Epileptic Phenotypes

Neonatal intervention with Carvedilol in KCNIN heterozygotes demonstrated a reduction in
the severity of epileptic phenotypes, underscoring the importance of early therapeutic
intervention in KCNT1-associated disorders. Administered via intraperitoneal injections
pre-weaning and chow embedding post-weaning, Carvedilol significantly increased the
proportion of seizure-free animals compared to untreated animals. Power spectral density
analyses revealed a trend toward reduced cortical excitability in carvedilol-treated juvenile
KCNIN heterozygote animals. Specifically, SWS beta oscillatory power tended towards
normalization compared to vehicle-treated animals. The aperiodic exponent values indicated
a potential decrease in overall cortical excitability across brain states, including REM sleep,

SWS, and wakefulness (Figure 29). These findings suggest that early carvedilol treatment
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partially modulates cortical network dynamics, reducing hyperexcitability and stabilizing
some aspects of oscillatory function. However, the observed effects remained trends rather
than statistically significant changes, emphasizing the need for further studies with larger

cohorts to confirm the efficacy of early intervention in altering cortical excitability.

Sleep architecture analysis in juvenile KCNIN heterozygote animals revealed mild
alterations compared to WT controls, including increased mean REM duration, mean SWS
duration, a slightly higher percentage of SWS episodes, and a reduced number of REM
events, although none of these differences reached statistical significance. Carvedilol
treatment did not result in significant changes to any of these sleep metrics, suggesting that
while early intervention may modulate some aspects of network excitability, it is insufficient
to restore normal sleep architecture. This highlights the need for more comprehensive
strategies targeting the underlying network dysfunctions contributing to sleep disturbances

in KCNT1-associated epilepsies.

Early intervention significantly impacted behavioural outcomes, particularly as
demonstrated by the open-field test. Non-treated and vehicle-injected animals exhibited a
slight but non-significant increase in locomotion, which was normalized by Carvedilol
treatment. However, untreated and vehicle-injected animals also showed a lack of
habituation, and early treatment did not effectively address this genotype-associated deficit.
Importantly, the heightened anxiety-like behaviour, characterized by increased thigmotaxis,
observed in non-treated and vehicle-injected animals was significantly reduced by early
Carvedilol intervention. This finding suggests that early treatment mitigates anxiety-like
behaviour, which contrasts with the normal anxiety-like behaviour of older adult KCNIN
animals in open-field experiments. The heightened anxiety in vehicle-treated animals during
the early treatment study may be attributed to age-related factors and the potential stress
effects of repeated injections. These results highlight the selective efficacy of early treatment

in addressing specific behavioural parameters while leaving others unaffected.

Histological analyses provided further insights into the limited efficacy of early intervention.
WEFA staining revealed that increased PNN density in the dentate gyrus molecular layer of
non-treated KCNIN heterozygote animals was not significantly reduced by Carvedilol
treatment (Figure 32). GFAP staining showed normal astroglia in all treatment groups
(Figure 33). Notably, the absence of astrogliosis in these juvenile animals suggests that early
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intervention occurs before significant glial activation can develop, which may be a positive

indicator of the timing and potential benefits of early treatment.

Despite its benefits, the early intervention did not fully normalize electrophysiological,
behavioural, or structural outcomes, reflecting the multifactorial nature of KCNT1-
associated epilepsies. While early treatment effectively increased the ratio of seizure-free
animals, anxiety-like behaviour, and cortical excitability, ongoing residual sleep
disturbances, persistent PNN density, and incomplete behavioural recovery suggest that
further investigation is required. The limited sample size in this study complicates definitive
conclusions about the effectiveness of Carvedilol in preventing the disorder in KCNIN
heterozygote animals. To maximize therapeutic efficacy, further investigation into the
optimal timing and dosage of early Carvedilol treatment is essential. Additionally, studies in
KCNRQ homozygotes and other KCNT1 variants could provide valuable insights into the
broader applicability of early intervention strategies.

4.6 | Synaptic Transmission Alterations Highlight E/I Balance Shift in
KCNT1 Mutants

The synaptic transmission findings in KCNT1 mutant models reveal alterations in excitatory
and inhibitory balance (E/I balance) that correlate with genotype severity and developmental
progression. Electrophysiological analyses across age groups and brain regions, conducted
by our collaborators Dr. Kunihiko Araki from Prof. Dr. Heinz Beck's lab, provide critical
insights into the mechanisms driving KCNT1-associated epileptic phenotypes. Spontaneous
synaptic currents, which include action potential-dependent vesicle release, provide a broad
measure of overall synaptic activity. In contrast, miniature synaptic currents, recorded under
conditions that block action potentials, isolate action potential-independent vesicle release
events and reflect the properties of individual synapses. Together, these approaches offer

complementary perspectives on synaptic transmission dynamics.
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Table 6: Synaptic transmission alterations in KCNT1 mutants.

Region of Age Synaptic Amplitude
Genotype Interest gWeeksz Measure Changes E/I Balance
CAl
h KCNIN Pyramidal 8 Spontaneous No change Stable
eterozygote
Cells
Sensory- Subtle shift
KCNIN Motor 8-9 Miniature =~ MEPSC:n.s. T toward
heterozygote  Cortex excitation
Layer 2/3
Sensory-
KCN I N MOtO?’/ EPSC T Mlld excitatory
S :N.s.
heterozygote  Cortex 13 Spontaneous trend
Layer 2/3
Sensory- MEPSC: ** T
KCNRQ Motor - Predominant
10 Miniature o
homozygote Cortex mIPSC: * T excitation
Layer 2/3

In 8-week-old KCNIN heterozygote animals, recordings from CA1 pyramidal cells showed
no significant changes in spontaneous IPSC or EPSC amplitude and frequency. This stability
indicates that synaptic transmission within the CA1 region is relatively unaffected. The lack
of detectable synaptic alterations suggests that early hyperexcitability in KCNIN mutants
may instead stem from disruptions in network excitability or broader connectivity deficits

rather than local synaptic transmission dysfunction.

In the sensory-motor cortex layer 2/3 of KCNIN heterozygotes, synaptic transmission
remained relatively stable, as evidenced by the absence of significant changes in spontaneous
IPSC or EPSC metrics at 13 weeks. However, a non-significant increase in SEPSC amplitude
at 13 weeks, along with similar trends in mEPSC amplitude and E/I balance amplitude at 8-
9 weeks, points to subtle shifts toward increased excitatory input over time. These mild
excitatory trends align with cortical oscillatory disruptions and behavioural impairments
observed in these mutants. Together, these findings highlight a gradual evolution of synaptic
transmission alterations, with small excitatory shifts potentially predisposing the network to

hyperexcitability.
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In contrast, 10-week-old KCNRQ homozygotes displayed pronounced synaptic changes in
the sensory-motor cortex layer 2/3 (Figure 34). Significant increases in mIPSC and mEPSC
amplitudes suggest heightened excitatory and inhibitory synaptic drive, a hallmark of severe
hyperexcitability (Figure 34A-D). Although the increase in E/I balance amplitude was not
statistically significant, the data point to a predominant excitatory drive relative to inhibition,
correlating with severe seizure activity and disrupted cortical dynamics observed in this
genotype (Figure 34E). These synaptic alterations underscore the distinct and severe
phenotype of KCNRQ homozygotes, contrasting sharply with the relatively stable synaptic
profile in KCNIN heterozygotes.
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Figure 34. Pronounced synaptic transmission alterations in the sensory-motor cortex layer 2/3
of KCNRQ homozygote animals. (A) Increased mEPSC amplitude (pA) in KCNRQ homozygote
animals compared to WT animals, highlighting heightened excitatory synaptic drive. (B) Probability
distribution of excitatory current amplitudes (pA), showing a shift toward larger excitatory events in
KCNRQ homozygotes. (C) Increased mIPSC amplitude (pA) in KCNRQ homozygote animals
compared to WT animals, indicating enhanced inhibitory synaptic input. (D) Probability distribution
of inhibitory current amplitudes (pA), demonstrating altered inhibitory event dynamics in KCNRQ
homozygotes. (E) E/l balance amplitude comparison between KCNRQ homozygote and WT
animals, showing a trend toward increased excitatory drive relative to inhibition, although not
statistically significant. These measurements were obtained from 9-10-week-old animals. For WT
animals, 18 patches were performed across 6 animals, with 2037 mIPSCs and 1080 mEPSCs
recorded. For KCNRQ homozygote animals, 15 patches were performed across 4 animals, with 1761
mIPSCs and 1012 mEPSCs recorded. Statistical analysis was conducted using an unpaired two-tailed
t-test; *p < 0.05. These results underscore the severe synaptic transmission alterations in KCNRQ
homozygotes, reflecting heightened cortical hyperexcitability.
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The synaptic changes in KCNT1 mutants likely result from a combination of intrinsic
alterations caused by gain-of-function mutations and compensatory mechanisms aimed at
stabilizing network activity. In KCNRQ homozygotes, these pronounced synaptic
abnormalities may be exacerbated by structural changes such as increased PNN density and
astrogliosis, which contribute to severe hyperexcitability. These findings align with
histological evidence of extracellular matrix remodelling and neuroinflammation,
emphasizing the multifaceted nature of synaptic transmission disruptions in KCNT1-

associated epilepsies.
4.7 | Future Directions

Several critical directions for future research have emerged to address the limitations of the
current study and can deepen our understanding of KCNT1-associated epileptic
encephalopathies. Investigating sex-specific differences might be critical, as sex hormones
may significantly influence seizure phenotypes, cortical dynamics, sleep disruptions, and
morphological changes. Evaluation of sex-specific differences could impact our treatment
efficacy and help to refine personalized medicine approaches and optimize patient
outcomes. One major limitation of this study is the relatively small sample size, particularly
for the KCNRQ line, which may have reduced the statistical power and generalizability of
certain findings. Expanding the sample size will be essential to confirm the trends observed
and validate the efficacy of early treatment interventions. Larger sample sizes will allow for

more robust conclusions regarding therapeutic potential and their broader applicability.

Electrocorticogram analyses could be extended to include interictal epileptiform discharges,
which are critical markers of hyperexcited neural networks. Quantifying these discharges
would provide a complementary measure of epileptic severity and allow for a more precise
evaluation of treatment effects. Moreover, current analyses focused exclusively on the right
hemisphere; future studies should include the left hemisphere and investigate inter-
hemispheric interactions to provide a more comprehensive understanding of network

dysfunctions and potential asymmetric epileptic burden.

This study provides critical insights into the functional consequences of KCNT1 mutations
beyond seizure activity by investigating behavioral comorbidities. On the other hand, it
requires further exploration to improve our understanding about the comorbidities of

KCNT1-associated epileptic encephalopathy. For instance, in the Object Location Memory
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test, the WT females did not show a preference for exploring the displaced object as expected
and failed to perform above the chance level. This raises questions about the validity of the
current findings and underscores the need for more rigorous experimental replication.
Additionally, recognition memory deficits have not yet been evaluated in KCNIN
heterozygote animals, leaving a gap in our understanding of potential cortex-associated
memory impairments. Furthermore, given the high expression of KCNT1 in the piriform
cortex and considering its role in the olfactory system, it is likely that mutations could affect
social interactions. Similarly, as it has been demonstrated before for a different variant of
KCNT1 (Shore et al. 2020), nest-building experiments could offer valuable insights into
innate behaviour and the stress level of the animals, adding another layer to the functional

characterization of these animal models.

DeltaFos-B staining, a marker of epileptic activity, could provide valuable region-specific
insights into the effects of these mutations. This transcription factor accumulates in response
to sustained or repeated neural activity, making it particularly useful for identifying regions
of chronic hyperexcitability. By utilizing deltaFos-B staining, future studies could pinpoint
hyperactive regions, assess their contribution to seizure propagation, and evaluate the
regional efficacy of therapeutic interventions. Advanced brain-wide imaging techniques,
such as brain clearing with subsequent light-sheet microscopy or functional ultrasound
imaging, could help identify epileptic loci and elucidate functional changes in greater detail.
These techniques will be particularly valuable for our research as they enable comprehensive

mapping of neural circuits and identification of hyperexcited regions.

The scope of this research, which focused primarily on cortical and hippocampal alterations,
should be broadened to investigate other brain regions. For instance, sleep architecture
disruptions point to impairments in cortico-thalamic circuits. These circuits play a pivotal
role in regulating sleep stages by generating and maintaining slow-wave activity and sleep
spindles during NREM sleep. Additionally, reductions in body weight suggest altered
hypothalamic activity, which could be linked to metabolic changes. Chronic stress and
elevated glucocorticoid levels, often associated with epilepsy, may further exacerbate
metabolic dysregulation (Briining and Fenselau 2023).

Further studies are needed to investigate how p.1335N and p.R950Q mutations affect the
intrinsic properties of the KCNT1 channels. While the effects of KCNT1 mutations on

intrinsic channel properties have been demonstrated for other variants (Wu, Quraishi, et al.
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2024), the specific impact of mutations used in this study remains unexplored. Addressing
this gap will provide valuable information on how these particular mutations influence
neuronal excitability and network behavior. Similarly, the cell-type-specific effects of these
mutations remain unclear. While other KCNT1 variants have been studied, the impact of
these specific mutations on distinct neuronal subpopulations could illuminate important

aspects of their functional consequences (Shore et al. 2020; Wu, Quraishi, et al. 2024).

The positive effects of Carvedilol observed in the early treatment study necessitate further
validation to determine its specific action on KCNT1 channels. Carvedilol is known to
interact with other targets, including beta-adrenergic receptors and serotonin 5-HT2A
receptors, which may contribute to its observed effects. Exploring these off-target
interactions is essential to isolate their specific role in modulating KCNT1 activity and to
clarify whether these additional mechanisms influence its therapeutic efficacy. Given that
knock-out generated and ready-to-use mice in our lab could be utilized to isolate its KCNT1-
specific effects through patch-clamp experiments on primary cortical cultures. Such studies
would clarify its mechanism of action and establish its potential as a targeted therapeutic

agent.

The efficacy of the early treatment study should be demonstrated in KCNRQ homozygote
animals using matrix-driven timed-release pellets implanted subcutaneously from P7 until
weaning. Replicating the study in KCNRQ homozygotes is essential to evaluate whether
early intervention can mitigate even more severe epileptic phenotype. The use of matrix-
driven timed-release pellets offers significant advantages by ensuring consistent and
controlled drug delivery over the treatment period, thereby reducing variability in drug
administration and enhancing the reliability of treatment outcomes. This approach would

provide more definitive conclusions regarding the efficacy of early intervention.

Finally, molecular mechanistic studies are essential to complement the morphological and
electrophysiological findings. Transcriptomic profiling can reveal cell-type-specific gene
expression changes associated with KCNT1 mutations, shedding light on how these
mutations affect distinct neuronal and glial populations. This approach can identify
dysregulated signaling pathways, providing insights into how specific cellular mechanisms
contribute to hyperexcitability and seizure susceptibility. Integrating transcriptomic data
with functional and structural findings will offer a comprehensive understanding of the
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molecular underpinnings of KCNT1-associated epilepsies, guiding the development of more

effective and targeted treatment strategies.
5. | Conclusion

This thesis provides a detailed phenotypic characterization of KCNT1-associated epileptic
encephalopathies using two patient-derived mouse models harbouring single-point
mutations: p.I1335N and p.R950Q. These gain-of-function mutations in KCNT1 result in the
hyperactivity of Na+-activated K+ channels, driving pathological hyperexcitability and
severe epileptic phenotypes. Through comprehensive assessments of neural activity, early
development, behaviour, and brain morphology, this research enhances our understanding
of disease pathology, progression and comorbidities. Moreover, the targeted therapeutic
approach by repurposing FDA approved drugs recently identified as KCNT1 blockers has

underscored the importance of intervention timing for these debilitating conditions.

The findings reveal that both KCNIN and KCNRQ models experience spontaneous seizures,
with KCNRQ homozygotes displaying markedly higher seizure frequency and severity.
Beyond seizures, significant changes in cortical oscillatory dynamics and sleep architecture
were observed. While KCNIN heterozygotes exhibited moderate oscillatory disturbances,
KCNRQ homozygotes demonstrated pronounced reductions in theta power, elevated beta
oscillations, and severe sleep impairments, reflecting the imbalance of excitation and

inhibition that underpins epileptogenesis.

Developmental and behavioural experiments revealed the impact of the mutations on body
weight and sensory-motor reflexes, with KCNRQ homozygotes experiencing more severe
impairments. A battery of behavioural testing demonstrated altered anxiety-like behaviour
and memory impairments in both epileptic lines. Furthermore, KCNIN heterozygous animals
showed hyperactivity and working memory deficits, while KCNRQ homozygotes exhibited
reduced locomotion. Morphological evaluations further revealed enhanced PNN density,
increased NPY expression, and increased astrogliosis in the hippocampal area, indicating

extensive structural remodelling.

Targeted therapeutic interventions employing repurposed drugs as KCNT1 blockers, such as
Pimozide and Carvedilol, showed partial efficacy in preventing seizure burden and network

instability when administered before the disorder manifestation in KCNIN heterozygote
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animals. However, these treatments were ineffective in reversing established epileptic
phenotypes in adult mice, underscoring the critical importance of early intervention to avert

irreversible circuit remodelling.

In conclusion, this research significantly advances the understanding of KCNT1-associated
epileptic encephalopathies by delineating the epileptic phenotypes. It highlights the intrinsic
heterogeneity of these disorders, which carries profound implications for personalized
medicine. Additionally, the pharmacological findings reveal both, the promise and
limitations of current therapeutic strategies, emphasizing the urgent need for early targeted
interventions. By characterizing the phenotypic features, this work establishes a foundation
for developing more effective and personalized treatment strategies, offering hope for

enhancing the quality of life for affected individuals and their families.
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