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Sudden unexpected death in epilepsy (SUDEP), the primary cause of mortality in
epilepsy, remains poorly understood. Studies suggest seizures may trigger dangerous signals
affecting the heart and lungs leading to collapse and death. The Kv1.1 deficiency mouse model
mirrors clinical SUDEP cases, showing spontaneous seizures, cardiorespiratory issues, and
premature death. However, this model lacks regional specificity in Kv1.1 deletion, hindering

insights into SUDEP’s mechanisms and anatomical substrates.

This dissertation employs three distinct conditional knockout (cKO) techniques to
investigate the individual roles for the forebrain, brainstem, and heart in SUDEP related
phenotypes. The findings reveal that the forebrain alone can trigger spontaneous seizures and
premature death. Additionally, the brainstem may play a significant role in regulating blood
oxygen levels and may show gender differences in respiratory measures. Lastly, Kv1.1 in the
heart is essential for cardiomyocyte action potential repolarization but does not significantly
impact overall cardiac function measured in mice. This research highlights how distinct brain
circuits contribute to SUDEP mechanisms, providing insights specifically for researchers using
the Kv1.1 deficiency model as to where the crucial anatomical substrates may be found in future

studies.
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CHAPTER 1

INTRODUCTION

1.1 Epilepsy

A quick PubMed search for “seizure” will pull up results dating back to 1849 and searching
“epilepsy” results in publications even farther back into our history to 1781. These dates don’t
even get close to the real origins of epilepsy though as this disorder has been documented since
ancient times. The first mention of epilepsy can be traced back to Mesopotamia where a 4000-
year-old tablet holds a record of what is now known as a seizure (Kaculini et al., 2021; Labat,
1951). The Babylonians were the next to have documentation of seizures, and this record was more
comprehensive including categorizing different kinds of seizures and mentions of outcomes based
on seizure type (Kaculini et al., 2021). In these most ancient times, these episodes were believed
to be the work of spirits or gods so caring for individuals with seizures mainly boiled down to
spiritual or religious intervention (Kaculini et al., 2021; Reynolds, 2005a). This belief stood for a
long time and generated a negative stigma around those with epilepsy, but Hippocrates began the
line of thinking to change this stigma around the 5™ century BC when he suggested epilepsy was
a heritable disease of the brain (Kaculini et al., 2021; Magiorkinis et al., 2010). Electrical activity
in the brain became part of the discussion in the mid-1800s, but not until Hans Berger invented the
human electroencephalogram in 1924 was this confirmed and the true underpinning of epilepsy
discovered (Binder et al., 2011; Kaculini et al., 2021; Reynolds, 2005a). Despite the work of Hans
Berger showing that evil spirits were not in fact the cause of seizures, people with epilepsy face

unfair hardships even into the modern day. Marriage restrictions, suggestions for sterilization, and
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refusal of service from public restaurants were common in the Unites States until the mid-20™

century (Epilepsy Foundation of America, n.d.; Kaculini et al., 2021; Reynolds, 2005b, 2005a).

Today, we know epilepsy as being one of the most common neurological disorders impacting
more than 3 million adults and 450,000 children in the US alone (Zack & Kobau, 2017). Epilepsy
is defined as having at least two unprovoked seizures occurring more than 24 hours apart, one
unprovoked seizure with the probability of further seizures (at least 60%) over the next 10 years,
or a diagnosis of an epilepsy syndrome (Fisher et al., 2014). Epilepsy can arise from a number of
different causes including genetic/familial causes, brain injury, brain infection, metabolic disorder,
tumors, and even idiopathic causes. Idiopathic epilepsy, which by definition has no known cause,
is prevalent, and in the US alone accounts for at least 150,000 new cases annually (Feigin et al.,

2021).

Epilepsy is defined as a chronic disorder of recurrent and unprovoked seizures, but what are
seizures? Seizures are the behaviors underlying epilepsy and result from synchronous and
inappropriate electrical signals in the brain. These signals can lead to transient behaviors such as
loss of consciousness, body tremors, hallucinations and more. The brain is made up of more than
80 billion neurons that participate in various neurocircuits which, when properly functioning, reach
a homeostatic balance of excitation and inhibition (Azevedo et al., 2009; Helmuth, 2001;
Nishiyama et al., 2005; Williams & Herrup, 1988). When the balance shifts and excitation is
greater than inhibition, seizures can manifest (Scharfman, 2007). At the cellular level, this shift
can arise from a variety of sources including depression of inhibitory GABAergic synapses,
facilitation of excitatory glutamatergic synapses, alteration of neurotransmitter release and
reuptake, and dysregulation of ionic concentrations both inside and outside the cell (Bracci et al.,

2001; Deng et al., 2014; Jane et al., 2009; Lazarevic et al., 2013; Letts et al., 1998; Rajakulendran



et al., 2012; Staley, 2015; Veeramah et al., 2013; Yokoi et al., 2012). While the list appears

comprehensive, we still do not completely understand the cellular underpinnings of epilepsy.

Much of epilepsy research has focused on treatment, and at least half of those with epilepsy
benefit from this with partial or full remission of seizures. Significantly, however, at least 1/3 of
those with epilepsy will fail to find one or a combination of drugs that can provide seizure freedom.
In fact, a Centers for Disease Control (CDC) progress report for the years 2012-2022 showed that
in the United States less than half of people taking epilepsy medication were wholly seizure free
(Centers for Disease Control and Prevention, 2022). As epilepsy has a myriad of causes, there is
no “one size fits all” treatment. Both pharmacological treatments and non-pharmacological
strategies, such as vagal nerve stimulation and deep brain stimulation, seek to restore the electrical
imbalances in the brain (Riva et al., 2021). Antisense oligonucleotides (ASOs) are another
incredibly promising avenue for treating genetic epilepsies by fine-tuning control and restoration
of proper gene expression (Dias & Stain, 2002; J. Kim et al., 2019; Matos et al., 2018). Ultimately,
the gold standard for epilepsy treatment would be to specifically tailor therapeutics to a patient’s
genetics and environment, while also considering their comorbidities, but research is currently not

yet capable of this.

1.2 SUDEP

Epilepsy can be lethal and epilepsy-related death can take many forms. For example, epilepsy
can cause death due to accidental drowning/suffocation during a seizure, status epilepticus, or
seizure-related fatal injury. There is also a version of epilepsy-related death in which a person with

epilepsy, who is otherwise healthy, dies with no other cause of death revealed by autopsy (Nashef



et al., 2012). This type of death, known as sudden unexpected death in epilepsy (SUDEP), is the
primary cause of mortality among individuals with epilepsy (Harden et al., 2016; Ryvlin et al.,
2019; Thurman et al., 2014). In fact, the risk of sudden death in people with epilepsy is 20 times
greater than the age-matched general population (Mesraoua et al., 2022; Thurman et al., 2014;
Whitney & Donner, 2019). Despite focused efforts towards understanding SUDEP, clinicians are
unable to stratify risk between different people with epilepsy nor do they have any viable
biomarkers which could help towards this effort. Furthermore, as the brain is a complex organ with
billions of neurons and synapses, research also seeks to understand the anatomical substrates which
may be playing central roles in SUDEP mechanisms and therefore could be specifically targeted
by therapeutics. While research has not been able to completely describe the pathological events
underlying SUDEP, several risk factors have been revealed. These include the presence of frequent
generalized tonic-clonic seizures, intractable epilepsy, seizures at night, young onset of seizures,
long seizure duration, and a long history with epilepsy (DeGiorgio et al., 2018; Shankar et al.,

2017).

While there is a gap in the understanding of SUDEP mechanisms, there is knowledge of
SUDERP risk genes. These genes are largely, but not all, ion channels and include SCN1A, SCN1B,
SCNBA, SCN2A, KCNA1, GNB5, and DEPDC5 (Bagnall et al., 2017). Importantly, there are
instances of SUDEP which do not share these genes, but in understanding how these genes
contribute to SUDEP, we can better our understanding of the mechanisms that may be shared
across different etiologies. For the ion channel genes that are known as risk factors, mutations in
the sodium channel genes (SCN1A, SCN1B, SCN8A, SCN2A) tend to increase hyperexcitability of
neurons which either directly leads to aberrant glutamatergic signaling or may lead to altered

interneuron firing which can tip the excitation-inhibition balance in the brain (Catterall, 2012). In



the case of KCNAL, mutations lead to dysfunctional repolarization which typically helps the
neurons return to rest for the appropriate time before firing again (Jan & Jan, 2012). Mutations in
this gene facilitate more continuous firing which can lead to seizures and potentially SUDEP. It is
important to note that there is no single genome wide significance for any one gene, and SUDEP

is likely incredibly complex and heterogenous (Kearney, 2012).

The 2013 Mortality in Epilepsy Monitoring Units Study (MORETMUS) provided a strong
initial hypothesis into the cascade of events during the terminal seizure. In people with epilepsy
who succumbed to SUDEP, there was a consistent pattern of a generalized tonic-clonic seizure
which ended in generalized EEG suppression (Ryvlin et al., 2013). Additionally, it was noted that
terminal apnea preceded terminal asystole suggesting a heightened role for respiration in SUDEP
pathology (Ryvlin et al., 2013). Furthermore, it has been reported that post-convulsive central
apnea may be important in SUDEP pathophysiology as it is also present in near-SUDEP and
possible SUDEP cases (Vilella et al., 2019). Despite the “respiration first” hypothesis for SUDEP,
the heart is also playing a vital role and simply takes longer to cease functioning as there are
pacemaker cells which can continue to facilitate beats in the absence of a neural signal. The
MORTEMUS study, while invaluable to the SUDEP field, has its drawbacks. These limitations
include the patients being weaned off anticonvulsant drugs at the time of death and the monitoring
of respiration by visual inspection of chest movement only (Ryvlin et al., 2013). Collectively,

however, these studies indicate the importance of brain-heart-lung dynamics in SUDEP.

There are several working hypotheses surrounding SUDEP mechanisms, one of which is the
adenosine hypothesis. Proposed by Shen et al in 2010, this hypothesis suggests that seizure induced
elevations in adenosine are a primary contributor to SUDEP (Shen et al., 2010). Adenosine, a brain

neurotransmitter, is produced from the breakdown of adenosine triphosphate during periods when



the brain is utilizing a high level of energy such as during a seizure (Boison, 2012; Peng et al.,
2020). During a seizure, the production of adenosine acts as an anticonvulsant to help terminate
the epileptic event and prevent ongoing seizures from occurring (Boison, 2011, 2012; Lado &
Moshé, 2008; B. S. Purnell et al., 2023; Shen et al., 2010). Adenosine is able to travel across the
brain through paracrine transmission and act on Al presynaptic receptors to facilitate seizure
termination(Agnati & Fuxe, 2014; Canas et al., 2018). Adenosine can also act on A2A receptors
which produces a proconvulsive response (Canas et al., 2018). Furthermore, adenosine has been
shown to contribute to the postictal respiratory depression seen in animal models and people with
epilepsy following a generalized seizure event (Moseley et al., 2012; B. Purnell et al., 2021; Seyal
et al., 2012). There are several pieces of clinical evidence linking adenosine and SUDEP. Firstly,
there is clinical evidence linking increases in adenosine levels in real time with seizures (During
& Spencer, 1992). Both adenosine receptors and the enzyme which breaks down adenosine
triphosphate into adenosine (adenosine kinase; ADK) have altered expression levels in people with
epilepsy (Aronica & Crino, 2011; Barros-Barbosa et al., 2016; Weltha et al., 2019). Thus,
adenosine can be seen as a “double-edged sword” which must be properly balanced for people
with epilepsy to benefit from the anticonvulsant effects and prevent the proconvulsant and

respiratory depressive activity.

The serotonin hypothesis is another proposed mechanism of SUDEP and suggests that SUDEP
prevention can be attained through increasing the bioactivity of serotonin (5-hydroxytryptamine;
5HT) (Tupal & Faingold, 2006). A large proportion of the literature suggests serotonin acts as a
natural anticonvulsant; however, it should be noted that research also exists supporting its role as
a proconvulsant (Dailey & Naritoku, 1996; Gilliam et al., 2021; Jobe & Browning, 2005;

Johannessen Landmark et al., 2016; Kanner, 2016; Kondziella & Asztely, 2009; Petrucci et al.,



2020). As suggested from the MORETEMUS study, respiratory failure is one of the initiating
events in the SUDEP pathological cascade, suggesting that SUDEP can also be viewed as a failure
to restart proper respiration (Ryvlin et al., 2013). Physiologically, there are three primary
mechanisms which should initiate in response to attenuated respiration. These include
autoresuscitation (gasping) to quickly increase blood oxygen levels, the hypercapnic ventilatory
response that enhances respiration in response to increased blood CO; levels, and the hypoxic
ventilatory response which increases respiration due to decreased blood oxygen levels (Corcoran
& Milsom, 2009; Dosumu-Johnson et al., 2018). Interestingly, all of these mechanisms involve
serotonin to mediate these responses (Corcoran & Milsom, 2009; Dosumu-Johnson et al., 2018).
Clinically, it has been shown that people with epilepsy taking selective serotonin reuptake
inhibitors (SSRIs) for comorbid depression showed significantly less respiratory depression than
those people with epilepsy who are not on SSRIs (Bateman et al., 2010; Lacuey et al., 2019).
Furthermore, postmortem SUDEP cases exhibit both reduced numbers of brainstem serotonergic
neurons and a reduction in the enzyme which synthesizes serotonin (Patodia et al., 2021, 2022).
Collectively, this hypothesis suggests that preemptively increasing serotonin in people with

epilepsy may be able to reduce SUDEP risk.

It is critically important to stress that there is no single SUDEP hypothesis that is universally
accepted, or which explains all elements of SUDEP discovered thus far. In addition to adenosine
and serotonin, postictal generalized electroencephalographic suppression (PGES), autonomic
dysfunction (mentioned below), and cardiac arrhythmias are also proposed SUDEP mechanisms
(Devinsky et al., 2016; Singh et al., 2023). Beyond seizure-induced respiratory arrest, apnea can
be caused by laryngospasm-induced mechanisms which have been associated with

cardiorespiratory abnormalities and mortality in animal seizure models (Irizarry et al., 2020;



Stewart et al., 2020), as well as oxygen desaturation and cardiac dysfunction in people (Lacuey et
al., 2018; Murray et al., 2010; Tavee & Morris I1l, 2008). PGES occurs when there is postictal
reduction of cerebral activity which can increase SUDEP risk by shutting down communication in
important cardiorespiratory regions (Lhatoo et al., 2010; Peng et al., 2017; Poh et al., 2012). PGES
has been shown to last longer in people who ultimately die from SUDEP (Lhatoo et al., 2010).
Lastly, cardiac dysfunction is heavily associated with both seizures and SUDEP. People with
epilepsy are at a 2.8-fold increased risk of cardiac arrhythmias compared to the general population
(Verrier et al., 2020). Furthermore, those with high risk of SUDEP due to intractable epilepsy and
those who have experienced near SUDEP often display significant cardiac arrhythmias (Espinosa
etal., 2009; Serdyuk et al., 2021; Sivathamboo et al., 2022; van der Lende et al., 2015). Ultimately,
SUDEP appears heavily linked to the brain, heart, and lungs and these systems all have to be taken

into account when trying to understand SUDEP mechanisms.

1.3 Autonomic Nervous System

Research has emphasized cardiac and respiratory dysfunction and eventual failure as two of
the leading pathological events in SUDEP. The autonomic nervous system (ANS) is known to be
the master regulator of the heart and lungs which suggests it may play an important pathological
role in SUDEP. The ANS is comprised of sympathetic, parasympathetic, and enteric systems
which project to nearly every part of the body (Wehrwein et al., 2016). The vagus nerve (part of
the parasympathetic system) alone runs from the brain down into the reproductive organs
highlighting the vast expanse and influence of the ANS. The role of the ANS is to internally detect
changes in the body and transmit signals to and from the brain through sensory and motor fibers,

with the goal of prompting responses that address the body’s immediate requirements (Wehrwein
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etal., 2016). The traditional ANS circuitry resides in the brainstem where it receives sensory inputs
that are relayed to the appropriate brain regions in order to achieve the proper response. The
brainstem is comprised of the midbrain, pons, and medulla and the ANS circuity runs throughout
all three regions (Benarroch, 2020). Importantly, the nucleus of the solitary tract (NTS), which lies
in the medulla, is the primary nuclei which receives inputs from the body (Holt & Rinaman, 2022).
The brainstem is not, however, the only important region for the ANS as there are many regions
in the forebrain which can communicate with the brainstem to regulate how the system responds
to inputs. These connections can be both direct and indirect, and include regions such as the cortex,
hippocampus, and amygdala (Allen et al., 2019; Mueller et al., 2014, 2018). Together, the ANS
can be loosely broken down into the classical brainstem circuitry and forebrain limbic circuitry

which work together to ultimately maintain proper regulation of the body.

The forebrain and brainstem regions of the ANS are known to communicate heavily with one
another, as well as show alterations in epilepsy and SUDEP. Firstly, there is evidence supporting
communication between the amygdala and rostral ventrolateral medulla in the brainstem showing
the amygdala’s role in respiratory control (Feinstein et al., 2022; Ritz et al., 2020; Yang et al.,
2020). Furthermore, the periaqueductal gray (PAG) in the midbrain acts as a central “suffocation
alarm” and has anatomical connections to the amygdala furthering this respiratory link (Huang et
al., 2019; Schimitel et al., 2012). Imaging studies revealed that SUDEP cases with temporal lobe
epilepsy (TLE) show more severe and widespread mesencephalic volume loss in the PAG, dorsal
pons, and upper medulla oblongata compared to TLE patients alone (Mueller et al., 2014). In fact,
widespread brainstem volume loss is present in the final scan for people who died from SUDEP,
and the degree of damage correlates with survival time (Mueller et al., 2018). Not only is the

regional brain volume reduced, but this is functionally linked to reduced heart rate variability



(HRV) in epilepsy patients (Mueller et al., 2018). Furthermore, these autonomic brainstem regions
share communication with the forebrain, including the hippocampus, amygdala, and prefrontal
cortex (Mueller et al., 2014; Nieuwenhuys et al., n.d.). TLE patients with a high risk of SUDEP
exhibit functional connectivity differences between these key autonomic brain regions (Allen et
al., 2019). Additionally, at rest functional connectivity differences are prevalent in the thalamus-
brainstem circuit of those at high risk for SUDEP (Tang et al., 2014). Collectively, this evidence
demonstrates that brain volume alterations have functional consequences in regions which are vital
for cardiorespiratory function and recovery that may augment SUDEP risk and aid in

understanding anatomical substrates of SUDEP pathomechanisms.

1.4 Modeling SUDEP

Preclinical animal models have allowed for better understanding of the anatomical substrates
and mechanisms contributing to SUDEP and SUDEP risk (R. Li & Buchanan, n.d.).
Cardiorespiratory dysfunction is one shared phenotype across several mouse models. In the
DBA1/2 audiogenic seizure model, seizures induced respiratory arrest followed by cardiac arrest
and death mimicking phenotypes seen in the MORTEMUS study (Feng & Faingold, 2017; Ryvlin
etal., 2013). The RyR2 R176Q point mutant mouse has rare spontaneous seizure and sudden death
events, associated with apnea, cardiorespiratory collapse, and death (Aiba et al., 2016). This
respiratory-then-cardiac dysfunction phenotype is also shared with the genetic Kcnal knockout
(KO) preclinical mouse model during spontaneous seizures, and this model also shows cardiac
abnormalities that increase in prevalence during the ictal period (H. Dhaibar et al., 2019; Glasscock
etal., 2010; K. A. Simeone et al., 2018). Importantly, the Kcnal model is especially advantageous

because the seizures are spontaneous and do not have to be provoked in order to see
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cardiorespiratory dysfunction. Another genetic model, the Scnla mouse (both the R1407X point
mutant and heterozygous knockout), displays ictal bradycardia leading to SUDEP, and death can
be prevented through respiratory rescue by mechanical intervention and the drug atropine
(Auerbach et al., 2013; Kalume et al., 2013; Y. Kim et al., 2018). This model also shows interictal
cardiac arrhythmias and HRV abnormalities (Auerbach et al., 2013; Kalume et al., 2013).
Interestingly, the Kcnal mouse model also displays similar interictal deficits (H. Dhaibar et al.,
2019). The Scnla model has also provided insights into the timing of events, as both nonfatal
seizures and SUDEP were observed to occur more in the dark phase, and seizure frequency
increased the day before death (Teran et al., 2019). Another sodium channel mutant, Scn8a
N1768D point mutant mice, also show spontaneous seizures and death which is both dependent
on gene dose and region of the brain that the mutant channel is expressed (Lopez-Santiago et al.,
2017; Wagnon et al., 2015). Lastly, SUDEP research can be performed in higher order animal
models. In a sheep model of status epilepticus, it was shown that the mechanisms of death shared
substantial overlap with proposed SUDEP mechanisms (Simon, 1997). There is also research using
an epileptic baboon and sudden unexpected death in these animals presented with a similar
pathology to SUDEP (Akos Szab6 et al., 2009). Importantly, there is no perfect model for SUDEP,
and research uses a combination of genetic and acquired epilepsy models to try to understand the
complex multisystem failure in SUDEP. Many models share similar phenotypes and
characteristics, however, which suggests the information gathered from one model may be
applicable across many models and ultimately may translate to the clinic. The work in this
dissertation uses the preclinical Kcnal mouse model, and the gene and model are further described

in the subsequent sections.
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1.5 KCNA1

*The content in this section is adapted from my two first-author reviews (Paulhus et al., 2020;

Paulhus & Glasscock, 2023)

The KCNA1 gene encodes the 495 amino acid (aa) Kv1.1 voltage-gated potassium (Kv)
channel a-subunit (Choi & Choi, 2016; D’ Adamo et al., 2015). KCNAL is one of 40 human Kv a-
subunit genes that are spread across 12 different gene subfamilies (Kv1-12) (Ranjan et al., 2019).
Kv channels, such as Kv1.1, play important roles in regulating neuronal excitability by controlling
the action potential shape, repolarization, and firing properties (Jan & Jan, 2012). Kv1.1 is
uniquely suited for counterbalancing depolarizing inputs and preventing excessive neuronal
excitation because it has a much lower activation threshold and faster onset rate than other
members of the Kv1 family, which includes Kv1.1-Kv1.8 (Ovsepian et al., 2016). Kv channels
are comprised of four a-subunits which associate as homo- or hetero-tetramers to form a functional
transmembrane pore (Parcej D.N. et al., 1992; V. E. S. Scott et al., 1994; H. Wang et al., 1993).
To form a complete channel complex, a-subunit tetramers also associate with up to four accessory
B-subunits that can impact channel gating, assembly, and trafficking (Pongs & Schwarz, 2010). In
the brain, Kv1.1 associates with Kv1.2 and/or Kv1.4 a-subunits to form heterotetramers, but
evidence is lacking for the presence of Kv1.1 homotetramers in the central nervous system (CNS)
(Coleman et al., 1999). In fact, biochemical experiments isolating Kv1.1 have shown that this
subunit is nearly always in combination with Kv1.2 in central neurons, whereas it assembles with
Kv1.4 or possibly as homotetramers in peripheral non-myelinated axons (Ovsepian et al., 2016).
Although Kv1.1, Kv1.2, and Kv1.4 subunits are all abundant in the brain, their expression and
channel composition vary depending on the brain region, cell type, and subcellular localization

(Robbins & Tempel, 2012). Interestingly, Kv1.1 levels are lowest in the cerebellum and
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hippocampus, implying a low copy number in heterotetramers in these brain regions (Ovsepian et
al., 2016). The relatively low representation of Kv1.1 in these brain structures combined with its
distinctive biophysical characteristics, which cannot be completely compensated for by other Kv1
subunits, has been hypothesized to cause a low functional reserve that renders the cerebellum and
hippocampus especially vulnerable to Kv1.1 deficits (Ovsepian et al., 2016). KCNA1 is also
expressed in the heart where it has been shown to be an important mediator of action potential

repolarization in the atria, ventricles, and sinoatrial cells.

Each Kv a-subunit has six transmembrane (TM) spanning segments (helices S1-S6) joined by
alternating extra- and intracellular linkers (Figure 1). The S1-S6 TM helices comprise the
functionally critical voltage-sensing and pore domains. Helices S1-S4 form the voltage-sensing
domain of the protein, with S4 playing a specifically important role as the voltage sensor (Miceli
et al., 2015). Evenly spaced positive charges across S4 allow this helix to acutely sense changes in
voltage across the membrane; together with S3, these helices form a voltage sensor paddle that can
change conformation to alter the state of the channel (Bezanilla, 2000; Bhuyan & Seal, 2015;
Miceli et al., 2015). The pore region of the channel, which allows ion flux through the membrane
and acts as a K* selectivity filter, is formed by S5 and S6 (Ranjan et al., 2019). The S4-S5
intracellular linker communicates changes in the voltage-sensing domain to the pore domain and
thus can initiate a shift between the open and closed states of the pore (Bhuyan & Seal, 2015;
Miceli et al., 2015). The intracellular N- and C-terminal domains of each Kv a-subunit also
regulate channel function. While the mechanisms are not fully understood, evidence suggests that
the C-terminus influences channel tetramerization and membrane targeting (Rea et al., 2002),
while the N-terminus participates in both channel inactivation and subunit assembly (Hoshi et al.,

1990; M. Li et al., 1992).
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At least 65 different pathogenic mutations have been identified in the human KCNAL gene and
they are implicated in a number of different clinically relevant disorders. The first disease
attributed to KCNAL1 was the movement disorder episodic ataxia type 1 (EAL). EAL was first
identified in 1975 by Van Dyke and colleagues when they described a family with a movement
disorder accompanied by myokymia, which is characterized by muscle rippling (Van Dyke, 1975);
however, it was not until much later, in 1994, that Browne et al. identified KCNA1 as the genetic
cause of EA1 (Browne et al., 1994). In addition to EA1, over the years mutations in KCNAL have
also been implicated in myokymia, epilepsy, hypomagnesemia, paroxysmal Kinesigenic
dyskinesia, as well as comorbidities such as intellectual disability and respiratory abnormalities.
Furthermore, mutations in KCNA1 are primarily loss-of-function (LOF) or dominant negative, but
more recently there have been two gain-of-function mutations described clinically (Miceli et al.,

2022; Miller et al., 2023; Yuan et al., 2020).
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Figure 1.1. Map of KCNA1 mutations associated with human disease. Human mutations in
KCNA1 were mapped across the protein and color-coded to indicate their clinically documented
disease association. Circles with multiple colors represent mutations with multiple phenotypes.
Multiple circles at a given amino acid position represent different amino acid substitutions at that
location (e.g., A242P/S/T) and their associated disease manifestation. The blue star indicates the
RNA editing position. The identity of the various transmembrane domains is indicated as S1-S6.
Abbreviations: EAL, episodic ataxia type 1; PKD, paroxysmal kinesigenic dyskinesia.

Understanding genotype—phenotype correlations for KCNAL channelopathy is challenging
because mutations can result in a variety of different diseases, which often occur in combination
(Figure 1). Historically, three diseases have been predominantly associated with KCNA1
mutations, namely episodic ataxia type 1 (EA1), myokymia, and epilepsy. Among these, the most
common is EAL, a rare genetic paroxysmal movement disorder that can be triggered by stress
resulting in impaired voluntary movements such as walking (Choi & Choi, 2016; Graves et al.,
2014; Imbrici et al., 2017). Out of the approximately 65 known pathogenic or likely pathogenic
KCNAL mutations, 69% cause EA1 (Table 1). Myokymia is the second most common, linked to

52% of KCNA1 variants and usually occurring in combination with EA1. Myokymia is
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characterized by episodes of involuntary muscle rippling arising from abnormal peripheral nerve
activity (Chen et al., 2007). The third most common phenotype associated with KCNA1 variants
is epilepsy or seizures, accounting for approximately 32% of mutations. Clinical case reports often
describe patients experiencing seizures without stating an official epilepsy diagnosis, so this
category comprises patients with either documented epilepsy or seizures. Although not
traditionally recognized, it is now becoming increasingly apparent that musculoskeletal
abnormalities and nystagmus can also be features of KCNAL channelopathy, occurring in 17% and
6% of KCNA1 mutations, respectively (Paulhus & Glasscock, 2023). Importantly, at least 60% of
KCNAL mutations cause more than one type of disease (Paulhus & Glasscock, 2023). This high

degree of comorbidities complicates simple genotype—phenotype correlations.

The location of the mutation within the protein apparently plays a role in determining the type
of disease that manifests. Epilepsy-causing mutations are most common in the S5-S6 pore domain,
with the most severe forms of the disease associated with the PVP motif of S6. EA1 and
myokymia, the most common diseases associated with KCNA1 variants, show relatively even
mutation distributions across the various protein domains. However, mutations in the S1 domain
and in S2 and S2-S3 linker domains appear to have particularly high associations with EA1 and

myokymia, respectively.
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Protein No. Disease or Symptom

Domain Mutations EA1 Myokymia Epilepsy M3k Respiration Nystagmus

N 3 33% 0% 0% . 0% 0%
51 8 _ 13%  25% 0% 13%
$1-52 0 0% 0% 0% 0% 0% 0%
52 8 5%  13% 0%
52-53 4 5%  25% 0%
s3 7 20% 0% 0%
53-s4 i 0% 0%
S4 6 7% 1% 33%
S4-55 4 0% 0%
S5 7 0% 14%
S5-56 2 0% 0%
56 14 21% 0%
C 1 0% 0% 0%
Total 65 52% 2% 17% 9% 6%

Table 1. Disease rates for pathogenic or likely pathogenic KCNAL variants in different protein
domains. The values shown represent the percentage of mutations in each Kv1.1 protein domain
associated with the listed disease or phenotype. The individual cells of the table are color-coded
in a heat map where white is the lowest value, and the darkest shade of blue is the highest.
Percentages were calculated by dividing the number of mutations associated with the listed disease
or symptom in the designated domain by the total number of mutations in that domain.
Abbreviations: EA1, episodic ataxia type 1; MSk, musculoskeletal abnormalities.

1.6 Kcnal Mouse Models

The Kcnal KO mouse model was created in 1998 by Smart and colleagues when they used
electroporation of embryonic stem cells to insert a vector which, through homologous

recombination, replaces the entire Kv1.1 open reading frame with a neomycin cassette (Smart et
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al., 1998). These mice were generated on a 129Sv x N:NIHS-BC genetic background and exhibited
spontaneous seizures with approximately 50% of the mice dying between the third and fifth week
of life (Smart et al., 1998). The seizure and premature mortality phenotypes were extremely
penetrant, exhibiting similar degrees of severity in three other mouse genetic backgrounds (Smart
et al., 1998). Not only is this model useful for the study of spontaneous seizures and SUDEP-
related mechanisms, but research also suggests this model has applicability for understanding
developmental epilepsies. Kcnal KO mice exhibit enhanced seizure susceptibility beginning at a
young age around day P10 before the onset of spontaneous seizures (Rho et al., 1999). Early in
life, Kcnal is also critical in the regulation of postnatal neurogenesis by maintaining proper

membrane potential in neural progenitor cells to prevent aberrant proliferation (Chou et al., 2021).

Kcnal mouse models have been valuable for understanding the influence of genetic modifier
mutations that exacerbate or suppress disease penetrance or expressivity. In support of this, several
gene mutations that modify epilepsy phenotypes in Kcnal KO mice have been identified. The first
genetic modifier identified was the mouse tottering (tg) mutation, a partial LOF allele of the P/Q-
type calcium channel a-subunit Cacnala, which was crossed into Kcnal KO mice. The tg mice
display spike-wave absence-like seizures as well as ataxia (Fletcher et al., 1996; Noebels &
Sidman, 1979). Double mutant Kcnal™™; Cacnala'¥ mice exhibit reduced seizure frequencies
and drastically improved survival (Glasscock et al., 2007). Thus, a partial LOF mutation in a gene
implicated in EA2 (i.e., Cacnala) alleviates abnormalities due to the absence of the gene
responsible for EAL (i.e., Kcnal). Another study identified Mapt as a modifier of Kcnal (Holth et
al., 2013). Mapt encodes the microtubule binding protein tau, which is known to regulate
microtubule stability and axonal trafficking and is implicated in Alzheimer’s disease (Dixit et al.,

2008; J. Z. Wang & Liu, 2008). Kcnal™™ mice carrying Mapt™~ mutations exhibit reductions in

18



seizures and improved survival (Holth et al., 2013). The BCL2-associated agonist of cell death
(Bad) gene has also been identified as a third genetic modifier of Kcnal (Foley et al.,
2018). Kcnal™; Bad™ mice outlive Kcnal™™ mice and exhibit reduced seizure severity (Foley et
al., 2018). Heterozygosity for a deletion in the Scn2a voltage-gated sodium channel a-subunit gene
acts as a protective modifier in Kcnal KO mice, decreasing the seizure burden while improving
lifespan and brain—heart dynamics (Mishra et al., 2017). Furthermore, doubly heterozygous
Scn2a*; Kcnal”™ mice exhibit ameliorated autism-like phenotypes compared to singly
heterozygous Scn2a and Kcnal mice alone (Indumathy et al., 2021). Scn8a and Slc7all are the
two most recently identified genes that can modify aspects of epilepsy in Kcnal KO mice. In a
study exploring the efficacy of ASO therapy for the treatment of epilepsy, a reduction
in Scn8a brain expression levels by ASO was found to extend the lifespan of and delay SUDEP
onset in Kcnal KO mice; however, seizure burden was not significantly improved (Hill et al.,
2022). In a second study, Slc7all; Kcnal double KO animals were generated to investigate
mechanisms of neurogenesis and epileptogenesis (Aloi et al., 2022). Genetic knockout
of Slc7all was found to have unique modifying effects in Kcnal KO mice, improving the
megencephaly phenotype associated with Kcnal deletion but not significantly changing seizure
severity or SUDEP incidence (Petersson et al., 2003). Thus, the Slc7all mutation seems to have
beneficial effects on aberrant postnatal neurogenesis in Kcnal KO mice without significantly

altering epileptogenesis. These genetic interactions demonstrate that Kcnal-related phenotypes

can be dramatically modified by second-site gene mutations.

Further evidence of potential genetic modifiers can be observed by the presence of phenotypic
differences between Kcnal KO mice maintained on different genetic backgrounds. While

all Kcnal KO mice exhibit epilepsy and sleep deficits, they can also manifest differences in
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mortality and respiratory deficits depending on the genetic background of the mouse strain. Kcnal
KO mice with a C3HeB/FeJ genetic background begin seizing and dying at about 5 to 7 weeks
old, leading to a mortality rate of 100% (Moore et al., 2014; K. A. Simeone et al., 2016). In
contrast, Kcnal KO mice with a Black Swiss genetic background exhibit seizures and death with
an earlier onset of 2 to 3 weeks old, but only about 75% of animals die prematurely, usually by the
6th week of life (Glasscock et al., 2007; Smart et al., 1998). The two strains also exhibit potential
differences in respiration. C3HeB/FeJ-strain knockout mice display increases in apnea frequency,
whereas Black Swiss-strain knockout mice show a decrease (H. Dhaibar et al., 2019; K. A.
Simeone et al., 2018). These examples of strain variation provide additional evidence that genetic
modifiers can alter the penetrance and expressivity of phenotypes associated
with Kcnal mutations. However, environmental factors may also influence phenotypic differences

between Kcnal KO strains since the mice are maintained in different laboratory facilities.

The importance of cardiorespiratory dysfunction to SUDEP mechanisms has been shown by
various labs using the Kcnal mouse model. Cardiorespiratory profiling using simultaneous
electroencephalogram-electrocardiogram-plethysmography (EEG-ECG-pleth) showed that Kcnal
KO mice have frequent cardiorespiratory abnormalities during seizures with respiratory deficits
preceding cardiac dysfunction similar to what was reported in the MORTEMUS study (H. Dhaibar
etal., 2019; Ryvlin et al., 2013). Furthermore, this study reported substantial interictal respiratory
dysfunction including increases in respiratory variability and a unique generalized absence of
apneas (H. Dhaibar et al., 2019). One lab reported that respiratory dysfunction in Kcnal KO mice
progressively worsens closer to sudden death and that young mice that die following chemically-
provoked seizures exhibit respiratory patterns resembling the older KO mice that die naturally (K.

A. Simeone et al., 2018). Kcnal KO mice at high risk for SUDEP show higher degrees of
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intermittent bradycardia and administering the cardiorespiratory modulator Orexin (a dual orexin
antagonist) improves oxygen saturation, decreases heart rate variability, and increases longevity
in these mice (lyer et al., 2020). Importantly, one study showed the presence of Kv1.1 in nearly
every cardiorespiratory and chemosensory center in the brain solidifying the importance of this
gene to heart and lung function (H. A. Dhaibar et al., 2021). In fact, this paper also showed that
Kcnal KO mice had significant gliosis in these regions linking the absence of Kv1.1 to seizures
and pathological disturbances in these vital cardiorespiratory regions (H. A. Dhaibar et al., 2021).
Furthermore, a different study showed that restricting Kcnal deficiency specifically to neurons of
the brain largely recapitulated both ictal and interictal phenotypes seen in global Kcnal KO mice,
suggesting these phenotypes are specifically driven by the brain and not due to intrinsic

dysfunction of the heart or lungs (Trosclair et al., 2020).

Kcnal-KO mice have been utilized to test potential therapeutic strategies towards both seizure
reduction and protection from premature mortality. In Kcnal KO mice, the evaluation of
pharmacoresponsiveness for epilepsy treatment was aided by administering already approved
drugs such as carbamazepine, levetiracetam, phenytoin, and phenobarbital (Deodhar et al., 2021).
Only phenobarbital confers seizure freedom across all mice treated, while the other drugs are only
partially effective (Deodhar et al., 2021). Treating Kcnal KO mice with the KCNQ channel
activator, retigabine, reduces spontaneous seizures by 60% (Vanhoof-Villalba et al., 2018).
Adrenocorticotropic hormone treatment in Kcnal KO mice prevents impairment of long-term
potentiation and restores spatial learning and memory in the Barnes maze test without altering the
frequency of seizures (Scantlebury et al., 2017). Though the seizures remained, drugs which can
prevent the comorbid learning and memory deficits are just as important and can help people with

epilepsy live more neurotypical lives. Interestingly, more recent work has focused on the
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generation of highly selective potassium channel openers derived from glycine which has
successfully produced an opener that is specific for Kv1.1 and not its closest relative Kv1.2
(Manville & Abbott, 2020). Future work implementing these sorts of therapies into mice such as
the Kcnal KO model will be a critical step towards seeing if these novel drugs could be translatable

to the clinic.

There is a substantial portion of Kcnal KO mouse literature devoted to testing the efficacy of
the high fat, low carb ketogenic diet as a potential therapeutic. Treating mice with this diet has
been shown to get rid of seizure periodicity and restore rest-activity rhythm values to wildtype
levels (Fenoglio-Simeone et al., 2009). Comparing the effects of the ketogenic diet to the
antiseizure drug phenobarbital showed both were effective in reducing seizures, but the ketogenic
diet was uniquely able to preserve cell numbers in the hippocampus (K. A. Simeone et al., 2021).
Importantly, there is evidence that the time of treatment factors into the ketogenic diet’s efficacy
as merely the difference in treating at P30 versus P25 results in greater lifespan at the earlier
therapeutic point (Chun et al., 2018). Also, this same research showed that females on the
ketogenic diet live longer than the males in their same treatment cohort, suggesting sex is also a

critical factor to therapeutic efficacy (Chun et al., 2018).

The Kcnal KO mouse model has been pivotal in showing that Kv1.1 is both present and
functionally active in the heart. Original studies of Kcnal believed that the gene was only
expressed in the brain, but more current research has shown its presence in multiple areas in the
heart. Global Kcnal knockout mice were shown to have prolonged atrial action potential
repolarization which was most notable in the right atria (Si et al., 2019). Furthermore, applying
the Kvl.1-specific blocker dendrotoxin-K (DTX-K) to wildtype atrial cells reproduced this

repolarization deficit showing the prolongation is due to the lack of Kv1.1 (Si et al., 2019). The
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ventricles were also shown to be impacted by Kv1.1 deficiency. Kcnal KO mice displayed features
of cardiac contractile dysfunction including decreased ejection fraction and fractional shortening
(Trosclair et al., 2021). Electrophysiology of Kcnal knockout ventricles also showed prolonged
action potentials similar to atrial cells (Trosclair et al., 2021). Significantly, histological evidence
has also shown the presence of Kv1.1 in human ventricular cells suggesting the work done in mice
is translatable to humans (Trosclair et al., 2021). To date, there remains no research into the
consequences of heart-specific Kcnal deficiency at the whole animal level, nor is there published
research into the contributions of Kcnal in the sinoatrial node. The final chapter of my dissertation
(Chapter 4) comprises contributions | have made towards helping to answer these questions

alongside other members of the lab.

In addition to the more heavily studied Kcnal global KO mouse model, there are other
Kcnal mutant models which have aided studies into the gene’s function. Likely the second most
common Kcnal mouse model is the KcnalV4%~* mouse which was generated to match the human
V408A mutation that was identified as causing EAL (Herson et al., 2003). This model has been
useful in understanding how mutations in Kcnal can mechanistically lead to the stress-induced
motor incoordination typical of EA1, as well as serve as a model to test potential therapeutics
(Herson et al., 2003). Another mouse model, the megalencephaly (mceph) mouse, carries a
truncation early in the Kcnal gene at amino acid 230 and uniquely presents with both epilepsy and
unsteady gait? properties bridging phenotypes between EAL and epilepsy (Persson et al., 2005;
Petersson et al., 2003; Rae Donahue et al., 1996). Using N-ethyl-N-nitrosurea mutagenesis, a rat
model was generated with a S309T mutation in Kcnal which phenotypically presents with
myokymia, neuromyotonia, seizures, and premature death, which are relevant phenotypes seen in

clinical cases with KCNAL mutations (Ishida et al., 2012). More recently, CRISPR/Cas9 was used
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to generate zebrafish that were homozygous for a null allele of the homologous Kcnala gene
mutant, causing them to exhibit features of both EA1 and epilepsy (Dogra et al., 2023). This model
is extremely useful, as it can be used as a more high throughput system for drug testing as it has
already been shown that carbamazepine is able to suppress hyperexcitability in these fish (Dogra
et al., 2023). Ultimately, there is no perfect model of SUDEP, but utilizing models that capture
different critical aspects of SUDEP allows researchers to piece together SUDEP pathomechanisms

and better understand the anatomical substrates and markers of risk.

1.7 Hypothesis and Aims
Overall Hypothesis

The primary aim of this research was to gain deeper insights into the distinct tissue-specific
roles contributing to epilepsy and cardiorespiratory dysfunction associated with SUDEP. SUDEP
is the leading cause of epilepsy-related death, but despite this, research efforts still struggle to
understand the mechanisms which underlie this devastating phenomenon. One prominent
hypothesis is that epilepsy somehow leads to a breakdown in communication between the brain,
heart, and lungs leading to cardiorespiratory failure and death. However, there remains a
significant lack of understanding regarding the precise mechanisms occurring before and during

the terminal event, as well as the anatomical structures responsible for these characteristics.

The autonomic nervous system (ANS) is commonly referred to as the primary regulator of
the heart and lungs, and for this reason it is a strong candidate for being one of the primary
anatomical pathways contributing to SUDEP mechanisms. The classical ANS circuitry lies in the

brainstem (comprised of the midbrain, pons, and medulla), and includes vital nuclei such as the
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nucleus of the solitary tract (NTS), nucleus ambiguus (NA), dorsal motor nucleus of the vagus
(DMNX), and the retrotrapezoid nucleus (RTN). The NTS lies in the medulla and receives inputs
for many sensory afferents including those which are involved in chemoreception and
mechanoreception from the heart, lungs, and airways. The NTS has afferent projections into both
the forebrain and other brainstem nuclei to form autonomic regulatory circuits. The NA is
specifically important in cardiac regulation as it houses parasympathetic neurons which innervate
the heart and receive heavy influence from glutamatergic neurons in the forebrain. The DMNX
houses the cell bodies of pre-ganglionic parasympathetic neurons which extend throughout the
viscera including the heart and lungs, and the RTN is the primary central chemoreceptor which
influences breathing regulation. In anesthetized global Kcnal KO mice, treating with a potassium
channel blocker leads to seizures which coincide with respiratory depression leading to spreading
depolarization in the brainstem and culminating in death from cardiorespiratory arrest (Aiba &
Noebels, 2015). This evidence shows that seizures can lead to altered brainstem electrophysiology
which can lead to cardiorespiratory collapse and death. The second part of my dissertation (Chapter
3) focuses on how Kvl1.1 deficiency in the brainstem alone contributes to SUDEP-related

phenotypes such as cardiorespiratory dysfunction and the risk of seizure-induced death.

The forebrain is another vital region for ANS regulation as it has extensive connections
with the brainstem circuitry and has known roles in cardiac and respiratory function. These
important forebrain regions include corticolimbic circuitry such as the cortex, hippocampus, and
amygdala. Importantly, post-ictal FOS labeling reveals activation of both the hippocampus and
amygdala in Kcnal KO mice which suggests that the cardiorespiratory dysfunction characterized
in these mice may be driven by similar regions that are activated during a seizure (Gautier &

Glasscock, 2015). Seizure spread and direct stimulation of the amygdala, hippocampus, or
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temporal lobe can result in apnea and/or respiratory depression linking the forebrain to respiratory
regulation (Nobis et al., 2018, 2019). Discrete stimulation of the CAL region of anesthetized rats
reveals hippocampal control of both cardiovascular and respiratory control (Ajayi et al., 2018).
Also, the amygdala has known connections with the hypothalamus, rostral ventrolateral medulla,
and NTS and can influence autonomic signaling to cause alterations in cardiac function and blood
pressure (Saha, 2005). Human imaging shows that the hippocampus and amygdala have
connections with nuclei in the brainstem, and research in rats demonstrates a direct connection
between the hippocampus and NTS showing the heavy influence of the corticolimbic circuit on
autonomic regulation. The first part of my dissertation (Chapter 2) tests how Kcnal deficiency
specifically in the corticolimbic circuit contributes to seizures, cardiorespiratory dysfunction, and

sudden death phenotypes which have been characterized in SUDEP models.

In addition to potential contributions by autonomic neural circuits, intrinsic dysfunction in
the heart may also facilitate seizure-related cardiorespiratory collapse. Chronic epilepsy is known
to negatively alter cardiac electrophysiology and ion channel remodeling (Ravindran et al., 2016).
Furthermore, these changes can lead to arrhythmia development which may predispose SUDEP
risk (Ravindran et al., 2016). More recent research has shown that Kv1.1 is present in atrial and
ventricular cardiomyocytes and plays an important role in action potential repolarization.
However, the sinoatrial myocytes are responsible for intrinsic cardiac pacemaking, and the
presence and function of Kv1.1 protein has not yet been studied in this region. Furthermore,
genetically and pharmacologically manipulating Kv1.1 in atrial and ventricular cells has revealed
its role in action potential repolarization, but how Kv1.1 contributes to whole animal cardiac
function is not known. Chapter 4 of this dissertation utilizes genetic strategies to knock out Kv1.1

in the heart to first evaluate the presence of Kv1.1 in the pacemaker cells of the sinoatrial node,
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and then to evaluate how heart-specific Kv1.1 deletion impacts whole animal cardiac health. These
studies will help to reveal how the heart contributes to cardiac dysfunction and seizure-related

death in the preclinical Kv1.1 deficiency mouse models.

Current research using the preclinical Kcnal deficiency model has utilized global and
neuron-specific deletion of Kv1.1 to better understand SUDEP mechanisms, but there has not been
work discerning how specific neural circuits or the heart may act as substrates for SUDEP
phenotypes and overall risk of sudden death. Both the Kcnal global KO and the neuron-specific
Kcnal conditional knockout (cKO) models display spontaneous seizures, cardiorespiratory
abnormalities, and sudden death which indicates that these phenomena are brain derived. Limiting
Kcnal deletion to corticolimbic or brainstem circuits will inform how specific autonomic circuits
may be directly contributing to SUDEP mechanisms. Though the characterized phenotypes in the
Kv1.1 deficiency mouse model are largely believed to be brain-derived, the neuron-specific cKO
mice did display attenuated phenotypes suggesting regions outside the brain may also be
contributing. Kv1.1 is not expressed in the lungs but is present in the heart and may be contributing
to basal cardiac dysfunction which may increase risk of seizure-related death. Lastly, research into
other SUDEP mouse models, such as Scnla mice, have elucidated the specific cellular substrates
contributing to their classified phenotypes, but this has never been done for the Kcnal mouse

model to highlight areas for more intensive future research in this model.

Therefore, the overall hypothesis is that the forebrain and brainstem circuits, as well as the
heart, make unique contributions to SUDEP pathology, and Kv1.1 deficiency in these regions may

contribute to overall SUDEP risk.
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Specific Aims

Aim 1: To determine how Kv1.1 deficiency in the corticolimbic circuit contributes to seizures,

cardiorespiratory abnormalities, and sudden death.

Rationale. Brain-driven mechanisms have been strongly implicated in epilepsy, cardiorespiratory,
and sudden death phenotypes due to Kv1.1 deficiency in mouse models, but the contributions of
specific circuits and brain regions remain unknown. Based on expression studies and seizure
behaviors, limbic circuits (including the hippocampus and amygdala) likely play a role in the
neural and cardiorespiratory phenotypes of Kcnal KO mice, but this has never been tested directly.
Kv1.1 transcripts and protein are known to be expressed in limbic regions such as the hippocampus
and amygdala, as well as in cortex (H. Wang et al., 1994). Furthermore, spontaneous seizures in
Kcnal global KO mice exhibit behavioral features of rearing and falling that are indicative of
limbic origin (Glasscock et al., 2010; Smart et al., 1998). Additionally, mapping of seizure-induced
neuronal activity in Kcnal KO mice by measuring FOS activation shows increased activity in the
basolateral amygdala and dentate hilus of the hippocampus, further supporting limbic involvement
during seizures (Gautier & Glasscock, 2015). Finally, both the amygdala and hippocampus play
an upstream regulatory role in autonomic signaling which can influence cardiac and respiratory
function through known connections with the periaqueductal grey and ventral tegmental areas of
the midbrain, the locus coeruleus (LC) of the pons, and the nucleus of the solitary tract (NTS) of
the medulla (Arrigo et al., 2017; Deboer et al., 1999; Garcia-Medina & Miranda, 2013; Gasbarri
etal., 1994; Kahn & Shohamy, 2013; Liddell et al., 2005; Rizvi et al., 1991). Thus, we hypothesize
that deletion of Kcnal in forebrain corticolimbic circuits will be sufficient to cause seizures,

cardiorespiratory abnormalities, and sudden death.
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Experimental Methods. To test this hypothesis, we will generate corticolimbic-specific cKO
mice using the Emx1 (empty spiracles homeobox 1)-Cre driver. Emx1-Cre is commonly used to
modify gene expression in various mouse models of epilepsy (Bunton-Stasyshyn et al., 2019; H.
T. Wang et al., 2021). The Emx1-Cre allele targets 88% of excitatory neurons in the neocortex and
hippocampus, the olfactory bulb, and regions of the amygdala (Briata et al., 1996; Gorski et al.,
2002; Kohwi et al., 2007). Amygdalar cre expression has been confirmed in the basolateral,
basomedial, and lateral amygdala as well as in the posterolateral cortical amygdaloid nucleus and
posteromedial amygdaloid nucleus which collectively process environmental stimuli to elicit
emotional and physiological responses (Gorski et al., 2002). To generate this cKO strain, we will
cross our floxed Kcnal mice to Emx1-Cre (JAX 005628) mice. Currently, all required mouse lines
are established and breeding in our colony. Cre*", Kcnal®’ mice are being generated as cKOs.
Control animals will be the following: 1) Cre”, Kcnal** (labeled WT); 2) Cre™, Kcnalfox-

(labeled fl/-); 3) Cre*"", Kcnal*™ (labeled Cre). The breeding scheme is highlighted in Figure 2.

29



Primary breeding scheme

+/- +/+
Cre ,Kcnal

.

Cre”', Kenat1™ X Cre"/', Kecnat

v

cre”, Kena1™" (cKO)
Cre“] Kena1™™*
Cre"" Kenat™
cre”,Kcnat1” (Cre)
cre”, Kena1" (fil-)
Cre'[', Kena1 ™"
Cre'[', Kenat™
cre”,Kcna1™" (WT)
Figure 1.2. Primary Breeding scheme to generate conditional knockout (cKO) mice. For Kcnal, -

indicates the global KO allele, and flox indicates the presence of the floxed allele. For Cre, +
indicates the presence of a Cre allele.

X Cre"f" Kenat™

flox/+

We will assess neural and cardiorespiratory function in corticolimbic cKOs in the
following subaims: 1) lifespan (measurement of premature/sudden death phenotype); 2) video-
EEG-ECG and video-EEG-ECG-Plethysmography (to record spontaneous neural, cardiac, and
respiratory function). For all experiments, animals will be age- and sex-matched. For the in vivo
recordings mice will be tested at approximately 30-d old to make the measurements comparable
with our previous studies in global KO and neuron-specific cKO mice which focused on this age
since it corresponds to the median survival of global KO mice (Trosclair et al., 2020; Vanhoof-

Villalba et al., 2018).
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Subaim 1.1: We will generate Kaplan-Meier survival curves for cKO mice to test whether
corticolimbic ablation of Kv1.1 is sufficient to cause premature death. We will measure lifespans
up to 100 days for WT, Cre, and fl/- littermates as controls (15-20 per genotype). Survival curves

will be analyzed using the Kaplan-Meier log-rank (Mantel-Cox) test.

Subaim 1.2: We will measure the contribution of corticolimbic-specific loss of Kv1.1 to
neural and cardiorespiratory function by performing 24-h simultaneous video-EEG-ECG and 6-h
video-EEG-ECG-Plethysmography recordings in 4-6 week old freely-moving, conscious mice (6-
12 per genotype), as done previously (H. Dhaibar et al., 2019; Mishra et al., 2018). Briefly, mice
will be anesthetized using an anesthetic cocktail (80-100 mg/kg Ketamine; 6-10 mg/kg Xylazine;
1-2 mg/kg Acepromazine, i.p.) and implanted with bilateral silver wire electrodes (0.005-inch
diameter) attached to a microminiature connector. EEG electrodes will be implanted in the
subdural space through cranial burr holes made above the parietotemporal cortex for recording
electrodes and above the frontal cortex for ground and reference electrodes. ECG electrodes will
be tunneled into the subcutaneous thoracic space and sutured in to record cardiac activity. Mice
will be allowed to recover for 2 d before recordings. Mice will first undergo 24 h of continuous
EEG-ECG recording in a tethered recording configuration using a Data Sciences International
(DSI) digital EEG/video monitoring system with Ponemah software to capture and analyze data.
Then mice will be placed in an unrestrained whole-body plethysmography chamber with a
modified lid allowing for tethered EEG-ECG recording lasting 6 h using the same system and
software. EEG, ECG, and Plethysmography data will be analyzed manually, as done previously
(H. Dhaibar et al., 2019; Trosclair et al., 2020), to compare the following seizure and
cardiorespiratory phenotypes: 1) seizure characteristics (frequency, duration, and behavior); 2)

cardiac conduction blocks (ie, skipped beats due to atrioventricular or sinus blocks); 3) heart rate
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variability (HRV, measured as RMSSD, SDNN, CV, and pNNB®, as done previously (Trosclair et
al., 2020)); 4) apnea frequency (ie, breathing cessation of >2 cycles, usually ~0.8 s); 5) sighs
(augmented breaths of >25% higher amplitude and >125% higher tidal volume compared to the
preceding 10 s); 6) respiratory variability (calculated as coefficient of variance as done previously
(H. Dhaibar et al., 2019; Trosclair et al., 2020). Figure 3 shows sample waveforms for these
measurements. Statistical comparisons will be made using a 1-way analysis of variance (ANOVA)

followed by Tukey post-hoc tests.

Seizure

. . 5s
ECG Cardiac Condluct:Ion Block
'r\/rb, A ‘J .,;‘Jlgk, ,;J'r . r.‘]!_ n_'_|r_ o NS 'k.l..wvt‘-'uﬂrlf__. JA 'P\J""""f ) wllr),h\/lﬁ - l[(\
I o |
I 400 pv
0.25s
Plethysmography
Sigh
" y ¥ [, 4N A L Apnea
| |3oo ul/s
05s

Figure 1.3. Sample waveforms from a corticolimbic cKO mouse.
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Aim 2: To determine how Kv1.1 deficiency in the brainstem contributes to cardiorespiratory

abnormalities and increased risk of seizure related death.

Rationale. The brainstem, comprised of the midbrain, medulla, and pons, contains neurons that
act as the primary regulators of autonomic control of cardiorespiratory function. Within the
brainstem are important regions such as the pre-Botzinger complex, RTN, LC, DMNV, NA, and
NTS which integrate sensory information to govern heart rate and respiratory patterns (Dubreuil
et al., 2009; Fu et al., 2019; Menuet et al., 2020; Stornetta et al., 2006). Also associated with these
regions is the vagus nerve which relays parasympathetic signals throughout the body, including
the heart and lungs. Kv1.1 can be found in many cardiorespiratory nuclei throughout the brainstem
and along the vagus nerve (Glasscock et al., 2010). Kcnal KO mice exhibit vagal hyperexcitability
which is thought to contribute to cardiac and respiratory deficits in these mice (Glasscock et al.,
2010). Therefore, we hypothesize that brainstem-specific Kcnal cKO will be sufficient to induce
basal cardiorespiratory abnormalities and sudden death following a seizure-induced challenge. We
do not anticipate seizures in these mice because Kcnal will be intact throughout the rest of the

brain including the limbic region where the seizures are believed to originate.

Experimental Methods. To test this hypothesis, we have generated a brainstem-specific Kcnal
cKO mouse model by crossing floxed Kcnal mice, which were developed in our lab, with Phox2b
(paired like homeobox 2b)-Cre (JAX 016223) mice to generate cKOs (see crossing scheme in Fig
2). Phox2b-Cre drives expression primarily in hindbrain regions containing autonomic regulatory
neurons including the RTN, LC, DMNV, NA, and NTS, but also expresses in the olfactory bulb
(Dubreuil et al., 2008, 2009; Fu et al., 2019; Harper et al., 2015; M. M. Scott et al., 2011; Stornetta
et al., 2006). The PHOX2B gene is associated with congenital central hypoventilation syndrome

(CCHS), a lethal respiratory human disorder, and mice generated with a known human mutation
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in Phox2b related to CCHS die soon after birth from respiratory failure (Dubreuil et al., 2008).
Phox2b-Cre drives expression in most regions Phox2b is endogenously expressed, except in the
peripheral ganglia and enteric nervous system (M. M. Scott et al., 2011). We will breed according
to the same scheme as Aim 1, shown in Figure 2. The same WT, fl/-, and Cre genotypes will be

used as controls. Cre-mediated deletion will be confirmed in cKO animals by PCR.

We will investigate the consequences of brainstem-specific Kcnal cKO in the context of
the following subaims which are parallel to Aim 1: 1) lifespan (measurement of premature/sudden
death phenotype); 2) video-EEG-ECG and video-EEG-ECG-Plethysmography (to record
spontaneous neural, cardiac, and respiratory function). As these mice are not expected to
spontaneously seize, we will also use a third subaim: 3) Flurothyl seizure susceptibility (to measure
seizure threshold and survival following an inducible-seizure challenge). For all experiments,
animals will be age- and sex-matched. For the in vivo and flurothyl recordings mice will be tested
at approximately 30d old to make the measurements comparable with our previous studies in
global KO and neuron-specific cKO mice which focused on this age since it corresponds to the

median survival of global KO mice (Trosclair et al., 2020; Vanhoof-Villalba et al., 2018).

Subaim 2.1: We will generate Kaplan-Meier survival curves to measure whether
brainstem-specific cKO of Kv1.1 is sufficient to cause premature death. We will measure lifespans

up to 100 days for WT, Cre, and fl/- littermates as controls (5-15 per genotype).

Subaim 2.2: We will measure the contribution of brainstem-specific loss of Kv1.1 to neural
and cardiorespiratory function by 24-h simultaneous video-EEG-ECG and 6-h video-EEG-ECG-
Plethysmography in 4-6 week old freely moving, conscious mice (6-12 per genotype) as described

in subaim 1.2.
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Subaim 2.3: We will expose mice (~30-d old; 5-15 per genotype) to fluorothyl to examine
how loss of Kv1.1 in the brainstem will impact latency to first clonic event, generalization time
from clonic to tonic-clonic event, and survival as described previously. We will focus specifically
on generalization time as this is where we anticipate the greatest difference between cKO and

control animals as the generalization phase is directly related to brainstem activity.

Aim 3: To determine how Kvl1.1 deficiency in the sinoatrial node contributes to intrinsic

pacemaking and how Kv1.1 deficiency in the heart contributes to whole-animal cardiac function.

Rationale: Sinoatrial cells are the pacemaker cells of the heart which utilize unique electrical
currents to drive the heartbeats which keep humans and mice alike alive. Part of the sinoatrial cell
action potential involves potassium channel related repolarization, but to date Kv1.1 has not been
classified as part of this process. Unpublished reports from our lab have shown that multielectrode
array recordings of the right atria in the region of the sinoatrial node show slower firing rates in
Kcnal global KO mice compared to wildtype mice suggesting intrinsic pacemaking deficits. It is
not yet known how Kcnal contributes to sinoatrial cell physiology which would indicate its role
in intrinsic pacemaking. Utilizing specialized cardiomyocyte dissociation techniques and
electrophysiology, our lab is currently seeking to answer this question. While not directly handling
the dissociation or patch clamp electrophysiology, my work in this project used
immunocytochemistry in order to confirm the presence of Kv1.1 in WT cells, and its absence in
the knockout cells. We hypothesize that not only is Kv1.1 present in the sinoatrial cells but is
important in proper intrinsic cell firing.

Recent research has shown that Kcnal plays an underappreciated role in atrial and

ventricular electrophysiology. Deletion of Kv1.1 from either region leads to impaired action
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potential repolarization under patch clamp physiology. In unpublished reports from our lab,
isolated hearts from Kcnal KO mice show bradycardia suggesting these single cell deficits may
translate to whole organ dysfunction in intact Kcnal KO mice. However, studies into heart-specific
Kcnal deficiency mice have not yet been done. Our lab has generated a novel heart-specific Kv1.1
conditional knockout mouse model and we hypothesize that this specific deficiency will result in

overall basal cardiac dysfunction.

Experimental Methods: To test these hypotheses, we will use a combination of already
established Kcnal global knockout mice, and novel cardiac-specific cKO mice using the Myh6-
Cre driver. Myh6 (Myosin heavy chain 6) drives expression throughout the heart. To generate this
cKO strain, we will cross our floxed Kcnal mice to Myh6-Cre (Jax 011038) mice. Currently, all
of the required strains are successfully breeding in our colony. We breed these animals according
to the same breeding scheme as in aims 1 and 2. The same WT, fl/-, and Cre genotypes will be
used as controls.

We measure the contribution of cardiac-specific loss of Kv1.1 to cardiac function in the following
subaims.

Subaim 3.1: We will use immunocytochemistry to show the presence of Kv1.1 in the
sinoatrial myocytes, and then further explore its function using patch clamp electrophysiology. To
prove the presence of Kv1.1 in WT sinoatrial cells as well as their absence in the global knockout
mice, immunocytochemistry will be performed. A lab colleague isolates the sinoatrial region from
the mouse heart (either WT or KO) and uses specific dissociation protocols to obtain healthy,
living, individual sinoatrial cells. These cells are plated into chambered slides to adhere, and then

immunocytochemistry for Kv1.1 is performed (further described in the methods of Chapter 4).
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Subaim 3.2: We will measure the contribution of cardiac-specific loss of Kv1.1 to cardiac
function by 24-h simultaneous video-EEG-ECG in 4-6 week old freely moving, conscious mice

(6-12 per genotype) as described in subaim 1.2.
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CHAPTER 2:

EXCITATORY CORTICOLIMBIC NEURONS DRIVE SUDDEN UNEXPECTED
DEATH IN EPILEPSY (SUDEP) IN THE KCNA1 KNOCKOUT MODEL

2.1 Abstract

Sudden unexpected death in epilepsy (SUDEP) is the leading cause of epilepsy-related
death, likely stemming from seizure activity disrupting vital brain centers controlling heart and
breathing function. However, understanding of SUDEP's anatomical bases and mechanisms
remains limited, hampering risk evaluation and prevention strategies. Prior studies using a neuron-
specific Kcnal conditional knockout (cKO) mouse model of SUDEP identified the primary
importance of brain-driven mechanisms contributing to sudden death and cardiorespiratory
dysregulation, yet the underlying neurocircuits have not been identified. Here, using the Emx1-
Cre driver, we generated a new cKO mouse model lacking Kcnal in excitatory neurons of the
cortex, hippocampus, and amygdala to test whether the absence of Kv1.1 in forebrain corticolimbic
circuits alone is sufficient to induce spontaneous seizures, premature mortality, and
cardiorespiratory dysfunction. Performing survival studies and electroencephalography,
electrocardiography, and plethysmography (EEG-ECG-Pleth) recordings, we demonstrate
premature death and epilepsy in corticolimbic-specific cKO mice. During monitoring, we
fortuitously captured one SUDEP event, which showed a generalized tonic-clonic seizure that
initiated respiratory dysfunction culminating in cardiorespiratory failure. In addition, we observe
that cardiorespiratory abnormalities are common during non-fatal seizures in cKO mice, but
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mostly absent during interictal periods, implying ictal, not interictal, cardiorespiratory impairment
as a more reliable indicator of SUDEP risk. These results pinpoint corticolimbic excitatory neurons
as critical neural substrates in SUDEP and affirm seizure-related respiratory and cardiac failure as

a likely cause of death.

2.2 Introduction

Sudden unexpected death in epilepsy (SUDEP) is the leading cause of epilepsy-related
mortality with an incidence of approximately 1.2/1000 person-years (Hirtz et al., 2007; Thurman
et al., 2014) and an overall public health burden that is second only to stroke among neurological
diseases in years of potential life lost (Thurman et al., 2014). Besides having epilepsy, the affected
individuals are otherwise healthy and have no accidental, pathological, or toxicological
explanation for their death (Nashef et al., 2012). SUDEP is thought to be a predominantly seizure-
related event affecting patients with poorly controlled epilepsy (Sveinsson et al., 2020). The
current view of SUDEP is that seizures somehow trigger deleterious cardiac and respiratory
dysfunction that culminates in death (Devinsky, 2011; Manolis et al., 2019). However, the exact
details of how neural, cardiac, and respiratory dysfunctions contribute to this catastrophic outcome

remain unresolved, in part because SUDEP cases are almost always unwitnessed.

Contemporary clinical understanding of SUDEP is based largely on the MORTEMUS
study (MORTality in Epilepsy Monitoring Units Study), a description of 9 rare cases that were
captured in epilepsy monitoring units (EMUs) by video-electroencephalography (EEG) and
electrocardiography (ECG) and retrospectively analyzed for terminal seizure and cardiorespiratory

patterns (Ryvlin et al., 2013). All of these SUDEP cases exhibited a pattern of generalized tonic-
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clonic seizures (GTCS) followed by postictal (post-seizure) increases in respiratory and heart rates,
which gave way to a lethal combination of central apnea (brain-mediated breathing cessation),
bradycardia (heartrate slowing) and asystole (no heartbeat; i.e., flatline), coinciding with postictal
generalized EEG suppression (PGES; absence of EEG brain activity) (Ryvlin et al., 2013).
Terminal apnea always preceded cardiac arrest, suggesting the potential primacy of respiratory
mechanisms (Ryvlin et al., 2013). However, it remains to be seen whether these limited observed

human cases are representative of all SUDEP.

Because of the dearth of knowledge from human cases, much of what we know about
potential SUDEP pathomechanisms and the underlying anatomy comes from work in animal
models. One of the most widely-used models for identifying candidate mechanisms and
biomarkers underlying SUDEP pathophysiology is the Kcnal global knockout (KO) mouse
because it exhibits essential features and risk factors observed in humans. These characteristics
include frequent generalized tonic-clonic seizures, seizure-related sudden death, and ictal
cardiorespiratory dysfunction with aberrant breathing occurring before cardiac abnormalities. The
Kcnal gene, which encodes pore-forming Kv1.1 voltage-gated potassium channel a-subunits, also
has direct genetic relevance for human epilepsy and SUDEP. At least 21 different human KCNAL
mutations have been identified that cause epilepsy, including four mutations in individuals with
epileptic encephalopathy, an early-onset form of severe epilepsy with a high risk of SUDEP
(Paulhus & Glasscock, 2023). Building upon findings in the Kcnal global KO mouse model, in a
prior study we generated neuron-specific Kcnal conditional knockout (cKO) mice to test whether
seizure-evoked cardiorespiratory dysfunction and SUDEP require the absence of Kv1.1 in both

brain and heart or whether ablation in neurons is sufficient. We found that deletion of Kv1.1 in
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neurons alone was sufficient to cause epilepsy, premature death, and cardiorespiratory

dysregulation. However, the type and location of these neurons remain unknown.

To begin to map the brain regions contributing to SUDEP, here we generated cKO mice
lacking Kv1.1 in forebrain corticolimbic circuits. We obtained these mice by crossing floxed
Kcnal mice with Emx1-Cre mice, which selectively deletes Kcnal in excitatory neurons of the
neocortex, hippocampus, and amygdala, areas where Kv1.1 is normally highly abundant. Using
our rodent epilepsy monitoring unit (EMU), we simultaneously recorded brain
(electroencephalogram; EEG), heart (electrocardiogram; ECG), and lung (plethysmography;
pleth) activity to identify seizures and cardiorespiratory abnormalities in cKO mice. We find that
deletion of Kcnal in excitatory corticolimbic neurons is sufficient to cause spontaneous seizures
and premature mortality, as well as cardiorespiratory dysfunction during seizures but not during
interictal periods. We also describe a rare captured SUDEP event, which revealed terminal
cardiorespiratory patterns that resemble previous descriptions in humans. Our results pinpoint
excitatory neurons within corticolimbic circuits as critical drivers of epilepsy and SUDEP due to
cardiorespiratory failure. These findings provide the first identification of the brain regions
underlying seizures and SUDEP in the widely-used Kcnal KO mouse model, as well as one of the
only observations of a SUDEP event with cardiorespiratory data revealing the terminal sequence

of events.
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2.3 Materials and Methods
2.3.1. Animals

Corticolimbic-specific Kcnal conditional knockout (cKO) mice (i.e., Emx1-Cre*;
Kcnal%®') were generated by crossing heterozygous Kcnal floxed (f) mice (Kcnal™*) with
heterozygous Kcnal global knockout mice (Kcnal*") carrying one copy of the Emx1 transgene
(i.e., Emx1-Cre*", Kcnal*"). Emx1-Cre*, Kcnal*™ mice were generated by crossing hemizygous
transgenic Emx1-Cre*" mice with heterozygous Kcnal*- mice. The Emx1-Cre*" transgene causes
Cre-mediated recombination of the Kcnal™ allele to yield the conditionally deleted allele (i.e.,
Kcnal%"). This breeding paradigm, which has been utilized in previous studies (Trosclair et al.,
2020), was selected because it prevents unwanted Cre-mediated germline recombination and
promotes increased Cre-mediated recombination efficiency. The above breeding scheme also
yields the following mice which were designated as control genotypes for experiments: Kcnal**,
Emx17 (WT), Kcnal*”*, Emx1*~ (Cre), and Kcnal®, Emx1** (fl/-). Emx1-Cre mice were
purchased from Jackson Labs (Bangor, MN) under the catalog name B6.129S2-Emx1mL(cre)Kri/j
(JAX 005628). Kcnal* mice, which are maintained on a Tac:N:NIHS-BC genetic background,
carry a KO allele of the Kcnal gene due to targeted deletion of the entire open reading frame
(Smart et al., 1998). Kcnal™* mice, which are maintained on a C57BL/6J genetic background,
were generated as described previously (Trosclair et al., 2020). Mice were housed at 22°C, fed ad
libitum, and subjected to a 12-h day/night cycle. For lifespan analysis, both experimental and
control mice were monitored for mortality until the age of 100 days. All experiments were
performed in accordance with National Institutes of Health (NIH) guidelines with approval from

the Institutional Animal Care and Use Committee of Southern Methodist University.
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2.3.2. Genotyping

To identify experimental and control mice, genomic DNA was isolated by enzymatic
digestion of tail clips using Direct-PCR Lysis Reagent (Viagen Biotech, Los Angeles, CA, USA).
Genotypes were determined by performing PCR amplification of genomic DNA using allele-
specific primers. For detection of the Kcnal global KO allele, the following primer sequences were
used to yield amplicons of 337 bp for the wild-type (WT) allele and 475 bp for the KO allele: a
WT-specific primer (5-GCCTCTGACAGTGACCTCAGC-3); a KO-specific primer (5'-
CCTTCTATCGCCTTCTTGACG-3Y); and a common primer (5'-
GCTTCAGGTTCGCCACTCCCC-3"). For detection of the Kcnal® allele, the following primer
sequences were used to yield amplicons of 197 bp for the WT allele and 260 bp for the floxed
allele: a WT-specific primer (5’-GCTCCTCTACTATCAGCAAGTCTGAGTACATGG-3’); a
floxed-specific primer (5’-ATCAAGTTGGACATCACCTCCCACAAC-3’); and a common
primer (5’-AAGGGGTTTGTTTGGGGCTTTTGTT-3"). For detection of the deleted Kcnal
floxed allele (i.e., Kcnal®') resulting from Cre-mediated recombination, the following primers
were used to yield an amplicon of 679 bp for the deleted allele: the common primer in the Kcnal”
reaction above and 5’-CTCCAGTTTTACGAAGTTGTAAACAGATCGG-3'. For detection of the
Emx1-Cre transgene, the following primer sequences were used to yield a product of 315 bp for
the WT allele, and 195 bp for the Cre allele: a WT-specific primer (5°-
CAAAGACAGAGACATGGAGAGC-3%); a Emx1-Cre specific primer (5-

TCGATAAGCCAGGGGTTC3’), and a common primer (5’-CAACGGGGAGGACATTGA-3’).
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2.3.3. Western blotting

To isolate and quantify protein levels of Kv1.1, age- and sex-matched mice (1-2 months
old) were euthanized by isoflurane overdose, and their brains were quickly removed and dissected
on ice to separate the cortex, hippocampus, and brainstem. Tissues were homogenized using a
motorized mortar and pestle in ice-cold RIPA buffer (pH 7.4) containing EDTA and a cocktail of
protease inhibitors (Thermo Scientific; Waltham, MA). Nuclei and cellular debris were separated
from the homogenates by centrifuging at 12,000 revolutions per minute (RPM) for 15 minutes at
4°C. The samples were stored at -80°C until used. Biochroninic acid (BCA) assay (Thermo
Scientific; Waltham, MA) was used to determine protein concentrations of the brain region
homogenates and equal protein amounts were resolved on 8% SDS-polyacrylamide gels by
electrophoresis. The resolved proteins were transferred onto nitrocellulose membranes by wet
transfer at 4°C. The membranes were treated with blocking buffer made of tris buffered saline with
Tween (TBST; 0.1% v/v) and milk protein (5% wi/v) for 1 hour at room temperature (RT; ~22°C).
The membranes were then incubated overnight with mild rocking at 4°C in primary antibody
solution prepared in TBST with bovine serum albumin (BSA; 5% wi/v). The primary antibodies
used were mouse monoclonal anti-Kv1.1 (1:500; K20/78; Antibodies Incorporated; Davis, CA)
and mouse monoclonal anti-p-actin (1:500, sc-47778, Santa Cruz Biotechnology; Dallas, TX).
Following overnight incubation, the membranes were washed 3 times for 5 minutes with TBST,
and then the membranes were treated for 1 hour at RT with goat anti-mouse 1gG-HRP secondary
antibody (1:5000; Cell Signaling Technology; Danvers, MA) in blocking buffer. After a final wash
in TBST, immunoreactive bands were visualized using an enhanced chemiluminescence (ECL)
detection kit (ImmunoCruz, Santa Cruz Biotechnology; Dallas, TX) and developed on a UVP
ChemStudio imaging system (Analytik Jena; Upland, CA). Band intensity was quantified using
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densitometry analysis on VisionWorks software (Analytik Jena; Upland, CA), normalized to p-

actin levels, and reported as relative intensity.

2.3.4. Video-electroencephalography-electrocardiography-plethysmography (EEG-ECG-pleth)

recordings

To record in vivo brain and heart activity, mice (4-6 weeks old) of both sexes were
anesthetized using an anesthetic cocktail and surgically implanted with bilateral silver wire EEG
and ECG electrodes (0.005-inch diameter) attached to a microminiature connector (Omnetics
Connector Corporation, Minneapolis, MN) for recording in a tethered configuration. The
anesthetic cocktail contained ketamine (100 mg/kg), xylazine (10 mg/kg), and acepromazine (2
mg/kg) and was administered by intraperitoneal (i.p.) injection. Following completion of the
surgery, the reversal agent Antisedan (1 mg/kg) was administered by subcutaneous (s.c.) injection.
Carprofen (5 mg/kg, s.c.) was given the day of surgery and 24 hours post-surgery for pain
management. EEG wires were inserted into the subdural space through cranial burr holes overlying
the parietotemporal cortex for the recording electrodes and above the frontal cortex for the ground
and reference electrodes, as described previously (Mishra et al., 2018). Two ECG wires were
tunneled subcutaneously on both sides of the thorax and sutured in place to record cardiac activity,
as described previously (Mishra et al., 2018). Mice were allowed to recover for 48 hours before
recording simultaneous EEG-ECG for 24 h continuously while the animals were housed in a
plexiglass tank (40-cm length x 20-cm width x 23-cm height). Biosignals were band-pass filtered
by applying 0.3 Hz high-pass and 75-Hz low pass filters for EEG and a 3.0-Hz high-pass filter for

ECG. Sampling rates were set to 500 Hz for EEG and 2kHz for ECG.
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For recording respiratory waveforms in tandem with EEG-ECG, mice were placed in an
unrestrained whole-body plethysmography (pleth) chamber (Data Sciences International; St. Paul,
MN, USA) with a lid that was modified to accommodate wires for recording EEG-ECG in a
tethered configuration, as done previously (H. Dhaibar et al., 2019). Mice were provided a 45-min
acclimatization period in the chamber before video and EEG-ECG-pleth were simultaneously
recorded in 5-6 hour sessions during the light phase of the day (i.e. between 6:00 am and 6:00 pm)
using Ponemah data acquisition and analysis software (Data Sciences International; St. Paul, MN,
USA). Respiratory signals were acquired at a 500-Hz sampling rate. EEG-ECG-pleth recordings

were always conducted immediately after completion of the 24-h EEG-ECG recordings.

2.3.5. Analysis of video-EEG, ECG, and pleth recordings

Seizures were identified by visual inspection of the EEG and defined as high-amplitude,
rhythmic electrographic discharges lasting > 5 s. The seizure duration was defined as the time from
the onset of electrographic seizure until the cessation of spiking. Behavioral phenotypes during
seizures were manually classified from video footage and quantified as the percentage of seizures

manifesting the specific behavior.

The RR intervals of the ECG waveforms during the 24-h EEG-ECG recording period were
used to estimate heart rate (HR) and heart rate variability (HRV). For each ECG recording, six
separate RR interval series were derived by sampling 2-min ECG segments every 4 h to provide
three day phase (6:00 AM to 6:00 PM) and three night phase (6:00 PM to 6:00 AM) measurements.
RR interval series for each segment were automatically generated and manually confirmed using

Ponemah software (Data Sciences International, St. Paul, MN). RR intervals were only sampled
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during times when the mouse was stationary and when the ECG showed no abnormalities such as
skipped or ectopic beats occurred. HRV was measured in the time domain using the standard
deviation of the RR intervals (SDNN) and the root mean square of successive differences between
the RR intervals (RMSSD). The HR and HRV values for each animal represent an average of the

six total segments.

Respiratory rate (breaths per min; BPM) was measured using Ponemah analysis software
(Data Sciences International, ST. Paul, MN). Average respiratory characteristics for each mouse
were calculated by sampling 50 consecutive breaths every hour for 5 h for a total of 250 breaths,
as done previously (H. Dhaibar et al., 2019). Measurements were only collected during periods
when animals were stationary, as verified by video monitoring. Respiratory variability was
calculated as the coefficient of variance (CV) using the formula: CV= 6 /pu, where o is the standard
deviation of breath intervals and p is mean of breath intervals. Apneas were also manually
quantified and were identified as cessations of plethysmographic signals for > 2 respiratory cycles,

or 0.8-s, as done previously (H. Dhaibar et al., 2019).

2.3.6. Analysis of ictal and peri-ictal respiratory and cardiac abnormalities

To identify cardiorespiratory dysfunction during seizures, respiratory and cardiac
abnormalities were manually scored and quantified offline. The cardiac variables analyzed
included tachycardia (increased heart rate), bradycardia (decreased heart rate), and cardiac
conduction blocks (characterized by an RR interval 1.5x longer than the preceding RR interval).
The respiratory variables analyzed included tachypnea (increased respiratory rate), bradypnea

(abnormally slow respiratory rate), ataxic breathing (abnormal pattern of breathing characterized
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by complete irregularity of breathing frequency and volume), hypopnea (abnormally shallow
breathing), sigh (described above), apnea (described above), and gasp (breaths with a low
inspiration-expiration ratio). For cardiac and respiratory measures related to rate, tachy- and brady-
events were defined as rate changes of at least +20% or -20% respectively, relative to the 20-s pre-
ictal period immediately before seizure onset. Pre- and post-ictal phenotypes were counted if they

occurred in the 20-s before seizure onset or after its termination, respectively.

2.3.7. Statistical Analysis

Data are presented as mean + SEM. Prism 10 for Windows (GraphPad Software Inc, La
Jolla, CA, USA) was used for statistical analysis. Survival curves were evaluated using the Kaplan-
Meier log rank (Mantel-Cox) test. For comparisons involving two or more groups, one-way
analysis of variance (ANOVA) was used followed by Tukey post-hoc tests. Outliers were
identified using the ROUT method with Q= 1% and excluded from analyses. Differences between

groups were deemed statistically significant if P< 0.05.

2.4. Results
2.4.1. Molecular characterization of corticolimbic-specific Kcnal cKO mice

We generated corticolimbic-specific Kcnal cKO mice (i.e., Emx1-Cre*; Kcnal®"") using
the breeding scheme outlined in the Materials and Methods. The Emx1-Cre driver is a commonly
used transgene that selectively targets most excitatory neurons in the neocortex and hippocampus,

olfactory bulb, and regions of the amygdala, including the basolateral, basomedial, lateral,

48



posterolateral cortical, and posteromedial amygdaloid nuclei (Briata et al., 1996; Gorski et al.,
2002; Kohwi et al., 2007). To confirm the tissue-specific deletion of Kcnal, we performed PCR
and immunoblots of brains from cKO and control mice. PCR amplification of regionally-dissected
brain tissue revealed the presence of the Kcnal® allele in the neocortex, hippocampus, and
olfactory bulb, but not in the brainstem (Fig. 1A). We next performed Western blots to measure
Kv1.1 protein levels in the brains of cKO mice. Immunoblots showed the nearly complete absence
of Kv1.1 in the neocortex and hippocampus corresponding to the reported expression pattern of
the Emx1-Cre transgene (Fig 1B). Note that Kcnal™ mice exhibit a 50-75% reduction in Kv1.1

levels compared to WT because they carry one copy of the global KO allele.
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Figure 2.1. Molecular characterization of corticolimbic-specific Kcnal cKO mice. (A) PCR
detection of the Kcnal deletion (del; 679 bp) allele from genomic DNA isolated from hippocampus
(Hc), cortex (Ctx), striatum (Str), thalamus (Thal), cerebellum (Cbl), medulla (Med), pons,
midbrain (Mid), olfactory bulb (Ob), left atria (Atr), and left ventricle (Vent) for cKO mice. The
three lanes for each region represent a different corticolimbic-specific cKO mouse (n=3 cKO mice
per region). Red boxes indicate regions where the deletion band is observed at a high level. (B)
Representative western blots for Kv1.1 and B-actin loading control from the cortex, hippocampus,
and brainstem from wild type (WT), Kcnal™" (fl/-), and corticolimbic-specific Kcnal cKO mice
(1-2 months old) with corresponding quantification of relative density for Kv1.1 protein levels
(n=4/genotype). *P<0.05, **P<0.01, ***P<0.001; one-way ANOVA.
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2.4.2. Corticolimbic-specific cKO mice die prematurely

To assess whether Kcnal deficiency in corticolimbic circuits contributes to premature
mortality, we measured postnatal survival during the first 100 days of life. Corticolimbic-specific
cKO mice showed significant premature mortality with 25% of animals dying between three to
seven weeks of age (Fig 2A; p<0.0001, Log-Rank Test). Nearly all early deaths occurred between
3-4 weeks old, with the youngest age at death being 21 days old. In contrast, control mice all lived
to 100-d old, showing no evidence of early lethality (Fig 2A). Thus, deletion of Kcnal in excitatory

corticolimbic neurons induces premature sudden death.

2.4.3. Corticolimbic-specific cKO mice exhibit spontaneous seizures

To test for the occurrence of spontaneous seizures, we performed video-EEG-ECG
recordings for 24 h continuously. EEG analysis revealed the presence of spontaneous seizures in
four of eight (50%) cKO mice during the recording period but none in control mice (Fig 2B-C).
The EEG patterns typically consisted of runs of polyspike activity with progressively increasing
amplitude followed by postictal flattening (Fig 2B). Immediately following seizure termination,
about 80% of seizures exhibited postictal EEG suppression characterized by prolonged flattening
of EEG activity lasting for several seconds. For the cKO mice that exhibited seizures, the average
seizure frequency was 0.5 + 0.1/h with an average seizure duration of 39.9 + 13.9s (Fig 2C). Of

the 52 individual seizures recorded in cKO mice, 5.77% (3/52) lasted > 60 s.

Using the corresponding video recordings, we also analyzed the behaviors associated with
the EEG seizures (Fig 2D). Most seizures (75%) exhibited milder behavioral manifestations, such

as head nodding and forelimb clonus. However, we also observed more severe convulsive
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behaviors, such as running and bouncing, rearing, and loss of posture, but those behaviors occurred
less frequently in about 15-30% of seizures. Thus, selective Kv1.1 deficiency in corticolimbic

circuits is sufficient to cause spontaneous generalized tonic-clonic seizures in mice.
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Figure 2.2. Corticolimbic-specific Kcnal cKO mice exhibit premature death and spontaneous
seizures. (A) Kaplan-Meier survival curves showing lifespan for WT (n=20), hemizygous Emx1-
Cre (Cre; n=41), compound heterozygous Kcnal™ (fl/-; n=72), and corticolimbic-specific cKO
(n=36) mice. In cKO mice, survival was significantly decreased compared to Cre, fl/-, and WT
controls (P<0.0001, Log-rank test). (B) Representative EEG traces from a WT and cKO mouse
showing normal and seizure activity, respectively. (C) Plot of individual seizure durations for
every seizure recorded in each cKO animal in the study. Female mice are denoted by pink circles
and the males are represented by blue circles. Female mouse number two died from SUDEP during
the recording, and the terminal seizure is indicated by the dark red circle. (D) Frequency of various
seizure-associated behaviors in cKO mice, quantified as the percentage of total seizures in which
they occurred.

2.4.4. Corticolimbic-specific cKO mice exhibit seizure-related cardiac dysfunction

To determine whether cKO mice exhibit ictal or post-ictal cardiac dysfunction, ECG
recordings were analyzed during and immediately after seizures. We found that seizures evoked a
variety of cardiac abnormalities ranging from cardiac conduction blocks to rhythm disturbances.
Cardiac conduction blocks were the most common cardiac abnormality observed during seizures,
occurring in 27% of seizures (Fig. 3A,B). The second most common cardiac phenotype was
bradycardia which was present in 23% of seizures (Fig 3A,C). We also observed ictal tachycardia,
but it was rarer occurring in less than 10% of seizures (Fig 3A). During post-ictal periods, cardiac
dysfunction was relatively infrequent with cardiac conduction blocks, bradycardia, and
tachycardia occurring after 4-10% of seizures (Fig 3A). Thus, Kcnal deficiency in corticolimbic

circuits is sufficient to cause ictal and peri-ictal cardiac dysfunction.
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Figure 2.3. Corticolimbic-specific Kcnal cKO mice exhibit ictal cardiac dysfunction. (A)
Quantification of the incidence of various cardiac abnormalities during seizures (ictal) and post-
ictal periods, represented as the percentage of total seizures in which they occurred. Blocks =
cardiac conduction blocks; Brady = bradycardia; Tachy = tachycardia. (B) Representative ECG
trace of an ictal cardiac conduction block (arrow) with corresponding EEG seizure activity. (C)
Representative ECG trace showing ictal bradycardia with corresponding EEG seizure activity. The
heart rates before (left) and during (right) the bradycardia event are indicated by bars above the
corresponding ECG segments with the rates labeled in beats per minute (bpm).

2.4.5. Corticolimbic-specific cKO mice display seizure-related respiratory dysfunction

To examine whether corticolimbic-specific Kcnal deficiency is associated with respiratory
dysregulation during seizures, we performed whole-body plethysmography (pleth) recordings in
combination with video-EEG-ECG recordings. During seizures, respiratory dysfunction occurred
more often than cardiac dysfunction. The most common ictal respiratory phenotypes were
tachypnea and ataxic breathing, which occurred in 70% and 60% of seizures, respectively (Fig 4A-
C). Of note, when respiratory and cardiac dysfunction were both present during seizures,
respiratory dysfunction always appeared to occur first. Interestingly, while global KO and neuron-
specific cKO mice consistently displayed hyperventilation/tachycardia coinciding with seizure
onset, the corticolimbic-cKO mice did not reliably present with this increase in respiration at the
start of a seizure. These findings suggest that the absence of Kv1.1 in corticolimbic circuits is
sufficient to cause seizures that impair breathing, which may lead to cardiac dysfunction and an

increased risk of SUDEP.
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Figure 2.4. Corticolimbic-specific Kcnal cKO mice exhibit ictal respiratory dysfunction. (A)
Quantification of the incidence of various respiratory abnormalities during seizures, represented
as the percentage of total seizures in which they occurred. Tachy = tachypnea; Atx = ataxic
breathing; Hypo = hypopnea; Brady = bradypnea; Gasp = gasping. (B) Representative
plethysmography (Pleth) trace of ictal tachypnea with corresponding EEG seizure activity. The
breathing rates before (left) and during (right) the tachypnea event are indicated by bars above the
corresponding Pleth segments with the rates labeled in breaths per minute (brpm). (C)
Representative Pleth trace showing ictal ataxic breathing (indicated by the labeled bar) with
corresponding EEG seizure activity.

2.4.6. Corticolimbic-specific cKO mice exhibit SUDEP due to seizure-evoked cardiorespiratory

dysfunction

During EEG-ECG-pleth monitoring, we fortuitously captured a SUDEP event in a 30-d old
female cKO mouse (labeled cKO #2 in Fig 2C), providing critical insight into the circumstances
leading up to and during the terminal seizure. In the 24 hours preceding the terminal seizure, the
mouse exhibited 15 seizures, the second most seizures of any cKO mouse (Fig 2C). Furthermore,
the seizures had averaged 47.4 + 9.4 s in duration, the second longest averages of any cKO (Fig

2C), suggesting the animal’s seizure disorder was particularly severe.

When the SUDEP event occurred, the mouse had a generalized seizure lasting slightly
longer than average, about 51-s (denoted by the red dot in Fig 2C). This seizure triggered abnormal
breathing and cardiac patterns, followed by post-ictal generalized EEG suppression (PGES),
ultimately resulting in death. Behaviorally, the seizure started with a Straub tail, circling, and
forelimb myoclonus, then escalated to running and bouncing before culminating in tonic hindlimb

extension and death.

As the seizure intensified with running and bouncing, respiration became irregular

indicating ataxic breathing. About 5 seconds after ataxic breathing began, the heart rate slowed,
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becoming bradycardic. As the seizure ended with tonic hindlimb extension, breathing abruptly
stopped and post-ictal apnea ensued, coinciding with PGES (Fig 5A). After PGES onset, both
breathing and brain activity did not resume. Moreover, the bradycardia observed during the seizure
worsened postictally, with the RR intervals getting progressively longer and interspersed with non-
conducted P waves indicative of cardiac conduction blocks (Fig 5B). Finally, about 8.2 min after
the seizure ended, all cardiac activity ceased. These findings suggest that SUDEP in this case was
triggered by a generalized tonic-clonic seizure that evoked primary respiratory failure leading to

subsequent cardiac arrest.
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Figure 2.5. A SUDEP event in a corticolimbic-specific Kcnal cKO mouse. (A) Recording of
simultaneous EEG-ECG-Pleth activity during a spontaneous seizure in a 30-day old female cKO
mouse. The top black trace indicates the neural EEG signal, the middle red trace represents the
cardiac ECG signal, and the bottom blue trace shows the respiratory Pleth signal. Onset and
termination of the seizure are indicated by the dotted orange lines. EEG = electroencephalography;
ECG = electrocardiography; Pleth = plethysmography. (B) Respiratory (brpm) and heart rates per
minute (bpm) corresponding to the recording in (A). Each dot in the plot represents a 10-s mean
value. Time O represents seizure onset, and the pre-ictal segment shows the 60-s immediately
preceding seizure onset. Some movement artifacts are present in the Pleth and ECG signals;
therefore, scoring of breaths and heartbeats was done manually as needed. (C) Expanded 10-s
traces of EEG, ECG, and Pleth at the times indicated by the solid grey lines numbered 1-5 in (A).
The numbers mark the following events: 1, pre-ictal phase; 2, tachypnea with slightly increased
heart rate shortly after seizure onset; 3, ataxic breathing and mild bradycardia shortly before
seizure termination; 4, post-ictal generalized EEG suppression with terminal apnea and severe
bradycardia; 5, extreme post-ictal bradycardia approximately. The high frequency activity in the
ECG during portions of the seizure reflects skeletal muscle activity.

2.4.7 Interictal cardiorespiratory function appears normal in corticolimbic-specific cKO mice

Corticolimbic circuits play important roles in the autonomic regulation of heart and lung
function, so we examined ECG and plethysmography recordings for evidence of cardiorespiratory
dysfunction during interictal periods that could be indicative of increased SUDEP risk. In ECG
recordings, we found no obvious differences in interictal cardiac parameters. Both heart rate and
heart rate variability appeared similar between cKO mice and controls (Fig 6A-C). In
plethysmography recordings, cKO mice also showed no significant differences in interictal
respiration. In cKO mice, breathing rate, respiratory variability, and apnea frequency appeared
indistinguishable from control mice (Fig 6D-F). Thus, cardiorespiratory measurements did not

reveal any obvious interictal abnormalities that could indicate heightened risk of SUDEP.
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Figure 2.6. Corticolimbic-specific cKO mice do not display obvious interictal cardiorespiratory
dysfunction. Quantification of interictal cardiac measures for HR (A), SDNN as an estimate of
total autonomic activity (B), and RMSSD as an estimate of parasympathetic activity for WT (n=5),
Cre (n=7), fl/- (n=9), and cKO (n=7) mice. HR = heart rate; SDNN = standard deviation of beat-
to-beat intervals; RMSSD = root mean square of successive beat-to-beat differences.
Quantification of interictal respiratory measures for respiratory rate (D), CV as an estimate of
respiratory variability (E), and total apnea frequency (F) for WT (n=6), Cre (n=7), fl/- (n=9), and
cKO (n=5) mice. Total apnea frequency included post-sigh and spontaneous apneas. CV =
coefficient of variance.

2.5. Conclusions

This study is the first to identify excitatory neurons of the neocortex and limbic system as
critical neural substrates driving seizures and SUDEP in the Kcnal KO mouse model. In addition,
our findings reveal that the absence of Kv1.1 in forebrain corticolimbic circuits alone is sufficient
to cause deleterious ictal cardiorespiratory dysfunction. Notably, we recorded a SUDEP event in
a corticolimbic-specific cKO mouse, offering valuable insights into the terminal sequence of

events leading to death. During the SUDEP episode, the mouse exhibited a pattern of seizure-
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induced cardiorespiratory failure resembling clinical cases reported in humans. Our documentation
of a SUDEP event, complete with cardiorespiratory data, is significant because such recordings
have only been achieved in four other rodent models with spontaneous seizures, and never before
in a K channel model of SUDEP. Surprisingly, we did not observe any obvious interictal
cardiorespiratory deficits that could signal susceptibility to SUDEP. Thus, this work narrows the
brain circuitry underlying SUDEP in the Kcnal KO mouse model to excitatory corticolimbic
neurons while also providing support for seizure-related respiratory impairment as a key

mechanism in the pathophysiology of SUDEP.

Our recorded SUDEP event offers a rare glimpse into the terminal sequence of events in a
preclinical model. Additionally, it represents the first report of a SUDEP event in a K* channel
model with comprehensive cardiorespiratory monitoring. Capturing SUDEP events with
corresponding cardiorespiratory data in mouse models with spontaneous seizures is challenging
due to the low incidence and unpredictable nature of SUDEP, along with technical challenges in
simultaneous biosignal collection (Smith et al., 2024). To our knowledge, recorded SUDEP events
with peri-ictal brain, heart, and breathing data have only been reported for four other genetic mouse
models of chronic epilepsy: Depdc5 cKO mice deleting the gene in forebrain regions under the
Rbp4-Cre driver; Scn1a®4* mice; Scn8aR*8"2V'* mice; and Scn8aR'®"2V* mice with the mutation
in Emx1-Cre targeted forebrain excitatory neurons (Kao et al., 2023; Y. Kim et al., 2018; Wenker
etal., 2021). These models exhibit a common SUDEP pattern of a generalized tonic-clonic seizure
followed by tonic hindlimb extension and postictal generalized electroencephalographic
suppression (PGES). Furthermore, during fatal seizures each model displays ictal apnea followed
by cardiac slowing. Postictally, breathing never resumes and heart rate gradually decreases before

terminal cardiac arrest.
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The SUDEP event we describe here follows a similar pattern, with a generalized tonic-
clonic seizure ending in tonic hindlimb extension and exhibiting ictal cardiorespiratory
irregularities, where respiratory dysfunction precedes cardiac dysfunction. However, unlike
previous reports in other mouse models, terminal apnea in our model began postictally when EEG
seizure activity ceased and PGES was evident. Compared to the Depdc5 cKO and Na* channel
models, this pattern aligns more closely with observations from the human MORTEMUS study,
where cardiorespiratory collapse consistently occurred postictally, with terminal apnea preceding
asystole. Kcnal mouse models have seizures typical of temporal lobe epilepsy, while the other
four SUDEP mouse models have seizures characteristic of other types of epilepsy (developmental
epileptic encephalopathy, familial focal epilepsy, etc.) (Gautier & Glasscock, 2015; Glasscock et
al., 2010; Kao et al., 2023; Y. Kim et al., 2018; Wenker et al., 2021). The patients in the
MORTEMUS study all had temporal lobe epilepsy like the Kcnal mouse models which could help
explain why the SUDEP captured in this corticolimbic cKO more closely represents what was
captured in clinical cases (Ryvlin et al., 2013). Collectively, mouse models and human cases show
a common theme of breathing dysfunction preceding cardiac abnormalities, suggesting respiratory
factors may drive fatal cardiorespiratory collapse. However, this remains to be conclusively
demonstrated. An alternative explanation could be that seizures independently initiate respiratory
and cardiac dysfunction, with differing time courses favoring the appearance of apnea first.
Determining the relative importance of respiratory and cardiac mechanisms in mediating death

will be imperative for developing proper risk diagnostic and preventative strategies.

The presence of seizure-induced cardiorespiratory dysfunction in corticolimbic-specific
cKO mice highlights the importance of forebrain corticolimbic structures in the autonomic

regulation of cardiac and respiratory function. Although the brainstem is generally thought of as
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the primary locus of autonomic cardiorespiratory control, corticolimbic regions such as the cortex,
hippocampus, and amygdala also exert significant influence on heart and lung function through
direct communication with brainstem nuclei. In people with epilepsy, the spread of seizures to or
direct electrical stimulation of the amygdala and/or hippocampus can induce apnea, often without
air hunger perception, potentially increasing susceptibility to SUDEP (Dlouhy et al., 2015;
Harmata et al., 2023; Lacuey et al., 2017; Nobis et al., 2019; Rhone et al., 2020). From a cardiac
standpoint, epileptic discharges in or electrical stimulation of the amygdala and hippocampus can
produce tachy- or bradycardia, indicating forebrain influence over cardiac autonomic control
(Healy & Peck, 1997; Inman et al., 2020; Mazzola et al., 2023). Thus, seizures can hijack the
normal autonomic regulatory roles of corticolimbic circuits resulting in cardiorespiratory

dysfunction and potentially increasing the risk of SUDEP.

Our discovery that the specific absence of Kv1.1 in corticolimbic circuits alone is capable
of inducing epilepsy brings together previous findings that hinted at the crucial role of these
structures in facilitating seizures resulting from Kv1.1 deficiency. Protein studies have shown that
Kv1.1 is abundant throughout corticolimbic brain regions, including the hippocampus (CA3, hilus,
and dentate gyrus) (H. Wang et al., 1994; Wenzel et al., 2007), amygdala (including the basolateral
amygdala (H. A. Dhaibar et al., 2021), and neocortical pyramidal cells (Guan et al., 2006; Lorincz
& Nusser, 2008; H. Wang et al., 1994). In the absence of Kv1.1 in these structures, brain slice
recordings have revealed neuronal hyperexcitability and epileptiform-like activity, indicating a
low threshold for epileptic activity (Glasscock et al., 2007; Lopantsev et al., 2003; T. A. Simeone
etal., 2013; Smart et al., 1998; Thouta et al., 2021). Moreover, spontaneous seizures in Kcnal KO
mice exhibit behaviors characteristic of limbic seizures induced by kainate or kindling, such as

facial twitching, head nodding, rearing and falling, and forelimb and hindlimb clonus (Rho et al.,
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1999; Smart et al., 1998; Wenzel et al., 2007). EEG recordings using depth electrodes show that
seizures in Kcnal KO mice sometimes originate in the hippocampus before spreading to the cortex
(Wenzel et al., 2007). Furthermore, spontaneous seizures in Kcnal KO mice significantly activate
Fos, a protein marker of intense neuronal activity, in the dentate hilus and basolateral amygdala,
indicating ictal recruitment of these brain regions (Gautier & Glasscock, 2015). Additionally, the
hippocampus and amygdala of Kcnal KO mice exhibit extensive gliosis, suggesting potential brain
injury due to repeated seizures (H. A. Dhaibar et al., 2021; Wenzel et al., 2007). Magnetic
resonance imaging of Kcnal KO brains reveals significant enlargement of the hippocampus and
ventral cortex, including the amygdala, suggesting brain volume increases associated with seizures
(Persson et al., 2007). Thus, our study demonstrates for the first time that selective Kv1.1
deficiency in corticolimbic circuits is sufficient to cause seizures in Kcnal KO mice, consolidating

multiple lines of evidence from previous studies.

Restricting Kv1.1 deficiency to corticolimbic circuits resulted in premature death, seizures,
and cardiorespiratory phenotypes that were generally less severe than those observed in neuron-
specific Kcnal cKO and global Kecnal KO mice. Corticolimbic-specific cKO mice exhibited lower
SUDEP rates, with approximately 75% of animals surviving to 100 days old compared to only
45% and 23% of neuron-specific cKO and global KO mice, respectively (H. Dhaibar et al., 2019;
Trosclair et al., 2020). The onset of SUDEP in corticolimbic-specific and neuron-specific cKO
mice occurred at approximately the same age, around 3-4 weeks old, which was about a week later
than SUDEP onset in global KOs. Although average seizure frequencies and durations appeared
similar across the different Kcnal models, long-duration seizures (>60 s) were rare in
corticolimbic-specific cKO mice (about 6% of the time) compared to 17% and 35% in neuron-

specific cKO and global KO mice, respectively (H. Dhaibar et al., 2019; Trosclair et al., 2020).

66



During seizures, all Kcnal models exhibited varying degrees of ictal cardiorespiratory
abnormalities, with respiratory dysfunction being more prevalent and consistently preceding
cardiac dysfunction (H. Dhaibar et al., 2019; Trosclair et al., 2020). While cardiac conduction
blocks and bradycardia were relatively rare in neuron-specific cKO mice (occurring in less than
10% of seizures), they were more prevalent in corticolimbic-specific cKO mice, present in about
20-30% of seizures. However, the most significant difference between corticolimbic-specific cKO
mice and the other Kcnal models was the absence of interictal cardiorespiratory dysfunction.
Unlike neuron-specific cKO and global KO mice, which showed increased heart rate variability
and a nearly complete lack of apneas between seizures (H. Dhaibar et al., 2019; Trosclair et al.,
2020), corticolimbic-specific cKO mice exhibited no obvious cardiorespiratory abnormalities
during interictal periods. This suggests that Kv1.1 may not be necessary in corticolimbic circuits
for proper baseline cardiorespiratory function. Thus, corticolimbic-specific cKO mice displayed
seizure characteristics generally similar to neuron-specific cKO and global KO mice, but with
lower mortality rates, and the most marked difference lies in their relative lack of interictal

cardiorespiratory dysfunction.

In summary, our findings identify excitatory forebrain neurons as sufficient to drive
epilepsy and SUDEP in the Kcnal mouse model. The similarity of our recorded SUDEP event to
observations in humans underscores the significance of corticolimbic-specific cKO mice as
valuable tools for understanding the pathophysiological mechanisms underlying SUDEP. A
critical objective of future research will be to capture cardiorespiratory data surrounding additional
SUDEP events across various models to ascertain whether the observed terminal pattern of seizure-
induced fatal apnea preceding cardiac dysfunction is a consistent feature of SUDEP cases or if

multiple mechanisms can lead to the same outcome. Furthermore, it will be essential to investigate
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the potential contributions of other neuronal subpopulations, such as those in the brainstem, to
seizures, cardiorespiratory dysfunction, and SUDEP in the Kcnal model and other preclinical

models.
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CHAPTER 3
UNDERSTANDING THE UNIQUE CONTRIBUTION OF BRAINSTEM-SPECIFIC
KCNA1 TO CARDIORESPIRATORY FUNCTION AND SEIZURE RELATED
MORTALITY AS IT RELATES TO SUDEP MECHANISMS

3.1 Abstract

Sudden unexpected death in epilepsy (SUDEP) stands as a primary cause of death among
individuals with epilepsy, yet the critical anatomical substrates and pathological mechanisms
remain elusive. While research hints at seizure-related cardiorespiratory collapse as a potential
mechanism, definitive proof remains lacking. The preclinical Kcnal deficiency mouse model has
yielded valuable insights into potential SUDEP mechanisms and risk factors. However, it falls
short of addressing inquiries regarding anatomical substrates. As the primary regulator of the heart
and lungs is the autonomic nervous system, we limited Kcnal deletion to the brainstem to
determine the effects on cardiorespiratory function and seizure-related death. Brainstem-specific
Kcnal deficiency was not sufficient to cause detectable cardiac deficits but was potentially linked
to elevated levels of hypoxia at rest. Furthermore, brainstem-specific Kcnal deficiency did not
significantly alter mortality following induced seizures, although there was a trend in the data
towards augmented seizure generalization from the forebrain to brainstem. Thus, in Kvl1.1-
deficient mice, the brainstem may contribute to SUDEP pathomechanisms by providing an

important anatomical substrate for proper chemosensation and seizure spread.
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3.2 Introduction

The most common cause of epilepsy-related death is sudden unexpected death in epilepsy
(SUDEP), and it occurs when an otherwise healthy person with epilepsy dies suddenly with no
cause of death revealed following post-mortem autopsy. SUDEP research has uncovered important
risk factors and risk genes, but ultimately the anatomical substrates and mechanisms behind
SUDEP remain largely elusive. Cardiorespiratory dysfunction is a widely observed phenomenon
in both clinical cases and animal models of SUDEP suggesting neurocircuits which regulate heart
and lung function may be important players contributing to these phenotypes. The autonomic
nervous system (ANS) is comprised of such neural circuits as it is best known for being the primary
regulator of the heart and lungs.

The primary role of the ANS is to regulate involuntary processes such as heart rate and
respiratory rate in response to changes in the internal and external environment. The two main
branches of the ANS are the sympathetic and parasympathetic arms which work in cooperation
with one another to regulate physiological processes in the body. The brainstem is regarded as the
classical autonomic brain region and is responsible for multiple cardiorespiratory functions. The
retrotrapezoid nucleus (RTN) is the primary pCO: sensor, but it also receives input from the carotid
bodies regarding blood oxygen levels which can result in respiratory changes to restore blood gas
balance (Guyenet et al., 2019). The nucleus of the solitary tract (NTS) is the central brainstem
nuclei receiving afferent sensory stimuli and communicates with multiple different brainstem
nuclei including the nucleus ambiguus (NA), dorsal motor nucleus of the vagus (DMNX), and the
locus coeruleus to elicit the proper efferent signals (Dubreuil et al., 2009; Fu et al., 2019; Menuet
et al., 2020; Stornetta et al., 2006) . Specifically, cardiopulmonary sensors communicate with the

NA which then signals the NTS to control heart rate. While the classic autonomic circuitry resides
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in the brainstem, forebrain circuits including corticolimbic regions such as the hippocampus and
amygdala also make direct connections with the brainstem helping to fine tune the efferent
response to afferent sensory stimuli.

The brainstem has known regulatory influences over the heart and lungs and has previously
been suggested as an important driver of SUDEP mechanisms. The 2016 MORTEMUS study
showed that clinical cases of SUDEP involve cardiorespiratory collapse which has been
recapitulated in animal models of SUDEP. Imaging studies of temporal lobe epilepsy patients
show specific loss of brainstem volume in those with SUDEP (Mueller et al., 2014). Importantly,
another imaging study of those who died from SUDEP showed that the degree of brainstem volume
loss and damage correlates with closeness to SUDEP (Mueller et al., 2018). These brainstem
volume alterations correlate with functional consequences in epilepsy patients since brainstem
volume reductions were linked to reduced HRV, a proposed SUDEP risk factor (Mueller et al.,
2018). Ultimately, this combined evidence suggests the brainstem may be an important region
which could drive cardiorespiratory aspects of SUDEP pathology.

The preclinical Kcnal deficiency model is useful for studying SUDEP mechanisms as it
displays measurable cardiorespiratory dysfunction that resembles the observations in the
MORTEMUS study. Global Kcnal KO mice display both ictal and interictal cardiorespiratory
dysfunction. Interictally, KO mice display elevated HRV (RMSSD: root mean square of
successive beat to beat differences), cardiac conduction blocks, respiratory rate, and respiratory
variability while also showing a significant decrease in all types of apneas (H. Dhaibar et al., 2019;
Glasscock et al., 2010; Mishra et al., 2017). During spontaneous seizures, the global KO mice
display a greater overall abundance of respiratory abnormalities (hyperventilation, tachypnea,

ataxic breathing, etc.) compared to cardiac dysfunction (tachycardia, bradycardia, conduction
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blocks, etc.), which occurs less often (H. Dhaibar et al., 2019). Significantly, restricting Kcnal
deletion to only the neurons of the brain (i.e., neuron-specific cKO mice) recapitulated many of
these cardiorespiratory deficits. Interictal heart rate variability was still significantly elevated in
these mice, most apparently in the daytime suggesting diurnal dysregulation of HRV (Trosclair et
al., 2020). Furthermore, the near absence of apneas was still apparent in neuron-specific cKO mice
which suggests the brain as the primary cause (Trosclair et al., 2020). During spontaneous seizures
in the cKO mice, cardiac and respiratory dysfunctions were still present with respiratory
abnormalities appearing the most prominent (Trosclair et al., 2020). Unfortunately, the specific
anatomical regions contributing to these phenotypes are not yet known.

The objective of this study was to test how the brainstem uniquely contributes to SUDEP-
related phenotypes. To answer this question, we generated a novel brainstem-specific Kcnal cKO
which we monitored using our epilepsy monitoring unit (EMU) to simultaneously record brain
(electroencephalogram; EEG), heart (electrocardiogram; ECG), and lung (plethysmography;
pleth) activity. We also utilized non-invasive ECG (ECGenie) and pulse oximetry (MouseOx) to
look at ECG waveform characteristics and blood gas stability, respectively. Lastly, we induced
seizures using the chemical convulsant flurothyl to understand how brainstem-specific Kv1.1
deficiency may contribute to seizure susceptibility and generalization and seizure-related survival.
We found that brainstem-specific cKO mice did not display any obvious cardiac dysfunction but
showed potential, but not yet significant, increases in hypoxia when at rest. The inducible seizure
challenge revealed a trend for augmented seizure generalization, but this was not significant, nor
was there significantly altered mortality. Ultimately, this work suggests the brainstem alone may
be an important anatomical substrate for maintaining proper blood oxygen levels and dampening

seizure generalization which, when disrupted, could lead to an increased risk of SUDEP.
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3.3 Materials and Methods

3.3.1 Animals

Brainstem-specific conditional knockout (cKO) mice (i.e., Phox2b-Cre*"; Kcnal™®") were
generated by crossing heterozygous Kcnal floxed (fl) mice (Kcnal™*) with heterozygous Kerat
global knockout mice (Kcnal*") carrying one copy of the Phox2b transgene (i.e., Phox2b-Cre*";
Kcnal*"). Phox2b*"; Kcnal* mice were generated by crossing hemizygous transgenic Phox2b-
Cre*"" mice with heterozygous Kcnal* mice. Control mice include Kcnal**; Phox2b-Cre™ (WT),
Kcnal**; Phox2b-Cre *- (Cre), and Kcnal®™-; Phox2b** (fl/-). Phox2b-Cre mice were purchased
from Jackson Labs (Bangor, MN) under the catalog name B6(Cg)-Tg(Phox2b-cre)3Jke/J (JAX
016223). Kcnal*" mice which are maintained on a Tac:N:NIHS-BC genetic background, carry a
KO allele of the Kcnal gene due to targeted deletion of the entire open reading frame (Smart et al
1998). Kcnal™* mice, which are maintained on a C57BL/6J background, were generated and
described previously (Trosclair et al., 2020). Mice were housed at 22°C, fed ad libitum, and
subjected to a 12-h day/night cycle. Throughout the study, both experimental and control mice
were monitored until they reached their natural mortality or until 100 days elapsed, whichever
occurred first. This monitoring was conducted for the purpose of lifespan curve analysis. All
experiments were performed in accordance with National Institutes of Health (NIH) guidelines
with approval from the Institutional Animal Care and Use Committee of Southern Methodist

University.
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3.3.2 Genotyping

To identify experimental and control mice, genomic DNA was isolated by enzymatic digestion of
tail clips using Direct-PCR Lysis Reagent (Viagen Biotech, Los Angeles, CA, USA). Genotypes
were determined by performing PCR amplification of genomic DNA using allele-specific primers.
For detection of the Kcnal global KO allele, the following primer sequences were used to yield
amplicons of 337 bp for the wild-type (WT) allele and 475 bp for the KO allele: a WT specific
primer (5'-GCCTCTGACAGTGACCTCAGC-3); a KO-specific primer (5'-
CCTTCTATCGCCTTCTTGACG-3); and a common primer (5'-
GCTTCAGGTTCGCCACTCCCC-3"). For detection of the Kcnal® allele, the following primer
sequences were used to yield amplicons of 197 bp for the WT allele and 260 bp for the floxed
allele: a WT-specific primer (5’-GCTCCTCTACTATCAGCAAGTCTGAGTACATGG-3’); a
floxed-specific primer (5’-ATCAAGTTGGACATCACCTCCCACAAC-3’); and a common
primer (5’-AAGGGGTTTGTTTGGGGCTTTTGTT-3"). For detection of the Phox2b-Cre
transgene, the following primer sequences were used to yield a product of 300 bp for the WT allele,
and 700 bp for the Cre allele: a WT specific primer (5’-GTACGGACTGCTCTGGTGGT-3’); a

Phox2b-Cre specific primer (5’-ATTCTCCCACCGTCAGTACG-3"), and a common primer (5°-
CCGTCTCCACATCCATCTTT-3’). For detection of the deleted Kcnal floxed allele

(i.e., Kcnal®) resulting from Cre-mediated recombination, the following primers were used to
yield an amplicon of 679 bp for the deleted allele: the common primer in the Kcnal floxed reaction

above and 5’-CTCCAGTTTTACGAAGTTGTAAACAGATCGG-3".
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3.3.3 Video-electroencephalography-electrocardiography-plethysmography (EEG-ECG-pleth)

recordings

To measure in vivo brain and heart activity, mice (4-6 weeks old) of both sexes were anesthetized
using an anesthetic cocktail and surgically implanted with bilateral silver wire EEG and ECG
electrodes (0.005-inch diameter) attached to a microminiature connector (Omnetics Connector
Corporation, Minneapolis, MN) for tethered configuration recording. The anesthetic cocktail
contained ketamine (100 mg/kg), xylazine (10 mg/kg), and acepromazine (2 mg/kg) and was
administered by intraperitoneal (i.p.) injection. Following completion of the surgery, the reversal
agent Antisedan (1 mg/kg) was administered by subcutaneous (s.c.) injection. Carprofen (5 mg/kg,
s.c.) was given the day of surgery and 24 hours post-surgery for pain management. EEG wires
were inserted into the subdural space through cranial burr holes overlying the parietotemporal
cortex for the recording electrodes and above the frontal cortex for the ground and reference
electrodes, as described previously (Mishra et al., 2018). Two ECG wires were tunneled
subcutaneously on both sides of the thorax and sutured in place to record cardiac activity, as
described previously (Mishra et al., 2018). Mice were allowed to recover for 48 hours before
recording simultaneous EEG-ECG for > 24h continuously while the animals were housed in a
plexiglass tank (40-cm length x 20-cm width x 23-cm height). Biosignals were band-pass filtered
by applying 0.3 Hz high-pass and 75-Hz low pass filters for EEG and a 3.0-Hz high-pass filter for

ECG. Sampling rates were set to 500 Hz for EEG and 2kHz for ECG.

For recording respiratory waveforms in tandem with EEG-ECG, mice that completed the 24 hour
EEG-ECG recording were placed in an unrestrained whole-body plethysmography (pleth)

chamber (Data Sciences International, St. Paul, MN, USA) with a lid that was modified to
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accommodate wires for recording EEG-ECG in a tethered configuration, as done previously (H.
Dhaibar et al., 2019). Mice were provided a 45-min acclimatization period in the chamber before
video and EEG-ECG-pleth were simultaneously recorded in 5-6 hour sessions during the day (i.e.
between 6:00 am and 6:00 pm) using Ponemah data acquisition and analysis software (Data
Sciences International, St. Paul, MN, USA). Respiratory signals were acquired at a 500-Hz

sampling rate.

3.3.4 Analysis of video-EEG, ECG, and pleth recordings

Visual inspection of the EEG was used to look for the presence of seizures which were defined as
high-amplitude, rhythmic electrographic discharges lasting > 5 s. Collected EEG data was also
converted from the time domain to the frequency domain to analyze 24-hr power spectrum for five
different frequencies: alpha (8-13 Hz), beta (13-30 Hz), delta (1-4 Hz), gamma (30-80 Hz), and
theta (4-8 Hz). The frequency range for each band was derived from the 2017 International League
Against Epilepsy (ILAE) Guidelines (Kadam et al., 2017). Individual EEG recordings were
analyzed with NeuroScore™ software (Data Sciences International, New Brighton, MN), and an
initial 0.3-55 Hz band pass filter was applied to the data. For both the T3 and T4 EEG signals,
periodogram power bands were calculated with an epoch duration of 10 s and a Fast Fourier
transformation order 10 for each of the power bands (alpha, beta, delta, gamma, and theta) defined
as the frequency ranges described above. The data was then exported to Excel (Microsoft
Corporation, Redmond, WA) and manually trimmed to include exactly 24 hours. The 10-s epochs
for each frequency band were averaged between T3 and T4 and then averaged overall to yield a

single average value for each of the five frequency bands. For consistency, the “COUNT” function
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on Excel was used to determine the number of data points for each 24-h recording to ensure they

were the same. Values are expressed as relative power compared to the other bands.

The RR intervals of the ECG waveforms were used to estimate heart rate (HR) and heart rate
variability (HRV) for the first 24-h recording period overall as a whole, and for the 24-h day- (6:00
AM to 6:00 PM) and 12-h night phase (6:00 PM to 6:00 AM) portions. For each ECG recording,
six separate RR interval series were derived by sampling 2-min ECG segments every four hours
to provide three-day (6:00 AM to 6:00 PM) and three night (6:00 PM to 6:00 AM) measurements.
RR interval series for each segment were automatically generated and manually confirmed using
Ponemah software (Data Sciences International, St. Paul, MN). RR intervals were only sampled
during times when the mouse was stationary and no physiological artifacts such as skipped or
ectopic beats occurred. HRV was measured in the time domain using the standard deviation of the
RR intervals (SDNN); the coefficient of variance (CV; defined as SDNN/RRmean X100); the root
mean square of successive differences between the RR intervals (RMSSD); and the percentage of
consecutive RR intervals differing my >6 ms (pNN6). The HR and HRV values for each animal
represent an average of the six total segments or an average of the three daytime or three nighttime

segments, as indicated in the text.

Respiratory rate (breaths per min; BPM) was measured using Ponemah analysis software (Data
Sciences International, ST. Paul, MN). Average respiratory characteristics for each mouse were
calculated by sampling 50 consecutive breaths every hour for 5 h for a total of 250 breaths, as done

previously (H. Dhaibar et al., 2019). Measurements were only collected during periods when
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animals were stationary, as verified by video monitoring. Respiratory variability was calculated as
the coefficient of variance (CV) using the formula: CV= o /u, where o is the standard deviation of
breath intervals and [ is mean of breath intervals. Sighs and apneas were also manually quantified
and were identified as deep augmented breaths with >25% higher amplitude and >125% higher
tidal volume compared to the preceding 10 s (sighs), and cessations of plethysmographic signals

for > 2 respiratory cycles, or 0.8-s (apneas), as done previously (H. Dhaibar et al., 2019).

3.3.5 Non-invasive electrocardiography

To non-invasively assess ECG waveform characteristics, age- and sex-matched mice (4-6 weeks
old) were placed inside an ECGenie recording tower (Mouse Specifics Inc., Framingham, MA,
USA) for at least ten minutes to acclimate to the new environment. Subsequently, ECG waveforms
were recorded to obtain segments of at least 25 consecutive noise-free cardiac waveforms. This
process was repeated until at least 10 clean segments per mouse were collected. EzCG analysis
software (Mouse Specifics Inc., Framingham, MA, USA) trimmed down each of the 10 recordings
such that there were 21 valid beats for a total of 210 beats. The software then calculated the values

for each phase of the cardiac waveform which was averaged across all beats.

3.3.6 Pulse oximetry

Blood gas stability was assessed using noninvasive MouseOx Plus infrared pulse oximetry (Starr
Life Sciences Corp, Oakmont, PA, USA) in age and sex matched mice (4-6 weeks). Dark fur on
mice disrupts the oximetry sensor, so mice were gently shaved using an animal-safe electric razor
at the two points on the neck where the sensor makes contact. Subsequently, the CollarClip Sensor

(Starr Life Sciences Corp) was placed on the neck of the mouse, and the mouse was placed in a
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plastic recording chamber to acclimate for at least 10 minutes. After acclimation, mice were
recorded for > 60 minutes to capture pulse distension, arterial oxygen saturation, pulse rate,
respiratory rate, and activity level, which were acquired at 5 Hz. Only measurements which were
error free for all parameters were included in the analysis, and only recordings which contained
more than 5000 usable points and an average heart rate above 499 bpm were used. The percentage
of hypoxic events was calculated as the percentage of total error free data points in a recording

where the arterial oxygen saturation was < 90%.

3.3.7 Statistical Analysis

Data are presented as mean £ SEM. Prism 10 for Windows (GraphPad Software Inc, La Jolla, CA,
USA) was used for statistical analysis. Survival curves were evaluated using the Kaplan-Meier log
rank (Mantel-Cox) test. For comparisons involving two or more groups, one-way analysis of
variance (ANOVA) was used followed by Tukey post-hoc tests. Outliers were identified using the
ROUT method with Q = 1% and excluded from analyses. Results were significant if P < 0.05. Sex

for each data point is indicated as open circles for females and closed circles for males.

3.4 Results

3.4.1 Confirmed cre-mediated deletion of Kcnal in the brainstem

We generated brainstem-specific Kcnal cKO mice (i.e., Phox2b-Cre*:Kcnal®") using
the breeding scheme outlined in the Materials and Methods. The Phox2b-Cre driver is a commonly
used transgene that primarily targets hindbrain regions containing autonomic regulatory neurons
including the RTN, LC, DMNV, NA, and NTS, but also expresses in the olfactory bulb (Dubreuil
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et al., 2008, 2009; Fu et al., 2019; M. M. Scott et al., 2011; Stornetta et al., 2006). To confirm
tissue-specific deletion of Kcnal, we performed PCR of brains from cKO mice. PCR amplification
of regionally-dissected brain tissue revealed the presence of the Kcnal% allele in the brainstem

(medulla, pons, midbrain), and olfactory bulb, but not in the neocortex, or hippocampus (Fig. 1A).

«del

«del

Figure 3.1. Molecular characterization of brainstem-specific Kcnal cKO mice. A, PCR detection
of the Kcnal deletion (del; 679 bp) allele from the genomic DNA isolated from hippocampus
(HC), cortex (CTX), striatum (STR), thalamus (Thal), cerebellum (CBM), medulla (Med), pons,
midbrain (Mid), olfactory bulb (OB), left atria (L.Atr), and left ventricle (L.Vent) for the cKO
mice.

3.4.2 Brainstem-cKO mice do not display spontaneous seizures or premature mortality, but do
have altered brain dynamics

We monitored mice with in vivo video-EEG to determine how brainstem-specific deletion of
Kcnal contributes to spontaneous seizures. Neither brainstem-specific cKO mice nor control mice
exhibited any obvious seizure activity (Fig. 2 A,C). This result was not surprising, as other research
has suggested the epileptogenic zone for Kcnal deficiency mouse models resides in the forebrain
regions (H. Dhaibar et al., 2019; Gautier & Glasscock, 2015; Trosclair et al., 2020). The absence
of seizures coincided with a lack of premature mortality in the mice (Fig. 2B). To assess whether
brainstem-specific Kcnal deletion impacted overall brain dynamics, we performed power

spectrum analysis to determine the relative power of delta, theta, alpha, beta, and gamma waves
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during the 24-h recordings. Brain-stem-specific cKO mice exhibited significantly elevated theta
power compared to the WT group (Fig. 2D), indicating they have abnormal EEG rhythms despite

their lack of seizures.
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Figure 3.2. A, Quantification of seizures over 24 hours for WT (n=4), cre (n=6), fl/- (n=5), and
cKO (n=9) mice. No electrographic seizures were captured for any of the groups. B, Kaplan-Meier
survival curves for WT (n=17), Cre (n=22), fl/- (n=51), and cKO (n=39) mice. No premature
mortality was observed for any of the groups. C, Representative EEG traces from a WT (top) and
cKO (bottom) mouse. D, Quantification of relative EEG power for WT (n=4), Cre (n=5), fl/- (n=4),
and cKO (n=9) mice. The designated wavelengths for each frequency band are as follows: delta
(1-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), gamma (30-80 Hz). One-way ANOVA
reveals significantly elevated theta power in brainstem cKO mice compared to WT (P < 0.05).

3.4.3 Inducing seizures in brainstem-cKO mice does not significantly increase mortality
Because brainstem-specific cKO mice did not show evidence of spontaneous seizures, we
next assessed their susceptibility to seizures and seizure-induced mortality when exposed to the

volatile chemical convulsant flurothyl, as previously described (Vanhoof-Villalba et al., 2018).
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Upon inhalation of flurothyl, mice routinely develop a stereotypical seizure pattern characterized
by: 1) an initial brief myoclonic jerk (event 1) followed by a 2) post-ictal return to normal behavior
and then a 3) secondary generalized tonic-clonic seizure (event 2), which leads to a 4) post-ictal
phase that often involves tonic hindlimb extension leading to death (Ferland, 2017). The myoclonic
event one is associated with forebrain activation, and the generalized tonic-clonic event two occurs
after neural activation spreads to the brainstem (Ferland, 2017; Kadiyala & Ferland, 2017).
Immediately before testing, we verified that there were no significant differences in the average
body weights between the groups of mice which could impact the effects of flurothyl (Fig. 3A). In
response to flurothyl administration, brainstem-specific cKO mice showed a time latency to the
first seizure event that was similar to controls (Fig. 3B); however, they exhibited a tendency
towards a faster latency for manifestation of the second seizure event (Fig. 3C). This trend is more
easily identifiable when looking at the generalization time (calculated as: time to event 2 minus
time to event 1), which shows a nonsignificant but apparent decrease between brainstem-specific
cKO mice and controls (Fig. 3D). Mortality was not significantly impacted though, as the cKO
and fl/- mice had identical mortality percentages, suggesting the risk of seizure related mortality

is the same in heterozygous Kcnal KO mice and brainstem-specific Kcnal cKO mice (Fig. 3E).
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Figure 3.3. Quantification of the (A) animal weights at the time of convulsant exposure, (B) time
latency to the first clonic event, (C) second generalized tonic-clonic event, (D) generalization time
between event 1 and 2, (E) and mortality in WT (n=9), Cre (n=9), fl/- (n=6), and cKO (n=9) mice.
The brainstem-specific cKO mice showed a trend towards faster seizure generalization and higher
mortality, but one-way ANOVA revealed no significant differences between any of the groups.
Open circles represent female data points, and male data points are indicated by closed circles.

3.4.4 Brainstem-cKO mice do not display overt cardiac dysfunction

The brainstem acts as one of the primary regulators of cardiac activity, so we monitored
mice using in vivo ECG in order to determine how Kcnal deletion in this region impacts overall
heart function. A short WT ECG trace in Fig. 4A shows the different components of the heartbeat
used to calculate cardiac function. Brainstem-specific cKO mice exhibited heart rates that were
similar to control mice (Fig. 4B). They also displayed no significant differences in autonomic
cardiac measures (Fig.4C-4F). The root mean square of successive beat to beat differences

(RMSSD), a metric of parasympathetic tone, showed no differences in overall, daytime, or
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nighttime measurements (Fig. 4C). The standard deviation of beat to beat differences (SDNN), a
measure of overall autonomic tone, also showed similar values between cKO and control mice, as
did the coefficient of variance (SDNN/RRmean) Which normalizes SDNN to heart rate (Fig. 4D-E).
Lastly, we measured the percentage of beat-to-beat intervals which differed by more than 6 ms
(pPNN6), another indicator of parasympathetic tone. This measurement showed the most inter-
animal variability of all the cardiac metrics, but we still found no significant differences (Fig. 4F).
We next quantified the frequency of cardiac conduction blocks (i.e., skipped heart beats). The fl/-
control mice exhibited more variability in the frequency of conduction blocks compared to the
other genotypes, but none of the groups showed a significant difference (Fig. 4G). Because we
identified no major changes that could indicate cardiac autonomic dysregulation, we next used
non-invasive ECG to examine the ECG waveform properties in more detail. The PQ interval,
which represents the time it takes for cardiac conduction to travel from the sinoatrial node (SA
node) and through the atrioventricular node (AV node) to the ventricles, was the first parameter
examined. This value was not significantly different between groups (Fig. 4H). Another similar
way to look at this measure is through the PR interval, which represents the time between atrial
depolarization and ventricular depolarization, an indicator of electrical conduction through the AV
node. This measure was also not significantly different between groups (Fig. 41). The duration of
the QRS complex, a measure of ventricular depolarization, also exhibited no significant
differences (Fig. 4J). The QT interval, an indicator of the time it takes for the heart to contract and
refill with blood before the next cardiac cycle begins (i.e., repolarization), also appeared normal
in cKO mice (Fig. 4K). The ST segment, which measures the time between ventricular

depolarization and repolarization (i.e., the time needed to reset for the next beat), showed no
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differences between groups (Fig. 4L). Collectively, this data shows that overall cardiac function is

apparently not significantly impacted by brainstem-specific Kcnal deletion.
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Figure 3.4. A, Sample ECG trace from a WT animal showing the location of P, Q, R, S, and T
elements in a heartbeat. Quantification of (B) heart rate, (C) RMSSD, (D) SDNN, (E) CV, (F)
pPNNG6, and (G) cardiac conduction blocks (skipped beats) from 24-h in vivo ECG recordings in
WT (n=4), Cre (n=5), fl/- (n=5), and cKO (n=8) mice. Each box for panels B-F contain the overall,
day, and night quantifications for each respective measure. RMSSD, root mean square of
successive beat to beat differences; SDNN, standard deviation of beat to beat intervals; CV,
coefficient of variance; skipped beats, cardiac conduction blocks. Quantification of (H) PQ
interval, (I) PR interval, (J) QRS interval, (K) QT interval, and (L) ST interval from ECGenie
cardiac waveform analysis in WT (n=14), Cre (n=8), fl/- (n=9), and cKO (n=5) mice. One-way
ANOVA revealed no statistically significant differences across all parameters. Open circles
represent female data points, and closed circles indicate male data points.
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3.4.5 Basal respiratory parameters are not altered in brainstem-cKO mice

The brainstem is known for its regulatory role in respiration, so we used in vivo
plethysmography to assess basal respiratory characteristics in the brainstem-specific cKO mice.
Brainstem-specific cKO mice did not exhibit significantly different rates of respiration (Fig. 5A)
or respiratory variability (Fig. 5B) compared to control mice. The brainstem is important for
regulating chemosensory behaviors as well, so plethysmography waveforms were analyzed to
determine if there were any differences in the presence of different types of apneas. Previous
studies have shown that global and neuron-specific Kcnal knockout mice have significant
reductions in all types of apneas signifying potential chemosensation deficits. Neither post-sigh,
spontaneous, nor overall total (combined post-sigh and spontaneous) apneas were significantly
different between groups (Fig. 5C). Compared to WT mice, brainstem-specific cKO mice
exhibited a slight trend towards decreased apnea frequency, but the differences were not
statistically significant (Fig. 5C). We also found no significant differences in the duration of apneas
(Fig. 5D), or the frequency of sighs (which evoke post-sigh apneas) (Fig 5E). Lastly, when post-
sigh apnea frequency was normalized to the frequency of sighs, there remained no significant
differences between any of the groups (Fig. 5F). Thus, brainstem-specific Kcnal deficiency alone

is not sufficient to cause basal respiratory dysfunction.
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Figure 3.5. Quantification of (A) respiratory rate, (B) respiratory variability, (C) apnea frequency,
(D) apnea duration, (E) sigh frequency, and (F) post-sigh apneas per sigh from 5-hour
plethysmography in WT (n=4), cre (n=6), fl/- (n=5), and cKO (n=9) mice. The boxed panel C
displays post-sigh, spontaneous, and total apnea frequency from left to right, respectively. One-
way ANOVA revealed no statistically significant differences among any of the measured
parameters. The open circles indicate female data points, and the closed circles represent male data

points.
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3.4.6 Brainstem cKO mice display a trend towards increased basal hypoxia levels

The brainstem houses the central chemosensory nuclei, so we used mouse pulse oximetry
to assess how lacking Kv1.1 may impact blood oxygen levels. The pulse oximetry readings yielded
respiratory rates (Fig. 6A) similar to those measured via plethysmography (Fig. 5A), but no
significant differences were observed between the groups. Furthermore, average basal arterial
oxygen saturation values also appeared comparable between the groups (Fig. 6B). Interestingly,
we found that the percentage of hypoxic events appears to be potentially increased in the
brainstem-specific cKO mice compared to controls (Fig. 6C). Unfortunately, at this early stage in
the data collection, inter-animal variability hinders drawing final conclusions so additional work

is ongoing to expand the sample sizes to determine if a significant difference exists.
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Figure 3.6. Quantification of (A) average respiratory rate, (B) average arterial oxygen saturation,
and (C) hypoxic events from mouse pulse oximetry in WT (n=4), cre (n=4), fl/- (n=5), and cKO
(n=5) mice. Hypoxic events are defined as the percentage of total data points where blood oxygen
levels drop below 90%. One-way ANOVA reveals no statistically significant differences in any
parameters, but there is a trend towards greater hypoxic event percentage in cKO mice compared
to controls. The open circles indicate female data points, and the closed circles represent male data
points.
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3.5 Conclusions

This study is the first to characterize the neuro-cardiorespiratory consequences of Kcnal
deletion specifically in the brainstem. Prior studies using pre-clinical Kcnal deficiency mouse
models have outlined the phenotypes associated with global and neuron-specific deletion of
Kcnal. However, this study, along with our work on forebrain-specific Kcnal deletion presented
in Chapter 2, represent the first investigations into how specific neurocircuits contribute to
potential SUDEP pathomechanisms and risk in the widely used Kcnal deficiency mouse model.
SUDEP research often emphasizes cardiorespiratory collapse as a critical event in the terminal
cascade, implicating the autonomic nervous system, which regulates heart and lung function. The
brainstem houses traditional autonomic circuitry, and for this reason it was explored as a potential
anatomical contributor to SUDEP mechanisms.

The brainstem-specific cKO mice did not share any obvious phenotypes with previously
characterized Kcnal deficiency mouse models. The global Kcnal deficiency model resulted in
mice that displayed spontaneous seizures, premature morality, and both ictal and interictal cardiac
dysfunction (H. Dhaibar et al., 2019; Glasscock et al., 2010; Mishra et al., 2017). Restricting Kcnal
deletion to neurons of the brain showed that the global KO phenotypes are largely brain-derived,
as the neuron-specific cKO mice shared similar, albeit attenuated, phenotypes compared to the
global KO mice (Trosclair et al., 2020). Unpublished work from the lab (presented in Chapter 2)
has also characterized a novel Kcnal deficiency model where deletion of the gene is limited to
excitatory neurons of the forebrain. This model displayed spontaneous seizures and premature
mortality similar to the neuron-specific cKO, however there were significant differences in their
cardiorespiratory phenotypes as compared to the global and neuron-specific models. Forebrain-

specific cKO mice retained the ictal cardiorespiratory dysfunction phenotypes but their interictal

90



cardiorespiratory phenotypes resembled WT mice. The brainstem-specific cKO mice did not have
spontaneous seizures (Fig. 2A), nor did they have any premature mortality (Fig. 2B). Previous
research with the Kcnal deficiency models has shown that seizures result in increased neural
activity in limbic regions, including the hippocampus and amygdala, suggesting the epileptogenic
onset zone for these mice is in forebrain. Therefore, seizures were not predicted in the brainstem
model in which the forebrain retains normal levels of Kcnal (Gautier & Glasscock, 2015). As
Kcnal deficiency mice are a model of SUDEP, the lack of spontaneous seizures is a likely
explanation for the lack of premature mortality. Because the brainstem-specific cKO mice do not
have spontaneous seizures, we challenged them with the chemical convulsant flurothyl to examine
seizure-related mortality. The brainstem-specific cKO mice showed a non-significant
enhancement in the time required for seizure generalization to the brainstem, but this did not
translate to any significant differences in mortality (Fig 3). We observed no instances of interictal
cardiac (Fig. 3) or respiratory (Fig. 5) dysfunction in brainstem-specific cKO mice, suggesting
Kv1.1 deficiency in this circuit alone is not sufficient to alter the basal function of the heart and
lungs.

Because the brainstem is a primary regulator of the heart and lungs, finding no effects of
brainstem-specific Kcnal deletion on cardiorespiratory function was surprising. One explanation
for this result could be that the Phox2b-Cre driver did not target Kcnal deletion in the key nuclei
driving the cardiorespiratory dysfunction phenotype. Previous work shows that Phox2b is not
endogenously expressed in the respiratory rhythm generators (Botzinger and pre-Bétzinger nuclei)
which convey heavy influence over respiratory rate and variability (Blanchi et al., 2003).
However, Phox2b is expressed in the retrotrapezoid nucleus, nucleus ambiguus, and nucleus of the

solitary tract which all play important roles in cardiorespiration (Dubreuil et al., 2008, 2009; Fu et
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al., 2019; M. M. Scott et al., 2011; Stornetta et al., 2006). In fact, the RTN does not develop
properly in Phox2b null mice, causing them to die hours after birth from respiratory failure, thereby
demonstrating the importance of this region for respiration and survival (Gallego & Dauger, 2008;
Goridis et al., 2010). Furthermore, experimental manipulation of Phox2b-containing neurons
activates pre-Botzinger neurons suggesting the two are directly linked (Fu et al., 2019; N. Liu et
al., 2021). Therefore, a more likely explanation for the absence of cardiorespiratory dysfunction
in brainstem-specific Kcnal cKO mice is that the interplay and communication between the
brainstem and forebrain autonomic circuits could be masking the phenotypes. In the brainstem-
specific cKO mice, the forebrain has WT levels of Kcnal, so the forebrain may be able to
neutralize the impact of the excitation-prone brainstem to mask potential cardiorespiratory deficits.
Lastly, important contributions to cardiorespiratory dysfunction may reside outside of the
traditional circuitry that governs autonomic brain control. One such region is the cerebellum. The
neuron-specific cKO model does not target the cerebellum, and these mice show normal basal
respiratory rate/variability, along with attenuated cardiac dysfunction compared to global KO
mice. The Cre lines used to generate the forebrain- and brainstem-specific cKO mice also fail to
target Kcnal deletion to the cerebellum, and both of these cKO models exhibit normal interictal
cardiorespiratory function (Trosclair et al.,, 2020). Thus, the cerebellum may have an
underappreciated influence on cardiorespiratory activity, and working with a cerebellum-specific
Kcnal deficiency model could elucidate this region’s potential role in SUDEP pathomechanisms.

The brainstem appears to have a potentially important role in blood gas stability, as the
cKO mice had a trend towards more hypoxic events basally. Importantly, it has been shown that
Kcnal mRNA is not present in the lungs, so deficits in the respiratory parameters are likely coming

from neural influences (K. A. Simeone et al., 2018). This result would be in line with research on
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global Kcnal KO mice showing that they experience a significantly increased number of hypoxic
events regardless of their activity status, and hypoxic KO mice showed an increase in respiration
as a response which was greater than in control mice (Kline et al., 2005; K. A. Simeone et al.,
2018). Kcnal KO mice show a greater level of spontaneous and miniature EPSCs in the NTS than
control mice, suggesting hyperexcitability defects which could functionally impair blood oxygen
regulation (Kline et al., 2005). Kcnal KO mice with intermittent hypoxia exhibit improved oxygen
saturation after treatment with a dual orexin (hypothalamic neuropeptide involved in arousal)
antagonist (lyer et al., 2020). An interesting future study would be to see if the dual orexin
antagonist could attenuate the hypoxia deficits in brainstem-specific cKO mice (if they are
ultimately found to be statistically significant) because it would suggest that the brainstem is
critical in regulating the oxygen saturation chemoreflex. Interestingly, when heterozygous Kcnal
KO mice are exposed to hypoxia at postnatal day 6, they show increased susceptibility to flurothyl-
induced seizures at postnatal day 50 (Leonard et al., 2013). Furthermore, a subset of the
heterozygous mice exposed to hypoxia developed spontaneous seizures, suggesting poor blood
oxygen saturation in development can have large neurological consequences during the aging
process (Leonard et al., 2013). The flurothyl experiments performed here were done at postnatal
day 30 to correspond to studies in other Kcnal deficiency models, but these hypoxia exposure
studies suggest that testing the mice at older ages could potentially uncover susceptibility to

flurothyl-induced seizures in brainstem-specific cKO mice.

To summarize, our findings show that brainstem-specific deletion of Kcnal may cause
chemoreflex deficits in the absence of other basal cardiac and respiratory abnormalities.
Neurologically, EEG power spectrum analysis reveals that brainstem-specific cKO mice possess

a significant increase in relative resting-state theta power, which has been shown to be increased
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in human epilepsy syndromes (Clemens et al., 2021, 2023). Of note, the EEGs performed in this
study only had parietotemporal subdural leads meaning that the brainstem-specific Kcnal deletion
was able to produce cortically measured differences in EEG relative power. Though no seizures
were captured, there may yet be more neurological deficits that were not measured in this study
such as brainstem hyperexcitability. One of the most prominent findings in brainstem-specific cKO
mice was the apparent trend in increased prevalence of hypoxic events in the resting state
compared to WT mice (Fig 6C). Together with other Kcnal deficiency models, the results here
implicate brainstem Kv1.1 as potentially important in basal blood gas chemoreception.
Chemosensory dysregulation could contribute to SUDEP mechanisms as patients have been found
in the prone position at night and they do not always recognize air hunger signals from the brain,
suggesting deficits in proper chemoreflex and arousal mechanisms may increase overall SUDEP
risk (Harmata et al., 2023). Therefore, we propose the brainstem as one of many key anatomical

regions which, when dysfunctional, could contribute to SUDEP risk and pathomechanisms.
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CHAPTER 4:

IDENTIFICATION OF THE REGIONAL DISTRIBUTION OF KV1.1 IN THE HEART
AND HOW IT CONTRIBUTES TO CARDIAC PHYSIOLOGY

4.1 Abstract

Voltage-gated potassium channels are recognized for their significant roles in cardiac
function. However, only recently has Kv1.1 been acknowledged as both present and functionally
active in both the atria and ventricles, particularly in the repolarization of action potentials. Atrial
and ventricular cardiomyocytes lacking Kcnal show prolonged action potentials which could be a
risk factor for arrhythmia. Importantly, the presence and functional significance of Kv1.1 in
sinoatrial node intrinsic pacemaking activity has not yet been described. Furthermore, knowledge
of how Kv1.1 function in the heart contributes to in vivo cardiac function remains incomplete. The
work in this chapter represents collaborative pieces of larger research papers that | have contributed
to experimentally in an attempt to address these gaps in knowledge. First, | used
immunocytochemistry to show that Kv1.1 is present in sinoatrial cells in very low abundance but
using immunolabeling amplification allowed for detection and quantification. Furthermore, | used
in vivo ECG to assess cardiac function in cardiac-specific Kcnal cKO mice which revealed no
overt cardiac abnormalities. Therefore, cardiomyocyte-specific deletion of Kcnal is not sufficient
to evoke significant in vivo cardiac deficits at the level of ECG. Ultimately, we find that Kcnal is
present in the major regions of the heart where it contributes significantly to cardiomyocyte

repolarization, but these deficits are not necessarily severe enough to impair overall heart function.

95



4.2 Introduction

The heart is a complex organ which, through fine-tuned electrical signaling, beats
consistently day in and day out to sustain life. The electrical activity initiates in the sinoatrial node
where pacemaker cells propagate their signals through the atria and to the atrioventricular node
(Nerbonne & Kass, 2005). This signal then spreads downward to the apex of the heart and into the
ventricles completing one cycle (Nerbonne & Kass, 2005). Specifically, the cardiac action
potential is shaped through a combination of inward Na* and Ca?* currents which depolarize the
cell, and outward K* currents which repolarize the cell (Nerbonne & Kass, 2005). Importantly,
there are many potassium channels which are active during different parts of the repolarization
process depending on their voltage dependence, gating, and Kinetics, which suggests that research
into understanding each of these contributing currents is essential to understanding and effectively

providing clinical therapeutics for arrhythmias (Nerbonne, 2016).

The voltage-gated potassium channel alpha subunit Kv1.1 (encoded by the Kcnal gene) is
one such channel that has a long-established role in neuronal action potentials but has only recently
been confirmed as present and active in the heart. Kv1.1 was the first potassium channel gene to
be cloned and linked to human disease (namely episodic ataxia type 1) in the late 1900s making
the gap in knowledge of its role in cardiac function surprising (Glasscock, 2019). One factor which
contributed to this was a set of studies done in the 1990s and early 2000s which were either
unsuccessful in their attempts to show Kv1.1 expression in the heart, or the results were difficult
to interpret and often attributed to neural influences leaving researchers at the time under a
consensus that Kv1.1 was not present in the heart (Brahmajothi et al., 1997; Dixon & McKinnon,
1994; Glasscock, 2019; London et al., 2001; Roberds & Tamkun, 1991). Advancement of

experimental detection techniques allowed for more confident confirmation of Kcnal mRNA in
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the heart including the sinoatrial node (Harrell et al., 2007; Leoni et al., 2006a; Marionneau et al.,
2005), but the functional expression of the protein had yet to be confirmed. Western blot and
immunohistochemistry performed in the Glasscock lab showed Kv1.1 protein expression in the
atrial and ventricular cells of both mice and humans (Glasscock et al., 2010, 2015; Trosclair et al.,
2021) This long and arduous path to identifying cardiac Kv1.1 expression confirmed its presence

in the heart, but work needed to be done to confirm what, if any, functional role it is playing.

Subsequent studies demonstrated that Kv1.1 functionally contributes to atrial and
ventricular action potential repolarization. In a study using isolated human atrial cardiomyocytes,
application of the Kv1.1 specific blocker dendrotoxin-K (DTX-K) reduced both peak and late
outward K* currents which was the first piece of evidence that Kv1.1 is functionally active in
cardiac repolarization (Glasscock et al., 2015). Furthermore, patch clamp recordings showed that
atrial cardiomyocytes isolated from Kcnal KO mice have impaired repolarization and altered
action potential shape which was also recapitulated in WT atrial cells treated with DTX-K, further
solidifying that Kv1.1 is functionally active in the heart (Si et al., 2019). In the ventricles, whole-
cell patch clamp recordings demonstrated that ventricular cardiomyocytes from Kcnal KO mice
also show prolonged action potentials, further indicating repolarization deficits (Trosclair et al.,
2021). Despite the abundance of evidence for both the presence and function of Kv1.1 in atrial and
ventricular cardiomyocytes, there remains a gap in knowledge regarding the potential role of Kv1.1

in the sinoatrial node.

Genetic manipulation of Kcnal has revealed important roles for the gene in regulating in
vivo cardiac physiology. Kcnal global KO mice are commonly used as a model for sudden
unexpected death in epilepsy (SUDEP) because they have spontaneous seizures, premature

mortality, and cardiorespiratory dysfunction (H. Dhaibar et al., 2019; Glasscock et al., 2010; lyer
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et al., 2020; Smart et al., 1998). Recordings of global KO mice using simultaneous
electroencephalography (EEG)- electrocardiography (ECG) showed multiple types of cardiac
abnormalities during seizures including cardiac conduction blocks, bradycardia, and asystole
(Glasscock et al., 2010). Echocardiography of Kcnal KO mice also revealed decreased ejection
fraction and fractional shortening indicative of contractile dysfunction (Trosclair et al., 2021).
Furthermore, restricting Kcnal deletion to either the neurons of the brain or more specifically to
neurons of the corticolimbic circuit (Chapter 2) causes ictal cardiac dysfunction similar to global
KO mice (Trosclair et al., 2020, Paulhus et al, unpublished). EEG-ECG recordings in both global
Kcnal KO and corticolimbic-specific Kcnal cKO mice have captured SUDEP events which
present with progressively worsening bradycardia leading to death, emphasizing the role of the
heart in SUDEP pathomechanisms (Glasscock et al., 2010; Moore et al., 2014, Paulhus et al,
unpublished). Global KO and neuron-specific cKO mice also show interictal cardiac deficits
including increased cardiac conduction blocks (global KO only) and increased parasympathetic
tone as detected by the root mean square of successive beat-to-beat differences (RMSSD), a heart
rate variability (HRV) measure (Glasscock et al., 2010; Mishra et al., 2017; Trosclair et al., 2020;
Vanhoof-Villalba et al., 2018). This evidence shows that Kv1.1 plays an important role in cardiac
function by regulating either heart-intrinsic processes or brain-derived autonomic mechanisms
Kv1.1. However, the contribution of cardiac-specific of Kv1.1 to intrinsic cardiac function at the

level of the whole animal has not been directly tested.

This chapter is comprised of collaborative contributions made by the dissertation author
towards larger publications seeking to fill two primary gaps in the knowledge of Kv1.1 in the heart.
The first is whether Kv1.1 is present in the sinoatrial node, a step towards identifying how Kv1.1

functionally contributes to pacemaking. The second is to identify how heart-specific Kcnal

98



contributes to overall cardiac function measured by in vivo experiments. These studies suggest that
Kcnal is present in the sinoatrial node. Furthermore, a post-doctoral researcher in the lab (Dr.
Man Si) has confirmed the functional importance of Kv1.1 in sinoatrial cells by performing a series
of patch clamp electrophysiology experiments. However, ECG recordings in heart-specific Kcnal
mice did not reveal evidence of in vivo cardiac dysfunction. Ultimately these results suggest that
the cardiac dysfunction identified in Kcnal deficiency models is likely predominantly brain-
derived, but Kv1.1 is present in the heart where it makes a significant contribution towards action
potential repolarization in atrial, ventricular, and sinoatrial cells, providing a potentially vulnerable

substrate for seizures to act upon.

4.3 Materials and Methods
4.3.1 Animals

Heart-specific conditional knockout (cKO) mice (i.e., Myh6-Cre*":Kcnal™) were generated by
crossing heterozygous Kcnal floxed (fl) mice (Kcnal™*) with heterozygous Kcnal global
knockout mice (Kcnal*") carrying one copy of the Myh6 transgene (i.e., Myh6-Cre*", Kcnal*h).
Myh6-Cre*", Kcnal*™ mice were generated by crossing hemizygous transgenic Myh6-Cre*” mice
with heterozygous Kcnal* mice. Control mice include Kcnal** Myh6” (WT), Kcnal**, Myh6*"
(Cre), and Kcnal™ Myh6*'* (fl/-). Myh6-Cre mice were purchased from Jackson Labs (Bangor,
MN) under the catalog name B6.FVB-Tg(Myh6-cre)2182Mds/J (JAX 011038). Kcnal* mice
which are maintained on a Tac:N:NIHS-BC genetic background, carry a KO allele of the Kcnal
gene due to targeted deletion of the entire open reading frame (Smart et al., 1998). Kcnal™* mice,

which are maintained on a C57BL/6J, were generated and described previously (Trosclair et al.,
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2020). Mice were housed at 22°C, fed ad libitum, and subjected to a 12-h day/night cycle. All
experiments were performed in accordance with National Institutes of Health (NIH) guidelines
with approval from the Institutional Animal Care and Use Committee of Southern Methodist

University.

4.3.2 Genotyping

To identify experimental and control mice, genomic DNA was isolated by enzymatic digestion of
tail clips using Direct-PCR Lysis Reagent (Viagen Biotech, Los Angeles, CA, USA). Genotypes
were determined by performing PCR amplification of genomic DNA using allele-specific primers.
For detection of the Kcnal global KO allele, the following primer sequences were used to yield
amplicons of 337 bp for the wild-type (WT) allele and 475 bp for the KO allele: a WT specific
primer (5'-GCCTCTGACAGTGACCTCAGC-3); a KO-specific primer (5-
CCTTCTATCGCCTTCTTGACG-3Y); and a common primer (5'-
GCTTCAGGTTCGCCACTCCCC-3"). For detection of the Kcnal® allele, the following primer
sequences were used to yield amplicons of 197 bp for the WT allele and 260 bp for the floxed
allele: a WT-specific primer (5’-GCTCCTCTACTATCAGCAAGTCTGAGTACATGG-3’); a
floxed-specific primer (5’-ATCAAGTTGGACATCACCTCCCACAAC-3%); and a common
primer (5’-AAGGGGTTTGTTTGGGGCTTTTGTT-3"). For detection of the Myh6-Cre
transgene, the following primer sequences were used to yield a product of 300 bp for the Cre allele:
a Myh6-Cre specific forward primer (5’-ATGACAGACAGATCCCTCCTATCTCC-3’), and a

Myh6-Cre reverse primer (5’-CTCATCACTCGTTGCATCATCGAC-3’).
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4.3.3 Video-electroencephalography-electrocardiography (EEG-ECG) recordings

To measure in vivo brain and heart activity, mice (4-6 weeks old) of both sexes were anesthetized
using an anesthetic cocktail and surgically implanted with bilateral silver wire EEG and ECG
electrodes (0.005-inch diameter) attached to a microminiature connector (Omnetics Connector
Corporation, Minneapolis, MN) for tethered configuration recording. The anesthetic cocktail
contained ketamine (100 mg/kg), xylazine (10 mg/kg), and acepromazine (2 mg/kg) and was
administered by intraperitoneal (i.p.) injection. Following completion of the surgery, the reversal
agent Antisedan (1 mg/kg) was administered by subcutaneous (s.c.) injection. Carprofen (5 mg/kg,
s.c.) was given the day of surgery and 24 hours post-surgery for pain management. EEG wires
were inserted into the subdural space through cranial burr holes overlying the parietotemporal
cortex for the recording electrodes and above the frontal cortex for the ground and reference
electrodes, as described previously (Mishra et al.,, 2018). Two ECG wires were tunneled
subcutaneously on both sides of the thorax and sutured in place to record cardiac activity, as
described previously (Mishra et al., 2018). Mice were allowed to recover for 48 hours before
recording simultaneous EEG-ECG for > 24 h continuously while the animals were housed in a
plexiglass tank (40-cm length x 20-cm width x 23-cm height). Biosignals were band-pass filtered
by applying 0.3 Hz high-pass and 75-Hz low pass filters for EEG and a 3.0-Hz high-pass filter for

ECG. Sampling rates were set to 500 Hz for EEG and 2 kHz for ECG.

4.3.4 Analysis of video-EEG-ECG recordings

The RR intervals of the ECG waveforms were used to estimate heart rate (HR) and heart rate

variability (HRV) for the first 24-h recording period overall as a whole, and for the 24-h day- (6:00
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AM to 6:00 PM) and 12-h night phase (6:00 PM to 6:00 AM) portions. For each ECG recording,
six separate RR interval series were derived by sampling 2-min ECG segments every four hours
to provide three day (6:00 AM to 6:00 PM) and three night (6:00 PM to 6:00 AM) measurements.
RR interval series for each segment were automatically generated and manually confirmed using
Ponemah software (Data Sciences International, St. Paul, MN). RR intervals were only sampled
during times when the mouse was stationary and no physiological artifacts such as skipped or
ectopic beats occurred. HRV was measured in the time domain using the standard deviation of the
RR intervals (SDNN); the coefficient of variance (CV; defined as SDNN/RRmean X100); the root
mean square of successive differences between the RR intervals (RMSSD); and the percentage of
consecutive RR intervals differing my >6 ms (pNN6). The HR and HRV values for each animal
represent an average of the six total segments or an average of the three daytime or three nighttime

segments, as indicated in the text.

4.3.5 Immunocytochemistry

Isolated SAN cells were allowed to settle on laminin-coated chambered slides for at least 2 h
followed by fixation with 3.2% paraformaldehyde for 10 min. Cells were permeabilized using
0.1% Triton in phosphate-buffered saline (PBS) and blocked in 10% goat serum for 1 h at room
temperature (RT; ~22°C). Cells were incubated overnight at RT with 1:200 dilution of rabbit
polyclonal anti-Hcn4 antibody (APC-052, Alomone) and 1:500 dilution of mouse monoclonal anti-
Kv1.1 antibody (K20/78, NeuroMab). Hcn4 and Kv1.1 immunoreactivities were visualized with

1:1000 Alexa Fluor 594 and 488 secondary antibodies (Invitrogen), respectively. After three
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washes with PBS, a coverslip was mounted onto the slides using ProLong Glass Antifade Mountant

with NucBlue (Invitrogen).

Tyramide signal amplification (kit B40941, Invitrogen) was used to boost the Kvl.1
immunoreactivity signal according to the manufacturer’s recommended protocol using a 1:500
dilution of mouse anti-Kvl.1 (NeuroMab) and a 1:1000 tyramide-labeled Alexa Fluor 488
antibody. Anti-Hen4 immunoreactivity was performed the same as described above without
tyramide amplification. After three washes with PBS, a coverslip was mounted onto the slides

using ProLong Glass Antifade Mountant with NucBlue (Invitrogen).

Images were collected at 40-times magnification using an automated microscope (LionHeart FX,
BioTek). SAN cell identity was confirmed by Hen4 labeling. Negative control experiments were
performed by incubating cells with secondary antibodies only which yielded no detectable signal.
Images were always acquired using the same optimized settings for each fluorophore. Brightness
and contrast were minimally adjusted to improve visualization of acquired images, but these
settings were applied equally to each fluorophore for all images. Merged images were not further
adjusted. Analysis was performed for 10 cells/animal for WT (n=4) and KO (n=4) using ImageJ
software. Equal sexes were used for each genotype (2 males and 2 females). Corrected total cell
fluorescence (CTCF) was calculated for individual cells from the following equation: CTCF =

Integrated Density - (selected cell area X mean fluorescence of background reading).
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4.3.6 Statistical Analysis

Data are presented as mean £ SEM. Prism 10 for Windows (GraphPad Software Inc, La Jolla, CA,
USA) was used for statistical analysis. For comparisons involving two or more groups, one-way
analysis of variance (ANOVA) was used followed by Tukey post-hoc tests. For comparisons of
corrected total cell fluorescence, the data was not normally distributed, so it was first log
transformed and then a non-parametric Mann-Whitney test was performed on the log-transformed
data. Outliers were identified using the ROUT method with Q= 1% and excluded from analyses.
Results were significant if P < 0.05. Gender for each ECG data point is indicated as open circles

for females and closed circles for males.

4.4 Results

4.4.1 Kcnal is present in low abundance in sinoatrial myocytes

To complement previous work that has demonstrated Kcnal transcripts in the sinoatrial
node, we performed immunocytochemistry to investigate the corresponding Kv1.1 protein levels
(Glasscock et al., 2010; Leoni et al., 2006b; Marionneau et al., 2005). Kv1.1 immunocytochemistry
was performed alongside HCN4 immunodetection to specifically label sinoatrial myocytes.
Traditional immunocytochemistry resulted in very weak Kv1.1 staining in WT cells, so tyramide
signal amplification (TSA) was used to increase the Kv1.1 sensitivity. This strategy has been
leveraged previously for low abundance ion channels in sinoatrial cells (Lai et al., 2014). TSA
Kv1.1 immunocytochemistry showed Kv1.1 protein in WT cells which was largely diffuse

intracellularly (Fig. 1A). Corrected total cell fluorescence (CTCF) was used to quantify the Kv1.1
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signal which showed a significant reduction in knockout cells compared to WT (Fig. 1B). Overall,

this work demonstrated that Kv1.1 protein is detectable in sinoatrial myocytes, but at a low level.

A Kv1.1/HCN4/DAPI Kv1.1 B

CTCF (RFU)

Figure 4.1. Immunocytochemistry shows Kv1.1 immunoreactivity present at low levels in WT
SAN myocytes. (A) Representative images of WT (top row) and KO (bottom row) sinoatrial
myocytes after labeling with tyramide signal amplification of the KV1.1 signal. Left panels:
representative merges images showing co-labeling for Kv1.1, the SAN-specific marker HCN4,
and the nuclear marker nuc blue. Right panels: immunoreactivity for Kv1.1 in the same cells. Inset
images correspond to the dashed box. Scale bars: 25 um for the primary image and 5 pum for the
inset. (B) WT cells showed significantly increased levels of Kv1.1 corrected total cell fluorescence
(CTCF) compared to KO cells. For both groups, 4 animals were used, and 10 cells/animal were
imaged and quantified for a total of 40 cells/genotype. RFU, relative fluorescence units. **, P =
0.0029 (Mann Whitney U test of log-transformed values).

4.4.2 Cardiac-specific Kcnal deletion does not incite ECG recorded cardiac dysfunction

With the presence and functional activity of Kv1.1 shown throughout the brain, it was

important to analyze the cardiac consequences of Kcnal deletion specifically in the heart. Previous
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work genetically manipulating Kcnal looked at either isolated hearts, isolated cardiomyocytes, or
global and brain-specific Kcnal deletion in mice, but none of these studies has investigated the
contribution of heart-specific Kcnal to normal mouse cardiology. Analysis of ECG recordings
from heart-specific Kcnal cKO mice showed that their heart rates were not significantly different
from controls (Fig. 2A). This result is in line with other Kcnal deficiency models which also do
not show heart rate differences in ECG recordings (H. Dhaibar et al., 2019; Mishra et al., 2017,
Trosclair et al., 2020, Paulhus et al, unpublished). Next, measures of HRV were assessed beginning
with RMSSD as a measure of parasympathetic tone. We found no significant differences in overall,
daytime, or nighttime RMSSD values between groups (Fig. 2B). The measures of sympathetic
tone, SDNN and CV (coefficient of variance = SDNN/ RRmean), Were also statistically similar
across all groups (Fig. 2C-2D). Analysis of individual heart beats showed that the percent of
consecutive beats differing by more than 6 ms (obNN6) and the prevalence of cardiac conduction
blocks (i.e., conduction blocks) were not statistically different between groups (Fig. 2E-2F).
Ultimately, this work shows that heart-specific Kv1.1 deficiency is not sufficient for detectable

cardiac dysfunction at the level of the ECG.
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Figure 4.2. Quantification of (A) heart rate, (B) RMSSD, (C) SDNN, (D) CV, (E) pNNG6, and (F)
skipped beats from 24 hour in vivo ECG recordings in WT (n=5), cre (n=4), fl/- (n=3), and cKO
(n=6) mice. RMSSD, root mean square of successive beat to beat differences; SDNN, standard
deviation of beat to beat intervals; CV, coefficient of variance; skipped beats, cardiac conduction
blocks. One-way ANOVA revealed no statistical differences in any of the measured parameters.
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4.5 Conclusions

The first experiment presented (Fig. 1) shows that Kv1.1 is expressed in mouse sinoatrial
myocytes, but at low levels. Previous research has shown that Kv1.1 is present and functionally
active in both atrial and ventricular cells, and this current experiment confirms that Kv1.1 is also
present in the sinoatrial node (Si et al., 2019; Trosclair et al., 2021). Importantly, unpublished
experiments from the lab have also shown that Kv1.1 is functionally required for normal sinoatrial
myocyte firing rate and cardiac pacemaking in mice (Si et al, unpublished). This extends our
knowledge of cardiac Kv1.1 by showing its presence and functional activity in three of the major
anatomical regions of the heart: the atria, ventricles, and sinoatrial node. The immunological
detection of Kv1.1 revealed that the protein was only present at low levels yet electrophysiology
shows that it still makes significant functional contributions in sinoatrial myocyte (Si et al;
unpublished; Fig 1). This current (now deemed Ikv1.1) should be considered in clinical cases of
sinus node dysfunction and could potentially be targeted in cases of cardiac arrhythmia (Si et al

unpublished).

The second set of experiments (Fig. 2) revealed that limiting Kcnal deficiency to only the
heart is not sufficient for ECG-measured cardiac dysfunction. Previous studies using Kcnal
deficiency models have shown both ictal and interictal ECG abnormalities; however, these models
were either global gene knockouts, or they restricted Kcnal deletion to the brain (H. Dhaibar et
al., 2019; Glasscock et al., 2010; Mishra et al., 2017; Trosclair et al., 2020, Paulhus, unpublished).
The absence of measurable cardiac dysfunction in the heart-specific deficiency model was
surprising given the electrophysiological evidence that Kv1.1 is present and functioning in the
atria, ventricles, and sinoatrial node, but there could be explanations outside the heart that account

for this (Si et al., 2019; Trosclair et al., 2021; Si et al., unpublished). The brain houses the
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autonomic nervous system nuclei which directly communicate with the heart to regulate the
balance of autonomic tone. Therefore, it is possible that these autonomic influences can mask
intrinsic cardiac deficits. The neuron-specific cKO mice exhibit interictal cardiac dysfunction
despite not deleting Kcnal in the heart. This suggests that the brain itself can drive cardiac
dysfunction even with an otherwise healthy heart (Trosclair et al., 2020). There could also be
neuro-humoral influences, remodeling, or other actions at play which compensate for intrinsic
cardiac dysfunction (Al Kury et al., 2022; MacDonald et al., 2020). Overall, however, the results
show cardiac-specific Kcnal deletion does not impair cardiac function in vivo at the level of the

ECG.

In summary, Kv1.1, a previously underappreciated channel in the heart, is present and
functional in the major regions of the heart where it contributes to action potential repolarization.
Even in the case of the sinoatrial node, where Kv1.1 is present at low levels in sinoatrial myocytes,
the channel still has major contributions to intrinsic firing rate. These findings illustrate the
important principle that even low levels of ion channel proteins can play big roles in cardiac
function. Furthermore, restricting Kcnal deletion specifically to the heart does not result in
significant cardiac dysfunction as measured by ECG. Importantly, cardiac dysfunction is a
common phenotype in SUDEP cases, so understanding the anatomical substrates for this
dysfunction is critical for designing appropriate therapeutics and managing risk stratification in
the epilepsy community. It appears that, in the case of the Kcnal deficiency mouse models, the
primary driver of cardiac dysfunction is aberrant signaling from the brain. However, because
Kcnal plays an important role in overall cardiomyocyte electrophysiology, it is important to
consider that mutations in KCNAL in clinical cases may render the heart more vulnerable to the

repeated stress of electrical activity propagating to the heart from seizures. Ultimately, Kv1.1
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appears to be clinically relevant for both sinus node dysfunction, as well as for potentially
rendering an epileptic heart vulnerable to potentially dangerous arrhythmias which could increase

the risk of death.
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CHAPTER 5:

FINAL CONCLUSIONS

5.1 Summary

Sudden unexpected death in epilepsy (SUDEP) is a complex biological phenomenon with
mechanisms and anatomical substrates that have yet to be fully elucidated. Many efforts have
focused on developing a better understanding of SUDEP, but at this stage researchers only have
working hypotheses. A subset of the research suggests seizures communicate pathological signals
to the heart and brain which leads to mortality through cardiorespiratory collapse, but the specific
mechanisms are not known. Furthering this hypothesis, the MORTEMUS study showed that the
cascade of events leading to SUDEP appeared to be the terminal seizure and subsequent apnea

followed by asystole emphasizing both the heart and lungs in the process.

One barrier to understanding SUDEP more comprehensively is finding a good model to
use that captures relevant phenotypes that have been identified in clinical cases. The preclinical
Kv1.1 deficiency mouse model is one such model. Kcnal encodes Kv1.1 alpha subunits which
assemble with other voltage-gated potassium channel alpha subunits and the corresponding beta
subunits to form a fully functional channel. Kv1.1 channels are critically important in action
potential repolarization and maintaining normal electrical activity. When the gene is globally
deleted, the resulting KO mouse model displays spontaneous seizures, cardiorespiratory

dysfunction, and premature mortality. These phenotypes are a reasonable approximation of what
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was described in the MORTEMUS study and thus, this model is at the core of the SUDEP research

performed in the lab.

Utilizing Kv1.1 deficiency mouse models has helped guide knowledge on potential
SUDEP mechanisms. As stated above, the global KO mice have spontaneous, unprovoked,
seizures which typically present with both ictal cardiac and respiratory dysfunction. The most
common of these include hyperventilation, tachypnea, and ataxic breathing for respiratory
phenotypes, and tachycardia, bradycardia, and cardiac conduction blocks for cardiac events (H.
Dhaibar et al., 2019). These mice also displayed cardiorespiratory dysfunction interictally
including elevated respiratory rate and variability, an abnormal decrease in apneas, and increased
heart rate variability (RMSSD; parasympathetic tone measure) (H. Dhaibar et al., 2019; Mishra et
al., 2017). A near SUDEP event was also captured in the global KO mice which showed a 14-s
apnea at the end of the seizure and into the postictal period with cardiac dysfunction beginning
secondary to respiratory deficits. Cardiac dysfunction included agonal QRS and ST depression
which are often associated with comorbid oxygen saturation deficits which also suggests
cardiorespiratory failure as a critical step in the SUDEP pathological cascade. This model has laid
important groundwork for understanding potentially important SUDEP mechanisms, but

anatomical substrates cannot be gleaned because the gene is globally knocked out.

To further this work, a neuron-specific Kcnal cKO was generated to determine if the
phenotypes previously seen in global KO mice were brain-derived. Limiting Kv1.1 deficiency to
neurons helped to identify the regions that are active for SUDEP-related phenotypes observed
clinically and in mouse models. Neuron-specific cKO mice also showed spontaneous seizures,
cardiorespiratory abnormalities, and premature mortality, but the phenotypes observed were

slightly attenuated from what was observed in global KO mice. During seizures, tachypnea,
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hyperventilation, and ataxic breathing still were observed as common respiratory phenotypes, and
bradycardia was commonly observed as a cardiac phenotype (Trosclair et al., 2020). Interictally,
the absence of apneas and an increase in heart rate variability (RMSSD; parasympathetic tone)
were observed, similar to the global KO mice. Collectively, the neuron-specific cKO mouse model
showed that the SUDEP-relevant phenotypes observed in Kv1.1 deficiency mouse models appear
to be largely brain-driven. However, the lesser severity of the phenotypes in the neuron-specific
cKO mouse suggested that other regions outside the brain might contribute to SUDEP phenotypes.
Furthermore, the neuron-specific cKO was a brain-wide deletion that encompassed a multitude of
complex neural circuits, hindering the identification of the individual contributions of discrete
neuronal subpopulations to SUDEP. For this reason, this dissertation examined the contribution of
two specific neural circuits (the corticolimbic circuit and the brainstem), as well as the heart to

better understand the anatomical underpinnings of SUDEP pathology.

Chapters 2 and 3 of this dissertation utilized novel corticolimbic- and brainstem-specific
Kcnal cKO mice to measure how the primary autonomic circuits influence the phenotypes that
were relevant to both the global and neuron-specific cKO mice. In chapter 2, it was shown that
Kcnal deletion in corticolimbic circuits is sufficient for spontaneous seizures, premature mortality,
ictal cardiorespiratory dysfunction, and even SUDEP (Ch. 2, Fig. 2A-C). In fact, the average
seizure duration of ~40s in corticolimbic-specific cKO mice was similar to both the global KO and
neuron-specific cKO mice (Ch 2., Fig. 2C). Previous work has shown elevated FOS activation in
the corticolimbic circuit following spontaneous seizures in the global KO mice which suggested
this region may be the epileptogenic zone for Kcnal deficiency mouse models (Gautier &
Glasscock, 2015). Supporting this, deleting Kcnal in only the brainstem did not cause spontaneous

seizures, and furthermore, it did not lead to any detectable premature mortality (Ch. 3, Fig. 2A-C).
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The corticolimbic-specific cKO mice exhibited premature mortality which was attenuated relative
to the neuron-specific cKO mice. Only approximately 25% of corticolimbic-specific cKO mice
showed early lethality, but the other models both reached 50% or more mortality (by 1 month old
for global KO mice and by 3 months old for neuron-specific cKO mice). One factor that could be
contributing to this is the milder seizure phenotypes typically seen in the corticolimbic-specific
cKO mice. Their generalized tonic-clonic seizure behaviors, including running and bouncing,
rearing, and falling, were seen in less than 40% of all seizures recorded (Ch. 2, Fig. 2D).
Furthermore, the differences in mortality imply regions not impacted by the corticolimbic Emx1-
Cre driver may be important contributors to overall premature death. Thus, the corticolimbic
circuit is a critical anatomical substrate for the initiation of spontaneous seizures, premature

mortality, and SUDEP.

Ictal cardiorespiratory dysfunction has been a consistent phenotype in previous Kcnal
deficiency models and was measured in the corticolimbic-specific cKO mice as well. Tachypnea
and ataxic breathing were the two most common respiratory phenotypes measured in the
corticolimbic cKO mice, which aligns with the other models which also showed a prevalence of
the same phenotypes (Ch. 2, Fig. 4A). Similarly, in corticolimbic-specific cKO mice, cardiac
conduction blocks, bradycardia, and tachycardia were the most frequent ictal cardiac dysfunction
phenotypes, which were also seen in previous Kcnal mouse models (Ch. 2, Fig. 3A). Of note, all
three models report respiratory dysfunction preceding cardiac dysfunction which suggests that
seizures are activating the same networks to elicit consistent phenotypes. This work shows that the
ictal cardiorespiratory dysfunction can be driven by the corticolimbic circuit, and that further
exploring this circuit may help to uncover more specific anatomical substrates that could be

leveraged for potential therapeutics.
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Not only has the corticolimbic Kcnal deficiency model recapitulated important phenotypes
seen in previous Kcnal mouse models, but a SUDEP case was also captured during tethered a
video EEG-ECG-pleth recording in one corticolimbic-specific cKO animal (Ch. 2, Fig. 5). We
compared this recording to SUDEP or near SUDEP events that were previously captured in global
KO mice, but those recordings were captured during video EEG-ECG only so respiration data was
not available for them. Regardless, all three cases shared striking similarities, including similar
terminal seizure durations, behavioral severity, and ictal and postictal cardiac phenotypes.
Importantly, global KO mice commonly display ataxic breathing prior to the beginning of cardiac
dysfunction in non-fatal seizures. This series of events was observed in the corticolimbic-specific
cKO SUDEP case, suggesting respiratory phenotypes could be similar between all three SUDEP
cases. Thus, the corticolimbic circuit is not only anatomically critical for seizures, ictal
cardiorespiratory dysfunction, and premature mortality, but also appears to be sufficient to mediate

a SUDEP event as well.

Both the corticolimbic- and brainstem-specific cKO mice lacked interictal
cardiorespiratory dysfunction which was surprising given both the autonomic regulation provided
by these circuits as well as the consistent capturing of these phenotypes in previous Kcnal
deficiency models. One explanation for this difference could be that the forebrain and brainstem
autonomic regions can compensate for one another in the case of neural dysfunction. For example,
in the corticolimbic-specific cKO, the forebrain circuitry may be sending aberrant autonomic
signals, but the brainstem has normal Kv1.1 levels and can neutralize or appropriately compensate
for those signals to maintain normal cardiorespiratory function. In this case, it is possible that both
the forebrain and brainstem regions are needed to elicit basal cardiorespiratory dysfunction. There

is extensive research showing that both regions have direct contacts with one another and can
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activate or influence efferent autonomic signals (Feinstein et al., 2022; Huang et al., 2019; Mueller

et al., 2014; Nieuwenhuys et al., n.d.; Ritz et al., 2020; Schimitel et al., 2012; Yang et al., 2020) .

In addition to speculation that the forebrain and brainstem must coordinate to evoke
cardiorespiratory dysfunction, it remains possible that another part of the brain may be responsible
for influencing these phenotypes. One such region could be the cerebellum which was not targeted
in the neuron-, corticolimbic-, or brainstem-specific cKO mice. The neuron-specific cKO mice
display interictal cardiac dysfunction and the absence of apneas, but respiratory rate and variability
were similar to WT levels. The cerebellum has more recently been described as having important
roles in the brain respiratory control network and could be responsible for helping to maintain
normal eupneic respiratory behavior (Krohn et al., 2023; Y. Liu et al., 2020). Aside from the
cerebellum, there may be important corticolimbic or brainstem regions that were not impacted by
the Cre-mediated deletion which could account for the basal cardiorespiratory differences. In
corticolimbic-specific cKO mice, Kcnal should not be deleted in the central amygdala which can
control cardiovascular function through connections with the NTS and RVLM in the brainstem,
communicate with the periaqueductal gray and pre-Boétzinger to regulate ventilation, and regulate
the surrounding amygdalar subnuclei (Feinstein et al., 2022; Keifer et al., 2015; Saha, 2005).
Furthermore, in the brainstem-specific cKO mice, Kcnal is not deleted in the respiratory rhythm
generators (Botzinger and pre-Botzinger) which could influence the basal respiratory phenotypes.
More work needs to be done to determine which anatomical substrates regulate the interictal or

basal cardiorespiratory functions.

The heart was also examined in Chapter 4 as a potentially important anatomical substrate
for SUDEP. Previous research has shown that Kv1.1 is both present and functionally active in the

atria and ventricles, but its presence in the sinoatrial node had never been explored.
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Immunohistochemistry performed on isolated sinoatrial cardiomyocytes showed that Kv1.1 is
present at low but detectable levels (Ch. 4, Fig. 1A). Unpublished work by a colleague shows that
sinoatrial Kv1.1 makes significant contributions to action potential repolarization. This result is
novel in that it shows that Ikyi.1 iS important to pacemaking in mice. With Kv1.1 present and
functionally significant in the major regions of the heart, the next experiment sought to understand
how heart-specific Kcnal deletion contributes to basal cardiac dysfunction. Interestingly, all
measured ECG parameters including heart rate, heart rate variability measures, and cardiac
conduction blocks were not significantly different in the cKO mice (Ch. 4, Fig. 2A-F). This work
collectively showed that Kv1.1 is of significant importance in cardiomyocyte action potentials, but
at the whole-animal level these deficits are masked. However, one explanation for this could be
that repeated stress on the heart from seizures unmasks these deficits and renders the heart

vulnerable, but this has not been proven yet.

5.2 Limitations

There were limitations to this set of studies, the first of which being the Cre lines used.
Emx1-Cre is expressed in almost 90% of excitable cells in the neocortex, hippocampus, olfactory
bulb, and select regions of the amygdala (Briata et al., 1996; Gorski et al., 2002; Kohwi et al scott.,
2007). This means that select regions of the amygdala, as well as the inhibitory cells of the same
regions, are not impacted. Phox2b-Cre is expressed in some, but not all, brainstem nuclei including
the retrotrapezoid nucleus, locus coeruleus, dorsal nucleus of the vagus, nucleus ambiguus, and
nucleus of the solitary tract (Dubreuil et al., 2008, 2009; Fu et al., 2019; M. M. Scott et al., 2011,
Stornetta et al., 2006). The respiratory rhythm generators (botzinger and pre-botzinger) are not

targeted by this Cre line, and there are certainly other nuclei that are not directly impacted. This is
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to be expected as there is no perfect Cre line, but an important consideration for the interpretation
of experimental results. Thus, the cKO mice may not show certain phenotypes because the region

of the brain or specific cell type responsible is not being targeted by the Cre line.

There was also a limitation in generating the corticolimbic-specific cKO mice. After
observing a non-Mendelian ratio of genotypes in mouse litters, a deep literature dive revealed that
both Emx1 and Kcnal are close together on the same chromosome. During the breeding process,
when our Cre mice (Emx1-Cre*"; Kcnal**) are crossed to heterozygous Kcnal mice (Kcnal*"),
recombination between the two alleles was rare which implies that they reside nearby to one
another on the chromosome. During the second generation cross used to make the cKO animals
needed for experiments (Fig. 1), we normally need parental mice carrying both Cre*, and Kcnal
alleles which we can then cross with a Kcnal floxed mouse to generate a cKO mouse (Emx1-Cre*
. Kenal™). Instead, the crosses yield a disproportionately large number of Kcnal™-and Emx1-
Cre*mice and only rarely cKO animals. The combination of difficulty obtaining cKO mice and
premature mortality in cKO made significantly hindered obtain adequate sample sizes for
experiments. For example, for thoroughness we ideally wanted to verify Kv1.1 loss in the cells
targeted by Emx1-Cre using immunohistochemistry but were unable to obtain enough animals for
those experiments. Any cKO mice born during the study were almost immediately used for in vivo
recordings which rendered them censored in the lifespan curve. Ultimately, these experiments took
longer than expected, and the number of cKO mice used is smaller than what would normally have

been desirable.
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5.3 Future Directions

The studies in this dissertation prompt many future directions. Firstly, it would be
extremely interesting to delete Kcnal in both the corticolimbic circuit and brainstem circuits
simultaneously. These regions are the two main components of brain autonomic circuitry, and the
results suggest that, while the corticolimbic circuit is sufficient for spontaneous seizures and
premature mortality, both regions may need to synergize to result in basal cardiorespiratory
dysfunction. Both regions have bidirectional influence and communication with each other which
could mask potentially deleterious signals to the heart and lungs. In both the neuron-specific cKO
and global KO mice, the corticolimbic circuit and brainstem are both simultaneously impacted
which could be an explanation for their interictal dysfunction. Unfortunately, generating double
cKO mice with Kcnal deletion targeted to both corticolimbic and brainstem regions would be

incredibly breeding intensive and potentially not feasible as this cross has not been attempted.

The excitatory neurons in the corticolimbic circuit have proven sufficient for spontaneous
seizures, ictal cardiorespiratory abnormalities, premature mortality, and even SUDEP, but this
circuit comprises many different regions and nuclei. Another future direction would be to further
dissect the corticolimbic circuit to identify which specific phenotypes are being driven by which
anatomical substrates in the circuit. In a previous study, both the hippocampus and amygdala
showed immediate early gene activation following seizures in the global KO mice, but region-
specific Kcnal deletion could help in understanding the seizure origin and propagation pathways
(Gautier & Glasscock, 2015). From a respiratory forward perspective, clinical literature suggests
stimulation of the amygdala can promote apnea generation with an absence of air hunger;
hippocampal stimulation can also generate apneas (Harmata et al., 2023; Lacuey et al., 2017,

Rhone et al., 2020). Specifically deleting Kcnal in the amygdala or hippocampus could help reveal
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which is responsible for apneas in this model, providing a more fine-tuned delineation of the
neuronal subpopulations involved compared to what was possible with the Cre lines described in
this work. These region-specific deletions could be done through stereotaxic lesioning, adenoviral
or lentiviral injection, or a yet unknown strategy. Perhaps a lesion encompassing the entire
amygdala could reproduce the lack of interictal apneas observed in global Kcnal deficiency mice.
Ultimately, the more specific we can be in our anatomical understanding of SUDEP, the better we

can design therapeutics and risk management strategies.

The heart needs Kv1.1 for proper cardiomyocyte repolarization in the atria, ventricles, and
sinoatrial node however lacking Kv1.1 uniformly in the heart does not result in detectable whole-
animal ECG abnormalities. Future studies of heart-specific cKO mice that examine the effects of
stress on the heart from repeated seizures could reveal an increased risk of seizure-related death.
Seizures are known to affect both heart rate and rhythm, and repeated stress of seizures can cause
anatomical abnormalities including cardiac fibrosis (Nei, 2009). This fibrosis could further put the
heart at risk of arrhythmia with the stress from subsequent seizures (Nei, 2009). Utilizing inducible
seizure strategies such as flurothyl, kainic acid, or pentylenetetrazol to expose heart-specific cKO

mice to repeated seizures would be a logical way to explore this question.

The ultimate goal of SUDEP research is to understand the critical neuronal subpopulations
and pathomechanisms which underlie this phenomenon for targeted therapeutics, but we are
simply not at this stage yet. However, the current body of SUDEP research is substantial and can
be translated into big picture strategies which could potentially help attenuate risk. Given the
primacy of respiratory failure in both the MORTEMUS study and animal models of SUDEP,
strategies which closely monitor respiratory function could help alert patients or caregivers to

vulnerable periods of time where enhanced vigilance could be lifesaving. Wearables which
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monitor both respiratory rate and blood oxygen levels would be an excellent starting point. Should
the respiratory rate or blood oxygen level fall below a healthy range, alerts could be sent to the
patient and designated caregivers who can step in and help. This strategy relies on the brain still
being alive however, and if the onset of terminal respiratory patterns coincides with irreversible
loss of brain function, then intervention would be ineffective. Future research will help to fully
elucidate SUDEP mechanisms and neuronal substrates which will more accurately guide

therapeutics and intervention strategies.

5.4 Conclusions

The collective works in this dissertation show that specific autonomic circuits in the brain
make significant contributions to SUDEP-related phenotypes. Furthermore, Kv1.1 is an important
ion channel in the heart that makes contributions to intrinsic pacemaking. Understanding the
anatomical substrates underlying SUDEP is invaluable because currently no clinical test exists that
can accurately predict who is most at risk or how to prevent it. Clinical imaging studies have shown
brain volume and connectivity differences in both limbic and brainstem regions, but which of these
regions is functionally most important for SUDEP phenotypes and mechanisms is not known.
Continuing to dissect these circuits to reveal the phenotypic contributions of their component
nuclei will ultimately shed light on the critical brain regions that should be the focus of future
diagnostic and therapeutic measures. These types of more detailed structure-function studies will
aid further identification of the critical anatomical regions contributing to phenotypes in the Kcnal
deficiency model. In the Scnla mouse model of SUDEP, advances have been made in identifying
the specific cellular populations driving seizures and SUDEP, enabling this model to serve as a

preclinical platform for therapeutic discovery. Gaining additional knowledge about the
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mechanistic underpinnings of Kcnal deficiency models will enable comparisons across SUDEP
models to identify shared anatomical regions or phenotypes could contribute to SUDEP.
Ultimately, the overarching goal of research into SUDEP is the identification of reliable
biomarkers and therapeutics that can protect those with epilepsy from this devastating

phenomenon.
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